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Generation and characterization of two induced pluripotent
stem cell lines (ICGi052-A and ICGi052-B) from a patient

with frontotemporal dementia with parkinsonism-17 associated
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Abstract. Frontotemporal dementia with parkinsonism-17 is a neurodegenerative disease characterised by pathologi-
cal aggregation of the tau protein with the formation of neurofibrillary tangles and subsequent neuronal death. The
inherited form of frontotemporal dementia can be caused by mutations in several genes, including the MAPT gene on
chromosome 17, which encodes the tau protein. As there are currently no medically approved treatments for fronto-
temporal dementia, there is an urgent need for research using in vitro cell models to understand the molecular genetic
mechanisms that lead to the development of the disease, to identify targets for therapeutic intervention and to test
potential drugs to prevent neuronal death. Analysis of exome sequencing data from a 46-year-old patient with a clini-
cal diagnosis of Parkinson’s disease revealed the presence of the pathological variant ¢.2013T>G (rs63750756) in the
MAPT gene, which is associated with frontotemporal dementia with parkinsonism-17. By reprogramming the patient’s
peripheral blood mononuclear cells, we obtained induced pluripotent stem cells (iPSCs). Two iPSC lines were charac-
terised in detail. Reprogramming was performed by transfection with non-integrating episomal vectors expressing
the OCT4, SOX2, KLF4, LIN28, L-MYC and mp53DD proteins. The iPSC lines ICGi052-A and ICGi052-B proliferate stably,
form colonies with a morphology characteristic of human pluripotent cells, have a normal diploid karyotype (46,XX),
express endogenous alkaline phosphatase and pluripotency markers (OCT4, NANOG, SSEA-4 and TRA-1-60) and are
able to differentiate into derivatives of three germ layers: ento-, ecto- and mesoderm. The iPSC lines obtained and
characterised in detail in this work represent a unique tool for studying the molecular genetic mechanisms of the
pathogenesis of frontotemporal dementia with parkinsonism-17, as well as for testing potential drugs in vitro.

Key words: frontotemporal dementia with parkinsonism-17; induced pluripotent stem cells; MAPT gene.
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IPSCs (MAPT:c.2013T>G) from a patient
with frontotemporal dementia with parkinsonism-17

2 WHCTUTYT XMnyeckoi 6uonorum n gyHaameHTanbHon MeamnumnHbl Cnbupckoro otaenenna Poccuinickoin akagemmnmn Hayk, HoBocnburpck, Poccua
3 HoBOCMBUPCKIIT HALMOHANBHBIN UCCNIEA0BATENBCKII FOCYAAPCTBEHHDII yHuBepcuteT, HoBocmbupck, Poccus

4000 «HoBble MporpammHbie CrcTeMbi», HoBocu6Mpck, Poccus

> DenepanbHbiit LIEHTP Helpoxumpypruv MuHucTepcTBa 3apaBooxpaHerunsa Poccuiickon Oefepaummn, Hosocnbupck, Poccusa

@ evlena@bionet.nsc.ru

AHHoTauuA. JToOHO-BUCOYHaA AeMeHLMA C MapKUHCOHM3MOM-17 — HellpoaereHepaTuBHoe 3aboneBaHue, xapakTe-
pu3yloLeecs NaToNorMyecko arperaymen 6enka tay c obpasoBaHmem HeMpPoPNOGPUNNAPHBIX KNYOKOB 1 fanbHew-
wen rnbenbio HepoHoB. HacneactBeHHaa Gpopma NOOHO-BUCOYHON feMEHLMN MOXKET ObiTb Bbl3BaHa MyTaLMAMMN
B Pa3/INYHbIX FreHax, OOHUM 13 KOoTopbix ABnseTcs reH MAPT Ha xpomocome 17, Kogupytowuin Tay-6enok. Mockosnb-
Ky Ha JaHHbIi MOMEHT OTCYTCTBYIOT YTBEPXKAEHHbIE MeANLNHCKUM COOOLLEeCTBOM CNocobbl 60pbbbl € T06HO-BU-
COYHOW AeMeHUMen, UCCnefoBaHne Ha KETOUYHbIX MOAENAX in Vitro MoNeKynapHO-reHeTUYeCcKknx MexaHU3MoB,
NPVBOAALLMX K Pa3BUTUIO 3ab0neBaHuns, NOUCK MULLEHEN Af1A TepaneBTMYeCKOro BO3AeNCTBNA U BO3MOXHOCTb
TECTUPOBAHUA NMOTEHLUMaNbHbIX JIEKapPCTBEHHbIX NMPenapaToB ANA NpefoTBpaLleHna rnbenn HelnpoHOB ABNAIOTCA
aKTyanbHOW 3afjayen. AHann3 JaHHbIX CEKBEHUPOBAHUA 3K30Ma 46-eTHelN NauneHTKN C KINHUYECKUM AnarHo-
30M 6one3Hb MapKMHCOHA MoKasan Hanvume naToNornyeckoro BapuaHTa ¢.2013T>G (rs63750756) B reHe MAPT,
KOTOPBbIN accoumMmpoBaH C JIOGHO-BUCOUYHON AeMeHUMel C NapKMHCOHM3MOM-17. Mpu nomoLwmn penporpammm-
POBaHVA MOHOHYKJIEAPHbIX KNETOK nepudeprnyeckoin KpoBM NaLMEHTKM Hamu Obin nonyyeHbl AeCATb AVHUIA
VHAYLMPOBAHHbIX MIOPUNOTEHTHbBIX CTBONOBbIX KNeTok (UMNCK), n3 KoTopbix AeTalbHO OXapaKkTepu3oBaHbl ABe.
PenporpammripoBaHre NpoBOAMIM C MOMOLLbIO TPaHCHEKLUM HEVHTErPUPYIOWMMICA SMUCOMHBIMI BEKTOPamM,
KoTopble aKkcnpeccupytoT 6enkn OCT4, SOX2, KLF4, LIN28, L-MYC 1 mp53DD. Jlnnum UMCK ICGi052-A n ICGi052-B
CTabunbHO NponndeprpyoT, 06PasytoT KOIOHNM C XapaKTePHOW A NMIIOPUMNOTEHTHBIX KIETOK YerioBeKa Mopdo-
norven, UMeT HOPMasbHbIA AUMNIOVAHBIA KaproTun (46,XX), aKCnpeccnpyioT SHAOTEHHYIO WenoyHyto pocdaTasy
1 Mmapkepbl natopunoteHTHocTn (OCT4, NANOG, SSEA-4 1 TRA-1-60) 1 cnoco6Hbl AnddepeHLnpoBaTbca B NPou3-
BOAHbIE TPeX 3apOfblLLEBbIX JINCTKOB: SHTO-, 3KTO- U Me3ofepMmy. bnarogapa Tomy, uto UMCK moxHO HanpaBneHHO
anddepeHUMpPOBaTb B LWUMPOKNUIA CNEKTP TUMOB KNETOK, NMofyyYeHHble B JaHHON paboTe 1 AeTanbHO oxapakTepu-
30BaHHble HUN UTMNCK ABAAIOTCA YHUKaANbHBIM MHCTPYMEHTOM AJ1A N3YyUYEHUA MONEKYIAPHO-TeHeTUYECKNX Mexa-
HU3MOB NaToreHesa 106HO-BNCOYHON JEMEHUMMN C NAPKMHCOHN3MOM-17, @ TaKXKe TeCTVPOBaHMA NOTEHLMANIbHBIX
NeKapCcTBEHHbIX NpenapaTos in vitro.

KnioueBble cnoBa: N06HO-BUCOYHAA AeMEHLNA C NAPKNUHCOHN3MOM-17; MHAYLMPOBaHHbIE MAPUNOTEHTHbIE CTBO-

noBble KneTku; reH MAPT.

Introduction

Frontotemporal dementia with parkinsonism linked to chro-
mosome 17 was first described by T. Lynch and colleagues in
1994 (Lynch et al., 1994). This inherited early-onset dementia
syndrome also includes parkinsonism, a set of symptoms that
includes both non-motor manifestations (such as cognitive
impairment, depression, bipolar disorder, sleep disturbances)
and motor disorders such as muscle rigidity, resting tremor,
bradykinesia. Early mental disorders and personality changes
often precede severe dementia.

The MAPT gene encodes the tau protein, which regulates the
assembly and stabilisation of microtubules involved in central
nervous system signalling and axonal transport (Esmaeli-Azad
etal., 1994). Six isoforms of the tau protein are expressed in
the human brain due to alternative splicing of exons 2, 3 and
10 of the mRNA of the MAPT gene. Alternative splicing of
exon 10 results in a tau protein with three (3R) or four (4R)
microtubule-binding (MT-binding) domains. The 4R tau iso-
forms have an increased affinity for microtubules compared
to the 3R isoforms. In childhood, the 3R form predominates
in the brain, whereas in the adult brain, the 3R and 4R forms
are present in a 1:1 ratio (D’Souza, Schellenberg, 2006).

The MAPT:c.2013T>G genetic variant (rs63750756,
p.N279K) is a missense mutation in exon 10 resulting in the
substitution of asparagine for lysine at position 279 of the
MAPT protein (Hasegawa et al., 1999). As a result of this

substitution, the polypurine-positive cis-element present in
exon 10 is enhanced, leading to an increase in the frequency
ofinclusion of exon 10 in the transcript during splicing (Ritter
et al., 2018). This results in a change in the ratio of 3R and
4R forms, leading to microtubule destabilisation, disruption of
vesicle intracellular trafficking (Wren et al., 2015), formation
of filamentous inclusions (Ghetti et al., 2015) and subsequent
neuronal death. In addition, neurons with this genetic variant
are characterised by increased spontaneous calcium fluctua-
tions, mitochondrial dysfunction and increased production of
reactive oxygen species, which also leads to cell death (Korn
etal., 2023).

These processes lead to the development of frontotempo-
ral dementia with parkinsonism-17. The exact mechanism of
disease development in this genetic variant is not yet known,
making it impossible to develop a treatment regimen.

Several models are used to study the development of fron-
totemporal dementia. The first are animal models, mainly in
rodents: laboratory mice and rats. Rodents are actively used
to create models of neurodegenerative diseases (Britti et al.,
2020; Esteras et al., 2021). There are also transgenic lines
of laboratory animals carrying genetic variants that cause
hereditary frontotemporal dementia (Dawson et al., 2007).
However, these model systems have some limitations due to
differences in the signs of ageing between mice and humans
and even differences between mouse and human tau protein
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(Iovino et al., 2015; Hernandez et al., 2020). Therefore, in ad-
dition to animal models, models based on induced pluripotent
stem cells (iPSCs) are now the most promising.

iPSCs are cells obtained by reprogramming somatic cells
and are characterised by the ability to differentiate into deriva-
tives of three germ layers like embryonic stem cells. iPSCs
have all the properties of embryonic stem cells and are at the
same time autologous with respect to the somatic cell donor
(Valetdinova et al., 2021). iPSCs have great potential for
personalised medicine, as they can be derived at any time
in a patient’s life and will be patient-specific. iPSCs make it
possible to circumvent immunogenic and ethical issues, so the
demand for them is growing. In principle, iPSCs can be ge-
nerated by reprogramming any mature cell type isolated from
the body. Fibroblasts, mononuclear blood cells, keratinocytes
and melanocytes are widely used.

Because iPSCs can be differentiated into any cell type,
their range of applications is very broad (Liu et al., 2020).
Differentiated iPSC derivatives, such as neuron-like cells, can
be used to study the molecular genetic mechanisms of the
development of neurodegenerative diseases, including during
the early stages of cell differentiation, to search for target mo-
lecules, and to test various chemical compounds as potential
drugs (Grigor’eva et al., 2023).

In this work, we have obtained, characterised and certified
two lines of iPSCs from a patient with a pathological genetic
variant of MAPT:¢.2013T>G (rs63750756, p.N279K), which
leads to the development of frontotemporal dementia with
parkinsonism-17. The resulting iPSC lines provide a cellular
model to study the mechanisms of development of this disease
and can also be used for drug screening.

Materials and methods

Compliance with ethical standards. The study was approved
by the Research Ethics Committee of the Federal Neuro-
surgical Center (Novosibirsk, Russia), Protocol No. 1 dated
14 March 2017. Peripheral blood samples of the patient were
provided by the Federal Neurosurgical Center (Novosibirsk,
Russia). The patient signed a voluntary informed consent and
an information sheet.

Isolation of PBMCs using a ficoll gradient. Peripheral
blood was collected in two 9 ml vacuum tubes containing
K3EDTA (VACUETTE, Greiner Bio). To isolate PBMCs,
3—4 ml of blood was layered on 3—4 ml of ficoll solution
(Histopaque-1077, Sigma-Aldrich or Biolot, density 1.077)
and centrifuged at 400 g for 35-40 min on a centrifuge with
slow rotor acceleration and deceleration (SL 16 Cenrtifuge,
Thermo Fisher Scientific). A whitish interphase layer con-
taining PBMCs was then carefully collected, transferred to
a 15 ml tube and washed twice in the maximum volume of
PBS by centrifugation at 300 g for 15-20 min. PBMCs were
frozen in medium containing 90 % KnockOut Serum substitute
(Thermo Fisher Scientific) and 10 % DMSO (Sigma-Aldrich),
5-10 million cells per cryovial.

Reprogramming of patient-specific PBMCs and condi-
tions for culturing iPSCs. PBMC transfection was performed
on a Neon Transfection System (Thermo Fisher Scien-
tific) device using episomal vectors encoding OCT4, SOX2,
KLF4, L-MYC, LIN28, mp53DD and EBNA1 (Addgene ID
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No. 41813-14, No. 41855-57), as previously described (Gri-
gor’eva et al., 2023). 0.5 micrograms of each vector was
used for transfection of 1 x 10 PBMCs, using the programme
1650V, 10 ms, 3 pulses. Cells were plated on a feeder layer of
mitomycin C (Sigma-Aldrich)-treated embryonic fibroblasts.
Single cell colonies were manually plated into 1 cm? wells
with a pre-plated feeder and cultured in iPSC medium contain-
ing DMEM/F12, 15 % KnockOut Serum Replacement, 1 %
GlutaMAX-I, 0.1 mM NEAA, 1 % penicillin-streptomycin
(all Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol
(Sigma-Aldrich) and 10 ng/ml bFGF (SCI Store). Cell colonies
were enzymatically transplanted every 4-5 days using TrypLE
Express (Thermo Fisher Scientific) at a ratio of 1:8—1:10 with
the addition of 2 pg/ml ROCK inhibitor Thiazovivin (Sigma-
Aldrich) for one day. All cells were cultured in a CO, incubator
at 37 °C in a humid atmosphere with 5 % CO,.

Detection of endogenous alkaline phosphatase. Cells
were fixed by air drying and stained with SIGMAFAST BCIP/
NBT reagent (Sigma-Aldrich) according to the manufacturer’s
protocol for 10—15 minutes in the dark at room temperature
(RT). The preparations were washed with PBS and visualised
using a Nikon Eclipse Ti-E microscope (Nikon).

Immunofluorescence staining. For immunofluorescence
analysis, cells were placed on 8-well chambered coverslips
(Thermo Fisher Scientific), fixed in 4 % paraformaldehyde
(PFA, Sigma-Aldrich) for 10 minutes at RT, permeabilized
with 0.5 % Triton-X 100 (Sigma-Aldrich) for 30 minutes at
RT, and incubated with 1 % BSA (VWR) for 30 minutes at
RT. Cells were incubated with primary antibodies overnight
at 4 °C, secondary antibodies were added for 1.5 hours at RT
(Table 1). The nucleus was counterstained with DAPI. Images
were captured using a Nikon Eclipse Ti-E microscope and NIS
Elements Advanced Research software version 4.30.

Spontaneous differentiation of iPSCs in embryoid
bodies. In order to determine the potential of the cells to
produce three germ layers, spontaneous differentiation of
iPSCs through embryoid body formation was performed as
previously described (Grigor’eva et al., 2023). Briefly, cells
were detached with 0.15 % collagenase type IV (Thermo
Fisher Scientific) and plated on 1 % agarose-coated dishes
in iPSC culture medium without the addition of bFGF. After
9-14 days, the embryoid bodies were transferred to 8-well
Chambered Coverglass Matrigel-coated plates (Thermo Fisher
Scientific) and cultured for a further 7-9 days. They were
then fixed in 4 % PFA and subjected to immunofluorescence
staining. The list of antibodies is shown in Table 1.

Karyotyping of iPSC lines. Cells were expanded to a
monolayer and plated on four wells of a 12-well tablet coated
with Matrigel (Corning) extracellular matrix proteins and
cultured for 48-72 hours, depending on the rate of cell pro-
liferation. 2.5 hours before fixation, the medium was changed
to fresh medium, 3 pg/ml ethidium bromide and 50 ng/ml
colcemide were added and the cells were left in a CO, incuba-
tor at 37 °C. The cells in the wells were then disaggregated
with 300 pl TrypLE Express and 3 ml of a hypotonic solution
of 0.28 % KCI were added for 20 minutes at 37 °C. After
incubation, 2 drops of Carnois fixative (3 parts methanol,
1 part glacial acetic acid) were added, the cell suspension was
carefully transferred to centrifuge tubes and centrifuged at
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Table 1. Antibodies used in the work

IPSCs (MAPT:c.2013T>G) from a patient
with frontotemporal dementia with parkinsonism-17

Antibody

Dilution

Manufacturer, cat. No. RRID

Markers of pluripotency

Rabbit IgG anti-OCT4 1:200
Rabbit IgG anti-NANOG
Mouse IgG3 anti-SSEA-4

Mouse IgM anti-TRA-1-60

Abcam, ab18976 RRID:AB_444714

Abcam, ab62734 RRID:AB_956161
Abcam, ab16287 RRID:AB_778073

Abcam, ab16288 RRID:AB_778563

Markers of differentiated derivatives

Mouse IgG2a anti-aSMA 1:200
Mouse IgG1 anti-CD29 (Integrin beta 1) (TS2/16) 1:100
Chicken IgY anti-MAP2 1:1000
Mouse IgG2a anti-Tubulin 3 3 (TUBB3)/ Clone: TUJ1

Mouse IgG1 anti-Cytokeratin 18 (KRT18) 1:250
Mouse IgG1 anti- HNF33/FOXA2 1:50

Dako, M0851 RRID:AB_2223500

Thermo Fisher Scientific, 14-0299-82 RRID:AB_1210468
Abcam, ab5392 RRID:AB_2138153
BioLegend, 801201 RRID:AB_2313773
Abcam, ab668 RRID:AB_305647

Santa Cruz Biotechnology, sc-374376 ~ RRID:AB_10989742

Secondary antibodies

Goat anti-Mouse IgG1 Alexa Fluor 568 1:400

Goat anti-Mouse IgG1 Alexa Fluor 488
Goat anti-Chicken IgY H&L, Alexa Fluor 488

Goat anti-Mouse IgG2a Cross-Adsorbed Secondary Antibody,
Alexa Fluor 568

Goat anti-Mouse IgG2a Alexa Fluor 488

Goat anti-Mouse IgG3 Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Goat anti-Mouse IgM Heavy Chain Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H + L) Alexa Fluor 568

1,300 rpm for 7 minutes. The cells were fixed by adding 1.5 ml
fresh Carnois fixative to the cell pellet for 15 minutes on ice.
The cells were then centrifuged for 5 minutes at 1,300 rpm,
the Carnois fixative was changed twice and 70-80 pl of the
cell suspension was pipetted onto cooled wet slides from a
height of 10-20 cm. The preparations were allowed to dry at
room temperature.

For differential chromosome staining, the preparations
were stained with DAPI solution (200 ng/ml, in 2xSSC) for
5 minutes. The preparations were then rinsed in a 2xSSC buffer
and in water. After drying the preparations in air, 7-10 pl of
antifade (Vector) was applied under a cover glass.

Chromosome analysis was performed under an Axioplan 2
microscope (Zeiss) equipped with a CV-M 300 CCD camera
(JAI Corp.) at the Common Use Center of Microscopy of
Biological Objects (https://ckp.icgen.ru/ckpmabo) at the
Institute of Cytology and Genetics SB RAS. ISIS 5 software
(MetaSystems Group) was used to process the metaphases.
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Thermo Fisher Scientific, A21124 RRID:AB_2535766

Thermo Fisher Scientific, A21121 RRID:AB_2535764

Abcam, ab150173 RRID:AB_2827653

Thermo Fisher Scientific, A21134 RRID:AB_2535773

Thermo Fisher Scientific, A21131 RRID:AB_2535771

Thermo Fisher Scientific, A21151 RRID:AB_2535784

Thermo Fisher Scientific, A21043 RRID:AB_2535712

Thermo Fisher Scientific, A11008 RRID:AB_143165

Thermo Fisher Scientific, A11011 RRID:AB_143157

Isolation of genomic DNA and RNA. Genomic DNA was
isolated from PBMCs and iPSCs using the DNeasy Blood &
Tissue Kit (Qiagen) or by extraction using QuickExtract DNA
Extraction Solution (Lucigen). RNA was isolated using Trizol
(Thermo Fisher Scientific) according to the manufacturer’s
protocol.

Identification of a pathological genetic variant in pa-
tient-specific PBMCs and obtained iPSCs. Clinical exome
sequencing was performed at Genoanalytica LLC, Moscow
(https://www.genoanalytica.ru), using a DNA sample from
patient-specific PBMCs. Genomic DNA was ultrasonically
fragmented to an average size of 300 nucleotides using the
Covaris S2 instrument. After concentration measurement,
800 ng of DNA was used to prepare libraries using the
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina
(New England Biolabs) according to the manufacturer’s
instructions. The resulting library was then hybridised with
probes corresponding to protein-coding parts of the human
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Application Gene/locus

Detection of episomal vectors oriP

Reference gene (RT-qPCR) Beta-2-microglobulin

Markers of pluripotency (RT-qPCR) NANOG

OCT4
SOX2

Mycoplasma detection Ribosomal 16S RNA gene

Confirmation of the mutation MAPT:c.2013T>G

genome using the Sure Select AllExome V7 Kit (Agilent)
according to the instructions. After hybridisation, the library
was sequenced using paired-end reads of 150 nucleotides on
the HiSeq 2500 (Illumina). The raw sequencing data of the
PD57 patient exome are available in the SRA database (project
PRINAS563295, sample SAMN42050731, https://www.ncbi.
nlm.nih.gov/biosample/42050731).

To confirm the presence of the single nucleotide poly-
morphism, the PCR products were Sanger sequenced using
the primers listed in Table 2. The PCR was performed on a
T100 thermal cycler (Bio-Rad) using HS-Taq PCR-Color
(2x) BioMaster (Biolabmix) and the following programme:
95 °C — 3 min; 35 cycles: 95 °C—-30s; 68 °C—30s; 72 °C —
30 s; and 72 °C — 5 min. The PCR product was purified by
electrophoresis in agarose gel followed by separation using the
Cleanup Mini Kit (Eurogene) according to the manufacturer’s
protocol. Sanger sequencing reactions were performed using
the Big Dye Terminator V. 3.1. Cycle Sequencing Kit (Ap-
plied Biosystems) and analysed on the ABI 3130XL Genetic
Analyser at the Genomics Core Facility SB RAS (http://www.
niboch.nsc.ru/doku.php/corefacility ).

Quantitative RT-PCR for pluripotency markers. Re-
verse transcription of RNA was performed using M-MuLV
Revertase (Biolabmix). Quantitative PCR was performed on
a LightCycler 480 Real-Time PCR System (Roche) using the
BioMaster HS-qPCR SYBR Blue 2x Kit (Biolabmix) accord-
ing to the following programme: 95 °C — 5 min; 40 cycles:
95°C—-10s, 60 °C— 1 min. Primer sequences for pluripotency
genes are shown in Table 2. CT values were normalised to
beta-2-microglobulin using the AACT method.

PCR analysis for the detection of episomes and my-
coplasma. Detection of mycoplasma contamination and
presence of episome sequences in cells was performed by
PCR (95 °C — 5 min; 35 cycles: 95 °C — 155, 60 °C — 15 s,
72 °C —20s) on a T100 Thermal Cycler (Bio-Rad) (Choppa
et al., 1998; Okita et al., 2013). Primer sequences are listed
in Table 2.
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Product size,bp  Forward/Reverse primer (5’-3’)

544 TTCCACGAGGGTAGTGAACC/
TCGGGGGTGTTAGAGACAAC
920 TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG
116 TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG
94 CTTCTGCTTCAGGAGCTTGG/
GAAGGAGAAGCTGGAGCAAA
100 GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC
280 GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC
427 TCGTAAAGCCCGCTGGAAAT/

GTGTACGCACTCACACCACT

STR analysis. Genotyping of the studied DNA samples
was performed at Genoanalytica LLC by polymerase chain
reaction using a set of PCR reagents for direct amplification
COrDIS EXPERT 26 (Russia) according to the manufacturer’s
protocol, followed by separation of the amplification products
on a capillary electrophoresis device 3130 Genetic Analyzer
(HITACHI, Applied Biosystems Group of The Applera Cor-
poration, Japan, registration certificate No. FSZ 2004/1586).

Results and discussion
Analysing the results of exome sequencing of patients from
the Federal Neurosurgical Centre (Novosibirsk) with a clinical
diagnosis of Parkinson’s disease, a pathogenic genetic variant
(c.2013T>G, rs63750756) in the MAPT gene associated with
frontotemporal dementia with parkinsonism-17 was found in
a 46-year-old patient. The first signs of parkinsonism in the
patient were detected at the age of 44 years. In the family
history, all female relatives had signs of the disease.

Mononuclear cells were isolated from the patient’s pe-
ripheral blood and reprogrammed by transfection with non-
integrating episomes expressing OCT4, SOX2, KLF4, LIN28,
L-MYC and mp53DD (Okita et al., 2013). This resulted in
ten lines being obtained. In the initial stages of the analysis,
two lines were identified that met all the requirements for
pluripotent stem cells. These lines (ICGi052-A/PD57-6 and
ICGi052-B/PD57-7) have been characterized and registered in
the Human Pluripotent Stem Cell Registry (hPSCreg, https://
hpscreg.eu). Full information on these lines is available in
hPSCreg via the links https://hpscreg.eu/cell-line/ICGi052-A
and https://hpscreg.eu/cell-line/ICGi052-B.

Both lines grow in dense monolayer colonies of cells with
a high nuclear-cytoplasmic ratio and express an early marker
of pluripotent cells, endogenous alkaline phosphatase (see
the Figure, a). Cultivation was performed on mitotically in-
activated mouse fibroblasts (or feeder). Immunofluorescence
analysis of the ICGi052-A (passage 15) and ICGi052-B (pas-
sage 16) cell lines for pluripotency markers showed the expres-
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Characteristics of two patient-specific iPSC lines, ICGi052-A and ICGi052-B.

a - morphology of cell colonies in phase contrast and histochemical detection of endogenous alkaline phosphatase (ALP) in iPSCs; b — immunofluorescence
staining for pluripotency markers: NANOG (green signal), TRA-1-60 (red signal), SSEA-4 (green signal), OCT4 (red signal); ¢ - real-time PCR for pluripotency mar-
kers (OCT4, SOX2, NANOG) of the 1CGi052-A and ICGi052-B iPSC lines, patient PBMCs and HUES9 embryonic stem cell lines; d - karyotyping (DAPI-bending) of
iPSC lines: ICGi052-A at passage 18 and ICGi052-B at passage 20; e — sequenograms of sections of the MAPT gene (c.2013T>G) PBMCs from a patient with fronto-
temporal dementia with parkinsonism-17,1CGi052-A and ICGi052-B iPSC lines and a healthy donor (MAPT-WT) (Sanger sequencing). The polymorphism is marked
with a black arrow; f— immunofluorescence staining of spontaneously differentiated cells in embryoid bodies for markers of three germ layers: ectoderm (TUBB3
(red signal), MAP2 (green signal)), mesoderm (aSMA (green signal), CD29 (red signal)) and endoderm (keratin 18/KRT18 (red signal), HNF3/FOXA2 (green signal)).
The nuclei are stained with DAPI (4,6-diamino-2-phenylindole) (blue signal); g - the result of PCR analysis for episomes and mycoplasma contamination in the
obtained cell lines. All scale bars are 100 pm.
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Table 3. Passport of the ICGi052-A and ICGi052-B cell lines

Unique identifier
Alternative cell line names

Institution

Ethical approval

Cell type
Origin

Additional information on the origin of the
cell line

Original cell type

Date of biomaterial collection
Reprogramming method
Reprogramming factors
Clonality

Genetic modification

Type of genetic modification

Confirmation of elimination/
silencing of reprogramming transgenes

Disease

Gene/locus

Morphology
Pluripotency

Karyotype

Check for contamination
Scope of application
Cultivation method

Growth medium

Temperature, °C

CO, concentration, %
O, concentration, %
Passage method
Split ratio
Cryopreservation
Storage conditions

Registry ID

Date of certification/registration

ICGi052-A, ICGi052-B
PD57-6, PD57-7

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

The study was approved by the Research Ethics Committee of the Federal Neurosurgical
Center (Novosibirsk, Russia), Protocol No. 1 dated 14 March 2017

iPSCs

Human

Age: 46

Gender: F

Ethnicity: Caucasian race

Peripheral blood mononuclear cells (PBMCs)
2021

Non-integrating episomal vectors

OCT4, SOX2, KLF4, LIN28, L-MYC and mp53DD
Clonal

No

N/A

PCR, not detected

Frontotemporal dementia with parkinsonism-17

MAPT:c.2013T>G, rs63750756

Human pluripotent cell-like monolayer colonies

Confirmed in tests for the formation of embryoid bodies

46,XX

Bacteria, fungi and mycoplasma not detected

In vitro model of frontotemporal dementia with parkinsonism-17

On the feeder layer of mitotically inactivated mouse embryonic fibroblasts

85 % KnockOut DMEM, 15 % KnockOut Serum Replacement, 0.1 mM NA,
0.1 mM 2-mercaptoethanol, 1 % Penicillin-Streptomycin, GlutaMAX-I
(all Thermo Fisher Scientific), 10 ng/ml bFGF (SCI Store)

37

5

20

EDTA 0.5 mM
1:8-1:10

90 % FBS, 10 % DMSO
Liquid nitrogen

https://hpscreg.eu/cell-line/ICGi052-A,
https://hpscreg.eu/cell-line/ICGi052-B
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sion of the surface antigens SSEA-4 and TRA-1-60 and the
transcription factors NANOG and OCT4 (see the Figure, b).
Quantitative real-time PCR (RT-qPCR) of the lines at pas-
sage 15 also showed a significant increase in the expression
level of the OCT4, NANOG and SOX2 genes, comparable to
the expression level in the control line of HUES9 embryonic
stem cells (HVRDe009-A) (Cowan et al., 2004) (see the Fi-
gure, C). Karyotype analysis, involving 60 metaphase plates
from each cell line, showed that cell lines ICGi052-A at pas-
sage 18 and ICGi052-B at passage 20 have normal diploid
46,XX karyotypes (see the Figure, d). In order to confirm
the presence of a pathogenic polymorphism in the cell lines
obtained, sequencing by the Sanger method was carried out
and showed that both lines, as well as the patient’s PBMCs,
carry the substitution c.2013T>G (see the Figure, e, SNPs are
indicated by black arrows).

The main test for the pluripotency of the cell lines obtained
is their ability to differentiate into derivatives of three germ
layers, for which spontaneous differentiation through embry-
oid bodies was performed, followed by immunofluorescence
staining for specific markers. Both cell lines were shown
to be capable of producing: ectoderm (tubulin 3 (TUBB3/
TUJ1), microtubule-associated protein 2 (MAP2)); endoderm
(hepatocyte nuclear factor 3 beta (HNF3B/FOXA?2), keratin
18 (KRT18)); mesoderm (smooth muscle a-actin (aSMA),
surface marker CD29) (see the Figure, f).

During cultivation, all lines were subjected to a PCR test
for mycoplasma contamination, which confirmed its absence
(see the Figure, g). It was also shown that the episomal vectors
were eliminated by passage 19. STR analysis of short tandem
repeats at 25 polymorphic loci at passages 15 (for [CGi052-A)
and 16 (for ICGi052-B) showed the identity of patient-specific
PBMCs (data available on request from the authors). The
passport of the cell lines obtained is shown in Table 3.

Conclusion

Using reprogramming into a pluripotent state, we have
obtained and characterised in detail two lines of iPSCs —
ICGi052-A and ICGi052-B — from the PBMCs of a patient
with frontotemporal dementia with parkinsonism-17, who
has a pathological genetic variant ¢.2013T>G (rs63750756)
in the MAPT gene. These cell lines meet all the criteria of
pluripotent cells (they have a diploid karyotype, express plu-
ripotency markers and are capable of producing derivatives of
three germ layers) and are a unique tool for the in vitro study
of the development of pathology in neural derivatives obtained
by directed differentiation of iPSCs, as well as for testing
new pharmacological compounds. The cell lines obtained
are registered in the Human Pluripotent Stem Cell Registry
of hPSCreg and are also included in the cell collection of the
Laboratory of Developmental Epigenetics of IC&G SB RAS
and can be used to study the pathological mechanisms of the
progression of taupathies.
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Abstract. DNA repair is a most important cellular process that helps maintain the integrity of the genome and is cur-
rently considered by researchers as one of the factors determining the maximum lifespan. The central regulator of the
DNA repair process is the enzyme poly(ADP-ribose)polymerase 1 (PARP1). PARP1 catalyzes the synthesis of poly(ADP-
ribose) polymer (PAR) upon DNA damage using nicotinamide adenine dinucleotide (NAD") as a substrate. This poly-
mer covalently attaches to PARP1, which leads to its dissociation from the complex with damaged DNA and stimula-
tion of the repair process. Despite intensive research on PARP1, its properties as an isolated protein have not been
practically studied in mammals that demonstrate a long maximum lifespan, such as, for example, the naked mole
rat (Heterocephalus glaber). High activity of DNA repair systems is observed in the cells of the naked mole rat, which
ensures their high resistance to oxidative stress, as well as to genotoxic effects. The revealed features may be due to
the high activity of PARP1 in the cells of the naked mole rat; however, this issue remains poorly understood and, thus,
requires more detailed research, including one with the use of isolated protein PARP1 of the naked mole rat, the isola-
tion and characterization of which have not been carried out before. In the present work, the amino acid sequence of
PARP1 of the naked mole rat is compared with the amino acid sequences of orthologous proteins of other mammals.
In contrast to human PARP1, 13 evolutionarily conservative amino acid substitutions in various functional domains of
the protein have been identified in the amino acid sequence of naked mole rat PARP1. Using the cDNA of the naked
mole rat’s Parp1 gene, a vector was created for the expression of the target protein in Escherichia coli cell culture. For
the first time, a detailed description of the procedure for the expression and purification of the recombinant protein
PARP1 of the long-lived naked mole rat is presented. In addition, poly(ADP-ribose)polymerase activity of the obtained
protein was evaluated. The results presented in this paper are the basis for further detailed characterization of the
properties of purified recombinant naked mole rat PARP1.
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AHHoTauuA. Penapaumna OHK — BaxKHeNLLNIA KNETOUYHBIN NPOLLecc, KOTOPbI CNOCOBCTBYET NOAAEPKaHMIO LieIOCTHO-
CTV reHoma. B HacTosiwee Bpema 3¢pdekTrBHan paboTta cuctem penapauun HK paccmatpuBaeTtca nccnegoatens-
MW KaK OfMH 13 KNouyeBbiX GaKTOPOB, Onpeaenaowmx MakCUMasbHY0 NPOLONIXKNUTENIbHOCTb »KN3HW. LleHTpanbHbIM
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Pekom6uHaHTHbIN PARP1 Heterocephalus glaber:
BblJeSIeHE 1 XapaKTepr3aLus

perynatopom npotecca penapauun OHK asnsaetca pepmeHT nonn(ADP-prbo3a)nonmmepasa 1 (PARP1), cnocobHblIi
CUHTe3MpoBaTb nonumep nonn(ADP-pr6o3bl) (PAR) B oTBeT Ha noepexaeHune OHK v npucoeauHaTb ero K 6enkam-
MULLEHAM, B YACSIO KOTOPbIX BXOAMT 1 cam PARP1, ocyllecTsnsfa Tem cambiM NMOCTTPAHCAALMOHHYIO0 MognduKaLmio
3Tnx 6enKoB 1 perynupya nx cpoactso K HK. PARPT nprvHUmMaeT yyacTre n BO MHOTMX APYrvX NpoLeccax, accounm-
POBaHHbIX C KNETOYHbIM CTapeHMEM, TaKNX Kak MopfepKaHune LeloCTHOCTM TenoMep 1 pa3BuTre BoCrannTenbHON
peakuun. CowictBa PARP1 Kak n3onmpoBaHHOro 6efka npakTMyecky He UCCNefoBannch Y MIEKONUTaoWKX, KOTo-
pble AEMOHCTPUPYIOT BbICOKYIO MaKCUMalnbHY NMPOAOCIKUTENbHOCTb »KU3HW, 338 UCKoYeHnem yenoseka. OpHUM
13 NepcreKkTUBHbIX 0OBEKTOB TaKMX UCC/IEA0BaHWI cunTaeTca ronblin 3emnekon (Heterocephalus glaber), nmetowmin
SKCTPEMASIBHO BbICOKYIO MaKCMMasbHYO NMPOJOIXKMUTENBHOCTD KU3HU, a TakKe 6onee 3GdeKTNBHO GYHKLMOHMPYIO-
wue cuctembl penapauun AHK, koTopble obecneumBatloT BbICOKYO YCTOMYMBOCTb €ro KNETOK K BO3AENCTBUI pAja
reHOTOKCMYECKMX areHTOB, Mo CPaBHEHWIO C APYrMMK MENIKMMI Fpbi3yHaMu, Hanpumep, 6ar13Kol no pasmepy 1 macce
Tena mblwbto (Mus musculus). B HacToAwen paboTe npoBefeHO CpaBHEHVE aMUHOKUCIOTHON NOC/Ief0BaTeNIbHOCTH
PARP1 ronoro 3emnekona ¢ aMVHOK/CIIOTHbIMY MOC/eL0BaTENbHOCTAMU GENIKOB-OPTONIOrOB APYrMX MIEKONUTalo-
wmx. B otnnume ot PARP1 yenoBeka, B aMUHOKUCNOTHOM nocnegoBaTenbHocT PARP1 ronoro 3emnekona BbisIBJIEHO
13 3BOSIIOLMOHHO KOHCEPBATUBHbBIX aMUHOKUCIOTHBIX 3aMeH B PasnnyHbIX GyHKLMOHaNbHbIX JoMeHax 6enka. C nc-
nonb3oBaHMeM rnoucka B 6asax AaHHbIX nocnegoBaTtenbHocT KOHK reHa Parp1 ronoro 3emnekona v nocnegyowiero
aHanv3a nyTem BblPaBHVBaHUA TPAHCKPUMNTOMHbIX JaHHbIX BbIOpaHa COOTBETCTBYIOLLAA SKCMPeCccpyeMoMy BapraHTy
Parp1 nocnepoBatenbHocTb KAHK, koTopasa Obina KNOHMPOBaHa C MOMOLLbIO SKCMPECCUOHHOTO BEKTOPa Ha OCHOBE
nnasmungbl plate31. B pesynbrate akcnpeccun B wtamme Escherichia coli BL21(DE3)GeneX 1 04nCTKW, NpoBeAeHHON
C MCMOMb30BaHVEM TPeX XpoMaTorpaduruecknx ctaguia, Bnepsble Obii MofyyYeH U oxapakTepr3oBaH GyHKLUMOHANbHO
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aKTUBHbIN depmeHT PARP1 ronoro 3emnekona.

KntoueBble cnoa: nonu(ADP-prbo3a)nonnmepasa 1; penapauna OHK; Heterocephalus glaber.

Introduction

Genomic instability is a principal contributor to aging, arising
from the accumulation of DNA damage due to exogenous and
endogenous factors (Lopez-Otin et al., 2023). DNA repair
mechanisms are crucial in mitigating these detrimental effects
and preserving genome integrity. The efficiency of DNA repair
systems is linked to increased longevity (Schumacher et al.,
2021). Consequently, current research focuses on elucidating
the mechanisms and functionality of DNA repair systems in
mammalian cells with notable life expectancies.

A particularly promising model for such research is the
naked mole rat (Heterocephalus glaber), which exhibits a
significantly longer lifespan compared to the mouse (Mus
musculus) of similar size and body weight (Buffenstein, 2005;
Gorbunova et al., 2014). Comparative studies have demon-
strated that naked mole rat cells exhibit heightened DNA
repair activity and increased resistance to certain genotoxic
agents (methane methyl sulfonate, paraquat, etoposide, etc.)
relative to mouse cells (Salmon et al., 2008; MacRae et al.,
2015; Evdokimov etal., 2018, 2021). To uncover the underly-
ing reasons for these attributes, studies on isolated mole rat
proteins involved in DNA repair are imperative.

Poly(ADP-ribose) polymerase 1 (PARPI) is the central
regulator of DNA repair in mammalian cells, catalyzing the
synthesis of poly(ADP-ribose) (PAR) using NAD* as a sub-
strate. This process includes auto-poly(ADP-ribosyl)ation
(autoPARylation) and the modification of other acceptor
proteins through trans-poly(ADP-ribosyl)ation. PARP1 mo-
dulates the activity of repair enzymes, their interaction with
damaged DNA, and their recruitment to DNA damage sites
(Sinhaetal., 2021; Bilkis et al., 2023; Rouleau-Turcotte, Pas-
cal, 2023). Furthermore, PARP1 contributes to the formation
of non-membrane compartments, concentrating damaged
DNA and repair proteins to enhance the DNA repair process
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(Singatulina et al., 2019; Leung, 2020; Alemasova, Lavrik,
2022). These functions signify that PARP1 is a crucial factor
in regulating DNA repair efficiency and ensuring genomic
stability.

An early study examining this relationship found a positive
correlation between PARP activity and lifespan across thir-
teen mammalian species, with humans exhibiting the longest
maximum lifespan (Grube, Burkle, 1992). Subsequent studies
of the PARylation reaction kinetics, catalyzed by recombinant
PARP1 from humans (Homo sapiens) and short-lived gray
rats (Rattus norvegicus), indicated superior efficiency of the
human enzyme (Beneke et al., 2000, 2010).

Additionally, comparative studies of DNA repair efficiency
in naked mole rat and mouse cells revealed higher PAR syn-
thesis activity and greater PARP1 protein levels in naked mole
rat cells, as evidenced by covalent DNA attachment (Evdoki-
mov et al., 2018). Investigating the properties of naked mole
rat PARP1, and comparing them with those from other spe-
cies, is therefore of significant interest. However, prior stu-
dies have not examined naked mole rat PARP1 as an isolated
protein due to the unavailability of individual protein pre-
parations.

This study aims to obtain recombinant naked mole rat
PARPI1 in order to investigate its properties and compare
them with PARP1 from other mammals. To achieve this, a
comparative analysis of the amino acid sequence of naked
mole rat PARP1 with orthologous proteins from other mam-
mals was conducted. Bioinformatics analysis identified the
cDNA sequence corresponding to the expressed variant of
the naked mole rat Parpl gene, which was subsequently
cloned into the pLate31 plasmid vector. This facilitated the
expression, purification, and characterization of recombinant
PARPI from this long-lived rodent in E. coli cells for the
first time.
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Sequences of oligodeoxynucleotides and primers used in the work

Recombinant PARP1 of Heterocephalus glaber:
isolation and characterization

Name Sequence (5’-3")
Oligodeoxynucleotide 1 ggcgataaagttggg
Oligodeoxynucleotide 2 aacgtcagggtcttcc

Oligodeoxynucleotide 3
pLate31-PARP1-For

pLate31-PARP1-Rev

Materials and methods

Oligodeoxynucleotides. The sequences of the oligodeoxy-
nucleotides used in this study are presented in the Table.
Oligodeoxynucleotides 1-3 were synthesized at the Labora-
tory of Synthetic Biology, Institute of Chemical Biology and
Fundamental Medicine of the Siberian Branch of the Russian
Academy of Sciences, Novosibirsk, Russia (Novosibirsk, Rus-
sia). Primers pLate31-PARP1-For and pLate31-PARP1-Rev
were synthesized by DNA-Sintez LLC (Moscow, Russia).

Evolutionary analysis of the primary structure of naked
mole rat PARP1. To identify amino acid substitutions unique
to naked mole rat PARP1, multiple sequence alignments of
PARP1 amino acid sequences from this species and other
mammals were conducted. The analysis included PARP1
orthologs from ten animal species: three rodents (Fukomys
damarensis, M. musculus, R. norvegicus) and six other mam-
mals (H. sapiens, Equus caballus, Dasypus novemcinctus,
Loxodonta africana, Monodelphis domestica, Ornithorhyn-
chus anatinus). PARP1 amino acid sequences were retrieved
from the NCBI and Ensembl databases. Multiple alignment
was performed using Clustal Omega (https://www.ebi.ac.uk/
jdispatcher/msa/clustalo).

Cell cultivation. Naked mole rat skin fibroblasts (NSF8
line) were cultured in aMEM medium supplemented with
15 % FBS, 10 % AmnioMAX, 0.005 pg/ml bFGF, and an
antibiotic/antimycotic mixture (Gibco, USA) at 32 °C and
5 % CO..

Isolation of total RNA from naked mole rat fibroblasts
and preparation of cDNA. The resulting cell culture was
washed with 5 ml of PBS to remove any remaining medium
and 1 ml of TRIzol solution (Thermo Fisher Scientific, USA)
was added. The cells were resuspended to a homogeneous
suspension and transferred to a clean tube. 200 pl of chlo-
roform was added, the tube was incubated for 5 minutes at
room temperature and centrifuged for 15 minutes at 16,000 g
at 4 °C. After centrifugation, the upper aqueous phase was
collected into a clean test tube. The resulting sample was
reprecipitated with isopropyl alcohol. The precipitated RNA
was dissolved in 200 pl of water and an equal volume of
phenol : chloroform: isoamyl alcohol (25:24:1) was added.
After centrifugation, the aqueous phase was collected and the
RNA was reprecipitated with ethanol.

To produce Parpl cDNA, a reaction mixture with a volume
of 10 ul containing 4 pg of total RNA and 100 nmol of oligo
dT was incubated for 2 min at 70 °C, after which the reverse
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ggaagaccctgacgttcccaactttatcgec
agaaggagatataactatgatggccgaggcagcggac

gtggtggtgatggtgatggccccacagggaggacttaaaattgaac

transcription buffer and 1 pl of RT-MMLYV reverse transcrip-
tase (100 units of activity/ul; Biolabmix, Russia) were added.
The reaction was carried out for an hour at 42 °C.

Construction of a PARP1 expression vector. A PCR
product encoding the translated region of naked mole rat
PARP1 cDNA, flanked by specific nucleotide sequences,
was generated using the primer pair pLate31-PARP1-For/
pLate31-PARP1-Rev (see the Table). The product was repre-
cipitated with 96 % ethanol, dissolved in 10 pl of LIC buffer,
and treated with 1 pl of T4 phage DNA polymerase (1 U/pl;
Thermo Fisher Scientific, USA). After thorough mixing and
a 5-minute incubation at room temperature, the reaction was
halted by adding EDTA to a final concentration of 50 mM.
Subsequently, 20 fmol of the linearized pLate31 vector (Ther-
mo Scientific, USA) with complementary “sticky” ends was
added, mixed, and the mixture was incubated for 5 minutes
at room temperature. The resulting plasmid DNA was used
to transform E. coli XLBlue cells.

Determination of the total level of poly(ADP-ribose)
synthesized in the autoPARylation reaction. Reaction
mixtures (10 pl) containing 100, 200, or 400 nM recombinant
PARP1 protein, 100 nM 32 bp DNA duplex with a single-
strand break (from hybridization of oligodeoxynucleotides
1-3, see Table 1), 400 uM NAD*, and [*?P]-labeled NAD*
(0.4 uCi) were prepared. The reaction commenced with the
addition of NAD* and the mixtures were incubated at 37 °C
for 10 minutes. The reaction was terminated by applying the
mixture to chromatographic paper (GE Healthcare, USA)
pre-treated with 10 % TCA. Unincorporated [3’P]-NAD*
was removed through successive washes with 5 % TCA and
ethanol. The paper was dried, and PAR synthesis levels were
assessed via autoradiography using Typhoon FLA 7000 (GE
Healthcare, USA).

Isolation and purification of recombinant PARP1 pro-
tein. E. coli BL21(DE3)GeneX cells transformed with the
pLate31-PARP1 plasmid were incubated in an autoinduc-
tion system (Studier method) using LB medium containing
50 mM Na,HPO,, 50 mM KH,PO,, 25 mM (NH,),SO,, 2 mM
MgSOy, 0.5 % glycerol, 0.05 % glucose, 0.2 % lactose, and
ampicillin (100 pg/ml) for 18 hours at 37 °C. Post-incubation,
cells were pelleted by centrifugation at 3,000 g, the supernatant
was collected, and the cell pellet was stored at —70 °C.

For cell lysate preparation, the biomass was resuspended
in buffer (20 mM Tris-HCI pH 8.0, 10 % glycerol, 2 mM
2-mercaptoethanol, 10 mM imidazole, 0.5 mM PMSEF, pro-
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tease inhibitors) at 5 ml buffer per 1 g cell biomass. After
20 minutes on ice, an equal volume of buffer (20 mM Tris-
HCI pH 8.0, 2 M NaCl, 2 % NP-40, 10 % glycerol, 2 mM
2-mercaptoethanol, 0.5 mM PMSEF, protease inhibitors) was
added. The suspension was ultrasonically processed at 40 kHz
for 20 minutes at 4 °C, followed by centrifugation at 30,000 g
for 30 minutes in a Beckman JA 25.50 rotor.

The clarified lysate was passed through a Ni-NTA-agarose
column (GE Healthcare, USA), equilibrated with buffer
(20 mM Tris-HCI pH 8.0, 1 M NaCl, 2 mM 2-mercapto-
ethanol, 10 % glycerol, 5 mM imidazole). The column was
washed with equilibration buffer and subsequently with buffer
(20 mM Tris-HCI pH 8.0, 0.1 M NaCl, 2 mM 2-mercapto-
ethanol, 10 % glycerol, 5 mM imidazole) until baseline sta-
bilization. Elution was performed using 250 mM imidazole
buffer. Fractions containing the target protein were pooled
and applied to a heparin-Sepharose column (GE Healthcare,
USA). Chromatographic separation was performed isocrati-
cally with 0.3 M NacCl buffer for washing off weakly bound
proteins and 1 M NaCl buffer for eluting the target protein.
Fractions with the target protein were pooled and diluted
10-fold with buffer (20 mM Tris-HCI pH 8.0, 7 mM 2-mer-
captoethanol, 10 % glycerol) before application to an ssDNA
cellulose column (Sigma, USA). Chromatographic separation
on ssDNA cellulose followed similar conditions to heparin-
Sepharose separation.
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Results and discussion

To determine whether naked mole rat PARP1 contains evolu-
tionarily conserved amino acid substitutions that could influ-
ence its functional properties, we compared its amino acid se-
guence with those of orthologous proteins in other mammals.
The PARPI sequence is highly conserved among mammals,
demonstrating over 90 % homology despite divergence over
150 million years (Fig. 1a). Naked mole rat PARP1 retains all
functional domains found in other mammals, though several
substitutions were identified in highly conserved functional
domain sites (Fig. 1b). Some of these substitutions also appear
in F. damarensis, a related species in the Bathyergidae family.
These substitutions may impact PARP1’s ability to recognize
damaged DNA and its catalytic functions.

As a result of searching the cDNA sequence of the naked
mole rat Parpl gene in databases and subsequent analysis by
aligning transcriptomic data for various organs of the naked
mole rat (brain: SRS899007; testicles: SRR1959204; liver:
ERS1090459) on three alternative Parpl templates, the cDNA
sequence (NCBI NM_001310226.1 (Bens et al., 2016)) cor-
responding to the expressed variant of Parpl was chosen. We
selected this cDNA for amplification and subsequent cloning.

To produce recombinant naked mole rat PARP1 in E. coli
cells, an expression vector based on the pLate31 plasmid
(Thermo Scientific, USA) was used. Specific primers and total
cDNA from naked mole rat fibroblasts were used to amplify
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Fig. 1. Evolutionary analysis of the primary structure of the PARP1 protein.

a - list of mammal species included in the analysis and their divergence; b — amino acid substitutions in PARP1 unique to the naked mole rat. * - substitutions also
present in the Damaraland mole rat; ** — substitution options from the NCBI and Ensembl databases.
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Recombinant PARP1 of Heterocephalus glaber:
isolation and characterization
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Fig. 2. Analysis of PARP1 content in lysates of transformed E. coli cells.

Cells were cultured in an autoinduction system at 37 °C with and without lactose induction. The position of the PARP1 protein

is indicated by red arrows. Control - recombinant human PARP1 protein.

the coding sequence of PARP1 via PCR. The PCR product
was annealed with the linearized pLate31 vector, and E. coli
XLBlue cells were transformed to amplify plasmid DNA. The
absence of errors in the amplified sequence was confirmed by
Sanger sequencing.

When searching for optimal conditions, various E. coli
strains (BL21(DE3), BL21(DE3)plysS, BL21(DE3)GeneX,
Rosetta(DE3), and Rosetta(DE3)plysS) were tested for opti-
mal PARP1 expression conditions. Target protein expression
was visually detected in induced BL21(DE3) and BL21(DE3)
GeneX cells (Fig. 2).

The resulting cultivation conditions were used to produce
a preparative amount of biomass from BL21(DE3)GeneX
cells transformed with the pLate31-PARP1 vector. The re-
sulting biomass was lysed, followed by treatment in an ultra-
sonic disintegrator and centrifuged to sediment debris. Next,
three chromatographic purification stages were carried out
sequentially using columns containing Ni-NTA (Fig. 3a),
heparin-Sepharose (Fig. 3b), and ssDNA cellulose (Fig. 3c)
as a sorbent (Sukhanova et al., 2004).

The presence of the target protein was monitored by elec-
trophoretic analysis with Laemmli staining (Fig. 4). Fractions
containing the purified protein preparation were concentrated
using Amicon 10 kDa and the purity of the purified prepara-
tion was shown by electrophoresis followed by Coomassie
R250 staining.

The protein concentration in the final preparation, deter-
mined by the Bradford method, was 0.5 mg/ml. The total
yield was 0.3 mg of protein per 10 g of E. coli cell biomass.

To test the activity of the resulting recombinant protein,
we used an in vitro system containing radiolabeled NAD*
and model damaged DNA containing a break and free blunt
ends as a cofactor to activate the PAR synthesis reaction
catalyzed by PARP1 (Fig. 5). As can be seen from the data
presented, the isolated protein has enzymatic activity in the
autoPARylation reaction and is suitable for further study of
its properties.

Comparative studies of DNA repair systems in naked mole
rat and mouse (M. musculus) cells showed that naked mole
rat cells have more effective base excision repair (BER) and
nucleotide excision repair (NER) systems than mouse cells
(Evdokimov et al., 2018). PARP1 activity was also signifi-
cantly higher in long-lived naked mole rat cells compared to
short-lived mouse cells (Evdokimov et al., 2018). Future work
will involve determining the nature of the interaction between
isolated naked mole rat PARP1 and partner proteins in DNA
repair, the influence of these proteins on PARP1 activity, and
PARP1’s affinity for damaged DNA.

Production of recombinant proteins like PARP1 requires
selecting optimal conditions for production, isolation, and
purification, which can differ from standard methods. The
described procedures enabled successful cloning, production
in the E. coli expression system, and chromatographic purifica-
tion of naked mole rat PARP1. The proposed chromatographic
protein purification procedure, including Ni-NTA chroma-
tography and two “pseudo-affinity” columns under specific
buffer and salt conditions, can effectively purify recombinant
naked mole rat PARP1.
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Fig. 3. Elution profiles of the PARP1 (H. glaber) protein from Ni-NTA-
agarose (a), heparin-Sepharose (b), ssDNA-cellulose (c).

Blue line — optical density of the solution at a wavelength of 280 nm
(mAU); red line - solution conductivity (mS/cm).
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Fig. 4. Electropherogram showing the purification stages of recombinant naked mole rat PARP1.

1 - control protein sample; 2-4 — application, breakthrough and elution from Ni-NTA-agarose, respectively; 5 — break-
through from heparin-Sepharose; 6, 7 - elution from heparin-Sepharose 0.3 M and 1 M NaCl, respectively; 8 - breakthrough
from ssDNA cellulose; 9, 10 — elution of the target protein from ssDNA cellulose with 0.3 M and 1 M NaCl, respectively.
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Fig. 5. Analysis of the activity of recombinant naked mole rat PARP1 in the autoPARylation reaction.

a - autoradiography of 10 % SDS-PAGE, in which the separation of protein modification products was carried out; b - dia-
gram summarizing the results of three independent experiments performed using the TCA target method (see Materials and

methods).

The comparative analysis of naked mole rat PARP1 and
human ortholog protein revealed that substitutions in the ART
domain did not affect the catalytic triad, suggesting similar
kinetic parameters for PAR synthesis by these enzymes. How-
ever, substitutions in other functional domains, particularly
those involving changes in residue type near autoPARylation
targets (e. g., K305R in the Zn3 domain, D461H in the BRCT
domain), may affect the protein’s properties. Further studies
using mutant forms of naked mole rat PARP1 with these amino
acid substitutions are warranted.

Conclusion
Studying the properties of PARP1 in various long-lived mam-
mals is a promising area of research, as it may contribute to a
deeper understanding of the role of DNA repair in aging and
how this process is organized in mammalian cells.
Comparison of PARP1 amino acid sequences of two mam-
mals with a long maximum lifespan, the naked mole rat and
the human, revealed 13 evolutionarily conserved substitutions
in the naked mole rat protein. The impact of these substitu-
tions on the properties and functions of PARP1 remains to be
determined. Additionally, cloning of naked mole rat PARP1
was carried out for the first time, along with its production in
E. coli cells and purification of the recombinant protein using a
relatively simple procedure. The recombinant protein’s ability
to perform the autoPARylation reaction was also assessed. Fu-
ture work will compare the properties of recombinant PARP1
in long-lived naked mole rats and humans, a task, which has
not been previously undertaken.
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The concept of natural genome reconstruction.

Part 1. Basic provisions of the “natural genome reconstruction” concept.
Changing the genome of hematopoietic stem cells using several natural
cellular mechanisms that are inherent in the hematopoietic cell

and determine its biological status as “the source of the body’s
reparative potential”
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Abstract. We present a series of articles proving the existence of a previously unknown mechanism of interaction be-
tween hematopoietic stem cells and extracellular double-stranded DNA (and, in particular, double-stranded DNA of the
peripheral bloodstream), which explains the possibility of emergence and fixation of genetic information contained in
double-stranded DNA of extracellular origin in hematopoietic stem cells. The concept of the possibility of stochastic or
targeted changes in the genome of hematopoietic stem cells is formulated based on the discovery of new, previously
unknown biological properties of poorly differentiated hematopoietic precursors. The main provisions of the concept
are as follows. The hematopoietic stem cell takes up and internalizes fragments of extracellular double-stranded DNA
via a natural mechanism. Specific groups of glycocalyx factors, including glycoproteins/proteoglycans, glycosylphos-
phatidylinositol-anchored proteins and scavenger receptors, take part in the internalization event. The binding sites for
DNA fragments are heparin-binding domains and clusters of positively charged amino acid residues that are parts of
protein molecules of these factors. Extracellular fragments delivered to the internal compartments of hematopoietic
stem cells initiate terminal differentiation, colony formation, and proliferation of hematopoietic precursors. The mole-
cular manifestation of these processes is the emergence and repair of pangenomic single-strand breaks. The occur-
rence of pangenomic single-strand breaks and restoration of genome (genomic DNA) integrity are associated with
activation of a “recombinogenic situation” in the cell; during its active phase, stochastic homologous recombination
or other recombination events between extracellular fragments localized in the nucleus and chromosomal DNA are
possible. As a result, genetic material of initially extracellular localization either integrates into the recipient genome
with the replacement of homologous chromosomal segments, or is transitively present in the nucleus and can manifest
itself as a new genetic trait. It is assumed that as a result of stochastic acts of homologous exchange, chromosome loci
are corrected in hematopoietic stem cells that have acquired mutations during the existence of the organism, which
are the cause of clonal hematopoiesis associated with old age. In this regard, there is a fundamental possibility of
changing the hematopoietic status of hematopoietic stem cells in the direction of polyclonality and the original diver-
sity of clones. Such events can form the basis for the rejuvenation of the blood-forming cell system. The results of the
laboratory’s work indicate that other stem cells in the body capture extracellular DNA fragments too. This fact creates
a paradigm for the overall rejuvenation of the body.

Key words: extracellular DNA; internalization; single-strand breaks; commitment.
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OCHOBHble NMOMOXKeHNA KOHLEeNuum
NPVPOAHON PEKOHCTPYKLMN FeHOMa

KoHIIemnuus NpupogHOli peKOHCTPYKIIMN reHOMa.

YacTpb 1. OCHOBHBIE ITOJIOKEeHNSI KOHUEIILVY [IPUPOLHON PEKOHCTPYKINN
reHoma. MiIsMeHeHVe reHoOMa reMOoIIO3TUUYECKIX CTBOJIOBBIX KJIETOK

C JICIIOJIb30BaHVeM HeCKOJIbKUX IIPUPOLHDBIX KJIETOUHbIX MeXaHN3MOB,
VIMMaHEHTHO IIPUCYIIUX FeMOIIO3TUYECKO CTBOJIOBON K/IeTKe
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AHHoTauuA. MpeanaraeTca BHUMaHMIO LMK CTaTel, JoKasblBatoLW M CyLLeCTBOBaHME paHee HEM3BECTHOro MexaHn3ma
B3aMMOLENCTBMA reMONo3TUYECKOW CTBOSIOBO KNETKM U SKCTPpaKneTouHon asyLenoyeyHon [1HK (B uactHocTn, ABYyLe-
noyveuHoi JHK nepudepmnueckoro KpoBAHOTO pyca), KOTOPbIA 06bACHAET BO3MOXKHOCTb MOABEHWS 1 3aKpenneHuns
B reMOMO3TMYECKNX CTBOMOBbIX KIleTKax reHeTnyeckon nHdopmaunm, cogepxallenca B ApyuenoyeyHon HK BHekne-
TOYHOro npoucxoxaeHusa. CoopmMynmpoBaHa KOHLEMNLUMSA BO3MOXHOCTI CTOXaCTMYECKOrO UN LiefieHanpaBieHHOro
MN3MeHeHNA reHoMa reMomno3TUYECKUX CTBOMOBbIX KNETOK, OCHOBAHHasA Ha OTKPbLITMM HOBbIX, paHee Hen3BeCTHbIX 61o-
NOTNYECKMX CBOWCTB HU3KOANDPEepeHLMPOBaAHHbBIX reMOMNO3TUYECKNX NpeaLlecTBeHHNKOB. OCHOBHbIE MOSIOXKEHWS
KOHLIENLMM 3aK/I0YaloTCA B CNieaytoLmx Tesncax. [emonoatnyeckasa cTBOIOBaA KieTKa 3axBaTbiBaeT U HTEPHanu3yeT
dparmeHTbl SKCTpakneTouyHon ayuenoveyHon [JHK ectecTBeHHbIM NPMPOAHBIM MEXaHM3MOM. B akTe nHTepHanmsa-
L1 NPYHMMAIOT yyacTne crneunduryeckre rpynmnbl GakTOPOB MNKOKANMKCA, K KOTOPbIM OTHOCATCA TMKONPOTENHbI/
NpPOoTeOorNMKaHbl, rMunKo3nndochatnanINHO3UTON-3asKOPEHHbIE BENKN U CKaBeHakep-pelenTopbl. CaTamu CBA3bI-
BaHuA ¢pparmeHToB AHK ABNAIOTCA renaprH-CBA3bIBalOLLME AOMEHDI U KNTACTePbl MONOXKUTENBHO 3apAXKeHHbIX aMUHO-
KNCNOTHBIX OCTaTKOB, BXOAALLMX B COCTaB 6e/IKOBbIX MOJSIEKY/ YKa3aHHbIX $¢aKTopoB. [locTaBfieHHble BO BHYTPeHHMWe
KOMMaPTMEHTbl reMOMO3TUYECKUX CTBOJSIOBbIX KNETOK IKCTPAKNETOUYHble pparmMeHTbl UHULMUPYIOT TEPMUHANBHYIO
anddepeHUNpPOBKyY, KONOHNeobpa3oBaHNe U Nponndepaumio NpeawecTBEHHMKOB reMonos3a. MonekynspHbIM Co-
ObITVIEM, OTPAXKAIOLLMM 3TN MPOLLECChI, ABMAETCA BO3HUKHOBEHNE U pernapauns naHreHOMHbIX OAHOLENoYeYHbIX pa3-
pbiBOB. MNpoLecc BO3HNKHOBEHWA MAaHFEHOMHbIX OfHOLIENOYEYHbIX Pa3pbliBOB M BOCCTAHOBJIEHME LIeIOCTHOCTM FreHOMa
(reHomHom [IHK) conpsxeH ¢ akTuBaLwelt B KneTke «peKOMOMHOreHHON CUTyaLMmny, BO BPeMA akTUBHOW pa3bl KOTO-
PO BO3MOKHbI CTOXACTUYeCKaa roMONOrMYHas PEKOMOMHALMA UK UHblE PEKOMOVHALMOHHBIE COObITUA MeXAY SKC-
TpaKneTouYHbIMU GpparmeHTamu, noKanu3oBaHHbIMK B Agpe, n JHK xpomocom. [eHeTnyeckunin Matepman MCXOAHO SKC-
TPaKNeTOUYHON NOKaNM3aunn U MHTErPUPYET B PELUMNEHTHBIA FTeHOM C 3aMeLLeHeM roOMOSIOrMYHbIX XPOMOCOMHbIX
CEerMmeHTOB, U TPAH3NTHO NPUCYTCTBYET B A4PE 1 MOXKET NPOABAATLCA Kak HOBbIN reHeTnYecKnin npusHak. lNpeanona-
raeTcs, YTo B pe3ysibTaTe CTOXAaCTUYECKMX aKTOB FOMOIOFMYHOIO O6MeHa MPOUCXOANT KOPPEKLIMA JIOKYCOB XPOMOCOM
B reMOMO3TNYECKMX CTBOOBbIX K/1eTKax, MOJTyUYMBLUNX B XOAE CYLLeCTBOBaHUA OpraHmn3ma MyTaLuu, KOTopble ABNAIOTCA
NPUYMHOWN KNOHANBbHOIO reMomno33a, aCCOLMMPOBAHHOMO CO CTAPOCTbiO. B 3TON CBA3M BO3HMKaeT NpuHLMNnanbHas
BO3MOXHOCTb M3MEHEHNA CTaTyca reMomno33a reMmono3TMYeCKUX CTBOJIOBbIX KNETOK B HanpaBfieHW NOMMKIOHaNbHO-
CTV U UCXOJHOTO MHOF006pasnsa KOHOB. Takne cobbITUA MOFYT COCTaBUTb OCHOBY OMOJIOXKEHUA KpoBeobpasytoLlei
cucTembl KNeTok. PesynbTaTbl paboT CBUAETENbCTBYIOT, UTO APYrie CTBONIOBbIE K/ETKM OpraHn3Ma Tak»Ke 3axBaTblBaloT
dparmeHTbl 3KCcTpakneTouHon AHK. 3ToT dakT co3gaeT napagnrmy obLlero OMONIOXKEHUA OpraHM3Ma.

KntoueBble cnoBa: akcTpaknetouHas [JHK; nHTepHanu3ayms; ogHoLenoYeyHble pa3pblBbl; KOMMUTMPOBAHME.

Double-stranded DNA and its effects

on a eukaryotic cell and the organism in general
Double-stranded fragmented extracellular exogenous and
endogenous DNA is a participant, inducer and indicator of
various processes occurring in the body. First and foremost,
exogenous nucleic acids are pathogen-associated molecular
patterns that activate different components of the immune sys-
tem aimed at pathogen removal. Extracellular double-stranded
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DNA (dsDNA) of endogenous origin can also elicit the body’s
immune response (Medzhitov, Janeway, 2000; Krieg, 2002;
Takeshita, Ishii, 2008; Iwasaki, Medzhitov, 2010; Barbalat et
al., 2011; Bode et al., 2011). Fragments of both exogenous
and endogenous dsDNA delivered to the cytoplasm of immune
cells activate an array of cytosolic DNA sensors and induce the
early stages of adaptive immune response (Barber, 20113, b;
Sharma, Fitzgerald, 2011). dsDNA induces autoimmune pro-

697


https://orcid.org/0000-0002-6746-8092
https://orcid.org/0000-0001-6895-938X
https://orcid.org/0000-0003-2346-6279
https://orcid.org/0000-0001-6800-8787
https://orcid.org/0000-0002-2019-9382

L.A. Yakubov, O.S. Taranov, S.V. Sidorov...
E.R. Chernykh, N.A. Kolchanov, S.S. Bogachev

cesses Guiducci et al., 2010; Pisetsky, Ullal, 2010; Almqvist
et al., 2011; Choubey, 2012; Kaczorowski et al., 2012) and
is one of the signals of the bystander effect responsible for
transmission of metabolic/catabolic reactions induced in cells
exposed to a certain impact (irradiation) to intact bystander
cells through the incubation medium (Ermakov et al., 2009).
The burst-like increase in plasma DNA concentration has been
shown to result in systemic inflammatory response and sepsis
(Saukkonen et al., 2007; Castellheim et al., 2009; Arnalich et
al., 2010; Kaczorowski et al., 2012). Nucleic acids, including
dsDNA, are components of exosomes and are believed to act
as a “tuning fork” for the functional state of the organism
used by certain cell populations to “fine-tune” physiological
and molecular processes in them (Cai et al., 2013; Rashed et
al., 2017).

At the cellular level, dsSDNA fragments (namely, open
double-strand ends of these fragments) internalized by a
non-immune cell activate cell cycle arrest and induce repair
processes (MacDougall et al., 2007; Zou, 2007). Meanwhile,
these fragments become involved in repair under certain
conditions, interfering in its correct course; according to the
experimental laboratory data, they can be integrated into the
recipient genome (Likhacheva et al., 2007, 2008; Dolgova
etal., 2012).

Horizontal gene transfer has been studied well in pro-
karyotes and repeatedly demonstrated for lower metazoans
(Andersson, 2005; Soucy et al., 2015; Sibbald et al., 2020);
there are proven examples of gene transfer in mammals. Thus,
it is known that DNA of destroyed cancer cells is taken up
by other susceptible cells in the body, resulting in malignant
transformation of these cells. This process is called “geno-
metastasis” (Yakubov et al., 2007; Garcia-Olmo et al., 2012).
Evidence for horizontal gene transfer during the uptake of
apoptotic bodies and extracellular vesicles has been provided
in refs. (Bergsmedh et al., 2001; Holmgren et al., 2002;
Sakamoto et al., 2023). There is a study focusing on transfer
of extracellular material into an oocyte by spermatozoa that
have engulfed high-polymeric DNA from the environment
in mussels (Erokhin, Kuznetsov, 2009). Horizontal transfer
of a specific unique gene between an insect and a plant has
been demonstrated recently (Xia et al., 2021). In 2007, the
Nobel Prize was awarded for developing a technology based
on homologous recombination of internalized knockout DNA
fragments (https://lenta.ru/articles/2007/10/08/nobelmed/).

Several fundamental questions have been consecutively
solved as part of the problem of horizonal gene transfer in
eukaryotes and humans in particular. The questions related
to how the DNA of one organism appeared in another one
and the mechanism of DNA spread across the organism have
been solved using novel experimental approaches, modern
molecular biology techniques. It still remains unclear what is
the fixation point of new genetic information in the recipient
organism and how a trait associated with it manifests itself as
a new biological feature of a new organism.

There are several objective sources and pathways through
which foreign DNA appears in the organism: blood manipula-
tions, various transplantations, sexual intercourse, gestation,
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passage of DNA from food to the organism, viral or bacterial
infection, and shared microbiome of the organism.

After it had been proved that peripheral blood of any or-
ganism contains a certain quantity of extracellular DNA, the
question related to existence of foreign DNA and its spread
in the organism was also solved (Anker et al., 1999; Jahr et
al., 2001; Laktionov et al., 2004). It is clear that during blood
manipulations and transplantation, donor DNA (blood or
stroma) necessarily gets into the recipient organism. DNA of
damaged spermatozoa, like fetal DNA, gets into the blood and
vice versa (Schubbert et al., 1998; Bianchi, Dennis Lo, 2001).
Emergence of exogenous DNA through the gastrointestinal
tract has been convincingly demonstrated in refs. (Schubbert
et al., 1994, 1997; Hohlweg, Doerfler, 2001; Palka-Santini
et al., 2003). The gut microbiota is composed of several
kilograms of its main constituent species, Escherichia coli.
Destruction of intestinal cells is accompanied by release of a
massive amount of DNA that also gets into the bloodstream.
This very phenomenon has underlain methods for diagnos-
ing the state of the gut microflora by analyzing blood serum/
plasma that have been developed and launched into clinical
practice (https://lenta.ru/articles/2007/10/08/nobelmed/).
It means that along with endogenous DNA from cells
destroyed by apoptosis or necrosis or DNA of symbiotic
microflora, the organism will always contain exogenous
DNA, and there are material foundations for the circulation
of both foreign and endogenous genetic information in the
organism.

Currently, there is almost no discussion on the final ques-
tion and related ideas about the fixation point of new genetic
information and its manifestation as a novel biological trait
in scientific literature, since there are no ideas on how these
questions can be solved.

Itis clear that for a trait to manifest itself, its carrier (namely,
dsDNA) needs to be internalized by the cell. There currently
exist many publications demonstrating the fact that extracel-
lular DNA fragments are internalized by different cell types;
however, it was not until our studies had been published
(Petrova et al., 2022; Ritter et al., 2022; Potter et al., 2024)
that the mechanism and the ordered structure of factors of
this internalization were described. The cited papers revealed
that fragments of extracellular dSDNA are internalized by the
eukaryotic stem cell via the caveolae-dependent mechanism,
with involvement of the heparin-binding domain and clusters
of positively charged amino acids of glycoproteins/proteo-
glycans, glycosylphosphatidylinositol-anchored proteins,
and scavenger receptors of the glycocalyx. The total positive
charge of the stem cell of different genesis is the key factor
for internalization.

Aviewpoint is currently being formed assuming that extra-
cellular nucleic acids, including dsDNA, refer to a new type
of regulatory system of the organism having complex mecha-
nisms of regulation of cellular process; horizontal gene transfer
being one of its manifestations (Ledoux, 1965; Ratajczak et al.,
2006; Cocucci etal., 2009; Simons, Raposo, 2009; Camussi et
al., 2010; Balaj etal., 2011; Tettaetal., 2011; Ludwig, Giebel,
2012; Ronquist, 2012; Raposo, Stoorvogel, 2013).
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History of the development

of the natural genome reconstruction concept

The concept of natural genome reconstruction — the abil-

ity to reconstruct pathologically altered chromatin topology

(both changes at the nucleotide level and related higher-order

changes in chromatin organization) — is the feasibility of in-

troducing molecular changes (“corrections” in the case when
it is the cause of a disease) in mutant chromosomal loci (or

“healthy-to-healthy” replacement without altering the primary

nucleotide sequence) in vivo, ex vivo, and in situ, which em-

ploys the principle of a supplementary reconstructive substrate
as “genetic material” (fragments of extracellular dsSDNA).
The concept is based on five fundamental phenomena of
general biology; three of those have recently been discovered
and described for the stem cell at the Laboratory of Induced

Cellular Processes (Institute of Cytology and Genetics of

the Siberian Branch of the Russian Academy of Sciences,

Novosibirsk, Russia).

1. Presence of fragments of extracellular dsSDNA in peripheral
blood (Anker et al., 1999; Jahr et al., 2001; Laktionov et
al., 2004).

2. Ability of stem cells of different genesis to internalize frag-
ments of double-stranded DNA via a natural mechanism
(Fig. 1). The following factors are involved in the internal-
ization mechanism: cell surface charge, heparin-binding
domains and clusters of positively charged amino acids,
glycoproteins/proteoglycans, and scavenger receptors of
the glycocalyx. Internalization occurs via the caveolae/
clathrin-dependent pathway (Dolgova et al., 2014; Petrova
et al., 2022; Ritter et al., 2022).

3. Induction of terminal differentiation of stem cells by ds-
DNA fragments internalized by intracellular compartments
(Fig. 2). Using the mouse model, we have found that extra-
cellular dsDNA fragments represented by PCR fragments,
supercoiled plasmid DNA, and fragmented genomic dsDNA
are internalized by hematopoietic stem cells (HSCs) via a
natural mechanism. Intracellular compartments of c-Kit+/
Scal+/CD34+ HSCs and multipotent descendants can si-
multaneously contain up to 14,000 copies of ~500 bp long
PCR fragments (~0.2 % of the haploid genome). Internal-
ized dsDNA fragments induce terminal differentiation of
the progenitor, activate proliferation of descendant cells
and colony growth on microcrystalline cellulose. The
number of colonies increases by 15-40 % compared to
that for untreated samples (Potter et al., 2024). In colonies,
most cells (for the mouse model) are terminally differenti-
ated ones in which markers of primitive progenitor cells
(c-Kit+/Scal+ for mice) are lost. A smaller part of cells (up
to 15 %) retain markers of immature cells. This fact indi-
cated that upon colony formation, HSCs primarily activated
by exposure to Lin—/c-Kit+/Scal+ divide both asymmetri-
cally (yielding committed hematopoietic progenitor cells)
and symmetrically (increasing the pool of poorly differenti-
ated progenitor cells) (Potter et al., 2024). The number of
HSCs in the total pool of cells within colonies was several
orders of magnitude larger than that in the original sample
of bone marrow cells. This fact indicates that the mechanism
responsible for amplification (up to 15 % of primitive cells
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for the mouse model) of a new trait that initially appeared

in HSCs of bone marrow cells (0.01 % of primitive cells)

has been found.

4. 1t was found previously that pangenomic single-strand
breaks are formed in mammalian embryonic stem cells
after induction of their terminal differentiation by treat-
ment with retinoic acid; according to the published data,
these breaks are restored within 96 hrs (Vatolin et al., 1997)
(Fig. 3). The emergence of pangenomic single-strand breaks
causes conversion of nuclear chromatin to its relaxed form.
Further repair of single-strand breaks results in restoration
of genome integrity and formation of a new 3D chromatin
architecture taking into account new torsional strains that
are responsible for its new 3D architecture in the selected
differentiation direction. It is believed that this genomic
“opening and relaxation” is needed to ensure chromatin to-
pology reorganization from the “stem” state to the lineage-
committed one (Farzaneh et al., 1982; Johnstone, Williams,
1982). The emergence and repair of pangenomic single-
strand breaks is a purely recombination repair process
indicating that a “recombinogenic situation” has occurred in
the cell (Likhachevaetal., 2008). The molecular machinery
of recombination repair involved in chromatin break and
repair is unknown.

5. The ability of internalized dsSDNA fragments to participate
in repair processes (induced either by fragments per se or
by other factors) occurring in the cell either as a substrate
or as the external template for homologous recombina-
tion (Dolgova et al., 2014; Potter et al., 2016, 2017, 2024;
Ruzanova et al., 2022).

The aforementioned announcement of experimental mate-
rials demonstrates that internalization of dsDNA by a HSC
induces terminal differentiation (commitment) and activates
proliferation progenitors associated with it. We believe that
similar to terminal differentiation and emergence of pange-
nomic single-strand breaks observed in embryonic stem
cells, which were demonstrated in ref. (Vatolin et al., 1997),
pangenomic single-strand breaks are also induced in HSCs
upon commitment, thus leading to the development of a “re-
combinogenic situation” (Likhacheva et al., 2008). At this
very instant, extracellular DNA fragments internalized by stem
cells become natural participants of recombinant processes,
which are associated with the emergence and repair of these
single-strand breaks.

A hypothesis has been put forward that during a “recom-
binogenic situation” developed in HSCs, different recombina-
tion repair events can occur between captured extracellular
DNA fragments residing inside the cell, which have induced
the emergence of single-strand breaks and the “recombino-
genic situation”, and chromosomal DNA. These recombina-
tion repair events result in alteration of certain chromosomal
loci within the repair zone mediated by natural molecular pro-
cesses because of either homologous exchange or integration
of accessory chromatin (e. g., into centromeric or telomeric
agglomerates). Transient repair intermediates may appear.
These events will lead to integration of extracellular fragments
into the recipient genome, or reconstructive replacement of
homologous genomic loci, or emergence of transient repair
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Fig. 1. Internalization of TAMRA-labeled DNA probe into stem cells from Krebs-2 carcinoma (A) and Epstein-Barr virus-
transformed B-cell lymphoma (B). Arrows show TAMRA+ cells. One can see two spheres in Figure 1B. C - formation of spheres
in the culture of Epstein-Barr virus-transformed lymphoma cells. A TAMRA+ cell merges with several adjacent cells within
20-30 min. During the observation, all the cells within the visual field are continuously moving chaotically. A strong associate
is formed when cells contact the TAMRA+ cell; a free-floating sphere based on it is formed within 8-14 hrs (Dolgova et al.,
2016, 2019). D - rosettes formed by bone marrow stromal niches, with TAMRA+ cells located in the center (Ritter et al., 2022).
E - morphologies of the analyzed colonies of the granulocyte-macrophage (CFU-GM), erythroid (BFU-E), and myeloid
(CFU-GEMM) hematopoietic lineage upon induction with hDNAY". F - stimulation of colony formation of the granulocyte-
macrophage (CFU-GM), erythroid (BFU-E), and myeloid (CFU-GEMM) hematopoietic lineages upon induction with hDNAY"
compared to control. The values are the ratio between the number of colonies upon induction with the preparation and the
number of control colonies assumed to be equal to “1” and denoted with the red line. The data are presented as the median,
the interquartile range, and the minimum and maximum values. * - statistically significant differences compared to the control
group (p < 0.05, Wilcoxon matched pairs test, n = 6) (Potter et al., 2024).
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Fig. 2. Analysis of internalization of double-stranded DNA probe in HSCs.
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A - assessment of colocalization of markers of primitive HSCs c-Kit and Sca1 and simultaneously the ability of these cells to internalize TAMRA+ double-stranded
DNA probe in intact murine bone marrow. B - comparative diagrams of the contents of cells labeled with the respective marker in cell population of an individual
colony. The reduced number of cells labelled with stemness markers may indicate that induction with DNA preparation caused stem cell differentiation.
C - analysis of internalization of double-stranded DNA repeat probe Alul in HSCs Sca1/c-Kit by real-time PCR. Calculations indicate that the content of the DNA
probe is ~14,000 copies per cell. D - electrophoretic mobility of the PCR fragment obtained using primers M13 and DNA template isolated from murine HSCs,
induced by hDNAY', and incubated in the presence of human Alu fragment. On the left: PCR products from templates “Alu in colonies” and murine DNA. On the
right: electrophoresis of real-time PCR products from the same templates. Arrows show the PCR products synthesized from concatemerized DNA template Alul

(Potter et al., 2024).
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Fig. 3. The histogram showing distribution of DNA migration path length
of OTF9-63 cells before and after cultivation during different time periods
in the presence of retinoic acid.

X - DNA migration path length in um (scale division value, 3 um); Z - number
of cells: a - undifferentiated cells; b-d - differentiation during 24, 36, and
96 hrs, respectively; e — undifferentiated embryonic stem cells irradiated with
X-rays at a dose of 200 rad. Among cells exposed to radiation, migration path
length involves the nucleus size (Vatolin et al., 1997).

intermediates not integrated into the genome, with consequent
biological changes at the cellular, tissue, organ, functional
system, and organism levels.

It is supposed that nonhomologous integration of extracel-
lular fragments is hardly feasible because there are no mo-
lecular foundations for it (namely, nonfunctional double-strand
breaks). The feasibility of fixation of nonhomologous extracel-
lular DNA in the genome can be related to the imperfection
of the mechanism of single-strand annealing and involvement
of microhomologies in this process.

The concept of natural genome reconstruction

Extracellular dsSDNA fragments are taken up and internalized
into compartments of HSCs via a natural mechanism. The
aforementioned substrate (extracellular dsDNA fragments)
is “offered” to a stem cell as extracellular material or under
in vivo, ex vivo, or in situ conditions. dsDNA fragments
internalized into cellular compartments induce terminal
differentiation of hematopoietic stem cells; emergence of
pangenomic single-strand breaks that extracellular fragments
located inside cells interact with is one of its markers. The
pangenomic single-strand breaks ensure the relaxed form of
a certain level of nuclear chromatin compaction, thus pro-
viding conditions for subsequent chromatin reorganization.
Chromatin in this state undergoes mitosis. The first mitotic
division results in restoration of the 3D chromatin architecture
of the original cell with stem characteristics in one daughter
cell. In the second daughter cell, chromatin reorganization
(“reprogramming”) takes place, and a new 3D architecture
in the selected direction of cell differentiation is formed with
allowance for a new torsional strain responsible for the new
3D structure of chromatin. A “recombinogenic situation” is
induced in the HSC at the instant when pangenomic single-
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strand breaks appear and are repaired, and conditions for inte-
grating fragments internalized by the cell into chromatin DNA
are established. Either replacement of homologous regions or
direct integration of extracellular fragments into homologous
or non-homologous genomic regions occurs, or transient
intermediates are formed. The choice of the pathway and the
integration mechanism are unknown; however, homologous
exchange between the extracellular template and genomic
DNA is primarily suspected. HSCs in which “illegitimate”
integration of extracellular nonhomologous DNA has taken
place are eliminated from the HSC population. The mechanis-
tic schematics of the aforementioned processes are provided
in the thematic experimental sections of this series of studies.

Conclusion

The proposed concept has been proved in a number of ex-
perimental studies united together into a series of studies
collectively called “The Concept of Natural Genome Recon-
struction”. Further articles within this series will focus on
questions characterizing early events of interaction between
HSCs and extracellular fragments of dsDNA, as well as the
implications of this interaction altering both the structural and
linear arrangement of extracellular dSDNA fragments, as well
as the functional state of target hematopoietic progenitor cells.
Genomic changes related to the emergence of extracellular
dsDNA fragments in the intracellular space of stem cells will
be analyzed. In vivo tests will assess the effect of changes in
the genome of HSCs caused by interaction with extracellular
dsDNA fragments on certain biological parameters of experi-
mental animals (changes in lifespan). Finally, the pleiotropic
effect of the impact of extracellular dsDNA on human HSCs
will be analyzed in a clinical case study, with special emphasis
placed on the shift in the hematopoietic status (oligoclonal/
normal).
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Abstract. During the study of algal diversity in pyroclastic deposits of the Kamchatka Peninsula, Chlorella-like green algae
strains VCA-72 and VCA-93 were isolated from samples collected from along the Baydarnaya river bed on the Shiveluch
volcano in 2018 and at the outlet of thermal vapors along the edge of the caldera on the southern slope of the Gorely
volcano in 2020. Identification of the strains was carried out within the framework of an integrative approach using
microscopic and molecular genetic methods, including preliminary taxon identification, obtaining nucleotide sequen-
ces of the small subunit and the internal transcribed spacer rRNA, reconstruction of phylogenetic trees and secondary
structures of the ITS1 and ITS2 rRNA regions. On the phylogenetic tree, strain VCA-93 was clustered in the Micractinium
thermotolerans species clade. No differences were found when comparing the helical domain models of ITS1 and ITS2 in
M. thermotolerans. Strain VCA-72 occupied a basal position in the M. inermum clade. The secondary structure patterns of
the helices of strain VCA-72 were generally similar to those of M. inermum, but intraspecific variability was noted, mainly
due to substitutions in the apical and lateral loops. Five hCBC substitutions were found in the helical regions of the
studied M. inermum strains, while no CBC substitutions were found. A detailed analysis of morphology and life cycle al-
lowed us to identify the characteristics of the cells in aging cultures: their size was significantly higher than in vegetative
ones and they were pear-shaped, oval, and ellipsoidal with a shallow, wide constriction in the center. In addition, cells
with colorless lipid droplets were detected in aging cultures of both species. The ability to synthesize and accumulate
lipids indicates the great potential of the strains for the production of biodiesel fuel. A review of the habitats of previous
and new findings allowed us to note the ecological plasticity of the studied species. The results obtained complement
the information on the biogeography of the species: this is the first record of M. inermum for the territory of Russia, and
that of M. thermotolerans, for the Kamchatka Peninsula.
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XapakTtepuctuka Micractinium thermotolerans
n M. inermum c nonyoctpoBa KamuaTka

AHHoTaumA. B xofe nccnepoBaHua pasHoobpasua BOJOPOCEN NMUPOKIACTUYECKMX OTIOKEHMUI BynKaHoB LLnsenyy n
Topensbliii (nonyoctpos KamuaTka) 6b11m BoigeneHsl Chlorella-nopo6Hble witammbl 3enieHbix Bogopocneit VCA-72 n VCA-93
13 nNpob, oTob6paHHbIX BAONb pycna p. bagapHas Ha BynkaHe LUuBenyy v Ha Bbixofe TepMasibHbIX MApPOB MO Kpato
Karnbfepbl Ha XHOM CK/OHe BynkaHa lfopenbiin B8 2018 1 2020 rr. cooTBETCTBEHHO. ViaeHTndMKaLma WTaMmoB BbINon-
HANaCb B paMKax KOMMIEKCHOro NOAX0Aa MUKPOCKOMNYECKUMI U MONEKYNIAPHO-TeHeTUYeCKMN MeToAaMU, BKIoYato-
WMMKN NpefBapuTeNbHyio NAeHTUOMKaLMIo, NONyYeHne HYKNeoTUAHbIX NociefoBaTelbHOCTEN Manon cybbeanHULbI 1
BHYTPEHHero TpaHckpubupyemoro crericepa pPHK, noctpoeHne ¢punoreHeTMYeCKMX AepeBbeB U BTOPUYHbIX CTPYKTYP
yyacTtkoB ITST un ITS2 pPHK. Ha ¢unoreHetnueckom gpese wramm VCA-93 knactepursoBanca B BugoBon Knage Micra-
ctinium thermotolerans. Mpw cpaBHeHUN Mofenen cnupanbHbix gomeHos ITST n ITS2 y M. thermotolerans pa3nuuunin He
BbiABneHo. LUtamm VCA-72 3aHnman 6a3anbHoe nonoxeHue B Knage M. inermum. Mogenun BTOPUYHOW CTPYKTYpPbl Chu-
paneii wtamma VCA-72 B Lieniom 6binn CXOAHbI C Mogenammn ana M. inermum, ofHako oTMeuYeHa BHYTPMBMAOBasA Bapma-
6enbHOCTb, 00yC/I0BNIeHHasA B OCHOBHOM 3aMeHaMW B BepXYyLUEeYHbIX 1 6OKOBbIX NeTnaAx. B cnupanbHbiX yyacTkax nccne-
ZyembIx WTammoB M. inermum obHapy»eHo naTb 3amMeH hCBC, Torga Kak 3ameH CBC o6Hapy»eHo He 6bino. [leTanbHbii
aHanu3 MoppoNornn 1 XM3HEHHOTO LKA NO3BONUI BbIABUTb B CTapEIOLMX KyNbTypax KNeTKy, KoTopble Mo pasmepy
3HAUYNUTENbHO MPEBBILAIOT BEFETaTVBHbIE Y UMEIOT FPYLUEBUHYIO, OBaNlbHYO U SAIMMACOUAHYI0 GOPMbI C HEry6oKMM
LUMPOKUM CY>KEHMEM B LieHTpe. Takxke B CTapetoLyx KysibTypax 060mx BUOOB Oblnv BbIABEHbI KNETKM C 6eCLBETHbIMMI
ANNUAHBIMK Kanaamu. CnocobHOCTb CUHTE3UPOBATb M HaKanMBaTb MNMMAbI TOBOPUT O 60/IbLLIOM NOTeHUMane WTamMmMoB
Ana npousBoacTea buogusenbHoro Tornnvea. O630p MecToo6uTaHWn NPeabIAYLMX U HOBbIX HAXOAOK MO3BONAET cAe-
naTtb BbIBOA 06 3KONOrMYeCKon NNacTUYHOCTY nccneayemMblx BUAOB. MonyyeHHble pe3ynbTaTbl AOMOMHAT CBeAeHUA O
6uoreorpadum BugoBs: M. inermum obHapy»eH BriepBble Ha TeppuTopun Poccun, a M. thermotolerans — Ha nonyocTtpose
Kamuatka.

KnioueBble crioBa: MMKPOBOAOPOCNY; GFIOPUCTUYECKE HAXOLKM; KOMMAEKCHbIN noaxoa; mopdonorus; dunoreHus;
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BTOpMYHan cTpyKkTypa ITS pPHK.

Introduction

Micractinium Fresenius (Trebouxiophyceae, Chlorophyta)
is a genus comprising Chlorella-like green algae, including
symbiotic (M. conductrix (Brandt) Proschold et Darienko,
M. tetrahymenae Proschold, Pitsch et Darienko) and free-
living organisms. The genus currently comprises 24 species
(Guiry M.D., Guiry G.M., 2024). M. pusillum Fresenius is the
type species. It is characterized by a coccoid organization and
the formation of colonies of 2—4 cells and bristles (Fresenius,
1858). It was assumed that the ability to form colonies and
the presence of bristles are distinctive features of this species
(Komarek, Fott, 1983). However, it was shown that these traits
only appeared as a protective mechanism in response to co-
cultivation with the rotifer Brachionus calyciflorus Pallas; in
the absence of algophages, the features did not appear (Luo et
al., 2005, 2006). In addition, the presence of zooplankton did
not always result in the formation of bristles and colonies in
Micractinium species (Préschold et al., 2011). For example,
M. conductrix, M. inermum Hoshina et Fujiwara and other
species of the genus do not have bristles and are morphologi-
cally similar to algae of the genus Chlorella (Proéschold et al.,
2011; Hoshina, Fujiwara, 2013; Hong et al., 2015).

Homoplastic characters leading to similarities between
the genera Chlorella and Micractinium make it difficult to
identify taxa using only morphological data. The use of
an integrative approach, combining traditional microscopy
methods and molecular phylogenetic analysis, allows to dis-
tinguish not only taxa poor in diagnostic characters, but also
cryptic species (Komarek et al., 2014; Darienko, Préschold,
2019).

Members of the genus Micractinium are well-known objects
of biotechnology research. F. Quintas-Nunes et al. (2023)
showed the growth-stimulating effect of exudates of Micra-
ctinium sp. NFX-FRZ on tomato plants. This could be due to
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phytohormones synthesized by the algae. M. inermum F014
was found to be able to treat radioactive wastewater (Kim et
al., 2019). L. Bouarab et al. (2004) found that M. pusillum
can grow well under mixotrophic conditions. It may provide
opportunities for the industrial cultivation of microalgae and
achieve high culture densities. Some studies have confirmed
the suitability of Micractinium sp. for biofuel production
(Abou-Shanab et al., 2014; Onay et al., 2014).

During the study on algal diversity of pyroclastic depo-
sits of the Kamchatka Peninsula, Chlorella-like strains of
green algae, previously identified as species of the genus
Micractinium, were isolated. The aim of this study was spe-
cies identification of Micractinium representatives using an
integrative approach.

Materials and methods
Sampling, isolation and cultivation of algal strains. The
materials for this study were Chlorella-like clonal cultures
of green algae VCA-72 and VCA-93. Strain VCA-72 was
isolated from a sample of pyroclastic deposits collected in
2018 along the Baydarnaya river bed on the Shiveluch volcano
(56°33.98'N, 161°8.41'E). Strain VCA-93 was detected from
asample collected in 2020 at the outlet of thermal vapors along
the edge of the caldera on the southern slope of the Gorely
volcano, where the temperature of the deposits was ~32 °C,
(52°33.306' N, 158°01.742' E) (Fig. 1). The biotope on the
Gorely volcano was characterized by a lack of vegetation.
Melting of nearby snowfields and evaporation of moisture
were observed during sampling. Sampling was carried out
using classical microbiological methods (Gollerbah, Shtina,
1969).

A soil sample weighing not more than 1 g was inoculated
on Petri dishes with sterile liquid modified Waris-H medium
(McFadden, Melkonian, 1986; Andersen, 2005) (Supplemen-
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Fig. 1. Map of the study area and sampling sites: 1 — Shiveluch volcano,
2 - Gorely volcano.

tary Material 1)! and liquid modified Bold Basal Medium with
triple nitrogen and vitamins (Starr, Zeikus, 1993; Schldsser,
1997; Andersen, 2005) (Supplementary Material 1) to obtain
enrichment cultures. Enrichment cultures were periodically
checked for algal growth using an Olympus CK30 inverted
microscope (Olympus, Japan) with a maximum magnifica-
tion of x400.

Pure cultures were isolated using the micropipette method
(Andersen, 2005) and grown in modified Waris-H liquid
medium. Algal cultures were maintained at 117-120 lux il-
lumination, 24.9 °C, 16 % humidity, and 16:8 h light:dark
cycle.

Light microscopy, morphological characterization. The
morphology of the strains was examined with Olympus BX 53
(Olympus, Japan), equipped with Nomarski DIC optics. Mi-
crophotographs were taken with an Olympus DP 27 camera
(Olympus, Japan) at 1000 magnification. The parameters of
50 vegetative cells were analyzed to identify the boundaries
of variation in morphological characteristics for each strain.

Molecular genetic analysis. Taxonomic identification of
strains was performed by molecular genetic methods, includ-
ing obtaining nucleotide sequences of the small subunit and
internal transcribed spacer rRNA (18S+ITS rRNA; according
to the protocol outlined by V.Yu. Nikulin et al. (2023)), con-
struction of phylogenetic trees and secondary structures of the
ITS1 and ITS2 rRNA regions.

1 Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Sushchen_Engl_28_7.pdf
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For DNA isolation, cell biomass was sampled during the
exponential growth phase and concentrated by centrifugation.
Total genomic DNA was isolated according to the method of
C.S. Echt et al. (1992) with some modifications (Abdullin et
al., 2021). Amplification was performed by polymerase chain
reaction (PCR) in a T100 Thermal Cycler amplifier (Bio-Rad
Laboratories, Inc., USA) with Encyclo Plus kit (Evrogen,
Russia), primers 82F (5-GAAACTGCGAATGGCTC-3")
(Lopez-Garcia et al., 2003) and ITS4R (5'-CCTCCGCT
TATTGATATGC-3') (White et al., 1990). PCR parameters
were as follows: initial denaturation at 96 °C for 3 min, fol-
lowed by 30 cycles including denaturation at 96 °C for 1 min,
annealing at 55 °C for 2 min, elongation at 68 °C for 3 min.
This was followed by a final elongation at 68 °C for 7 min
(Mikhailyuk et al., 2018).

Sequencing was performed using the equipment of the
Instrumental Centre of Biotechnology and Gene Engineering
of FSCEATB FEB RAS, ABI 3500 genetic analyzer (Ap-
plied Biosystems, USA). PCR products were sequenced in
both directions with BigDye Terminator sequencing Kit v. 3.1
(Applied Biosystems, USA) and the same primers as used
for PCR. Additionally, primers SSU528F-800 (5'-CGGT
AATTCCAGCTCC-3") (Hoef-Emden, Melkonian, 2003),
920F (5'-GAAACTTAAAKGAATTG-3') (Marin et al, 1998),
nl1400R (5'-GGTAGGAGCGACGGGCGGTGTGTAC-3')
(Marin et al., 2003), and Bd18SF1 (5'-TTTGTACACACCG
CCCGTCGC-3') (Goka et al., 2009) were used. Sequences
were assembled with the Staden v.1.4 software package (Bon-
field et al., 1995) and compared with other strains available
at the National Center for Biotechnology Information (NCBI,
USA) using a BLAST search (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). The selection of representative sequences for
phylogenetic analysis was based on a dataset of green algae
of the genus Micractinium (Krivina et al., 2023), which in-
cluded 48 18S+ITS rRNA sequences; 2,418 aligned positions.
The sequence of the taxon Chlorella vulgaris Beijerinck,
representing a phylogenetically distant lineage, was added
to the dataset as an outgroup. Sequences were aligned in the
SeaView program (Galtier et al., 1996) with manual alignment
correction. The best-fit model of nucleotide substitutions for
our dataset was determined based on the Akaike Information
Criterion (AIC) (Akaike, 1974) in the jModelTest 2.1.1 pro-
gram (Darriba et al., 2012).

Phylogenetic trees were constructed using the maximum
likelihood (ML) method and the Bayesian approach (BI).
ML analysis was performed using the RAXML web server
v. 7.7.1 (http://lembnet.vital-it.ch/raxml-bb/) (Kozlov et al.,
2019); BI was performed using the MrBayes 3.1.2 program
(Huelsenbeck, Ronquist, 2001). In Bl analysis, 5 million
generations of Markov chains were created, sampling every
100 generations, i.e., 50,000 samples. The first 25 % of
samples (before -InL values reached a plateau) were excluded
from the analysis as “burn-in”. Markov chain Monte Carlo
convergence (MCMC) to a stationary distribution was as-
sessed visually using the Tracer 1.7.1 program (Rambaut et al.,
2018) by plotting posterior probabilities. All ESS values were
greater than 200. The stability of ML-derived phylogenetic
tree nodes was calculated using the RAXML server using the
bootstrap method (Bootstrap Percentage, BP) (Stamatakis et
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al., 2008) and by determining the posterior probabilities (PP)
in the BI. BP values less than 50 % and PP values less than
0.95 were not considered. Phylogenetic trees were visualized
using the FigTree v. 1.4.4 program (Rambaut, 2018).

To confirm strain identification, secondary structures of
the ITS1 and ITS2 rRNA regions were compared between
phylogenetically related sequences. Secondary structures were
constructed based on models developed for representatives
of the genus Micractinium (Chae et al., 2019; Krivina et al.,
2023) using the UNAFold Web Server (http://www.unafold.
org/mfold/applications/rna-folding-form.php) (Zuker, 2003)
and visualized in the VARNA program (Darty et al., 2009).
Next, compensatory and hemicompensatory base substitutions
(CBC, hCBC) (Caisova et al., 2013) and other molecular
features that distinguish strains were searched for.

Results and discussion

Molecular genetic analysis

The sequences of the region comprising 18S-1TS1-5.85-1TS2
rRNA of strains VCA-93 and VCA-72 were deposited in the
GenBank database under accession numbers PP501334 and
PP501335, respectively. BLAST searches revealed a high
percentage of similarity to the sequences of Micractinium
sp. (M. thermotolerans) (Krivina et al., 2023) ACSSI 332
MT784118 (99.91 %) and M. inermum NLP-F014 KF597304
(99.29 %), respectively.

On the phylogenetic tree, strain VCA-93 was clustered in
the topologically established species clade of M. thermoto-
lerans with strains ACSSI 332 (holotype) and IC-76 (Fig. 2).
All three strains were found in the Russian Federation (Kam-
chatka Peninsula, Chukotski Peninsula (Krivina et al., 2023),
and West Siberian Plain (Piligaev et al., 2018), respectively).
Related to them is a clade with moderate statistical support
(73/0.98; BP/PP) including strains of Micractinium sp. from
Africa — TvB (isolated from Tiberias hot springs), SH (from
a sinkhole near Ein Gedi), CCAP 211/92 (soil sample from
Seychelles).

As noted earlier, in contrast to “African” strains, all repre-
sentatives of M. thermotolerans are characterized by the
absence of an intron in the second quarter of the 18S gene
(Krivinaetal., 2023). This is also true for strain VCA-93. The
sister species was M. tetrahymenae SAG 2587.

Strain VCA-72 occupied a basal position in the moderately
supported clade of M. inermum (81/0.98) (Fig. 2). In sister
position was a clade (89/0.99) composed of closely related
strains found in North America, Europe, and Asia: HS26 (So-
nora Desertin Arizona, USA) (Ganuzaetal., 2016), NLP-FO14
(Nakdong River, South Korea) (Park et al., 2015), KM114868
(Weston Park Pond, UK) (Smith et al., 2015), and NIES-2171
(Sendai Botanical Garden, Japan) (Hoshina, Fujiwara, 2013).
Thus, there was no geographic structuring in the M. iner-
mum clade. The species clades of M. lacustre, M. variabile,
M. simplicissimum and one specimen of M. singularis were
the closest to the M. inermum clade.

ITS1 and ITS2 rRNA secondary structures
The secondary structures of the ITS1 and ITS2 regions of the
studied strains corresponded to the generally accepted models
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developed for eukaryotic organisms, in particular, green algae
(Coleman, 2000, 2015). The models of ITS1 and ITS2 heli-
cal domains of strain VCA-93 and M. thermotolerans strains
ACSSI 332 and IC-76 (Supplementary Material 2) were
characterized by the absence of substitutions between them.

The presented models of the secondary structure of the
helical domains of strain VCA-72 were generally similar to
those for M. inermum (Fig. 3).

Helix 1'in ITS1 and helix I, Il in ITS2 were monomorphic,
but intraspecific variability was observed in all other ITS
helices of the compared M. inermum strains. Despite this,
the conservatism of the structure is due to the predominant
localization of substitutions in apical or lateral loops and the
presence of hCBCs that preserve base pairing. In terms of
the number of nucleotide differences, the ITSI regions were
expectedly less conservative compared to ITS2 (ten versus
four differences). The majority of nucleotide substitutions in
both spacers (ten substitutions) distinguished our strain from
the other four, but there were four substitutions and deletions
characterizing specific strains (Fig. 3). Five hCBC substitu-
tions were detected in the helixes (three hCBCs in ITS1:
U—C in pos. 12 and 34 of helix III, A—G in pos. 17 of helix
IV; two hCBCs in ITS2: C—U in pos. 29 of helix III, U—C
in pos. 26 of helix 1V), whereas no CBC substitutions were
detected. The topology of the basal part of helix IV ITS2 strain
KM114868 differed from the others (Fig. 3).

According to the CBC concept (Wolf et al., 2013), the
absence of CBC in ITS2 indicates that the compared strains
belong to the same species. Thus, based on the results of phy-
logenetic analysis and modelling of secondary structures, we
reliably identified the strains under study: VCA-93 belongs to
the species M. thermotolerans Krivina, Sinetova, Savchenko,
Degtyarev, Tebina et Temraleeva, and VCA-72 belongs to
M. inermum. The studied genotype of the latter, due to the
presence of unique nucleotide substitutions, allowed us to add
new data to the pool of molecular diversity of the ITS rRNA
region of M. inermum species.

Morphology, reproduction and ecology

Micractinium thermotolerans Krivina, Sinetova, Sav-
chenko, Degtyarev, Tebina et Temraleeva (Fig. 4a—f).
The cells are spherical, 3.2-6.5 pum in diameter, without
bristles (Fig. 4a, b). Young cells are triangular, ellipsoidal
(3.0-5.6x3.3-5.9 um) or irregular. The chloroplast is parie-
tal, cup-shaped with a spherical pyrenoid, covered by starch
grains. Reproduction by 2-4 autospores (Fig. 4c—e). The
sporangium size was 4.4-6.7 um in diameter. Autospores were
uniform in size (up to 2 microns in diameter), triangular or
irregular in shape and showed release by rupture of the spo-
rangium cell wall. Cell walls remain visible in culture after
release of autospores.

The cell wall is thin, with uniform thickening in older
cultures. The cells are pear-shaped, oval and ellipsoidal with
a shallow, wide constriction in the center, reaching a length
of 7.3-10.5 pm in 6-month cultures (Fig. 4f).

The detection of cells significantly larger than mature ve-
getative cells is consistent with the observations of E. Krivina
et al. (2023). They showed that incubation at elevated, but
non-lethal temperatures caused the appearance of a population
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Fig. 2. ML tree illustrating the phylogenetic position of strains VCA-93 and VCA-72 (in bold) among members of the genus Micra-
ctinium based on 18S+ITS rRNA sequence comparison (2,418 aligned positions; GTR+I+G model).

Node supports in ML/BI analyses (BP > 50 % and PP > 0.95) are indicated. Nodes with maximum support (100/1.00) are indicated by
asterisks. The branch belonging to the outgroup is shortened (only 10 % of the length is shown). Scale bar is the number of nucleotide

substitutions per position.

of single or abnormally dividing giant cells with a diameter of
10.8-19.3 um in the culture. In our case, the M. thermotole-
rans VCA-93 strain was cultured at 24.9 °C, and the appear-
ance of abnormal cells with lipid droplets was probably a
result of culture depletion. It was associated with its aging.
It is similar to the results obtained for M. thermotolerans
ACSSI 332 under nitrogen starvation conditions.

E. Krivina et al. (2023) obtained preliminary data on the
fatty acid composition of M. thermotolerans. Thus, during the
description of the species, the composition of methyl esters of
fatty acids of strain ACSSI 332 was revealed (hexadecanoic,
7,10,13-hexadecatrienic, 9,12,15-octadecatrienic, pentadeca-
noic acids, etc.). It differed significantly from the fatty acid
composition of other species of the genus Micractinium with
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Fig. 3. Secondary structure models of the ITST and ITS2 helical domains of strain VCA-72.

Nucleotide sequence differences with M. inermum strains H526, NLP-FO14, KM114868, and NIES-2171 are indicated by endnotes according to the
legend. Helix IV ITS2 of strain KM114868 is shown separately (bottom right) due to topological differences.
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Fig. 4. Microphotographs of the strains M. thermotolerans VCA-93 (a—f) and M. inermum VVCA-72 (g—j).

a, b - vegetative cells; ¢ - presporangial cell (arrow indicates doubling of the pyrenoid); d - presporangial
cell (arrow indicates doubling of the protoplast); e — autosporangia; f — ellipsoid cell with a shallow, wide
constriction in the center with vacuoles; g - vegetative cell; h — sporangium in an aging culture; i — release
of autospores; j - cell in an aging culture with a lipid droplet and vacuole (lipid droplet is indicated by an
arrow). Scale bar: 10 um.

greater complexity and diversity (Krivina et al., 2023). The authors noted the bio-
technological potential of this species.

Two of the three known strains of M. thermotolerans were isolated from extreme
habitats: VCA-93 from tephra collected at the outlet of thermal vapors along the
edge of the caldera of the Gorely volcano (Kamchatka Peninsula) and ACSSI 332
from a hot spring located on the Chukotka Peninsula (Krivina et al., 2023). At the
same time, strain 1C-76 was isolated from river sand from the coast of the Ob river
(Novosibirsk region) (Piligaev et al., 2018), which may indicate the ecological
plasticity of the species.

Micractinium inermum Hoshina et Fujiwara (Fig. 4g—). The solitary cells are
spherical (4.3-5.0 um) (Fig. 49), drop-shaped or ellipsoidal (2.2—4.7 x 3.0-5.0 um),
without bristles. The chloroplast is single, cup-shaped, with a pronounced pyre-
noid. Asexual reproduction by two autospores (Fig. 4i). Cells in old cultures are
spherical (5.7-7.9 um) or ellipsoidal with a shallow, wide constriction in the center
(Fig. 4h), 8.4-10.7 um long and are characterized by the presence of lipid droplets
proportional to their size (Fig. 4i, ;).

In the cytoplasm of aging and resting cells, there is an accumulation of single
small or large lipid droplets (Andreeva, 1998). It can be colorless or yellow, orange,

Characteristics of Micractinium thermotolerans
and M. inermum from the Kamchatka Peninsula

red. Probably, the color of lipid droplets
is associated with carotenoids and their
derivatives, which are accumulated in
lipid globules. They can be detected by
light microscopy in the form of spheri-
cal colored bodies in the resting stages
of many green algae species (Weiss,
1983). For example, it has been shown
that the reddish color of lipid droplets
of Haematococcus pluvialis Flotow is
due to the presence of the fat-soluble
carotenoid astaxanthin (Ota et al., 2018).
According to our observations, aging
cells of M. inermum VCA-72 are cha-
racterized by the presence of colorless
lipid droplets (Fig 44—).

The detection of lipid droplets in cells
is also characteristic of culture deple-
tion, including nitrogen starvation. For
example, J. Zhan et al. (2016) found
significant changes in the lipid content
of Chlorella sp. under nitrogen deple-
tion of the culture. Nutrient deficiency,
as well as high light intensity and high
salt concentration, is an environmental
stressor and causes the accumulation of
lipids or carbohydrates (Ho et al., 2012;
Fernandes et al., 2013; Roleda et al.,
2013; Park et al., 2015).

It is known that the Micractinium spe-
cies studied by us are characterized by
high growth rates and the ability to syn-
thesize and accumulate lipids (Park et
al., 2015; Shi et al., 2019; Krivinaetal.,
2023). This aspect indicates their great
potential for the production of biodiesel
(Wijffels, Barbosa, 2010). There have
been a number of works aimed at iden-
tifying the optimal culture conditions
for M. inermum, which allow increasing
its biological productivity and reducing
the cost of maintaining cultures. For
example, it has been shown that the
maximum lipid productivity of the JL1
strain is achieved by adding glucose
to the heterotrophic culture (Shi et al.,
2019). The fatty acid profile of algae is
of great importance in biodiesel produc-
tion as it determines the key properties
of the fuel (Knothe, 2009). For example,
the percentage of oleic acid serves as an
indicator of fuel quality (Knothe, 2009).
A. Banskota et al. (2024) identified
oleic, linoleic and palmitic acids in the
biomass of M. inermum.

S. Park etal. (2015) suggested the use
of wastewater mixture for M. inermum
NLP-F014 cultivation. The lipid accu-
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mulation was up to 40 % under culture depletion conditions.
This method can significantly reduce the cost of water and
nutrient requirements, and hence cost of cultivation. T. Sydney
et al. (2018) treated M. inermum culture with ultraviolet B
(UVB) to reduce the energy required for cell wall disruption
and lipid extraction. This resulted in an increased yield of fatty
acid methyl esters. Thus, strains of this species are candidates
for biofuel production.

Most publications (Park et al., 2015; Smith et al., 2015;
Dickinson et al., 2019; Shi et al., 2019; Banskota et al., 2024)
indicate freshwater habitats for M. inermum. Probably, small
sizes and rapid reproductive rates allow representatives of
this species not only to be planktonic in water bodies, but also
to survive in terrestrial habitats, including in such extreme
biotopes as the volcanic deposits of Kamchatka (pyroclastic
deposits along the Baydarnaya river bed on the Shiveluch
volcano).

Conclusion

As a result of the study of algal diversity in the pyroclastic
deposits of the Shiveluch and Gorely volcanoes (Kamchatka
Peninsula), using an integrative approach, representatives of
the genus Micractinium were identified. The results obtained
complement the information on the secondary structure of the
ITS1 and ITS2 rRNA regions, morphology (morphology of
cellsinaging cultures of M. inermum and M. thermotolerans),
life cycle (the life cycle of M. inermum is considered in more
detail), ecology (the species are among the primary colo-
nizers of lifeless substrate on the Kamchatka Peninsula; vital
activity of M. thermotolerans at deposit temperature ~32 °C)
and biogeography (M. inermum is reported for the first time
in Russia, and M. thermotolerans is the first finding for the
Kamchatka Peninsula) of the discovered species.
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Abstract. Synthetic intergeneric amphydiploids and genome-substituted wheat forms are an important source for
transferring agronomically valuable genes from wild species into the common wheat (Triticum aestivum L.) genome.
They can be used both in academic research and for breeding purposes as an original material for developing wheat-
alien addition and substitution lines followed by translocation induction with the aid of irradiation or nonhomologous
chromosome pairing. The chromosome sets and genome constitutions of allopolyploids are usually verified in early
hybrid generations, whereas the subsequent fate of these hybrids remains unknown in most cases. Here we analyze
karyotypes of five hexa- (2n = 6x = 42) and octoploid (2n = 8x = 56) amphydiploids of wheat with several species of the
Aegilops, Haynaldia, and Hordeum genera, and six genome-substituted wheat-Aegilops forms, which were developed
over 40 years ago and have been maintained in different gene banks. The analyses involve C-banding and fluorescence
in situ hybridization (FISH) with pAs1 and pSc119.2 probes. We have found that most accessions are cytologically stable
except for Avrodes (genome BBAASS, a hexaploid genome-substituted hybrid of wheat and Aegilops speltoides), which
segregated with respect to chromosome composition after numerous reproductions. Chromosome analysis has not
confirmed the presence of the N genome from Ae. uniaristata Vis. in the genome-substituted hybrid Avrotata. Instead,
Avrotata carries the D genome. Our study shows that octoploid hybrids, namely AD 7, AD 7147 undergo more complex
genome reorganizations as compared to hexaploids: the chromosome number of two presumably octoploid wheat-
Aegilops hybrids were reduced to the hexaploid level. Genomes of both forms lost seven chromosome pairs, which
represented seven homoeologous groups and derived from different parental subgenomes. Thus, each of the result-
ing hexaploids carries a synthetic/hybrid genome consisting of a unique combination of chromosomes belonging to
different parental subgenomes.

Key words: genome stabilization; wheat; amphydiploid; Aegilops; Dasypyrum; Tritordeum; genome-substituted forms;
karyotype; C-banding; fluorescence in situ hybridization.
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ITyToreHeTnuyecKye oCO6eHHOCTY MeXKPOJOBbIX aMAUINIIIONIOB
I TeHOMHO-3aMellleHHbIX (pOpM MIIIeHUIIbI
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AHHoTauuA. CUHTETUYECKME MeXPoaoBble rmbpuabl (amruanniongbl) 1 reHOMHO-3amelleHHble GOPMbI NMIIEHNULbI —
Ba)KHbIVl UICTOYHUK A1 NepeHoca X03ANCTBEHHO LIEHHbIX FTeHOB OT AUKUX BUAOB B reHoMm Triticum aestivum L. Vx nc-
Nosb3yIoT Kak N5 PELLEHMA TEOPETUYECKNX 3a4ay, TaK 1 B NPAKTUYECKUX LeNax Afa nonyyeHns AOMNONHEHHbIX Nnn
3aMeLLEHHbIX NIVHUIA, a TaKXe AN VUHAYKLUUN NMWEHNYHO-UY>KePOLHbIX TPAHCOKALUMIA C MOMOLLbIO O6NyYeHUs nnu
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E.B. NNanuHa, C.A. 3owyk, H.IN. ToHyapos

LinToreHetnueckmne 0cobeHHOCTU MEXPOLOBbIX aMbUANNIONI0B
1 FeHOMHO-3aMelLLieHHbIX pOPM MLLEHNLIbI

HEromMONOMMYHOM KOHBIOraLMm XpoOMOCOM. XPOMOCOMHbIV 1 FTEHOMHbI COCTaB anfionofiMniIonaHbix ¢popm obblYHO
BeprOULMPYETCA B PaHHUX TMOPULHBIX MOKONEHUAX, YacTo AaNibHeNWan cyabba STUX rmépuaoB OCTaeTCca Hen3yYeH-
Holi. B HacToswweln paboTe ¢ nomolbio MeToaos C-anddepeHLManbHOIro OKpallnmBaHua XpoMocom no Mmsa n enyo-
pecueHTHOM rnbpuansauymu in situ (FISH) ¢ AHK-3oHgamun pAs1 1 pSc119.2 Mbl NpoBenu ncciefoBaHne KapuoTunos
NATU rekca- (2n = 6x = 42) n okTannonaHbix (2n = 8x = 56) reHOMHO-AOMNOIHEHHbIX aMPUANNIONAOB MLUEHMULbI C OT-
fenbHbIMU Bugamu us popos Aegilops, Haynaldia v Hordeum, a Tak»Ke LeCT rekcanionaHbIX NeHNYHO-3rMOMNCHbIX
reHOMHO-3ameLLeHHbIX GOpPM, MoNyUYeHHbIX 6onee 40 NeT Ha3ag 1 NOAAEPXKMBAEMbIX B KOMMEKLMAX Pa3HbIX HAYYHO-
nccnefoBaTeibCkmx yupexaeHuin. NMokasaHo, 4To 60MbLWMHCTBO NCCIE[OBAHHBIX GOPM LUTOrEHETMYECKIN CTabWb-
Hbl, ogHako ABpogec (reHom BBAASS) — rekcanniongHblii reHOMHO-3aMeLLEeHHbIN rMbpug nweHuubl 1 Ae. speltoides,
pacLennanca No XPOMOCOMHOMY COCTaBYy MOC/Ie MHOTVX PenpoayKLui. XpOMOCOMHbIN aHanmn3 He NOATBEPAN OXM-
[1aemMoro reHoOMHOro CocTaBa reHOMHO-3aMeLleHHON dpopma ABpOTaTa, Yy KOTOPOW BMecTo 3asaBrieHHoro N-reHoma
oT Ae. uniaristata Vis. o6Hapy»eH D-reHom. B gaHHoOIM paboTe noka3aHo, YTo oKTaniouaHble GopMbl NPOXoaAT yepes
6onee cnoxHble Npeobpa3oBaHNA FEeHOMOB, YeM reKkcanonaHble: B BYX UCCIeA0BaHHbIX NPeAnoNoXUTENIbHO OKTa-
nnoupaHbix améuannnovpax AD 7, AD 7147 npowusolwna pefykuma Yncina XpoMoCOM O rekCarniouaHoro ypoBHS.
Y 06enx Gopm Obinn yTpayeHbl CEMb Map XPOMOCOM M3 PasHbIX POAUTENbCKUX CYOreHOMOB, NpefCcTaBAALMNX BCe
CceMb FOMeOnornyeckunx rpynn. B pesynbrate y H1UX chopMUpPOBanca CMeLaHHbIi (TM6puaHbIA) reHOM, COCTOALLMNIA U3
YHUKaNbHOWN KOMOMHaLMM XPOMOCOM HECKOJIbKMX POAUTENbCKMX CyOreHOMOB.

KnioueBble cnoBa: cTaHOBNEeHVe reHOMOB; NieHuua; amuannnongbl; Aegilops; Dasypyrum; Tritordeum; reHOMHO-
LOMoSHEHHble GOPMbI; FEeHOMHO-3aMelLeHHble GopMbl; KaproTun; C-63HANHT; dyopecLeHTHas in situ rmbpransaums.
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Introduction

Common wheat Triticum aestivum L. is one of the most
important crops. It ranks third to rice and maize in grain
global production (Biodiversity, 2024). It is thought that
common wheat arose about 8-10 MY BP in northwestern
Iran, near Caspian Sea, as a result of hybridization between a
tetraploid wheat and wild goat grass Aegilops tauschii Coss.
followed by spontaneous chromosome duplication (Kihara,
1975; Dvorak et al., 1998; Feldman, 2001; Feldman, Levy,
2023). Such crosses might have occurred repeatedly and
involve different parental wheat and Aegilops forms grow-
ing in the same region (Hirosawa et al., 2004; Luo et al.,
2007). In turn, the resulting hexaploid wheats might cross
to each other and to other species, thereby extending and
enriching the gene pool of the novel crop (Feldman, 2001;
Wang et al., 2013).

Common wheat is more flexible than cultivated tetraploid
species (Dubcovsky, Dvorak, 2007); therefore, it is better
suited to new environment when spreading to new areas. It is
also characterized by better adaptability, higher yield, larger
grains, and easier threshing as compared to hulled tetraploid
wheat (Tadesse et al., 2016). The addition of the D genome
from Ae. tauschii conferred grain qualities appropriate for
the production of bread, one of the staples in human nutri-
tion. Owing to these advantages, common wheat rapidly
penetrated from its center of origin to the neighboring areas;
then, to Europe Asia and Africa; and, finally, to North and
South America and Australia. It gradually replaced hulled
tetra- and hexaploid wheat species. Having been cultivated
for over eight millennia, it occupied vast regions with diverse
soil and climate conditions.

Meanwhile, intense breeding for high yield, which in-
volved a limited number of founder varieties, narrowed
considerably the gene pool of common wheat (Martynov
etal., 2006; Girma, 2017; Feldman, Levy, 2023) in the past
century. The task of gene pool expansion and search for
new donors of commercially valuable traits is increasingly
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important (Bespalova, 2015). Wild Crop Relatives (WCR)
are considered to be among the most promising donors of
new genes for wheat improvement (Prohens et al., 2017;
Sharma M.P. et al., 2020; Sharma S. et al., 2021). Species
of the Aegilops L. genus, wheat relatives, possess many
agronomically valuable traits that can be used in wheat
breeding: pest resistance, drought tolerance, high micro-
nutrient content, and others (Gill et al., 1986; Monneveux et
al., 2000; Schneider et al., 2008; Molnar-Lang et al., 2015;
Olivera et al., 2018; Kishii, 2019; Kumar et al., 2019). The
close phylogenetic relationship between the Triticum L.
and Aegilops genera facilitas successful transfer of genetic
material transfer between them, as plasmon and two of
the three common wheat nuclear sub-genomes, B and D,
have been inherited from Aegilops species (Kihara, 1975;
Tsunewaki, 1996).

Nevertheless, the direct gene transfer from Aegilops to
wheat is a difficult task. Several approaches have been sug-
gested to improve the efficiency of alien genetic material
transfer. One of them involves crosses between wheat and a
target species, chromosome doubling in the F,, and develop-
ing wheat-alien addition and substitution lines. These lines
are then used for inducing wheat-alien translocations (Peng
et al., 2011; Zhang P. et al., 2015; Kishii, 2019; Kroupin et
al., 2019). For instance, this approach was used to obtain
wheat addition and substitution lines with rye (Gill, Kimber,
1974), barley (Islam, Shepherd, 1990; Cabrera et al., 1995;
Molnar-Lang et al., 2000; Trubacheeva et al., 2009), Aegi-
lops (Friebe et al., 1992, 2000; Logojan, Molnar-Lang, 2000;
Molnar-Lang et al., 2014), Haynaldia villosa (L.) Schur
(syn. Dasypyrum villosum (L.) P. Candargy) (Minelli et al.,
2005), Thinopyrum A. Léve (syn. Elytrigia Desv.) (Schulz-
Schaeffer, Friebe, 1992; Linc et al., 2012; Kroupin et al.,
2019), and other cereals. A number of allopolyploid hybrids
between various tetraploid wheat species and Ae. tauschii
have been obtained at CIMMYT, Mexico (Kishii, 2019;
Aberkane et al., 2020). Pedigree analyses indicate that the
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genetic material of Aegilops, mainly Ae. tauschii, as well as
Ae. umbellulata Zhuk. and Ae. ventricosa Tausch is present
in over 1,350 varieties and 9,000 elite lines of common wheat
(Martynov et al., 2015), and their ratio is still increasing.

In addition to commercial breeding, synthetic allopoly-
ploids are extensively used in studies of processes accom-
panying hybrid genome formation (Ozkan et al., 2001;
Kashkush et al., 2002; Levy, Feldman, 2004). Addition and
substitution lines obtained from such allopolyploids were
successfully used for the establishing of genetic relation-
ships (homoeology) of chromosomes of different cereal
species (Dhaliwal et al., 1990; Cabrera et al., 1995; Friebe
etal., 1995a, b, 2000; Badaeva et al., 2018). However, these
studies were primarily focused on processes occurring at
early stages of allopolyploid formation, whereas their fate
remained unknown in most cases.

Another approach was proposed by Dr. E.G. Zhirov. It is
based on the development of genome-substituted common
wheat forms, in which their D genome is substituted by
the genome of a diploid Aegilops or of other cereal species
(Zhirov, Ternovskaya, 1984; Davoyan R.O. et al., 2012).
The first step of the production of these forms involved
the extraction of the tetraploid BBAA component from
common wheat cv. Avrora. The resulting tetra-component,
tetraAvrora, was crossed to a diploid Aegilops species, whose
genome was expected to replace common wheat D genome.
The hybrids were treated with colchicine to double the chro-
mosome number and obtain fertile amphydiploids. In spite
of the fact that some genome-substituted forms obtained
by E.G. Zhirov were cytologically characterized and are
still used as donors of resistance genes in the breeding of
common wheat and triticale (xTriticosecale Wittm.) (Da-
voyan R.O., Zhirov, 1995; Davoyan E.R. etal., 2012, 2023;

Material examined

Cytogenetic features of intergeneric amphydiploids
and genome-substituted forms of wheat

Davoyan R.O. et al., 2019), most of these hybrids have not
been analyzed by C-banding.

This article is aimed in cytogenetic verification of inter-
generic synthetic amphydiploids and genome-substituted
accessions of common wheat obtained over 30 years ago
and maintained in gene banks of different institutions using
C-banding and (for some hybrids) fluorescence in situ hy-
bridization (FISH).

Materials and methods

Experiments were conducted with the following artificial
genome-substituted hybrids and intergeneric amphydiploids
shown in the Table.

Six genome-substituted forms were raised by Dr. E.G. Zhi-
rov at the Lukyanenko Research Institute of Agriculture,
Krasnodar, more than 40 years ago. Their detailed descrip-
tion is provided in Zhirov’s Dr. Sci. thesis “Wheat geno-
mes: study and reconstruction” (Kyiv, Institute of Plant
Physiology and Genetics, National Academy of Sciences,
Ukraine, 1989). Two wheat—Aegilops amphydiploids were
obtained by G.B. Piralov (1976) at the Institute of Gene-
tics and Breeding, Academy of Sciences of the Azerbaijan
SSR, Baku. One was accidently found in the collection of
the Institute of Cultivated Plants, IPK, Gatersleben, Ger-
many. Its origin is unknown. The hybrid between emmer
and Haynaldia villosa was synthesized by P.M. Zhukovsky
(1944). The amphydiploid of durum wheat and wild barley
Hordeum chilense Roem. & Schult. was developed in Spain
in the early 1980s (Martin, Sanchez-Mongelaguna, 1982;
Fernandez, Jouve, 1984).

Karyotypes were analyzed by the conventional Giemsa
C-banding protocol (Badaeva et al., 1994). Tritordeum was
additionally analyzed by FISH (Badaeva et al., 2017) with

Name Cross 2n Expected genome constitution ~ Gene bank
Avrodes T. aestivum X Ae. speltoides 42 BBAASS NCG
Avrosis T. aestivum x Ae. sharonensis 42 BBAAS®hSsh

Avrolata T. aestivum x Ae. umbellulata 42 BBAAUU

Avrotica T. aestivum x Ae. mutica 42 BBAATT ICG
Avrodata* T. aestivum x Ae. caudata 42 BBAACC

Avrotata* T. aestivum X Ae. uniaristata 42 BBAANN NCG
AD 7* T.ispahanicum x Ae. cylindrica 56 BBAADDCC* ICG
AD 7147* Amphydiploid 4x wheat and Ae. ventricosa 56 BBAADYDYNYNY

AE 1491* Not known ? ? IPK
Haynatricum, K-38259 Haynaldia villosa x T. dicoccum 42 BBAAVV ICG
Tritordeum martinii, K-7997 T. durum x Hordeum chilense 42 BBAAHCH® VIR

Note. * Amphydiploids and genome-substituted accessions with unproved chromosome numbers, genome constitutions, or chromosome sets. NCG - Na-
tional Center of Grain named after PP. Lukyanenko, Krasnodar, Russia; ICG - Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy
of Sciences, Novosibirsk, Russia; IPK - Leibniz-Institut fir Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, Germany; VIR - N.I. Vavilov All-Russian

Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia.
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DNA probes pAsl (Rayburn, Gill, 1986) and pSc119.2
(Bedbrook et al., 1980). Wheat chromosomes were identi-
fied according to B.S. Gill et al. (1991), and chromosomes
of other species, according to the nomenclatures proposed
in (Dhaliwal et al., 1990; Cabrera et al., 1995; Fricbe et al.,
1995a, 2000; Linc et al., 1999; Badaeva et al., 2008, 2011,
2015a; Liu et al., 2010; Adonina et al., 2015; Molnar et al.,
2016; Danilova et al., 2017; Said et al., 2021).

Results and discussion

Genome-substituted forms

Avrodes

Avrodes was cytogenetically proven to be hexaploid form
in which the D genome is replaced by genome S from
Ae. speltoides Tausch (Figs. 1, 2). Avrodes is cytologically
unstable, and its chromosome numbers and combinations
of the A, B, and S genome chromosomes vary among in-
dividual plants.

The plants examined had seven or eight A genome chro-
mosome pairs. All plants had 1A, 2A, 4A, 5A, 6A, and 7A.
Chromosome 2A of Avrodes differed from 2A of Avrora in
having clear telomeric and terminal C bands. Unlike other
chromosomes of the A genome, 6Awas present as tetrasome,
one pair substituting 6S. Most Avrodes plants had only one
7A pair, but two had an additional copy, substituting 7B
(monosomic 7A/7B substitution; Fig. 2¢). The karyotype of
one plant lacked chromosome 3A, which had been replaced
by an additional 3S pair.

Only three of seven chromosomes of the B genome,
namely, 2B, 3B and 6B were present in all Avrodes plants
examined. The 1BL:1RS wheat-rye translocation inherited
from Avrora was seen in all plants, but the translocated
chromosome was present in one or two copies (monosomic
1BL:1RS/1S substitution), or it was modified by a transloca-
tion of an unidentified fragment onto the distal portion of
the long 1B arm (Fig. 2a, red arrow).
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Fig. 1. C-banding karyotype of the Avrodes genome-substituted form.
A, B, S - genomes; 1-7 - homoeologous groups.
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Some plants were nulli4B-tetra4S (Figs. 2a, b) and others,
nulli5B-tetra4S (Figs. 2a, b), where the two 5S chromo-
some pairs showed different C-banding patterns (Fig. 2c,
green arrows). One pair matched exactly chromosome 5S
of Ae. speltoides, and the other, designated as 5S*, was
shorter, and it lacked the large telomeric band in the long
arm (Fig. 3). Note that just this modified chromosome pair
passed to Avrodes-derived elite accessions resistant to stripe
or yellow rust (Puccinia striiformis Westend. f. sp. tritici
Eriks.) (Davoyan E.R. et al., 2023).

The S genomes of different Avrodes plants was repre-
sented by 12 to 16 chromosomes, but chromosome 6S was
always missing (Fig. 2). Only 2S and 7S were present only in
the disomic state. Chromosomes 3S, 4S, and 5S were present
as di- or tetrasomics, where 3S replaced homoeologs of the
Agenome, and 4S and 5S, of the B genome. Most plants had
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Fig. 2. C-banded metaphase plates in plants of the Avrodes genome-sub-
stituted form with different chromosome combinations.

Arrows indicate mono-, tri-, and tetrasomic chromosomes belonging to dif-
ferent genomes: red arrows - B genome; blue - A; and green - S.
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Cytogenetic features of intergeneric amphydiploids
and genome-substituted forms of wheat

Ae. tauschii, subsp. strangulata, K-1958

Ae. uniaristata, Pl 554418

Ae. umbellulata, AE 822

Ae. caudata, AE 1123

Ae. sharonensis, Atlit, Israel

Ae. speltoides, 2734-3

Ae. mutica, Pl 598388

Fig. 3. C-banded karyotypes of diploid Aegilops species supposedly or actually involved in the development of ge-

nome-substituted wheat forms.

“Type specimens” of species not involved in the development of forms examined are shown for reference. The D-T genome
symbols are indicated on the left; species names and origin/accession vouchers, on the right.

one 1S pair, and only two had an additional chromosome
1S, which replaced 1BL:1RS (monosomic 1S/1BL:1RS
substitution, Fig. 2a).

The significant cytological instability of Avrodes also
manifested itself in an abnormal meiotic chromosome pair-
ing, in particular, high frequency of multivalents, formerly
reported by R.O. Davoyan et al. (2012, 2019). This high fre-
guency may be due to both the presence of genes suppressing
Ph1 (the gene regulating homoeologous chromosome pair-
ing) in the S genome (Dvorak et al., 2006), and occurrence
of intergenomic B/S or A/S substitutions in most plants,
which have three or four copies of some Ae. speltoides chro-
mosomes. The genomic instability of Avrodes may also be
contributed by gametocidal genes, located on chromosomes
2S and 6S in Ae. speltoides (Tsujimoto, Tsunewaki, 1988;
King J. etal., 2018; Said et al., 2024). It is worth noting that
we found only one of the gametocidal chromosomes, 2S,
whereas 6S had been lost.

Avrosis
Avrosis is a hexaploid in which the D genome is replaced
by the Ss" genome from Ae. sharonensis. Eig. The presence
of the A, B, and Ss" genomes was proven by cytogenetic
analysis, including C-banding (Fig. 4). Like Avrodes, Avro-
sis bears the 1BL:1RS wheat-rye translocation. However,
the C-banding patterns of 2A, 2B, 3B, and 5B chromosomes
of these forms differed from each other. Unlike Avrodes,
Avrosis is cytologically stable: all plants examined had
identical chromosome composition and C-banding patterns.
Chromosome T1B:1R was the only exception. In some
plants, the distal portion of the short arm was deleted. The
chromosomes of the Ssh genome showed the morphology
and heterochromatin distribution typical of Ae. sharonensis
(Fig. 4). However, the direct parental accessions of Avrosis
had not been indicated by originator, and we could not
reveal chromosome changes associated with polyploidi-
zation.
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Fig. 4. Karyotype of the genome-substituted form Avrosis.

A, B, S - genomes; 1-7 — homologous groups.

In contrast to Avrodes, Avrosis was used in breeding
programs solely as a donor of powdery mildew (Blumeria
graminis (DC.) Speer f. sp. tritici Marshal) resistance (Zhi-
rov, Ternovskaya, 1993), although Ae. sharonensis possesses
many agronomically valuable traits (Olivera, Steffenson,
2009; Millet et al., 2014). The main difficulty in Avrosis
use is that the S genome hosts highly efficient gametocidal
genes Gc (Tsujimoto, Tsunewaki, 1984, 1988; Said et al.,
2024). They induce the lethality of gametes that have lost
the 4Ssh chromosome, bearing this gene. As a result, the
4Ssh chromosome is preferentially transmitted to gametes
(Miller et al., 1982; King 1. et al., 1991).

Nevertheless, some scientists succeeded in obtaining
wheat x Ae. sharonensis introgression lines for chromosomes
of other homoeologous groups, in particular, 15" and 5Ssh
(Millet et al., 2014). considering these results, we can hope
that other S chromosomes can be transmitted to the pro-
geny and the genetic potential of Avrodes in common wheat
breeding is far from being exhausted.

Avrolata

Auvrolata is a hexaploid wheat in which the D genome is
replaced by the U genome of Ae. umbellulata. It is cytologi-
cally stable, like Avrosis. All its plants had identical genome
constitutions and banding patterns. We found no chromo-
some rearrangements in the accession studied. C-banding
analysis confirmed the presence of the A, B, and U genomes
in its karyotype (Fig. 5). In contrast to Avrodes and Avrosis,
Avrolata did not bear the 1BL:1RS wheat-rye translocation;
rather, it had the normal 1B chromosome.

The C-banding patterns of chromosomes belonging to
the A and B genomes were generally similar to those of
Avrosis, and the U chromosomes showed morphologies and
banding patterns typical of Ae. umbellulata (Figs. 3, 5). As
the parental Ae. umbellulata form was unknown, we could
not assess putative changes of the U genome chromosomes
of this hybrid.
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Fig. 5. Karyotype of the genome-substituted form Avrolata.
A, B, U — genomes; 1-7 — homologous groups.

The lack of 1BL:1RS in the karyotype of Avrolata may be
due to the fact that cv. Avrora was ab initio heterogeneous
for the presence of this translocation, and the direct parent of
Avrolata belonged to the biotype lacking it. It is conceivable
that durum wheat chromosome 1B survived recurrent crosses
in the extraction of the Avrora tetra-component.

As reported in (Davoyan E.R. et al., 2012; Davoyan R.O.
et al., 2012), Avrolata, along with Avrodes, is a source of
novel genes for leaf rust (Puccinia triticina Rob. ex Desm.
f. sp. tritici Eriks.) resistance. It is known that Ae. umbel-
lulata, which was the source of the U genome in Avrolata,
is extensively used in common wheat breeding, especially
in the United States, as donor of the Lr9 leaf rust resistance
gene (Friebe et al., 1996b; Mclntosh et al., 2013). Pedigree
analysis shows that the ratio of varieties obtained with the
use of Ae. umbellulata constantly increases and constitutes
25-29 % in 2000s (Martynov et al., 2015). Although Lr9 had
been detected in Avrolata, it was not found in its progeny
(Davoyan E.R. et al., 2012). Apparently, the resistance in the
derived accessions was determined by a novel Lr gene or a
couple of unidentified genes. Avrolata was also employed
in the breeding of other crops. A molecular study demon-
strated the transmission of chromosomes 1U and 2U to the
progeny of Avrolata crosses with winter hexaploid triticale
(Orlovskaya et al., 2015).

Avrotica
Avrotica is a genome-substituted form, whose parents were
common wheat cv. Avrora and Ae. mutica Boiss. (syn. Am-
blyopyrum muticum (Boiss.) Eig, T genome). Cytogenetic
analysis proved that Avrotica bears chromosomes of wheat
Aand B genomes and the T genome of Ae. mutica. However,
in contrast to previously considered genome-substituted
forms, Avrotica has a more complex combination of parental
chromosomes.

Specifically, its karyotype maintained two chromosomes
of the D genome, 1D and 3D, but lacked wheat 1A and
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Fig. 6. Karyotype of the genome-substituted form Avrotica.

A, B, D, T - genomes; 1-7 - homoeologous groups.

Ae. mutica 3T (Fig. 6). Thus, the alien genome is represented
by only six chromosome pairs. Like Avrolata, Avrotica did
not possess the wheat—rye 1BL:1RS translocation, although
the C-banding patterns of other chromosomes were similar
to those of Avrodes. We could not compare T chromosomes
with those of the parental Ae. mutica accession, because
the originators had not indicated the source of the latter. It
should be noted that the homologous T chromosomes of the
amphydiploid showed identical banding patterns, whereas
the diploid species is highly polymorphic; in particular, is
characterized by heteromorphism of homologs (Friebe et
al., 1996a).

Although Avrotica is found to be rust resistant (Da-
voyan R.O. etal., 2012, 2019), this trait has not been trans-
ferred to common wheat. A Chinese team (Liu et al., 2015)
produced a powdery mildew resistant incomplete amphy-
diploid of cv. Chinese Spring with Ae. mutica and an ad-
dition line for chromosome 7T. The allopolyploid had the
complete set of the T genome chromosomes but lacked the
pair of wheat chromosome 7B.

Another team crossed common wheat cvs. Chinese Spring
and Pavon 76 to Ae. mutica accession bearing genes — sup-
pressors of the Phl locus (King J. et al., 2017). The F,
hybrids were twice or thrice backcrossed to the parental
cultivar. The plants were scored for alien introgressions by
SNP genotyping. Genotypes with single introgressions were
used to produce di-haploid plants. This procedure yielded
67 homozygous and stably inheritable introgression lines
involving six of the seven Ae. mutica chromosomes (King J.
etal., 2019). The team failed to obtain introgression lines for
chromosome 3T, which was absent from Avrotica as well.

Cytogenetic features of intergeneric amphydiploids
and genome-substituted forms of wheat
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Fig. 7. Karyotype of the genome-substituted form Avrodata.

A, B, C-genomes; 1-7 —homoeologous groups. The arrow indicates a terminal
deletion/translocation involving long arms of 1A and 7B chromosomes.

It is reasonable to conjecture that this chromosome bears
genes adversely affecting the viability and/or fertility of
the T. aestivum x Ae. mutica allopolyploid; for this reason,
plants carrying 3T were abandoned by selection in early
hybrid generations.

Avrodata

The pedigree of Avrodata indicates that it was obtained by
crossing common wheat Avrora and Ae. caudata L. (syn.
Ae. markgrafii (Greuter) Hammer). Cytological analysis
confirmed the presence of the A and B wheat genomes
and the C genome of Ae. caudata (Figs. 3, 7). All plants
examined had identical chromosome sets, but chromosome
rearrangements were detected in some of them (Fig. 7).
They may have been induced in wheat—Ae. caudata crosses
by gametocidal genes located on chromosome 3C (Endo,
Tsunewaki, 1975).

The Avrodata lacks the 1BL:1RS wheat-rye transloca-
tion, and C-banding patterns of most chromosomes of the
A and B wheat genomes (e. g., 2A, 4A, 5A, 6A, 1B, 2B, 5B,
6B, 7B) differed from the corresponding chromosomes of
other genome-substituted forms obtained with cv. Avrora. In
particular, the banding pattern of chromosome 7B was more
similar to 7B of durum rather than common wheat. These
observations suggest that Avrodata had been obtained from
another parental wheat form or that the extraction of the
tetra-component from Avrora resulted in the transmission
of only part of A and B genome chromosomes of common
wheat. The presence of unbalanced chromosome rearrange-
ments in Avrodata plants shows that this genome-substituted
form is cytologically unstable. No information on the use of
this accession in breeding has been reported.

A genome-substituted amphydiploid of common wheat
cv. Alcedo and Ae. caudata was synthesized in Germany
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(Bluthner et al., 1988). The octoploid amphydiploid and
addition lines developed on its basis were analyzed by
C-banding, and meiotic chromosome pairing was also stu-
died (Bliithner et al., 1988; Friebe et al., 1992). No deviations
in C-banding patterns caused by chromosome rearrange-
ments were detected, although numerous aberrations were
noted in meiosis in all studied lines (Friebe et al., 1992).
The banding pattern deviations observed in some wheat
chromosomes were attributed to putative involvement of
other wheat varieties in its origin.

The poor use of Avrodata in breeding may be due to the
difficulty of the transmission of C genome material to com-
mon wheat associated with (1) a large number of species-
specific chromosome rearrangements found in Ae. caudata
(Danilovaetal., 2017; Gongetal., 2017; Grewal et al., 2020)
and (2) the presence of gametocidal genes on Ae. caudata
chromosomes.

Avrotata

We found that Avrotata is a cytologically stable hexaploid
form. Its karyotype contains the A and B wheat genomes
but no chromosomes corresponding to the N genome of
Ae. uniaristata Vis have been detected (Figs. 3, 8). The
third Avrotata genome showed the greatest similarity to the
D genome of diploid Ae. tauschii subsp. strangulata Eig.
(Fig. 3), which differs from the wheat D genome in C-band-
ing patterns of chromosomes 3D and 6D. Presumably, the
third Avrotata genome, DY, is a mix of chromosomes derived
from diploid Ae. tauschii and the D genome of common
wheat, but this assumption cannot be proven by C-banding,
because orthologous chromosomes of these genomes are
closely similar.

Ae. uniaristata is tolerant to aluminum, and British sci-
entists synthesized a hybrid between Chinese Spring and
Ae. uniaristata to transmit this trait to the common wheat
genome. This hybrid was employed in the development of
several addition lines (Miller et al., 1995). The scientists
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Fig. 8. Karyotype of the genome-substituted form Avrotata.
A, B, D' - genomes; 1-7 — homoeologous groups.
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showed that aluminum tolerance is controlled by chromo-
some 3N (Igbal et al., 2000b). Analyses of the lines by in situ
hybridization (Igbal et al., 2000a) and later by C-banding
(Badaeva et al., 2011) confirmed that they bear Ae. unia-
ristata chromosomes. These data allowed the cytological
and genetic classifications of chromosomes of the N genome
to be brought into compliance.

The mapping of RFLP markers on Ae. uniaristata chromo-
somes showed that they had been considerably rearranged
with regard to homoeologous wheat chromosomes owing
to the N genome-specific translocations and inversions
(Igbal et al., 2000b). The deep structural rearrangements of
Ae. uniaristata chromosomes over the course of speciation
were confirmed by the results of chromosome painting with
oligo probe cocktail specific to each of the seven homoeolo-
gous groups of Triticeae (Li et al., 2020). It is reasonable
to assume that the divergence of homoeologous wheat and
Ae. uniaristata chromosomes impedes the transfer of ge-
netic material between species, including the development
of stable viable amphydiploids and genome-substituted
forms. Unfortunately, no available data on the cytological
verification of the genome constitution of Avrotata during
early stages of'its development have been reported. For this
reason, we cannot decide whether the absence of the N ge-
nome from Avrotata was determined by the difficulty in the
development of the form itself or the D genome replaced
the N over the course of material propagation.

Wheat-Aegilops amphydiploids

Amphydiploid AD 7

AD 7 is a spontaneous amphydiploid of tetraploid wheat
T. ispahanicum Heslot (genome BBAA) and tetraploid
Ae. cylindrica Host (D¢D¢CcC¢). The ancestral form of
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Fig. 9. Karyotype of the AD 7 amphydiploid.
A, B, D, C° - genomes; 1-7 — homoeologous groups.
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AD 7 was an octoploid 2n = 8x = 56 with the genome
constitution BBAADCDcCC¢ (Mustafaev, Piralov, 1981).
C-banding analysis confirmed the origin of the accession
from Ae. cylindrica but showed that chromosome number
of amphydiploid was reduced to hexaploid level.

Complete set of the wheat A-genome and Ae. cylindrica
Ce¢-genome chromosomes were preserved in AD 7. The third
genome proved to be mixed. It combined chromosomes of
the wheat B genome and Ae. cylindrica D¢ genome, so that
all the seven homologous groups were represented: 1D¢1D¢
2B2B 3D¢3D¢ 4D¢4D¢ 5B5B 6Dc6D¢ 7B7B (Fig. 9). The
chromosomes of the D¢ genome showed banding patterns
typical of Ae. cylindrica (Linc et al., 1999; Badaeva et al.
2002). Some plants were monosomic for chromosome 6A
(2n = 41). No chromosome rearrangements were found in
the plants studied.

Amphydiploid AD 7147

Amphydiploid AD 7147 was obtained by G.R. Piralov
(1976) by crossing tetraploid wheat and Ae. ventricosa
(Mustafaev, Piralov, 1981). The chromosome number
doubled spontaneously; as supposed by G.R. Piralov, owing
to the fusion of unreduced gametes. Regular chromosome
pairing yielding 28 bivalents was observed in the meiosis
of the original 56-chromosome amphydiploid. C-banding
analysis of the AD 7147 confirmed that its origin from tet-
raploid wheat (genome BBAA) and Ae. ventricosa (genome
DVDYNVNY) (Fig. 10). However, the C-banding patterns of
the A and B genome chromosomes differed from those typi-
cal of durum wheat, being closer to T. carthlicum Nevski
or the European variety of emmer T. dicoccum Schrank ex
Schibl. (Badaeva et al., 2015b).
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Fig. 10. Karyotype of the AD 7147 amphydiploid.
A, B, DY, NY - genomes; 1-7 - homologous groups.
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We found that AD 7147 bears a INV:3DV translocation,
most likely, inherited from the parental Aegilops accession.
This translocation is common in natural Ae. ventricosa
populations (Badaeva et al., 2002, 2011). As in the previ-
ous amphydiploid, the chromosome number in AD 7147
was reduced to hexaploid level as a result of a loss of one
“hybrid” genome. In this case, though, the wheat B genome
remained intact, 3NV was lost from the NV genome, and 6A,
from the wheat A genome. Thus, the chromosome number
reduction in the hybrid involved mainly the DV genome of
Ae. ventricosa, of which only two chromosome pairs were
preserved: 3DV (in the form of two translocated chromo-
somes TINV:3DV) and 6DV.

Ae. ventricosa is tetraploid species. Presently, it is ex-
tensively employed in wheat breeding as donor of pest
resistance genes (Dosba, Doussinault, 1978; Garcia-Olmedo
et al., 1984; Delibes et al., 1987, 1988). The gene cluster
Sr38/Lr37/Yrl7, inherited from Ae. ventricosa (Tanguy et
al., 2005), had been mapped on chromosome 2A (Bariana,
Mclintosh, 1994). Pedigree analysis (Martynov et al. 2015)
shows that this introgression is present in more than 34-37 %
of modern common wheat varieties, mostly of European
origin. The introgression originates from the French VPM-1
breeding line, which was produced by Maia in 1967 by
crossing common wheat cv. Marne and a synthetic amphy-
diploid Ae. ventricosa x T. persicum Vav. (syn. T. carthli-
cum Nevski) (Dosba et al., 1978). Apparently, the genome
constitution of this amphydiploid is similar to that of the
original AD 7147 accession, but we cannot test the modern
constitution of the French hybrid. We have no information
on the use of AD 7146 in wheat breeding either, but, by way
of analogy with the French Ae. ventricosa x T. persicum,
it could be a promising donor of agronomically important
genes.

Amphydiploid AE 1491

Synthetic hexaploid amphydiploid AE 1491 was accidently
identified among Aegilops accessions from the gene bank
of the Leibniz Institute of Plant Genetics and Crop Plant
Research (Germany). Analysis of chromosome morphology
and the C-banding patterns (Fig. 11) brought us to sugges-
tion that it is a hybrid of tetraploid Ae. ventricosa (genome
DVDYNVNY) and einkorn wheat, presumably, T. boeoticum
Boiss. (genome APAP) or T. monococcum L. (AmA™M).
AE 1491 carried a 1NV:3DV translocation, and it is conceiv-
able that it was also present in the parental Ae. ventricosa
accession.

No cases of aneuploidy, significant changes of C-banding
patterns in comparison to the parental species (Badaeva et
al., 2002, 2015a), or new variants of chromosome structural
rearrangements were detected. An amphydiploid T. aegi-
lopoides Link (syn. T. boeoticum) x Ae. ventricosa was
produced and studied by (Siddiqui 2009; Siddiqui et al.,
2009), but we do not know whether it corresponds to our
accession.
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Fig. 11. Karyotype of the AE 1491 amphydiploid.

NY, DY, A™ - genomes; 1-7 — homologous groups.

Wheat amphydiploids

Haynatricum Zhuk.

Amphydiploids of wheat and Dasypyrum villosum (syn.
Haynaldia villosa) were successfully produced by scientists
from different countries starting from the 19t—early 20t
century. Crosses to various wheat species, mostly tetraploids
(T. dicoccoides (Korn. ex Asch. & Graebn.) Schweinf., T. di-
coccum, T. turgidum L., T. aethiopicum Jakubz., T. durum
Desf., T. araraticum Jakubz., T. timopheevii (Zhuk.) Zhuk.)
or, less often, hexaploids (spelt and common wheat) (Pace
etal. 2011) were undertaken. Our T. dicoccum % D. villosum
amphydiploid has been developed by P.M. Zhukovsky and
named Haynatricum Zhuk. (syn. Triticum xturgidovillosum
Tschermak) (Zhukovsky, 1944). It is maintained in the VIR
gene bank under accession number K-38259.

The accession was shown to bear the entire sets of
wheat A and B genome chromosomes and the HY genome
chromosomes of D. villosum (Fig. 12). The C-banding pat-
terns of wheat chromosomes were similar to those of the
Transcaucasian group of cultivated emmer (Badaeva et al.
2015). Itis likely that the parental form of this allopolyploid
was T. dicoccum accession from Armenia, Azerbaijan, or
neighboring regions of Turkey or Iran. All Haynatricum
plants examined were euploid (2n = 6x = 42). No chromo-
somal rearrangements were detected. This fact, along with
the absence of notable C-banding changes, points to a high
cytological stability of the accession, which was obtained
nearly 85 years ago.

D. villosum is a good donor of genes for disease resis-
tance. Its amphydiploids and substitution and addition lines
derived therefrom are broadly used in wheat breeding in
China (Huang et al., 2007; Zhang W. et al., 2013) and other
countries. Our accession differs from them in the distribu-
tion of heterochromatin blocks on chromosomes of wheat
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Fig. 12. Karyotype of Haynatricum.

A, B, H' - genomes; 1-7 - homoeologous groups.

and D. villosum and therefore it is genetically different and
may contain a different set of resistance genes.

Tritordeum martinii A. Pujadas

The amphydiploid of durum wheat and wild barley H. chi-
lense was synthesized in the early 1980s as a bridge for
transferring agronomically useful genes from barley to wheat
(Martin, Sanchez-Mongelaguna, 1982). Its karyotype was
examined in detail by C-banding (Cabrera et al., 1995) and
FISH with various DNA probes (Prieto et al., 2004; Martin,
Cabrera 2005).

Analyses of Tritordeum chromosomes by C-banding
(Fig. 13a) and FISH with pAsl (green) and pSc119.2 (red)
(Fig. 13b) probes confirmed the presence of the A, B, and
He genomes. Their C-banding and FISH patterns did not dif-
fer from those described in the literature. No aneuploidy or
chromosome rearrangements were detected, which pointed
to a good cytological stability of the accession.

Conclusion

This feature is of great importance for the preservation

and propagation of the allopolyploid, which is presently

considered to be a new promising man-made crop (De Caro

et al. 2024).

The results of the study of genome-substituted and syn-
thetic genome-added amphydiploids of wheat and species
of the Aegilops, Dasypyrum, and Hordeum genera bring us
to the conclusions that:

* The chromosome sets of allopolyploids having 42 chro-
mosomes are more stable than those of octoploids; how-
ever,

» Hexaploid forms containing related genomes (B—S and
Avrodes) can remain cytologically unstable over many
generations. The cytological instability manifests itself
in the heterogeneity of the chromosome sets of plants,
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Fig. 13. C-banded metaphase plate (a) and the distribution of probes
pAs1 (green) and pSc119.2 (red) on Tritordeum chromosomes (b).

Chromosome designations: TA-7A — wheat A genome; 1B-7B — wheat B ge-
nome; H® - H. chilense genome.

monosomic or disomic substitutions of chromosomes
belonging to related genomes, and more frequent chromo-
some rearrangements.

» The inconsistency of the chromosome sets in some
genome-substituted forms indicates that the use of such
materials in breeding and phylogenetic studies should
be preceded by their thorough cytological verification.

* The most significant rearrangements of parental genomes
were found in octoploids. They included chromosome
number reduction to hexaploid level. The elimination
involves chromosomes of different genomes (depending
on the polyploid origin), covering all seven homoeolo-
gous groups.

 Although synthetic amphydiploids lag behind modern
wheat cultivars in manifestation, their genes encoding
mono- and polygenic characters may be more efficient
than common wheat genes. The gene pool of synthetic
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wheats may provide new genes for resistance to biotic
(Goncharov et al., 2020) and abiotic (Mahmood et al.,
2023) stress factors for improving cultivar of common
wheat.
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The potential of the amaranth collection maintained at VIR
in the context of global plant breeding and utilization trends
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Abstract. Amaranth is an ancient crop of the family Amaranthaceae, but it is fairly new to Russia. Its seeds and leaf
biomass contain a high-quality gluten-free protein, fatty acids, squalene (a polyunsaturated hydrocarbon), flavonoids,
vitamins, and minerals. A comprehensive study of amaranth, enhancement of its breeding, and development of new
cultivars will contribute to food quality improvement through the use of plant raw materials enriched for wholesome
and highly nutritious components. At present, selection and hybridization still remain the main amaranth breeding
techniques. Meanwhile, mutation breeding and polyploidy have been successfully employed to increase its seed yield
and protein content. The genes encoding amaranth proteins have been used to produce transgenic plants of potato,
bread wheat, and maize. Despite the great potential of amaranth, little research has been dedicated to the study of its
genomics, concentrating mainly on the identification of its species diversity. Targets of breeding practice for amaranth
include such characteristics as large size and nonshattering of seeds, short stem, earliness, high yield, cold hardiness,
synchronized maturation, resistance to pests and diseases, and high nutritional value, including the content and quality
of protein, lipids, squalene, and bioactive compounds. A unique collection of amaranth maintained at the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR) currently incorporates 570 accessions from various countries. For
70 years it has been replenished with local varieties, commercial cultivars, and wild species supplied by collecting
missions, research centers, botanical gardens, genebanks, and experimental breeding stations from all over the world.
Long-standing studies have resulted in the formation of trait-specific groups of accessions, with high yields of seeds
and leaf biomass, earliness, cold hardiness, high protein content in seeds and biomass, short stems, and resistance to
seed shattering, earmarked for vegetable or ornamental purposes. The gene pool of amaranth preserved at VIR can
provide unlimited opportunities for breeding and meet the needs of the country’s population, enriching the human
diet with ingredients produced from such a health-friendly and useful crop.
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[ToTeH1Ma/] KOoMAeKIy amapaHTa BUP
B CBeTe MMPOBBIX TEHIEHIIVI CIIOJIb30BaAHMS U CeIeKI[N

A.B. CokoAaoBa @, A.E. CosoBbesa (12, A.M. 3apeuxuii (|2}, T.B. llleaenra

MefiepanbHblii NCCNEAOBATENBCKNI LIeHTP BCEpOCCUINCKINIA MHCTUATYT reHeTUYeCKX pecypcoB pacteHuii um. H./. Baunosa (BUP), CankT-MNeTepbypr, Poccus
dianasokol@bk.ru

AHHOTaumA. AMapaHT — peBHAA Ky/bTypa cemelicTBa AmapaHToBble (Amaranthaceae). ina Poccum 310 foCTaTOuHO
HOBaA CebCKOXO3ANCTBEHHAA KynbTypa. B cemeHax 1 nucToBoi 6riomacce cofiepKaTca BbICOKOKauYeCTBEHHbIN 6e3-
rNIOTEHOBbIN GENOK, XKNPHbIe KACIOTbI, MONMHEHACILEHHDbIN Yr1IeBOAOPOA CKBaseH, ¢pnaBoHOMAbI, BUTaMUHbI 1 MU-
Hepanbl. KOMMNIeKCHOE M3yyeHrie amapaHTa, pa3BUTME ero CeNeKkuMn 1 Co3fjaHne HOBbIX COPTOB ABMAKTCA KpalHe
BaXKHbIM HampaBneHneM A1 peLueHsA NpobeMbl MOBbILIEHMA KauyecTBa NMLLEBOW NPOAYKLMM MyTeM NCMOSb30BaHNA
PacTUTENBHOTO CbipbA, 060ralleHHOro MONe3HbIMU 1 BbICOKOMMUTATENIbHLIMU KOMMOHEHTaMW. Ha cerogHALWHNIM feHb
OCHOBHbIMN METOfiaMM CeNeKLIMOHHOI PaboTbl C aMapaHTOM OCTaloTCA 0TOOP 1 rmbpran3auma. MeTofbl MyTaLOHHON
cenekuymn n nonunnnongnn Obinn yCnewHo ncnonb3oBaHbl AN1A yBennyeHna ypomaﬁmocm ceMAH 1 coaepKaHnA 6enka.
C nomoLLblo reHOB, KOAMPYIOLWMX BeNK1 amapaHTa, Co3fjaHbl TPAHCTEHHbIE pacTeHMA KapTodens, MATKOW MeHNLbI 1
KyKypy3bl. HecMoTpsA Ha 601bLUOV MOTEHLMAN aMapaHTa, U3yUYeHMIo ero FeHOMUKIM MOCBALLEHO He MHOTFO UCCNef0Ba-
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The potential of the amaranth collection maintained at VIR
in the context of global plant breeding and utilization trends

HWIA, HanNpPaBJIEHHbIX FNaBHbIM 06pa3om Ha naeHTUdrKaLmio BUAOBOro pasHoobpasna. B HanpasneHna cenekyMoHHom
pPaboTbl C aMapaHTOM BXOAAT TaKue NPY3HAKK, KaK <KPYMHOCTb 11 HEOCHINAEMOCTb CEMSIHY, KHU3KOPOCSIOCTb», «CKOPO-
CNenocTb», «BbICOKAA YPOXKANHOCTb», «XONOAOCTONKOCTbY», «CUHXPOHHOCTb CO3PeBaHMAY, «yCTOMUMBOCTb K BpeaunTe-
nAM 1 60Me3HAMY, «BbICOKaA NUTaTeNIbHasA LEHHOCTb»: COfepKaHme 1 KauecTBo 6enka, MMnrMaoB, ckBaneHa, ronoru-
YeCKM aKTVBHbIX COeAVHEHNIA. YHMKabHaA KonneKuma amapaHTta Bcepoccninckoro MHCTUTYTa reHeTUYeCKrX pecypcoB
pacteHnii um. H.W. BaBunosa (BVP) BkntoyaeT 570 06pa3uoB 13 pa3nuyHbiX cTpaH mupa. Ha npotaxxeHun 70 net oHa
NOMOJNHAMACb MECTHBIMU, CENEKLMOHHbBIMM COPTaMU 1 AVKMMIW BUAAMU 3@ CYET SKCNeANLNIA, MOCTYNIEHUIA 13 HayYHO-
nccnefoBaTenbCkuX MHCTUTYTOB, 60TaHUYECKNX CafloB, FreHOAHKOB 1 OMbITHbIX CEMNEKUMOHHbIX CTaHLUMIA BCEro Mupa.
B pe3ynbTaTe MHOrOMETHEro 13yyeHns 661 cGopMUpPOBaHbI NMPU3HAKOBbIE FPYMNMbl 06Pa3L0B C BbICOKON YpOXKaiHO-
CTblO CEMAH U IMCTOBOI BLUOMACChl, CKOPOCMesble Y XONIOA0CTOMKME, C MOBbILLEHHBIM COAepXKaHeM 6efka B ceMeHax
1 briomacce, HU3KOPOCSIble, YCTONUMBbBIE K OCbINMAHUIO CEMAH, OBOLYHOIO 1 AEKOPATUBHOMO HampaBneHNa NCNomb3o-
BaHuA. CoxpaHsaemblli B BVIP reHopoHA amapaHTa cnocobeH npeAoCcTaBATb HeOrpaHUYeHHbIe BO3MOXKHOCTU AN1A ce-
NEeKUMUM U BOCMONTHATb HYX[bl HAaceNeHNsA CTpaHbl, 06orallas NUTaTeNbHbIA PaLnoH NPOAYKTaMU U3 3TOI 340POBOW 1
NONe3HOW KynbTypbl.

KnioueBble cnosa: Amaranthus L.; LeHHble NPW3HaKKW; HanpaBneHNa cenekuuy; BUAOBOe pa3HOO6pasmne; KoneKkums

amapaHTa BUP.

Introduction

The industrialization of agricultural production and the con-
solidation of the integrated global market ensured sustainable
growth of worldwide food supplies induced by higher crop
yields. Meanwhile, the innovation processes in agriculture,
based on the release of high-yielding crop cultivars and
the development of agricultural technologies, dealt with
only some of the staple crops (soybean, wheat, rice, maize,
sunflower, etc.). The resulting depletion of agricultural
biodiversity and gradual replacement of minor crops posed
a potential threat to global food security (Khoury et al., 2014;
Dawson et al., 2019). The abovementioned crops provide
enough calories, but they are deficient in essential amino
acids, minerals, and vitamins for maintaining a wholesome
and well-balanced human diet, leading to the “hidden”
malnutrition of more than two billion people worldwide,
whose daily diet consists almost entirely of these crops
(Cheng et al., 2015).

Throughout its existence, humankind has used around
3,000 plant species, but only about 150 of them are cultivated
commercially (Mangelsdorf, 1966). Other sources report
that about 30,000 plant species in the world are edible, but
only 7,000 of them are used for food (Ramdwar et al., 2017).
Integration of a wide range of “forgotten crops” to improve
dietary diversity can improve the quality of human nutrition
in many countries and ensure their food security (Mayes et
al., 2011; Ebert, 2014; Joshi D.C. et al., 2018).

Amaranth is one of the plants with the potential to become
an alternative grain crop on the global scale (Das, 2016).
The objective of this study was to make a historical review
of amaranth breeding, characterize the genetic diversity of
amaranth preserved in the VIR collection, and contemplate
its prospects for domestic breeding practice.

Amaranth is an ancient crop, described in botany as gen.
Amaranthus L., subfam. Amaranthoideae, fam. Amaran-
thaceae, ord. Caryophyllales. The genus Amaranthus L.
includes, according to various sources, from 60 to 87 spe-
cies, being one of the top ten taxonomically most complex
crops. Along with buckwheat and quinoa, it represents a
small group of “pseudocereals” (Saunders, Becker, 1984;
Teutonico, Knorr, 1985).
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Most of its species are wild or weedy. The grain species of
amaranth are Amaranthus cruentus and A. hypochondriacus
from Central and North Americas, and A. caudatus of South
American origin (Covas, 1994). The history of amaranth
cultivation in these regions dates back 5,000 to 7,000 years.
According to archaeological records describing the materi-
als collected in the northwest of Argentina, the age of the
discovered seeds was dated to the beginning of the Middle
Holocene (5,500 to 6,000 BC). The oldest finds of amaranth
were registered in a cave in the highland area of Pefias de la
Cruz, Department of Antofagasta de la Sierra (3,665 MASL).
These data indicated a much earlier use of amaranth — 10,000
and 7,000 BC (Arreguez et al., 2013).

Amaranth was also a very important food source for the
population of pre-Hispanic South America (Chagaray, 2005).
From ancient times, the Aztec and Mayan tribes used it as a
grain crop, second in importance only to maize and legumes
(Sauer, 1967; Smith M.E., 1996). Amaranth leaves were
also consumed. Mixing whole or ground amaranth grain
to prepare bread, porridges, and cakes was quite popular,
as well as its ceremonial use in temples. The Aztecs made
small figurines of gods from amaranth dough and ate them
as part of their rituals (De Montellano, 1990). Most likely, it
was the reason why Spanish conquerors strictly prohibited
amaranth consumption and cultivation in the early 16th
century, which led to its falling into obsolescence for many
years (Saunders, Becker, 1984).

The revival of interest in amaranth in the late 20th century
was associated with the efforts to study its unique biochemi-
cal characteristics, multipurpose utilization prospects, and
the C4 photosynthesis mechanism typical of amaranth
(Venskutonis, Kraujalis, 2013; Magomedov, Chirkova,
2015). For Russian agriculture it is a fairly new crop, with
its enormous potential for growth intensity, productivity,
and high complete protein content in seeds and leaf biomass
(Kononkov et al., 1999). Therefore, a comprehensive study
of amaranth, its improvement through breeding, and devel-
opment of new cultivars will contribute a great deal to the
task of raising the quality of human nutrition by means of
employing plant materials enriched with useful and highly
nutritious components.
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Classification of the genus Amaranthus is hampered by
the absence of species-specific and qualitative identifying
characters, a wide range of phenotypic variability between
species, and introgression and hybridization between weedy
and cultivated species (Sauer, 1967; Hauptli, Jain 1978).
Many researchers have applied morphological, biochemical,
molecular and cytogenetic methods to assess the level of in-
terspecies phylogenetic relationships (Murray, 1940; Costea
et al., 2001; Das, 2012; Akin-Idowu et al., 2016). Most of
the authors agree that all grain amaranths descended from
their weedy progenitor A. hybridus.

The cultivated grain species have close relationships
among themselves, but A. hypochondriacus (2n = 32) and
A. caudatus (2n = 32) are more closely related to each other
than to A. cruentus (2n = 34). A specific feature of A. cruentus
is the presence of one copy of chromosome 2, resulting in
a haploid number of n = 17 (Singh et al., 2023).

A majority of the Amaranthus representatives are annual
herbaceous plants with claret-colored or yellow-green leaves
and inflorescences. The anatomical and morphological
diversity of amaranth plants pertains to species specificity
and growing conditions. Plant height varies from 40 cm to
5 m. The stem is usually erect, striated, and prolifically leafy.
Plants of some species exhibit a sprawling semi-accumbent
shape. The degree of branching in amaranth plants can be
weak, medium, or strong. The plant habit is formed by
a combination of features: the position and branching of
the main stem, its size, and the shape of the inflorescence.
The leaves are stipule-free, alternate or opposite, differing
in leaf and margin shapes. The average number of leaves on
a plant can reach 250, with the leaf surface area being ca.
7,500-8,000 cm2. The inflorescence is a compound panicle
of varying shape, density, and color. The flowers are small,
actinomorphic, dioecious, less often bisexual, clustered in
the leaf axils. The androecium consists of 5 stamens; the
gynoecium, of 3, less often 4 carpels. The superior ovary is
unilocular (Das, 2016).

Amaranth is recognized as a “superfood” because of
its nutraceutical value, i. e., the content of high-quality
gluten-free protein, unsaturated fatty acids, dietary fibers,
flavonoids, vitamins (thiamine, riboflavin, ascorbic acid,
and niacin), and minerals (calcium, magnesium, and copper,
plus sodium, iron, phosphorus, and zinc) (Kononkov et al.,
1999; Grobelnik-Mlakar et al., 2009; Palombini et al., 2013;
Joshi D.C. etal., 2018; Soriano Garcia et al., 2018; Sokolova
et al., 2021). Its seeds contain methionine (15.8 mg/g total
protein) and lysine (55.8 mg/g total protein), ensuring the
crop’s higher nutritional value compared to most cereals
(Tang, Tsao, 2017).

The amount of lipids in amaranth seeds varies greatly
across the species and genotypes, ranging within 1.9-9.7 %.
Palmitic, oleic, linoleic and linolenic fatty acids are present
in high amounts, accounting aggregately for over 90 % of
the total fatty acid content. Amaranth seed oil has proved its
therapeutic effect.

The fatty acid composition of amaranth oil is almost
similar to that of cereals, but there is a difference: it contains
relatively high levels of squalene (C5,Hs), a polyunsaturated
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hydrocarbon (Bressani, 1994). Squalene has a wide range
of applications in medicine — as an adjuvant in vaccines, or
an immunomodulator and antioxidant in complex therapy
against a number of diseases, such as diabetes and coronary
heart disease — and is also used in cosmetics (Gonor et al.,
2006; Huang et al., 2009). There is convincing evidence
that squalene reduces the risk of cancer development and
controls cholesterol levels in the human organism (Miettinen,
Vanhanen, 1994; Rao et al., 1998; Smith T.J., 2000). The
ever increasing interest in this compound is explained by
its combined therapeutic effect: antioxidant, hypolipidemic,
antitoxic, and antidiabetic (Magomedov et al., 2017).

Uses of amaranth

Cultivated amaranth species are divided into two main
groups according to the ways of their utilization: food (veg-
etable and grain products), and feed. Besides, there are uses
less known to the public: ornamental, pharmaceutical, and
construction material production (Fig. 1). Such division is
arbitrary enough: one and the same cultivar can be used as
both feed and food (grain), while the leaves of younger plants
belonging to all cultivated species can be consumed fresh as
salad ingredients (Ruth et al., 2021; Sokolova et al., 2021).

Initially, amaranth was cultivated for its edible seeds (Cen-
tral and South America, and mountainous areas in Asia) and
asagreen vegetable crop (Africa, South Asia, and Southeast
Asia). Vegetable amaranth species are widely used for food in
India, in the countries of Asia and Southeast Asia, and in Af-
rica, but they are little known in North and South Americas.

Leaves, shoots, and tender juicy stems of vegetable ama-
ranths are used to prepare sauces, soups, or vegetable stews.
Young leaves of grain amaranth are also consumed as leafy
vegetables. The claret-colored leaves of A. cruentus serve
as raw material for the production of teas enriched with
amaranth. Amaranth seeds are digestible both in their whole
(porridges, cereals, and candies) and milled form (bread,
pasta, or baked products) (Das, 2016).

Oil is extracted mainly from the seeds of two amaranth
species: A. cruentus and A. hypocondriacus; its content var-
ies within 4.8-8.1 % (He, Corke, 2003; Gamel et al., 2007).
The yield of amaranth oil exceeds that of most cereals, but is
inferior to oil crops (Ayorinde, 1989; Leon-Camacho et al.,
2001). H.P. He and H. Corke (2003) studied the oil content
in 104 samples of 30 amaranth species: this indicator showed
significant variability, depending on the genotype, growing
environments, and the effect of abiotic factors. Moreover,
wild forms of amaranth matched its cultivars in their oil
content levels, thus confirming their value for breeders
(Table 1).

The use of amaranth for animal feed implies utilization
of the aboveground plant biomass. However, protein-rich
amaranth seeds are also included in feed mixtures. The yield
of green biomass averages 85103 t/ha, with the dry matter
yield of 15.7-16.7 t/ha (Abbasi et al., 2012; Shadi et al.,
2020). The biomass yield of A. hypochondriacus cultivars in
the northern regions of China can reach 130 t/ha, with the dry
matter yield of 20 t/ha (Sun G.Q. et al., 2017). H. Shadi et al.
(2020) reported a higher level of nondegradable digestible
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|
Whole grain:
soup
porridges

Construction

industry

Feed:

feed mixtures

Pharmaceutical:

squalene,
BACs

Fig. 1. The uses of amaranth (created by the authors).

protein in amaranth silage than in the one made from maize,
which attests to its higher efficiency. High crude protein and
low lignin content, low nitrate and oxalic acid levels account

. . j . Species Oil, % Squalene, mg/g of seed

for the high potential of amaranth silage as a feed for rumi- P ’ d 99
nants (Sleugh et al., 2001; Rezaei et al., 2009). However, A rudis 8.25 4.75
gmgrgnth leaf blqmass contains antinutrients, suchastrypsin -, .. 6.96 203
inhibitors, saponins, alkaloids, and oxalates — the feature that
reduces the crop’s nutritional value and requires appropriate ~ A.spinosus 6.45 1.89
improvement through breeding (Cheek_e etal., 1981). A. powelli 6.15 266

Many amaranths demonstrate noticeable ornamental
properties (Sauer, 1967). A new trend in amaranth utiliza- A retroflexus 5.79 2.46
tion is th_e use of its lignified leadin_g shoots in the construc- 4 Lipus 568 244
tion business to manufacture various wood-based panels
(Evon et a]" 2021)' A. dubius 5.30 2.03

Amaranth f:ultivation tec}_lnologies today_ are qui_te different 4.0 anthus sp. 529 256
from the agricultural practices of early civilizations, when
neither machinery nor advanced techniques were available. A viridis 5.00 2.12
Modern agricultural mechanization methods make itpossible 4 pypyiqus 466 259
to achieve higher yields and profits.

A. hypochondriacus 458 2.55
Ama_lranth improvement throu_gh bregdm_g _ A tricolor 450 239
Cultivated amaranth is characterized by its rich genetic
A. cruentus 3.21 1.31

diversity and environmental plasticity. It is predominantly an

cereals
candies
drinks
oil

Flour:

bread
pasta

baked products

Vegetable
silage RIS b R food Salads,

protein

concentrates

teas

Table 1. The content of oil and squalene in the seeds
of different amaranth species, according to (He, Corke, 2003)
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autogamous crop, but its percentage of outbreeding is 5-39 %,
a level sufficient to ensure gene flow among populations
(Hauptli, Jain, 1985). The crop’s diversified mechanism of
reproduction is feasible due to the ratio and distribution of
male and pistillate flowers in its inflorescences. Obligate
allogamous species include A. tuberculatus, A. palmeri,
A. arenicola, and A. rudis, all of them dioecious.

For amaranth, breeding trends depend on the ways of its
utilization. Negative features of this crop, limiting its com-
mercial cultivation and requiring improvement by breeders,
include: too small seeds, great plant height, asynchronous
seed ripening, seed shattering, size and rigidity of the stem
holding a large and heavy inflorescence, and dense structure
of the latter (Kauffman, 1984). The great height of grain
amaranth plants (1.8-2.5 m) is a negative trait, making its
harvesting difficult. Such plant forms are prone to lodging
and need to be supported, which leads to an increase in
cultivation costs. Plant height variability within amaranth
cultivars allows breeders to select short-stemmed plants and
use them in crosses.

Breeding work with grain amaranths should be targeted
mainly at such useful traits as large size and nonshattering
of seeds, short stem, earliness, high yield, cold hardiness,
synchronized maturation, resistance to pests and diseases,
and high nutritional value, including the content and qual-
ity of protein, lipids, and bioactive compounds. A desirable
target for breeders working with vegetable amaranths is
greater bushiness to ensure the possibility of repeated cutting
(Sreelathakumary, Peter, 1993).

Conventional breeding techniques

Selection
This approach was most popular in the United States and
India, where selection from local populations resulted in the
release of amaranth cultivars still in use today. Germplasm
lines from the working collection of the Rodale Research
Center, Pennsylvania, USA, became the progenitors of the
majority of amaranth cultivars developed in the United States
and China (Stallknecht, Schulz-Schaefer, 1993). The first
A. cruentus lines registered by the Crop Science Society of
America were Montana-3, with white seeds and high yield,
and Montana-5, combining the traits of Montana-3 with
synchronized ripening (Schulz-Schaeffer et al., 1989a, b).
Later, the lodging-resistant cv. Amont was obtained through
selection from Montana-3 at Montana State University
(Schulz-Schaeffer et al., 1991). Charles S. Kauffman from the
Rodale Research Center presented the results of his research
and successful selection of grain amaranths for at a number
of important traits: seed size, synchronized maturation,
increased protein content in seeds, and resistance to shattering
and pests. It was also there that K-432, a semi-dwarf line
with plant height not exceeding 92 cm, was produced by
means of selection among short-stemmed forms of amaranth
(Kauffman, 1992).

High-yielding, mid-season, and dwarf forms suitable for
mechanized harvesting were selected by screening local
grain amaranth accessions from the Mexican plant genetic
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resources collection (Espitia, 1992). Three well-known
high-yielding cultivars of A. caudatus, Oscar Blanco, Noel
Vietmeyer, and Alan Garcia, were developed at the University
of Cuzco, Peru. Having achieved wide distribution, they are
currently cultivated commercially over hundreds of hectares.
In Kenya, an improved line of A. hypochondriacus served
as a source for the local cultivar Jumla (Kauffman, Weber,
1990; Joshi B.D., Rana, 1991).

An example of effective germplasm utilization in India was
the development of the grain amaranth cultivar Annapurna in
1984 at the NBPGR Regional Station in Shimla, India; it was
obtained as a pure line of A. hypochondriacus from source
material of local origin (Joshi B.D. et al., 1983). The ave-
rage seed yield of cv. Annapurna is 2.25 t/ha, and the protein
content is 15 %. The same station released cv. Durga, resis-
tant to lodging, major diseases and pests, and early-ripening
cvs. Gujarat Amaranth-1, Gujarat Amaranth-2, Kapilasa, and
Suvarna (Raiger, Bhandari, 2012).

The experiments conducted in 1977-1988 in Minnesota,
USA, reported the highest grain yield of 1.72 t/ha for prom-
ising cultivars (Myers, Putnam, 1988). Modern cultivars
developed by domestic breeders demonstrate the yields of
2.35 t/ha (cv. Karakula) and 2.09 t/ha (cv. Voronezhsky)
(State Register for Selection Achievements Admitted for
Usage, 2023). It should be taken into account that the present-
day agricultural practice for amaranth cultivation is quite
different from earlier practices, when neither machinery nor
technologies were available. Joint efforts of plant breeders
and agricultural technologists make it possible to achieve
higher yields and profits.

The early-ripening and cold-hardy amaranth cultivar Frant
(A. cruentus) was released by the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources (VIR) after selecting
single-stemmed red-leaved plant forms up to 1.2 m tall from
a local population of Indian origin, inbreeding, and free pol-
lination of their linear progeny (Patent, 2022).

Hybridization

Hybridization is known to be the most widespread and ef-
fective breeding technique to obtain new gene combinations.
One of the first to classify the interspecies hybridization
within the genus Amaranthus was M.J. Murray (1940). He
structured amaranth species according to the arrangement of
male flowers in the inflorescences, and made a lot of crosses
between monoecious and dioecious species. T.N. Khoshoo
and M. Pal (1972) during their studies succeeded in hy-
bridizing A. hypochondriacus (served as a pollinator) with
A. hybridus and A. caudatus. The F, hybrids of A. hypo-
chondriacus x A. hybridus had the highest pollen fertility.
A weighty contribution to understanding the amaranth gene
pool availability was made by E.J. Greizerstein and L. Pog-
gio (1992, 1995) who analyzed the meiotic configuration in
13 different spontaneous amaranth hybrids.

Generally, hybridization is most effective with A. hypo-
chondriacus and A. hybridus, since these species are close
in their evolutionary development and contain the same
chromosome number (2n = 32). For example, crossing
A. hypochondriacus with a Pakistani accession of A. hybridus
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at the Nebraska Agricultural Experiment Station resulted in
the release of a high-yielding cultivar of grain amaranth,
Plainsman (PI 358322), widely distributed across the United
States. Its characteristics include earliness, high productivi-
ty, and the plant height of 1.5-1.8 m (Baltensperger et al.,
1992).

Hybridization helped to transfer useful traits from wild
amaranth species. For example, the traits of wild A. powel-
lii were implanted into the breeding lines of A. cruentus
and A. hypochondriacus to reduce seed shattering. Hybrids
with the wild dioecious species A. cannabinus exhibited
increased seed size. Resistance of A. hybridus to herbicides
was transferred into the breeding lines of A. hypochondriacus
and A. cruentus (Brenner et al., 2000).

Interspecies hybridization between grain amaranth species
and vegetable ones often results in hybrids with teratologi-
cal manifestations, high pollen sterility, and chromosomal
aberrations, evidencing the existence of a significant in-
compatibility barrier between them (Mohindeen, Irulappan,
1993). Intraspecies hybridization within A. hypochondriacus
failed to reveal any heterotic effect in the progeny. A similar
result was observed for crosses among representatives of
A. cruentus. Heterosis, however, was registered for interspe-
cies crosses between A. cruentus and A. hypochondriacus,
resulting in a statistically significant increase in the prog-
eny’s leaf biomass (Lehmann et al., 1991). M.G. Stetter et
al. (2016) developed an effective technique for producing
intra- and interspecies amaranth hybrids, which included
immersing inflorescences in a water bath at 45 °C for 10 min
to emasculate male flowers, as well as the SNP markers for
their identification.

Male sterility is reproductive failure in some plants, where
the male organs in hermaphrodite flowers are nonfunctional
and produce nonviable pollen grains. It is widely used by
plant breeders and commercial producers of hybrids. For
amaranths, cytoplasmic male sterility (CMS) is a rare phe-
nomenon, identified only in one species, A. hypochondriacus
(Peters, Jain 1987; Brenner, 1993). Kenyan breeders (Gudu,
Gupta 1988) pinpointed twenty plants with male sterility
in a population of cv. Jumla. As a result of a long-term
research, David Brenner from lowa State University, USA,
registered the first CMS line of amaranth, DB 199313, and
selected a sterility maintainer for it (Brenner, 2019). The
first CMS-based amaranth hybrid is likely to be expected in
the nearest future.

Diallelic crosses among six genotypes of A. hypochon-
driacus (F, and F,) were made to analyze protein content in
amaranth seeds (Pandey, Pal, 1985). The resulting hybrids
exceeded the average parental value in the studied character,
and the hybrids from three of those crosses surpassed the
best parent. These results confirmed the positive effect of
hybridization on the breeding process aimed at higher protein
content in seeds, an important trait for amaranth.

Mutation breeding

The diversity of genetic combinations can be increased
through both classical hybridization and mutagenesis. The
frequency of spontaneous mutations is fairly low, and plant
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breeders induce them artificially with physical or chemi-
cal mutagens. This approach proved its efficiency for crop
improvement. Mutation breeding of amaranths for higher
seed quality and quantity has mainly been based on the
use of radiation mutagenesis. For example, the radiation
method (175 Gray) was used to develop mutant lines of
A. cruentus, which reliably demonstrated a stable 1,000 seed
weight increase in the M, and M, generations (GajdoSova
etal., 2007). In 2009, mutants were obtained from the local
Peruvian cultivar Selection Ancash, with higher concentra-
tions of micronutrients and improved bioavailability due to
a decrease in the content of phytic acid (Gomez-Pando et
al., 2009). The 2022 studies resulted in the production of
six mutant amaranth lines with resistance to soil salinity
(Kpocheme et al., 2022). A team of Russian researchers used
sodium azide treatment to develop salt-tolerant amaranth
forms promising for further breeding; their seeds showed
an increase in protein content by 52 % and that of linolenic
acid by 25 % (Taipova et al., 2022).

Polyploidy

Polyploidy is regarded as an important evolutionary process
for many crop species. Artificially induced polyploidy is the
most rapid method to produce new genotypes. It was as early
as 50 years ago that a number of plant breeders from various
countries started attempting to raise the productivity of
grain and vegetable amaranths by inducing polyploidy with
colchicine (Behera et al., 1974; Madhusoodanan, Pal, 1984;
Sun Y., Yue, 1993). They described some morphological and
phenological features in the produced plants: shortening and
thickening of the stem, an increase in seed size by 42-159 %,
and the onset of flowering occurring one week later than
usual. Notably, tetraploids of A. caudatus manifested an
increase in the content of protein (by 60 %), amino acids,
lysine, and threonine. The results showed that polyploidy in
amaranth led to an increase in grain size without a decrease
in productivity or nutritional value, confirming the value of
this method for breeding programs.

Genetic engineering

and molecular genetics methods

The progress in molecular biology over the past decades
has considerably added to the knowledge required for plant
genetic diversity management, contributing to the significant
advancement of molecular genetics methods in breeding
practice. Marker-assisted selection (MAS), being one of such
methods, increased the efficiency of selection for a specific
trait, and genetic engineering made it possible to transfer
a gene from one plant organism to another.

Despite the great potential of amaranth, little research has
been dedicated to the study of its genomics, concentrating
mainly on the identification of its species diversity (Table 2).
A genome-wide association study (GWAS) identified asso-
ciations among specific phenotypes and genomic variants in
10 qualitative traits of amaranth (Jamalluddin et al., 2022).
Actotal of 22 associated markers for inflorescence, leaf, petiole
and stem pigmentation were identified on 16 chromosomes
in 16 amaranth species. These SNP markers are sources of
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valuable genetic information for those engaged in phenotyp-
ing different amaranth species and improving their cultivars.
However, no reports have yet appeared concerning the de-
velopment of markers for valuable biochemical parameters
in amaranth.

Russian researchers (Shcherban, Stasyuk, 2020) under-
took to analyze the polymorphism of the gene encoding the
squalene synthase (SQS) enzyme in a number of grain and
vegetable amaranths. They reported a low level of polymor-
phism and conservatism of the main functional domains in
the gene’s coding part. The data obtained by the authors can
help to select grain amaranth forms with higher squalene
concentration in seeds.

In 1997, a case study of cv. Azteca demonstrated the results
of an Agrobacterium-mediated transformation in A. hypo-
chondriacus (Jofre-Garfias et al., 1997). The authors were
the first to develop a regeneration technique and an Agro-
bacterium-mediated system for the crop’s transformation,
using them to analyze the expression of the light-harvesting
chlorophyll a/b-binding (Lhcb) protein gene promoter in
transgenic plants. A team of Indian scientists studied the
potential of Agrobacterium-mediated genetic transforma-
tion in A. tricolor introducing Ti-plasmid-based constructs
with transgenes that enhanced resistance to biotic stresses
caused by fungal pathogens, viruses, and pests (Pal et al.,
2013). Their efforts resulted in the creation of a reproduc-
ible genetic transformation protocol that could be used to
produce amaranth plants resistant to biotic factors. U. Mu-
nusamy et al. (2013) pioneered in reporting a successful
Agrobacterium-mediated transformation of flowers in the
inflorescence of A. hypochondriacus. This accomplishment
expanded the possibilities of amaranth improvement, as it is
not always possible to achieve differentiation of the shoots

Table 2. The use of genetic technologies in amaranth studies
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from a transformed hypocotyl callus (Murugan, Sathishku-
mar, 2016). For A. cruentus, a successful Agrobacterium-
mediated transformation from epicotyl explants was reported
by Russian authors (Taipova et al., 2020), with the efficiency
percentage of 4 %.

Genome-editing tools can also serve to enhance gene ef-
ficiency in other crops. For example, protein-coding genes
of amaranth have been used to produce transgenic plants
of potato, bread wheat, and maize. A 1992 publication
(Raina, Datta, 1992) reported successful molecular cloning
of AmA1, a protein-coding gene from amaranth seeds with
a balanced amino acid composition. Later, a team of Indian
scientists succeeded in incorporating this gene into potato,
which increased the total protein content in tubers by 60 %
(Chakraborty et al., 2000). It is noteworthy that the trans-
genic potato manifested enhanced photosynthetic activity
and higher leaf biomass, with an additional positive effect
on the overall yield (Chakraborty et al., 2010).

The same gene of amaranth was used to transform bread
wheat, increasing its content of essential amino acids, since
bread wheat is known to have a severe deficiency in lysine,
threonine, and tyrosine (Tamas et al., 2009). Scientists from
the Mexican Center for Research and Advanced Studies
(Centro de Investigacion y de Estudios Avanzados) used the
11S globulin DNA from A. hypochondriacus to transform
the genotype of tropical maize, producing transgenic maize
plants with a superexpressed 11S globulin gene which en-
coded one of the storage proteins in amaranth seeds. As a re-
sult, the total protein content in maize seeds showed a 32 %
increase (Rascon-Cruz et al., 2004).

Advances in genetic transformation will make it possible
to enhance various traits of grain amaranth through genome
editing in the nearest future.

Genetic material Research objective Method Authors

33 accessions of grain amaranths Species identification RAPD Transue et al., 1994

41 accessions of 4 amaranth Species identification SNP Maughan et al.,, 2011

species

348 accessions of 37 species Genetic diversity evaluation SSR Suresh et al., 2014

A. hypochondriacus QTL mapping SNP Lightfoot et al., 2017

18 accessions of grain amaranths Species identification, and phylogeny RAPD, ISSR JlumaHckas n gp., 2017
specification

30 accessions of Amaranthus spp. Analysis of 15 phenotypic characteristics RAPD Oduwaye et al., 2019

188 accessions of vegetable, GWAS-analysis of morphological character SNP Nguyen et al., 2019

grain and weedy species

A. cruentus cv Arusha
in phytic acid synthesis

188 accessions of 18 amaranth
species
size and color
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Studying the role of specific genes

GWAS analysis of morphological characters, SNP
such as leaf, stem and inflorescence shape,

Genome assembly Ma et al., 2021

on the chromosome
level

Jamalluddin et al., 2022
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Potential of VIR's amaranth collection

for breeding

As of 2023, 35 amaranth cultivars were listed in the State
Register of the Russian Federation (State Register for Selec-
tion Achievements Admitted for Usage, 2023). The “oldest”
among those, cv. Cherginsky, dates back to 1995; it repre-
sents the most numerous group of cultivars earmarked for
animal feed purposes (17 in total). The grain group consists
of three cultivars, the ornamental group of 10, and the
vegetable one of 5. It is worth mentioning that domestic
breeding achievements for the amaranth crop are insufficient
both in quantity and in the diversity of uses.

The unique collection of amaranth maintained at VIR,
currently holding 570 accessions from various countries, is
unmatched in the world (Fig. 2).

The first accession, Sirukeerai (Amaranthus sp., PC-1),
arrived from Bangalore Nursery and Gardens, India, in
1955. The collection was subsequently supplied with local
cultivars and wild species by numerous collecting missions
and shipments from various research centers, botanical gar-
dens, genebanks, and breeding stations all over the world.
The largest numbers of accessions came from Mexico, the
USA, Germany, and India (Fig. 3).

A. cruentus accounts for 80 % of the amaranth collection
(106 accessions), followed by A. hypochondriacus (89 acces-
sions), A. caudatus (88), Amaranthus sp. (86), A. hybridus
(51), and A. tricolor (41) (Fig. 4). Most of the species in the
collection are monoecious. Accessions of A. tuberculatus and
A. palmeri are dioecious.

The amaranth germplasm collection preserved at VIR
undergoes comprehensive studies: useful agronomic traits of
the accessions are evaluated, including biochemical indica-
tors, morphological descriptions are produced, and utiliza-
tion areas are specified. The identified valuable biotypes are
grouped into trait-specific collections. On the basis of the
data procured during long-term research, the amaranth ac-
cessions have been distributed into groups according to their
best features: high seed yield, high leaf biomass, increased
protein content in seeds, short stem, earliness, cold hardi-

m Mexico m USA Germany

H Hungary m UK H Italy
Belgium Ecuador Bolivia

B Argentina B Bangladesh M Peru
Mongolia Czech Republic Ghana

B Georgia B Kazakhstan H Cameroon
Gabon Izrael Kyrgyzstan

H Philippines B Abkhazia H Azerbaijan
Greece Spain Cote-d'lvoire

= Pakistan Portugal Syria

W Jamaica W Japan

Fig. 2. Origin of amaranth accessions maintained at VIR.

The potential of the amaranth collection maintained at VIR
in the context of global plant breeding and utilization trends

ness, resistance to seed shattering, and fitness for vegetable
or ornamental use.

VIR has been conducting a study of the amino acid com-
position in the leaf biomass of cultivated vegetable and grain
amaranths as well as wild species. A case study of accessions
belonging to 12 different amaranth species identified 18 free
amino acids, with eight of them essential (Sokolova et al.,
2021). A number of grain amaranth accessions represent-
ing A. caudatus, A. cruentus and A. hypochondriacus were
recognized as promising sources of highly balanced amino
acid composition in green biomass. It was found within the
same study that weedy amaranth species had significant
potential in terms of their therapeutic effects on the human
organism due to high phenolic and lysine contents in their
leaves. An accession of A. blitum (syn. A. lividus) (PC-31,
India) was identified as the best for its content of ascorbic
acid (90.2 mg/100 g), saccharides, organic acids, phenolic
compounds, and fatty acids, as well as for its capability to
accumulate up to 90.53 mg/100 g of lysine, and significant
amounts of tyrosine, tryptophan, and cystine.

One of the problems with amaranth cultivation in Russia
is the crop’s thermophilic nature. The optimum tempera-
ture range for seed germination is 20-25 °C (Kononkov,
Sergeeva, 2011). That is why amaranth can be grown mainly
in the southern regions of Russia. Hence, there is a need to
develop cold-hardy cultivars. For many years the amaranth
collection of VIR has been assessed for cold hardiness under
the conditions of Northwest Russia. Genotypes have been
selected for their tolerance to low temperatures, and ability
to produce mature seeds within a shorter period. The result
of these efforts is cv. Frant released by VIR, with its ability
to form seeds in 90 days and provide three cuttings of green
biomass for tea production in the environments of Leningrad
Province.

Conclusion

Amaranth is rapidly becoming more and more popular in
Russia. Of late, it has received a lot of attention from re-
searchers, medical experts, and crop producers due to its di-

India M Russia M France

m Australia | Vietham m Nepal
China m Kongo Romania

m Poland W Tanzania B Zambia
Canada Venezuela Guinea

m Netherlands m Benin m Brazil
Mali m Slovakia Y36ekncrtan

m Belarus m Bulgaria Burundi
Cuba Laos m Maldives

m Finland m Sweden m Sri Lanka
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A. caudatus L. A. cruentus L.
(PC-146, Germany) (PC-94, USA)

ey

A. caudatus L. A. cruentus L. A. cruentus L.9/5
(PC-150, Greece) (PC-218, Mexico)

(PC-289, Mexico)

&

H"“""""'

A. tricolor L. A. blitum L. OpaHT, A. cruentus L.
(PC-321, India) (PC-12, India) (PC-318, Russia)
Fig. 3. Amaranth accessions maintained at VIR (the photos were taken in the fields of Pushkin and Pavlovsk Laboratories of VIR, St. Petersburg).
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Fig. 4. Amaranth species diversity maintained at VIR.

verse uses, unique biochemical composition, and therapeutic
potential. A wide range of genetic variability demonstrated
by local cultivars of some amaranth species opens up great
prospects for its improvement by both conventional and
advanced breeding methods.

The amaranth collection maintained at VIR, with its nearly
seventy-year history, is unique in its origin and diversity.
It harbors trait-specific groups of accessions useful for all
prioritized breeding trends. The crop’s genetic diversity is
highly promising for breeding practice and intensive research
in the light of modern knowledge and technologies. Long-
term comprehensive studies made it possible to identify
amaranth accessions that may be recommended for inclu-
sion in breeding programs. It should be highlighted that the
amaranth gene pool preserved at VIR is capable of providing
unlimited opportunities for breeding and meeting the needs
of the country’s population, enriching the diet with health-
friendly and wholesome products.
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Substantia nigra alterations in mice modeling Parkinson’s disease
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Abstract. Parkinson’s disease (PD) is an age-related neurodegenerative pathology of the central nervous system. The
well-known abnormalities characteristic of PD are dysfunctions in the nigrostriatal system including the substantia
nigra of the midbrain and the striatum. Moreover, in PD persons, alpha-synucleinopathy is associated with abnor-
malities in the dopaminergic brain system. To study the mechanisms of this pathology, genetic models in mice have
been designed. Transgenic mice of the B6.Cg-Tg(Prnp-SNCA*A53T)23Mkle/J strain (referred to as B6.Cg-Tg further in
the text) possess the A53T mutation in the human alpha-synuclein SNCA gene. The density of neurons in the prefron-
tal cortex, hippocampus, substantia nigra and striatum in B6.Cg-Tg mice was assessed in our previous work, but the
dopaminergic system was not studied there, although it plays a key role in the development of PD. The aim of the
current study was to investigate motor coordination and body balance, as well as dopaminergic neuronal density and
alpha-synuclein accumulation in the substantia nigra in male B6.Cg-Tg mice at the age of six months. Wild-type mice
of the same sex and age, siblings of the B6.Cg-Tg mice from the same litters, lacking the SNCA gene with the A53T mu-
tation, but expressing murine alpha-synuclein, were used as controls (referred to as the wild type further in the text).
Motor coordination and body balance were assessed with the rota-rod test; the density of dopaminergic neurons and
accumulation of alpha-synuclein in the substantia nigra were evaluated by the immunohistochemical method. There
was no difference between B6.Cg-Tg mice and WT siblings in motor coordination and body balance. However, accumu-
lation of alpha-synuclein and a decrease in the number of dopaminergic neurons in the substantia nigra were found in
the B6.Cg-Tg mouse strain. Thus, the mice of the B6.Cg-Tg strain at the age of six months have some symptoms of the
onset of PD, such as the accumulation of mutant alpha-synuclein and a decrease in the number of dopaminergic neu-
rons in the substantia nigra. Taken together, the results obtained in our work qualify the B6.Cg-Tg strain as a pertinent
model for studying the early stage of human PD already at the age of six months.

Key words: mice; Parkinson’s disease; motor coordination; dopaminergic brain system; alpha-synuclein.
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M3meHeHVA B YepHOW Cy6CTaHLMM FOSIOBHOIO MO3ra
y MbilLeit, mogenupyiowmnx 6onesHb MapKknHcoHa

AHHoTauusA. bonesHb MapkuHcoHa (BIM) — Bo3pacTHaA HelpogereHepaTMBHAA NATONOMMA LEHTPANbHON HEPBHOWN CU-
cTembl. Havbonee xapakTepHbIMU HapyLleHuAMU npu Bl cunTaloTca aHoManuy B HUMPOCTPUAPHOI chcTeme, BKIIO-
YaroLlein B cebs YepHyto CyO6CTaHLMIO CpefiHero mo3sra 1 nonocatoe Teno. Mpu BN aHomanuu fopammHepruyeckoi
cMcTeMbl MO3ra COMPOBOXAatoTCA anbda-cMHyKnemHonatuen. na nsyyeHms MexaH13moB BOSHVKHOBEHWA faHHOM Na-
TONOIMN CO3AaHbI reHeTUYeCcKre Mogeny Ha Mbilax. TpaHcreHHble Mblwm AnHumn B6.Cg-Tg(PrNp-SNCA*A53T)23Mkle/J
(nanee no Tekcty B6.Cg-Tg) nmetoT myTaumio A53T B reHe SNCA anbda-crMHyKienHa Yenoseka. B Halweli npeabigyLein
paboTe oLeHeHa MIOTHOCTb HEMPOHOB B NPedpPOHTaNIbHON KOpe, FMMNMNoKamne, YepHOM Cy6CcTaHLMU U NOSIOCaTOM
Tesie y Mbllleit 3TOM IMHMKM, OAHAKO godamMmuHeprmyeckasa cuctema Mo3ra, KoTopas UrpaeT Klo4eByto posib B pa3su-
Tn B, n3yyeHa He 6bina. Llenbio HacToALWEero NccnefoBaHUA CTano U3yyeHre KOOPANHaLUW ABUXEHWI 1 6anaHca
Tena, a TakXKe NNOTHOCTN JOPaMMHOBbIX HENPOHOB 1 HaKoMeHUA anbda-CUHYKNenHa B YepHol cybcTaHLmy camLoB
Mblwew nnHun B6.Cg-Tg B Bo3pacTe wecTu MecALeB. B KauecTBe KOHTPONA MCNONb30BaHbl CMOCbI, Y KOTOPbIX He 6blIo
akcnpeccun reHa SNCA ¢ myTaumeit A53T 1 3KCNpeccnpoBanca MbIWMHBIN anbda-CHYKNenH (ganee no TekcTy — au-
kun Tun; wild type, WT), Toro »ke nona v Bo3pacTa, 13 TeX e CaMblX BbIBOAKOB, UTO U nccnegyemble mbiwn B6.Cg-Tg.
KoopanHauua ABvkeHWn 1 6anaHc Tena Gbiav N3yYeHbl C MOMOLLbIO TecTa «poTa-pPoA»; NIOTHOCTb [0GaMMHOBBIX
HeMPOHOB 1 HakomnseHne anbda-CUHYKNenHa B YepHOWN Cy6CTaHLUM OLeHeHbl UMMYHOTMCTOXUMUYECKMM METOLOM.
MonyyeHHble pe3ynbTaTbl NOKa3biBalOT, UTO MbiwK B6.Cg-Tg He MMEIOT OTAIMYMIA MO KOOPAMHALMMN ABUXKEHUA 1 6a-
naHca Tena oT KOHTponA — cnbcos ankoro Tuna. OaHako y mblwern B6.Cg-Tg B uepHoli cy6cTaHLmMm 6binmn o6Hapy»Ke-
Hbl HaKoMNeHNe anbda-CUHYKNIENHA 1 YMEHbLUEHWE Yncna AOPpaMUHOBBIX HEMPOHOB. TakM 06pa3om, MblLW VHAM
B6.Cg-Tg B BO3pacTe WeCT! MecALeB MMEIOT CMMATOMbI Havana pa3sutuA bll, Takne Kak HakonneHne MyTaHTHOrO
anbda-CMHYKNenHa 1 yMeHbLUueHne yncna JodaMUHOBBIX HEMPOHOB B YepHOI cybcTaHLmu. MNonyyeHHble B 3TOM UC-
cnefoBaHMM pesynbTaTbl NO3BONAIOT XapakTepur3oBaTb NnHMI0 B6.Cg-Tg B KauecTBe afjleKBaTHOM MoAenu Ana nsyye-
HUA paHHen ctagmm Bl yenoBeka yxe B BO3pacTe LWeCTV MeCALEeB.

KnioueBble cnoBa: mbiwn; 60ne3Hb MapKUHCOHA; KOOPANHAUMA ABMXKeHUI; AodammHeprmyeckas crucTema mosra;
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anbda-CUHyKNenH.

Introduction
Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder in humans. It manifests primarily
in idiopathic and sporadic forms (Beitz, 2014; Tran et al.,
2020; Bidesi et al., 2021). PD’s main symptoms include im-
paired motor function, muscle rigidity, resting tremors, and
bradykinesia (Halliday et al., 2006; Beitz, 2014). Non-motor
symptoms such as sleep disturbances, neuropsychiatric con-
ditions, and cognitive deficits are also prevalent (Beitz, 2014;
Hayes, 2019). Age-related changes in various brain areas are
common in PD (Halliday et al., 2006; Dickson et al., 2009).
This pathology is characterized by a variety of abnor-
malities related to the synthesis of neurotransmitters in the
brain and thefunctioning of their receptors (Jellinger, 1991;
Deutch et al., 2006). The most common brain pathology as-
sociated with PD involves the nigrostriatal pathway, which
encompasses the substantia nigra (SNC) in the midbrain
and the striatum (STR) (Dickson et al., 2009; Beitz, 2014;
Hayes, 2019). This pathway is crucial for motor control, as
it activates dopaminergic neurons that regulate flexor and
extensor muscle movements (Korchounov et al., 2010).
Another key feature of PD is the accumulation of alpha-
synuclein in brain neurons, particularly in the SNC and STR
(Dickson et al., 2009; Burre et al., 2018; Lai et al., 2021).
Alpha-synuclein regulates synaptic activity, including do-
pamine synthesis, transport, and storage (Burre et al., 2018;
Bidesi et al., 2021). Mutations in the alpha-synuclein gene,
such as A53T and A30P, result in abnormal protein folding
and aggregation (Polymeropoulos et al., 1997; Spillantini et
al., 1997). These changes lead to neuronal loss and alpha-sy-
nuclein accumulation, both hallmark features of PD (Dickson
et al., 2009; Venda et al., 2010; Poewe et al., 2017).

Animal models are used to study PD mechanisms and
identify potential treatment strategies. These models are typi-
cally classified as toxic or genetically engineered (Grigoryan,
Bazyan, 2007; Korolenko et al., 2020). Studies have shown
that damage to neurons in the STR leads to simultaneous
flexor and extensor muscle impairment (Stern, 1966; Kato,
Kimura, 1992). In PD models, motor deficits are often ac-
companied by alpha-synucleinopathy (Dickson, 2018).

Commonly used PD models include transgenic mice ex-
pressing mutant forms of the human alpha-synuclein (SNCA)
gene, such as the A30P and A53T mutations (Unger et al.,
2006; Grigoryan, Bazyan, 2007; Korolenko et al., 2020).
These models display motor impairments that correlate with
nigrostriatal degeneration (Chia et al., 2020). Transgenic
mice with the A30P mutation in the SNCA gene typically
exhibit a milder form of BP phenotype compared to mice
with the A53T mutation, which makes it challenging to study
behavioral characteristics and disorders in different brain
structures (Van der Putten et al., 2000; Lee et al., 2001; Crab-
tree, Zhang, 2012). However, results can vary based on the
genetic background, affecting the extent to which PD traits
are expressed, how and under which promoter the gene was
transferred, and on other factors (Crabtree, Zhang, 2012).

Various techniques are employed to investigate PD in
mouse models (Graham, Sidhu, 2010; Tikhonova et al., 2020;
Langley et al., 2021). In particular, the rotarod test (RR) is
widely used to assess coordination of movement and body
balance (Graham, Sidhu, 2010; Seo et al., 2020). However,
the results of testing for the key features characterizing PD
may vary if the same transgene is expressed on a different
genetic background. The review article by D.M. Crabtree
andJ. Zhang (2012) describes in detail how different genetic

FEHETUKA YXMBOTHbIX / ANIMAL GENETICS 745



I.N. Rozhkova, S.V. Okotrub, E.Yu. Brusentsev ...
N.A. Shavshaeva, N.V. Khotskin, S.Ya. Amstislavsky

factors affect the manifestation of the pathology emphasizing
the role of genetic background on which the transgenic model
was designed and the promoter under which the transgene
was embedded. The study of Paumier et al. (2013) indicates
that transgenic mice that express human alpha-synuclein with
the A53T mutation at the age of two months exhibit a longer
latency time before the drop from a rotating rod during the
rotarod test (which evaluates coordination of movement and
body balance) compared to the wild-type siblings. Results of
other studies exploiting the transgenic mouse strains with the
same A53T mutation were either opposite (Graham, Sidhu,
2010) or demonstrated no differences in the RR test results
between the wild-type control animals and the transgenic
ones even at the age of nine months (Liu et al., 2018) de-
pending on the genetic background on which the transgenic
mouse strain was obtained.

When studying mice modeling PD, immunohistochemi-
cal methods are also used to study various brain structures
(Tang et al., 2017; Korolenko et al., 2020; Langley et al.,
2021). The focus of these studies is on the SNC and STR,
which are significantly altered in PD (Burre et al., 2018; Lai
etal., 2021).

Transgenic hemizygous mice of the B6.Cg-Tg(PrNp-
SNCA*A53T)23MKle/J strain (hereinafter referred to as
B6.CgTg), which express the A5S3T mutation in the human
alpha-synuclein SNCA gene, were first produced at the Jack-
son Laboratory (USA) (https://www.jax.org/strain/006823).
This gene is not expressed in all individuals (Unger et al.,
2006), and therefore, among siblings, there may be transgenic
as well as wild-type mice. The model replicates the behavio-
ral features and reproduces the symptoms of synucleinopa-
thy, specifically, the age-related neurodegenerative changes
characteristic of PD (Pupyshev et al., 2018; Korolenko et al.,
2020; Seo et al., 2020; Zhang et al., 2022).

In studies of B6.Cg-Tg mice as PD models, C57BL/6J
mice are almost always selected and used as a control group
(Pupyshev et al., 2018; Seo et al., 2020). The maternal en-
vironment has a significant impact on offspring, mediated
through epigenetic processes, both during the gestation and
the early postnatal period (Case et al., 2010; Nicholas, Ozan-
ne, 2019; Wu, Dean, 2020). Selection of an appropriate con-
trol group is an essential part of the experimental design as
it allows to avoid variables that may influence the estimated
parameters characterizing PD. In particular, maternal factors
may affect prenatal (Wu, Dean, 2020) and early postnatal
development, especially during the weaning period (Case
et al., 2010). To minimize the maternal influence, it was
recommended to compare siblings, especially in the studies
involving transgenic and knockout animals (Holmdahl, Ma-
lissen, 2012; Chen et al., 2020). Thus, the study conducted
on mice of the B6.Cg-Tg strain needs wild-type siblings as
controls.

The nigrostriatal pathway of the brain, which has been
implicated in the development of Parkinson’s disease, has
not been sufficiently explored in B6.Cg-Tg mice that model
human PD with the A53T mutation in the SNCA gene. In our
previous study (Rozhkova et al., 2023), we investigated the
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density of neurons in the prefrontal cortex, hippocampus,
SNC, and STR of B6.Cg-Tg mice at an early stage of this
pathology, specifically at the age of six months. However, the
dopaminergic system, which is crucial for the development
of PD, was not examined.

The aim of this work was to compare male mice of the
B6.Cg-Tg strain with wild-type (WT) siblings by the follow-
ing parameters: 1) coordination of movements and body ba-
lance; 2) accumulation of alpha-synuclein; and 3) the density
of dopamine neurons in the substantia nigra.

Materials and methods

Experimental animals. Male siblings resulting from mating
C57BL/6J females (4) with hemizygous B6.Cg-Tg males
(4) were used in this experiment. In total, four litters were
obtained, and genotyping of the offspring was performed. The
experimental group consisted of animals carrying the AS3T
mutation (B6.Cg-Tg), while the remaining animals served as
wild-type (WT) controls. Five hemizygous B6.Cg-Tg males
and 10 WT males, which lacked the A53T mutation in the
SNCA gene, were used.

All animals were housed in the SPF-vivarium at the Insti-
tute of Cytology and Genetics SB RAS (Novosibirsk, Rus-
sia) in individually ventilated OptiMice cages (Animal Care,
USA), measuring 34.3x29.2x15.5 cm. They were kept at
22-24 °C with a humidity level of 40-50 % and an inverted
12:12-hour day-night cycle (sunrise at 3 a.m.). Fractionated
birch chips (TU 16.10.23-001-0084157135-2019) were used
as bedding. The animals had free access to standardized
chew (“Delta Feeds” LbK 120 R-22, GOST 34566-2019,
BioPro, Russia) and purified water (“Severjanka”, Ecopro-
ject, Russia).

All experiments were approved by the Bioethics Com-
mittee of the Institute of Cytology and Genetics SB RAS
(protocol No. 145, March 29, 2023) and complied with the
European Convention for the Protection of Vertebrate Ani-
mals used for Experimental and Other Scientific Purposes.

Study of motor coordination and body balance. At
six months of age, five male B6.Cg-Tg mice with the AS3T
mutation and 10 wild-type controls from the same litters were
tested. Motor coordination and body balance were assessed
using the rotarod (RR) test. Two days before testing, the
animals were isolated in clean individual OptiMice cages
(34.3x29.2x15.5 cm). All equipment was sanitized using
a 6 % hydrogen peroxide solution before testing.

The accelerated RR test is widely used to assess movement
coordination and balance, particularly in studies of neuro-
degenerative conditions such as PD (Seo et al., 2020). The
Ugo Basile 47600 device (Ugo Basile, Italy) consists of five
5.7 cm-wide tracks with 3 cm drums at a height of 16 cm,
separated by flat round parts. The device has dimensions
of 27.94x43.18x38.10 cm, weighs 6.4 kg, and accelerates
between 2-80 rpm. The rotarod device was programmed to
increase speed linearly from 5 to 40 rpm over 300 seconds.
Three sessions were conducted for each mouse, with one-
minute breaks between sessions. The time taken for the
mouse to fall off the rod was recorded for each run. After
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the RR test, the brains of five B6.Cg-Tg mice (confirmed
for the AS3T mutation) and five wild-type controls from the
same litters were studied. Animals were randomly selected
from four litters, and brain analysis was conducted following
intracardiac perfusion, as described below.

Intracardiac perfusion. Brain tissue fixation was per-
formed following the method described by Rozhkova et al.
(2023). Mice were anesthetized with intraperitoneal injec-
tions of medetomidine hydrochloride (Meditin, 0.01 mg/kg;
Api-San, Russia) and zoletil (Zoletil, 50 mg/kg; Virbac,
France) 10 minutes later. Perfusion was carried out using
15 ml of phosphate-buffered saline (PBS), followed by
15 mL of 10 % formalin. The brain was removed and placed
in a 30 % sucrose solution based on PBS with 5 mL of 10 %
formalin for dehydration and fixation. After two weeks being
kept at +4 °C, the tissue samples sank to the bottom of the
tube. The samples were then embedded in O.C.T Tissue-Tek
(Sakura Finetek, USA) and frozen at—70 °C in an MDF-594
horizontal low-temperature freezer (Sanyo, Japan).

Preparation of frozen brain sections. Brain sections
from the substantia nigra (SNC) were prepared at a distance
of =3.08 to —3.52 mm from bregma, following the G. Paxi-
nos and K. Franklin atlas (Paxinos, Franklin, 2012). Frozen
sections, 10 um thick, were prepared using an HM550 OP
Cryotome (Thermo Scientific, USA) at —25 °C and placed
on PCl-coated adhesive glass slides with polished edges
(CITOTEST, China).

Immunohistochemical analysis. The samples were
stained according to the antibody kit manufacturers’ pro-
tocols. Before staining, sections were dehydrated and then
rehydrated for five minutes in PBS. Heat-induced antigen
retrieval was performed using 10 mM alkaline citrate buf-
fer (pH 9) at 95 °C for 15 minutes in a TW-2.02 water bath
(Elmi, Latvia). Thereafter sections were removed from the
buffer and cooled to room temperature. Samples were washed
three times in PBS-Tween buffer: PBS supplemented with
0.1 % Tween-20 (P9416-100 mL; Sigma-Aldrich, USA) for
15 min. Each section was then covered with Protein Block
buffer (ab64226; Abcam, UK) for 30 min, followed by the
excess liquid removal according to the manufacturer’s re-
commendations.

After washing procedure and exposure to Protein Block
buffer, 50 pL of primary antibody were added; the samples
were left overnight at 4 °C in a humidified dark chamber.
The concentrations of antibodies used were 1:450 for anti-
Tyrosine Hydroxylase (TH) —anti-TH (ab6211; Abcam, UK).
For alpha-synuclein detection, 50 pL of alpha-Synuclein
Antibody primary antibody (NB110-61645, dilution, Novus
Biologicals, Littleton, CO, USA) were added at a concentra-
tion of 1:600 and left for 36 h at 4 °C in a humidified dark
chamber. The sections were then washed in PBS-Tween
buffer for 15 min, excess liquid was removed, 50 pL of
the secondary antibody Goat Anti-Rabbit [gG H&L AF488
(ab150077; Abcam, UK) were added at a concentration of
1:700. The samples were left in a humidified dark chamber
for two hours at 4 °C. Thereafter, the samples were washed
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in PBS-Tween buffer for 15 min, excess liquid was removed,
and the samples were placed in ProLong, Glass Antifade
Mountant medium (Thermo P36982; Thermo Fisher Scien-
tific, USA). When assessing alpha-synuclein in neurons, in
order to identify neurons, 80 uL of DAPI (Maric et al., 2021)
were additionally added to the sections for 15 min and then
washed twice with PBS for 3 min. After adding antibodies,
the sections were placed in a humidified dark chamber.

Neuronal density analysis. The density of antibody-
labeled neurons was assessed using an Axio Imager.M2
microscope (Carl Zeiss, Germany) equipped with a Zeiss
Axiocam 506 mono camera. Neuronal counts were performed
using ImageJ software (National Institutes of Health, USA),
and neuronal density was calculated as the number of neu-
rons per cubic millimeter (mm3), as described in Rozhkova
et al. (2023).

Statistical analysis. Data were analyzed using STATIS-
TICA v. 12.0 software (StatSoft, Inc., USA). Results are
presented as medians (Me) with the first (q1) and third (q3)
quartiles — Me [Q1;Q3]. Behavioral data (the median of
three sessions) and neuron density were compared using the
Mann—Whitney U-test. Statistical significance was set at
p <0.05.

Results

Data from the RR test are presented in Figure 1. Statisti-
cal analysis using the Mann-Whitney test showed no sig-
nificant differences in latency between B6.Cg-Tg mice and
wild-type controls. Neuronal density data for TH-labeled
neurons in the substantia nigra are shown in Figure 2. The
analysis revealed a significantly lower density of dopamine
neurons in B6.Cg-Tg mice compared to wild-type controls
(p < 0.05), with 0.92x10° [0.86 x 105 0.93x10%] versus
1.25x10°[1.00 x 10°; 1.26 x 10°] neurons, respectively. Data
on the density of neurons labeled for alpha-synuclein in the
substantia nigra are shown in Figure 3. Statistical analysis

250
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Fig. 1. Latency before the drop in the rotarod test for male offspring of
B6.Cg-Tg mice and their wild-type siblings at the age of six months.
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Fig. 2. Density of dopaminergic neurons in the substantia nigra (SNC), the neurons were labeled with antibodies against tyrosine hydroxylase — TH.

a - number of neurons per mm3; b - schematic representation of the region of interest in the brain. Microphotographs of the sections in this region: ¢ - wild

type (WT); d - B6.Cg-Tg. * p < 0.05.
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Fig. 3. Density of neurons with alpha-synuclein in the substantia nigra (SNC), neurons are labeled with antibodies against alpha-synuclein, neuronal

nuclei are stained with DAPI.

a - number of neurons per mm3; b — schematic representation of the region of interest in the brain. Microphotographs of the sections in this region: c-e - wild
type, f-h - B6.Cg-Tg; ¢, f - DAPI; d, g - alpha-synuclein; e, h - merged images. Arrowheads indicate neurons with alpha-synuclein inclusions. Figures in the white

boxes represent high-magnification images.
**p<0.07.

indicated a significant increase in alpha-synuclein-positive
neurons in B6.Cg-Tg mice compared to wild-type controls
(p < 0.01), with 0.55x 105 [0.53 x 10°; 0.56 x 10°] neurons
versus 0.29 x 10° [0.23 x 105; 0.31 x 10°].

Discussion

The rotarod test is widely used to evaluate motor activity and
function in mice with neurodegenerative disorders (Graham,
Sidhu, 2010; Oaks et al., 2013; Seo et al., 2020). In mice
with the A53T mutation, motor activity changes typically
begin between 2 and 12 months of age. This is linked to the
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synthesis of alpha-synuclein in brain neurons (Unger et al.,
2006; Graham, Sidhu, 2010; Wang et al., 2022). Therefore,
behavioral testing during this time is suitable (Zhang et
al., 2019). In one study, A53T-a-Syn mice of various ages
underwent nine rotarod sessions over three days, and the
average results were compared (Oaks et al., 2013). The find-
ings revealed worse motor coordination in A53T-a-Syn mice
than in control animals as early as two and four months old
(Oaks et al., 2013).

Similar results were seen in two-month-old mice from
other transgenic lines carrying the SNCA gene and the A53T
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mutation, also using the rotarod test (Zhang et al., 2019).
However, in older mice, these motor differences leveled out
or were even reversed (Graham, Sidhu, 2010). In this study,
as well as in the J.H. Seo et al. (2020) report, no differences in
coordination and balance were found between six-month-old
B6.Cg-Tg mice and wild-type littermates in the accelerated
rotarod test. Depending on the Parkinson’s disease (PD)
model, motor impairments can emerge either earlier (Oaks et
al.,2013; Zhang et al., 2019) or later (Graham, Sidhu, 2010;
Seo et al., 2020). In our results, early-stage B6.Cg-Tg mice
did not show motor deficits, similar to human PD where mo-
tor symptoms often arise later in life as the disease progresses
(Halliday et al., 2006).

It is well established that Parkinson’s disease causes dis-
ruptions in the nigrostriatal pathway (Dickson et al., 2009;
Beitz, 2014; Hayes, 2019). Damage to these brain structures
serves as a key marker of PD in both humans and animal
models (Kato, Kimura, 1992; Unger et al., 2006; Beitz,
2014; Taguchi et al., 2020). Our previous research showed
a reduction in the number of neurons in the substantia nigra
of male B6.Cg-Tg mice (Rozhkova et al., 2023). In this
study, we also observed fewer dopaminergic neurons in this
region compared to wild-type mice. Similar results were
reported in BAC-SNCAA53T- mice, where a reduction in
TH-positive neurons in the substantia nigra was observed
(Taguchi et al., 2020). Additionally, A53T-Tg mice showed
a reduced response to therapeutic dopamine treatments
(Unger et al., 2006). Dopaminergic neurons in the substantia
nigra are critical for regulating motor activity (Schultz et al.,
1983). Despite this, our six-month-old B6.Cg-Tg mice did
not exhibit motor deficits, although these may develop later
(Chia et al., 2020).

The current study also found more alpha-synuclein-po-
sitive neurons in the substantia nigra of B6.Cg-Tg mice
than in WT littermates, which mirrors findings in human
PD cases (Dickson, 2018; Bae et al., 2021). This is a com-
mon trait in various mouse models of PD (Vander Putten et
al., 2000; Taguchi et al., 2020; Wang et al., 2022). A similar
result was found in certain transgenic SNCA mouse strains
with the A53T mutation, where alpha-synuclein oligomers
increased in the substantia nigra starting at three months
old (Taguchi et al., 2020; Wang et al., 2022). In Pitx3-
A53T-a-Syn mice aged six to 18 months, alpha-synuclein
accumulation in the substantia nigra increased compared to
C57BL controls. This was linked to significant degeneration
of parvalbumin-positive neurons (Zheng et al., 2022). The
connection between alpha-synuclein inclusions and neuron
death is well established (Kalia et al., 2013).

Toxic alpha-synuclein oligomers can disrupt protein ex-
pression and endoplasmic reticulum function (Kalia et al.,
2013). Mutant alpha-synuclein buildup in brain neurons is
likely key to PD symptoms. Both the A53T and A30P muta-
tions cause alpha-synuclein to become less soluble (Grigo-
ryan, Bazyan, 2007). Our findings show that an increase in
alpha-synuclein-positive neurons in the substantia nigra of
B6.Cg-Tg mice is already evident by six months of age.
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Conclusion

In this study, we characterized six-month-old B6.Cg-Tg
(PrNp-SNCA*A53T)23Mkle/J mice for markers important
for Parkinson’s disease manifestation, such as motor coordi-
nation and body balance, as well as the density of dopamine
neurons and alpha-synuclein neurons in the substantia nigra.
Six-month-old B6.Cg-Tg mice show early signs of Parkin-
son’s disease. These include the accumulation of mutant
alpha-synuclein and a reduced number of dopaminergic neu-
rons in the substantia nigra. Our results suggest that these
mice can serve as a suitable model for studying the early
stages of Parkinson’s disease in humans. This model offers
valuable insights for future research on disease onset and
potential treatments.
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Abstract. Red fox, Vulpes vulpes, is a globally distributed species characterized by its high adaptability to diverse habitats
and a broad range of food resources. This remarkable adaptability has allowed the red fox to thrive in various environments,
from urban areas to remote wilderness. In this study, we used a set of microsatellite markers for the comparative genetic
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diversity and observed heterozygosity compared to their counterparts in the Central Dinaric Mountains. The genetic diver-
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lience and adaptability of populations, ensuring their survival amid environmental changes and human-induced pressures.
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T. Oteposuy, b.K. Crpoiin, 3. bByaH

MpocTpaHCcTBeHHaA reHeTMYecKas xapakTepuctuka Vulpes vulpes
B panioHe Mexay Anbnamu 1 LeHTpanbHbIMU [JMHapCcKumm ropamm

AHHoTauus. KpacHas nucnua, Vulpes vulpes, — Linpoko pacnpocTpaHeHHbIN BUA, XapaKTepur3yioLMncA BbICOKON afar-
TUBHOCTbIO K Pa3fIyHbIM CpefjamM 0O6MTaHWA U WMPOKUM CMEKTPOM NILLEBbIX PECYPCOB. YANBUTENIbHAA afanTUBHOCTb
NMo3BOJISIA KPACHOW IMCULIE BbIKMBATb B CamMblX Pa3HOOOPA3HbIX YCIOBUSAX, OT FOPOACKUX TEPPUTOPWIA A0 OTAANEH-
HbIX AMKKX MecT. C MCnosnb3oBaHNeM Habopa MUKPOCATENIUTHBIX MAPKEPOB HaMW MPOBefEH CPABHUTESNbHbIN reHe-
TUYECKUIA aHanm3 NonynsaLmin KpacHOM NCULbl U3 ABYX CTPaH. B nccnefosaHme BKtoUYeHbl Nonynauum n3 BoctouHbix
Anbn 1 ceBepHbIx JuHapckmx rop B CNoBeHnm, a Takxe U3 LeHTpanbHbix JuHapckux rop B BocHum u lfepuerosriHe. Mbl
ycnewHo bigenunu AHK v reHotunuposanu 118 o6pa3LoB KpacHOW Mcuubl. AHanu3bl, BKtouyasLuve 6aiecoBckme
MeTOAbI KnacTepu3auuu, nokasanu cnabyto reHetnyeckyto auddepeHumanmio Mexay ncciegyembimv nonynsauuamu.
OpHaKo Haflo OTMETUTb, UTO CTATUCTMUECKM 3HaUMMble Pa3NNumMsA B OLieHKax reHeTnyeckon fguddepeHumanmum 6oim
OUEeBUHbI NMLLb NMPU CPAaBHEHUM NONYNALMIA MEXAY ABYMA CTPaHamu. [lonosiHUTe NbHble NPOCTPAHCTBEHHbIE FreHeTU-
yecKue aHanu3bl BbIABWIV Pa3fenieHmne Ha YeTbipe reHeTUYeCKUX KnacTtepa, KoTopble BKOYanu fBe OTAesbHble rpyr-
nbl B bocHun n fepuerosuHe n gse — B CoBeHnu. Takaa KapTuHa anddepeHumalyuy Npeanonaraet, Yto KoueBbiM
baKTopOM, BVAIOLMM Ha FeHETUYECKYI0 CTPYKTYPY KPacHOW NMCHLbl B JAHHOM PervioHe, ABMAETCA N30IALMA Mo pac-
cTosHM0. Kpome Toro, Hawwv pesynbTaTbl MOKasanu, YTo nonynauum ns Anbn n ceBepHbix JMHapckmx rop obnagatot
60ree BbICOK/MW reHETMYECKM pa3HOobpa3nem 1 HabnogaemMol reTepo3nroTHOCTbIO MO CPABHEHWMIO C MONYNALUA-
MU U3 LeHTpanbHbIX JUHapcKmx rop. leHeTuyeckoe pa3Hoobpasme 3aMeTHO TakXKe NP CPaBHEHWM C APYTUMU €BPO-
NecKMM NOMYNAUMAMY KpacHOW Ncuubl. VI3yueHre reHeTyeckoro pasHoobpasnsa NMeeT BaXKHOe 3HaueHve AJis
YCTOMYMBOCTM 1 afanTupyeMoCcTi Nonynaumin, obecneurBas yx BbXXMBaHWE B YCIIOBUAX IKOMOMMUYECKNX N3MEHEHNI
1 @aHTPOMOreHHOro AaBNeHNs.

KnioueBble cnoBa: KpacHas nucunua; Vulpes vulpes; MMKpocaTennnTbl; reHeTyeckoe pasHoobpasme; IHapcKme ropbi.
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Introduction

Red fox (Vulpes vulpes) is recognized as one of the most
widespread terrestrial predators in Europe, potentially ranking
among the most prevalent mammals (Hoffmann et al., 2004).
Its extensive distribution across diverse European environ-
ments exposes the species to a spectrum of environmental and
climatic conditions, contributing to variations in life strate-
gies and fitness among populations (Nowak, 1999). Red fox
exhibits adaptability across various habitats, including forests,
tundra, prairies, deserts, mountains, agricultural lands, and
urban areas. It is often regarded as a pest due to its perceived
detrimental effects on prey populations and its capacity to
transmit various diseases. In many European countries, it is
considered an important game species (Atterby et al., 2015).

The species is native both in Slovenia and Bosnia and Her-
zegovina (B&H). In Slovenia, red fox is the most common and
predominant wild carnivore, and populations are widespread
from the Adriatic coast to the Prekmurje region. In the period
2014-2023, between 10,055 (in 2014) and 14,707 (in 2021)
individuals were hunted annually, and reported roadkill in
the same period was in the range from 686 (in 2023) to 1,177
(in 2019) individuals, respectively. Moreover, every year
between approx. 200 and 300 red foxes were found dead
either due to diseases (mainly sarcoptic mange) or unknown
reasons (OSLIS, 2024). In B&H, red fox occupies a variety of
habitats with an estimated density of around 0.5 individuals
per km?. Considering hunting data, it is estimated that about
24,000 foxes live in B&H, distributed over the entire country
(Nemet, 2018).

Red fox populations exhibit pronounced lack of mitochon-
drial DNA (mtDNA) genetic structuring on a wide spatiotem-
poral scale (Frati et al., 1998; Teacher et al., 2011; Edwards
et al., 2012; Kutschera et al., 2013; McDevitt et al., 2022).
The lack of phylogeographic structuring in red fox, based on
mtDNA markers, has been attributed to its persistence outside
the traditional refugia areas during the last glacial maxi-
mum (LGM), but several lines of evidence suggest survival of
red fox phylogenetic lineages in southern refugia (Kutschera
et al., 2013). Southern European regions generally have less
species connectivity than northern ones, but populations still

show low differentiation (Frati et al., 1998; Kirschning et
al., 2007; Gachot-Neveu et al., 2009; Edwards et al., 2012).
Other studies based on nuclear DNA markers confirmed low
genetic diversity of red foxes in Europe, including Poland
(Mullins et al., 2014), United Kingdom (Atterby et al., 2015),
and Scandinavia (Norén et al., 2015). These studies also
revealed significant genetic structure at smaller geographic
scales, suggesting the formation of distinct subpopulations
within regions.

Red fox genetic diversity, structure, and gene flow between
populations are influenced by internal factors such as vagil-
ity and dispersion, and external factors like landscape and
environment. Landscape features, such as rivers or mountain
ranges, may restrict gene flow and impact genetic diversity of
subpopulations (Manel et al., 2003; Kirschning et al., 2007,
Valvo, 2011; Sommer S. et al., 2013; Galov et al., 2014,
Balkenhol et al., 2015). Historical and current factors, includ-
ing past population bottlenecks, range expansions, landscape
features, and habitat fragmentation, collectively influence red
fox population genetic diversity and structure (Frati et al.,
1998; Teacher et al., 2011; Edwards et al., 2012; Kutschera et
al., 2013; Statham et al., 2014; McDevitt et al., 2022).

Two geographically wider and comparative studies (Zec-
chin et al., 2019; McDevitt et al., 2022) have already studied
the genetic structure of red foxes in Slovenia. Zecchin et al.
(2019) revealed that red foxes in Slovenia belong to a unified
group together with the Croatian population, and that there is
no spatially and temporally extensive phylogeographic struc-
ture of the species within Europe. Similarly, McDevitt et al.
(2022) showed that the Slovenian red fox population belongs
to the “Central Europe” cluster together with populations from
Croatia and Serbia. Both studies used nuclear markers (micro-
satellites and single nucleotide polymorphisms, respectively)
and underlined the importance of genomic data in identifi-
cation of refugia regions and post-glacial expansions across
Europe (e. g. the Balkans), while at the same time providing
necessary insights on red fox genetic diversity and structure.

Red fox from Croatia was individually studied by Galov
et al. (2014). They found a high degree of genetic diversity
among individuals, indicating a wide range of genetic varia-
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tion within the population. Despite mitochondrial haplotype
diversity, which is among the highest of all European red fox
populations, the study showed a remarkable lack of population
structure, indicating extensive gene flow and interbreeding of
red foxes in the country. The study by Kirschning et al. (2007)
included red foxes from Serbia, and different mitochondrial
haplotypes were found, demonstrating genetic structuring
within the population. However, as with the neighbouring
population from Croatia (Galov et al., 2014), a relatively
low degree of genetic differentiation was found on nuclear ge-
netic markers between different geographical regions within
Serbia.

To date, there has been no research on the genetic structure
of red fox in Bosnia and Herzegovina. Therefore, the primary
aim of our study was to conduct an analysis of the genetic
variability and structure of red fox populations in B&H in
comparison with the Slovenian population. More broadly, we
also attempted to establish conclusions regarding the connec-
tions with neighbouring populations from Croatia and Serbia.

Materials and methods
Study area and sampling. The study area included territories
of B&H and Slovenia (Supplementary Material 1), covering
an area of around 66,189 km? (Nemet, 2018; Hunting Asso-
ciation of Slovenia, 2021).

Animals used in the study were either legally harvested
during the hunting season or collected as roadkill or natural
death. No animal was shot or otherwise killed for the purposes
of this study solely. Samples of harvested animals were col-
lected by hunters or wildlife researchers immediately after har-
vest between 2019 and 2021. Tissue samples were preserved
in 70 % ethanol and blood samples were stored at —20 °C
until analysis. In line with our objectives, samples included
in the analysis were collected in Slovenia (n = 59) and B&H
(n =159). The Faculty of Veterinary Medicine, University of
Sarajevo and the Veterinary Faculty, University of Ljubljana,
which oversee the rabies surveillance initiative in both coun-
tries, sent only negative samples for genetic analysis at the
Molecular Ecology Laboratory at the University of Primorska.

DNA extraction and quality control. The extraction
of DNA from collected samples was performed using the
peqGOLD Blood & Tissue DNA Mini Kit (VWR Interna-
tional, LLC, Austria), following the manufacturer’s instruc-
tions. The concentration and purity of DNA obtained were
measured with a 3.0 Qubit Fluorometer using Invitrogen™ —
Qubit™ dsDNA BR Assay Kit (Life Technologies, Carlsbad,
CA, USA). Nineteen microsatellites (Supplementary Mate-
rial 2), originally identified and screened in canine genome
studies in red foxes and domestic dogs (Richman et al.,
2001; Kukekova et al., 2004, 2007), were amplified in three
multiplex PCR reactions with DNA Thermo Cycler (Applied
Biosystems). Amplification was carried out with ready-to-use
KAPA2G Fast Multiplex Mix (Kapa Biosystems) in 15 pl of
the reaction mixture containing 5 pl of template DNA (~25 ng
DNA), and 0.2 mM final concentration for each primer used in
the set. The amplification was performed under the following
conditions: initial denaturation step at 95 °C for 3 minutes, fol-
lowed by 30 cycles of denaturation for 35 seconds, annealing

T Supplementary Materials 1-6 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx25.pdf
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at 58 °C for 35 seconds, extension at 72 °C for 35 seconds;
a final extension step at 72 °C for 10 minutes.

The fragment analysis was performed on a SeqStudio
sequencer (Thermo Fisher Scientific) using the GeneScan
LIZ500 (—250) standard (Applied Biosystems). The results
were validated with the software GENEMAPPER v.5.0 (Ap-
plied Biosystems). Null alleles and heterozygosity deficiency
were assessed using FreeNA (Chapuis, Estoup, 2007), a pro-
gram based on Dempster’s algorithm, to avoid Hardy—Wein-
berg equilibrium (HWE) deviation. GENEPOP 4.7 software
(Rousset, 2008) was utilised to perform the exact test for
heterozygosity deficiency, calculating the deviation from
HWE and inbreeding coefficient (F,g) estimates. Statistical
significance was set at p < 0.05.

Genetic diversity parameters, including the number and
richness of alleles, were computed using GENETIX 4.05.2
(Belkhir et al., 2004), FSTAT 2.9.4 (Goudet, 1995), and
GENEPOP 4.7 (Rousset, 2008). Pairwise fixation index (Fst)
between populations was assessed using the Weir and Cocker-
ham algorithm (1984) in GENEPOP 4.7, employing 1,000 per-
mutations for statistical rigour.

STRUCTURE 2.3.4 (Falush et al., 2003) was employed to
determine population structure, assessing the probability of
genetic interbreeding between individuals. The model consi-
dered the unique origin of each ancestor for a specific allele,
providing the probability (Q) that each subject belongs to a
particular cluster or group. For STRUCTURE, 10 independent
cycles for each K (number of clusters) were conducted be-
tween | and 10, using a Markov chain model with 1,000,000
Markov Chain Model Monte Carlo (MCMC) iterations and
100,000 burn-in iterations for each cycle. We applied a mixed
model featuring independent allele frequencies. Depending on
the specific populations under investigation, we opted for the
independent allele frequencies model, if the allele frequencies
among distinct populations differ accordingly. The program
STRUCTURE Harvester v0.6.94 (Earl, Vonholdt, 2014) was
used to combine results and determine the most optimal K
based on AK developed by Evanno et al. (2005), with results
recorded using CLUMPP (Jakobsson, Rosenberg, 2007) and
DISTRUCT (Rosenberg, 2004).

Discriminant analysis of principal components (DAPC) was
employed to identify genetic clusters within the dataset using
the Adegenet package (Jombart, 2008) in R 3.5.1 software
(R Development Core Team, 2011). DAPC, a multivariate
statistical method, reduces genetic data dimensionality through
principal component analysis (PCA) and uses discriminant
analysis to identify genetic clusters or subpopulations.

For spatial population structure analysis, a visual user
interface (GUI) was developed in the R environment using
Geneland 4.9.2 (Guillot et al., 2005). Geneland, a Bayesian
method, employs MCMC simulations to estimate the number
of genetic populations (K) and assigns individuals to popula-
tions based on genetic similarity, considering spatial autocor-
relation and isolation by distance.

Arlequin ver. 3.5.2.2 (Excoffier, Lischer, 2010) was used
for the analysis of molecular variance (AMOVA), providing
techniques to test the genetic differences between individuals
and populations and between the optimal number of clusters
identified by STRUCTURE (K =2). Finally, we tested isola-
tion by distance (IBD) patterns within all genetic populations
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through the Mantel test, comparing genetic and geographical
distances. Euclidean distances were calculated using R 3.5.1
software (R Development Core Team, 2011) and the Adegenet
library (Jombart, 2008). Significance was determined through
999 Monte Carlo simulations, evaluating the correlation be-
tween Edwards distances and Euclidean geographic distances.

Results

We visualised fox genotypes with GeneMapper v.5.0 software.
Six monomorphic markers and six markers with high null
allele frequencies (>20 %) were excluded. Monomorphic
markers lack variation in DNA sequence length, while null
alleles result in non-amplification of expected alleles in PCR
tests. We than proceeded with statistical analyses on the
remaining seven markers (V402, Vv-C01.424, VVM189,
VVv-REN169018, FH2541, Vv-INU0S55, and Vv-C08.618).
The purpose of these exclusions is to ensure the accuracy of
the results and prevent any unfair impact on the genetic vari-
ability parameters of the populations under study.

Genetic diversity within B&H and Slovenian

red fox populations

Our findings revealed lower genetic diversity in the B&H po-
pulation, i.e. evident in lower observed heterozygosity and
allelic richness (Ho = 0.648, AR = 7.538) compared to the
Slovenian population (Hg = 0.770, AR = 9.724). The genetic
diversity in B&H was also lower than genetic diversity of red
fox across Austria, Croatia, Italy, and Slovenia (Hg = 0.75,
AR = 12.6) as reported by Zecchin et al. (2019). However,
this difference could be a result of a higher number of micro-
satellites used in Zecchin et al. study, which is three times
higher than in the present one. Conversely, compared to the
analysed Slovenian population, the observed heterozygosity
was lower but allelic richness was higher in this regional
study of red foxes. The observed heterozygosity in B&H
foxes was lower than observed heterozygosity of foxes from
Poland (Hy=0.729, AR =4.871), even though they used only
microsatellite markers (Mullins et al., 2014). In contrast, the
Slovenian population displayed higher Hy and AR values com-
pared to Polish population. Finally, both B&H and Slovenian
populations had greater observed heterozygosity and allelic
richness than red foxes from the United Kingdom (Atterby
et al., 2015; 11 microsatellite loci: Hg = 0.543, AR = 5.033).

Genetic differentiation

between B&H and Slovenian red foxes

Spatial genetic structure and genetic clustering depend on the
software and analysis employed. For instance, STRUCTURE
(Fig. 1) and Geneland identified two clusters (K = 2): one
includes red fox from B&H and the other one samples from
Slovenia (Supplementary Materials 3 & 4). On the contrary,
DAPC analysis suggested four clusters (K =4) (Fig. 2), divid-
ing each countries’ populations into two additional clusters.
These discrepancies stem from different methodologies and
assumptions inherent to each approach in population gene-
tics analysis.

STRUCTURE estimates ancestry proportions and admix-
ture based on genotypes, relying on assumptions like link-
age equilibrium and HWE. DAPC employs dimensionality
reduction and discriminant analysis for membership assign-
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Fig. 1. Genetic structure of red fox populations in Slovenia (1) and B&H (2),
determined by STRUCTURE.
Each individual is represented by a line proportionally partitioned into colour

segments corresponding to its membership in particular cluster. K is the num-
ber of clusters.

DA eigenvalues

Fig. 2. The DAPC scatter plot shows the presence of four clusters (K = 4).

Cluster 1 includes red fox samples from Slovenia, while the Cluster 3 includes
red fox samples from B&H. In the Clusters 2 and 4 we can find samples from
both countries (Supplementary Material 5).

ment, emphasising differences between clusters. Geneland
combines spatial and genetic clustering. All three methods
confirmed spatial differentiation at the regional level, with a
weaker structure or admixture identified by STRUCTURE and
DAPC, possibly due to long-distance dispersal of red foxes.
The assumption of HWE was violated in STRUCTURE and
Geneland analyses, affecting quantitative estimates. How-
ever, due to geographic or ecological constraints, there may
be subpopulations with limited gene flow, which geographic
information system (GIS) image (Fig. 3) clearly revealed by
combining our microsatellite data and sampling coordinates
in both populations.

DAPC revealed that red foxes from Slovenia form a dis-
tinct cluster (Cluster 1), while Clusters 2, 3, and 4 are shared
between both countries. Cluster 3, predominant in B&H in-
dividuals, displayed the most genetic variation. Cluster 2 was
genetically closer to B&H, and Cluster 4 showed high similari-
ty to Cluster 1, suggesting potential admixture between B&H
and Slovenian red fox populations. Historical gene flow from
Slovenia to the Balkans was supported by previous studies,
aligning with post glacial colonisation patterns (Sommer R.S.,
Nadachowski, 2006).
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Fig. 3. Genetic structure of red fox in two studied countries based on the
CLUMPP Q values and harvesting locations (K = 4 clusters).

Q values represent the proportion of individuals that are assigned to each
cluster shown by GIS mapping (Supplementary Material 6).

AMOVA indicated genetic differentiation among popula-
tions and substantial within-individual variation. The Fgt
value of 0.068 suggested significant but not highly differen-
tiated populations, with 6.9 % of genetic variation attributed
to differences between populations (p < 0.001).

IBD analysis demonstrated a positive correlation (p <0.001,
R2 = 0.13; this correlation was higher than the randomly si-
mulated p-value of 0.001) between genetic and geographic
distances for B&H and Slovenian red fox populations, indicat-
ing differentiation due to limited dispersal, landscape barriers,
habitat fragmentation, resource distribution, interactions with
other species or human activities. However, we acknowledge
the influence of factors like distance between B&H and Slo-
venia (almost 300 km). Understanding how habitat changes
affect mobile species like red fox, especially in terms of genetic
structure, remains an on-going challenge. Landscape history,
barriers to movement, and migration rates can leave lasting
genetic patterns and impact current population structures.
Overall, our findings emphasise the importance of consider-
ing diverse analytical approaches and acknowledging the
influence of geographical factors on genetic structure in red
fox populations.

Discussion

We successfully revealed genetic structuring of the red fox
populations between Alps and the Central Dinaric Mts. and
showed weak genetic differentiation of the species in the
studied area. Our findings are consistent with previous ones,
which revealed the presence of a genetically unified red fox
population in Slovenia (Zecchin et al., 2019; McDevitt et al.,
2022). The DAPC analysis divided the Slovenian red foxes
into two clusters, indicating the existence of possible sub-
populations and admixture between the North Dinaric Mts.
and the Prekmurje region, but this could also be a consequence
of isolation by distance. Red foxes from B&H also belong to
one STRUCTURE cluster, but the DAPC analysis divided
them into two genetic clusters: first including the area of the
Central Dinaric Mts. and second in the northern parts of the
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country. The observed genetic structure by DAPC analysis
can be attributed to various factors. The territory of B&H
contains significant natural and anthropogenic barriers, such
as mountain ranges and rivers, potentially leading to popula-
tion isolation and genetic drift effects. The Dinaric Mts. along
the western border with Croatia as well as internal mountain
ranges may limit gene flow between Croatia and B&H. Ga-
lov et al. (2014) demonstrated the limiting effects of Istrian
narrow land bridge and mountain altitudes above 1,000 m on
fox migration in Croatia, which can also be the case for areas
in B&H and Slovenia with many topographical similarities
in studied habitats.

Although our results suggest limited gene flow between
Slovenian and B&H red fox populations, the absence of
Croatian samples hinders relevant conclusions. However,
Zecchin et al. (2019) found a unified genetic structure of the
fox in Croatia and Slovenia. Despite this, we can assume that
there are some possible barriers to gene flow among foxes in
the studied regions such as rivers like Sava, a tributary of the
Danube, which forms the northern border between B&H and
Croatia, and the Drina, which flows north and forms part of
the eastern border between B&H and Serbia. The influence of
rivers on red fox movement was also discussed in the popula-
tion genetic analysis of Serbian red foxes by Kirschning et
al. (2007). The study highlighted the role of the two major
rivers, the Danube and the Tisza, which flow through Serbia,
as potential barriers to fox migration. There are also anthropo-
genic barriers that lead to genetic isolation of foxes in B&H,
such as the highway that crosses Croatia and runs through the
north-western part of the border between B&H and Croatia.

The existence of two genetic groups of red fox between
Alps and northern Dinaric Mts. and other in the Central Di-
naric Mts. was previously showed by Zecchin et al. (2019),
who identified separated clusters in Friuli Venezia Giulia re-
gion as a border area in which circulating individuals are ge-
netically more like those from Slovenia and Croatia than to
those of the remaining areas of north-eastern Italy. As a support
to our results, a phylogenetic analysis of the mitochondrial
cytochrome b and D-loop by Statham et al. (2014) identified
a clear differentiation between Italian red foxes and the red
fox populations from the Balkans and Eastern Europe. Our
results indicated that the B&H population belongs to the Bal-
kan cluster according to mtDNA but additional analysis is
needed to confirm this assumption.

The limited number of genetic markers used in our study
likely influenced the Bayesian genetic structure analysis,
resulting in an inability to distinctly separate subgroups by
STRUCTURE and Geneland analysis (Falush et al., 2003).
This limitation becomes more evident when compared to
the clearer subgroup differentiation observed in the DAPC
analysis. On the other hand, the landscape barriers such as
rivers and lower mountains might not restrict gene flow
among foxes in Slovenia, Croatia, and B&H. Indeed, in the
studied area there is adequate habitat connectivity for red fox,
therefore it seems that landscape characteristics do not cause
important barriers to gene flow, resulting in lack of population
differentiation in this species (Kirschning et al., 2007). This
can also be confirmed by weak phylogeographic structuring
of red fox on much larger geographic scales, such as within
the Holarctic lineage (Kutschera et al., 2013).
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Despite Galov et al. (2014) identified significant mtDNA
genetic structure of red fox on the Istrian Peninsula, which
borders coastal Slovenia, our data did not reveal similar ge-
netic differentiation in the Slovenian population. This could
likely be due to stable connectivity with neighbouring Italian
population and the rest of the Slovenian population. However,
it might also be due to variety of markers used in both studies.

Red foxes in Bosnia and Herzegovina have lower genetic
diversity comparing to Slovenian and other European popu-
lations, which could be a consequence of a recent popula-
tion decline due to rabies epidemics, compared to Slovenia
and Croatia, where oral vaccination programmes (ORV) of
foxes led to the control of the rabies epidemic (Rabies Bul-
letin Europe, 2017). Indeed, since the implementation of the
ORYV campaign in Slovenia (in 1988) and Croatia (in 2011), the
number of rabies cases have been decreasing consistently with
no cases detected since 2015 (Bedekovi¢ et al., 2016; Picot
etal., 2017). The last rabies case in Slovenia was recorded in
2013, whereas in B&H was present until 2020. There, the lack
of economic resources has led to a lack of continuous ORV,
resulting in continued rabies hotspots in B&H (Tasioudi et al.,
2014; Lojki¢ et al., 2021). Non-suitable disease management
may lead to decrease in population size and influence the ge-
netic diversity in the B&H red fox population, both in terms
of allelic richness and observed heterozygosity compared to
Slovenian population.

The statistically significant p-values for the F,g estimates
in Slovenia and B&H red fox population (p = 0.37 and
p=0.13, respectively) can be associated with historical bottle-
necks due to diseases but also with possible regional isolation
of populations (which was not revealed in our study, possible
due to limited number of markers), leading to lower observed
heterozygosity.

The results of AMOVA suggested existing genetic dif-
ferences among populations. High genetic variation among
individuals within sampled populations suggests substantial
gene flow between them. However, the high level of genetic
diversity within populations may suggest that maintaining
habitat connectivity is an important factor in promoting gene
flow and maintaining genetic variation within populations.
These values demonstrate statistically significant differen-
tiation between observed locations; however, it is crucial to
acknowledge that the interpretation can vary based on factors
like the particular genetic markers employed, the sampling
strategy adopted, and the genetic structure inherent in the
populations.

The significant IBD values among populations indicate
a pattern of isolation by distance, attributed to missing data
from neighbouring populations in Croatia. Assuming that the
distance between the closest locations in the two countries
exceeds several hundred kilometres, the observed genetic di-
vergence is probably consequence of an isolation by distance.
Considering also the DAPC analysis, which also confirmed
shared genetic makeup between populations despite the dis-
tance, as has also been demonstrated in a study from Poland
(Mullins et al., 2014).

Our findings are consistent with those of Teacher et al.
(2011), who reported a small degree of isolation by distance,
in mitochondrial control region, and a wide-scale absence of
phylogeographic structure based on cytochrome b data, in red
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foxes in Western Europe. The species’ versatility and capacity
to adapt to a broad range of habitats, along with a compara-
tively high degree of dispersal in both males and females, are
suggested to be the main reasons for the low level of genetic
structure observed (Teacher et al., 2011).

Conclusion

This study enhanced our understanding of the red fox genetic
structure in the region encompassing the Eastern Alps and the
Dinaric Mountains. In alignment with previous research, we
found the absence of a pronounced genetic structure within
the red fox population in this area. Populations from Slovenia
and B&H showed low level of genetic differentiation, with
significant differences found only when comparing popula-
tions in countries.
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Abstract. Galliformes and Anseriformes are two branches of the Galloanserae group, basal to other Neognathae. In con-
trast to Galliformes, Anseriformes have not been thoroughly researched by cytogenetic methods. This report is focused on
representatives of Anseriformes and the evolution of their chromosome sets. Detailed cytogenetic analysis (G-banding,
C-banding, and fluorescence in situ hybridization) was performed on three duck species: the northern pintail (Anas acuta,
2n = 80), the mallard (A. platyrhynchos, 2n = 80), and the common goldeneye (Bucephala clangula, 2n = 80). Using stone
curlew (Burhinus oedicnemus, 2n = 42, Charadriiformes) chromosome painting probes, we created homology maps cover-
ing macrochromosomes and some microchromosomes. The results indicated a high level of syntenic group conservation
among the duck genomes. The two Anas species share their macrochromosome number, whereas in B. clangula, this num-
ber is increased due to fissions of two ancestral elements. Additionally, in this species, the presence of massive heterochro-
matic blocks in most macroautosomes and sex chromosomes was discovered. Localization of clusters of ribosomal DNA
and telomere repeats revealed that the duck karyotypes contain some microchromosomes that bear ribosomal RNA genes
and/or are enriched for telomere repeats and constitutive heterochromatin. Dot plot (D-GENIES) analysis confirmed the
established view about the high level of syntenic group conservation among Anatidae genomes. The new data about the
three Anatidae species add knowledge about the transformation of macro- and sex chromosomes of Anseriformes during
evolution.
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AHHoTaums. KypoobpasHble (Galliformes) n ryceobpasHble (Anseriformes) — fBe BeTBu rpynnbl Galloanserae, 6asanb-
Hble MO OTHOLWeHMo K ocTanbHbiM Neognathae. B cpaBHeHun ¢ Galliformes, aBontouna kapuotunos Anseriformes
HeloCTaTOYHO M3yyeHa. HacTodllee nccnefoBaHvie NOCBALEHO MPeACTaBUTENAM ryceobpasHbIX U U3MEHEHUIO MX
XPOMOCOMHbIX HabopoB B xofe 3Bosounm. bbina nonyyeHa noapobHaa nHoopmauma o kaprotunax (G-, C-63HANHT,
dnyopecueHTHas rmbpuamnsauua in situ) Tpex BMAOB YTOK: Wwmnoxsoctu (Anas acuta, 2n = 80), KpAksbl (Anas platy-
rhynchos, 2n = 80) n o6blkHoBeHHOTO rorona (Bucephala clangula, 2n = 80). C ucnonb3oBaHnem 30HAOB, pa3paboTaH-
HbIX Ha OCHOBE COPTMPOBAHHbIX XPOMOCOM aBAOTKU (Burhinus oedicnemus, 2n = 42, Charadriiformes), 66111 BbiAiBIEHbI
paiioHbl TOMOIOTUY Ha MAaKPOXPOMOCOMAX U YacTV MUKPOXPOMOCOM YTOK. M3yueHHble BUAbI pofia Ands MetoT OfVHa-
KOBOE YMCSIO MaKpPOXPOMOCOM, MK 3TOM Y B. clangula uncno KpymnHbiX XpOMOCOM YBEIMYEHO 3a CYeT [IBYX Pa3pblBOB
npeaKoBbIX 371eMeHTOB. B oTnnumne ot npefctaBuTeneit Anas, y 3Toro Buga o6HapyeHbl MaCCMBHble reTepoxXpomaTii-
HOBble 650KV B 6OIBLUMHCTBE KPYMHbIX MaKpOayTOCOM 1 B NMOMOBbIX XPOMOCOMaX. [laHHble XPOMOCOMHOIO M3MHTUHIa
ZornosiHeHbl nHdopmaLmeit o nokanusauum pubocomHorn HK n amnnandukaumm tenomepHbix nosTopoB. CpaBHUTENb-
HbI aHaNM3 reHOMOoB C NomMolLLbto NpunoxeHna D-GENIES noaTBepann BbICOKUI YPOBEHb KOHCEPBATM3Ma CUHTEHHbIX
rpynn y Anatidae. MonyyeHHble pe3ynbTaTbl paclMpuny NpefcTaBneHre o NpeobpasoBaHUAX Makpo- 1 NMOOBbIX XPO-
mocom Anseriformes B xoe aBonoLuu.

KnioueBble cnoBa: Anas acuta; Anas platyrhynchos; Bucephala clangula; cpaBHUTENbHbBIA XPOMOCOMHbIA MINHTUHT;
KOHCTUTYTVBHbBI reTepoXpOoMaTH; PUOOCOMHbIE reHbl; Teflomepa.

Introduction

Aves is one of the most specialized and species-rich groups
of amniotes. Avian genomes are characterized by a relatively
small size (1.4 Gb on average) (Gregory, 2023), a high degree
of conserved synteny, and a relatively small proportion of re-
petitive DNA (Delany et al., 2000; Ellegren, 2013; Campagna,
Toews, 2022). Birds’ diploid chromosome number (2n) varies
from 40 to 142 owing to the presence of numerous microchro-
mosomes (Christidis, 1990; Griffin et al., 2007; Degrandi et al.,
2020). Despite the growing popularity of birds as a genomic
research object, many species remain understudied both at the
genomic and cytogenetic level. According to the Bird Chro-
mosome Database, only 10 % of the species have a described
karyotype, and comparative genomic studies have covered no
more than 1 % of the species (Degrandi et al., 2020).

The order Anseriformes (geese, ducks, swans, and others)
includes ~180 species (Gill et al., 2023) and together with
Galliformes (chickens, guinea fowl, pheasants, and others)
forms the Galloanserae clade. Galloanserae taxon diverged
from other Neognathae approximately 100—70 million years
ago (Van Tuinen, Hedges, 2001; Sun et al., 2017). Karyotypes
of 46 Anseriformes species have been described. The diploid
number of chromosomes varies from 2n = 74 (Spatula quer-
quedula) (Ebied et al., 2005) to 2n = 98 (Coscoroba coscoroba)
(Rodrigues et al., 2014). Nonetheless, most karyotypes contain
2n = 80-82 ((Bird Chromosome Database and (Degrandi et
al., 2020)).

Eight Anseriformes species have been studied by compara-
tive chromosome painting using chicken macrochromosome
probes (Degrandi et al., 2020). The chicken (Gallus gallus,
GGA, 2n = 78) genome is widely used as a reference in
comparative genomics, and the painting probes have become
essential for avian comparative cytogenetic researches (Shetty
et al., 1999; Guttenbach et al., 2003; Griffin et al., 2008;
Nanda et al., 2011; Islam et al., 2014; Rodrigues et al., 2014;
Uno et al., 2019). Based on comparative data obtained using
chicken painting probes, a hypothesis about homology of the
first 10 macrochromosomes and Z chromosome in the avian

ancestral karyotype has been propounded (Shibusawa et al.,
2004; Griffin et al., 2007). Integration of microchromosomes
into comparative cytogenetics can be implemented using
microdissection (Zimmer et al., 1997; Griffin et al., 1999;
Guillier-Gencik et al., 1999; Gritzner et al., 2001; Masabanda
etal., 2004), gene-specific probes (Coullin et al., 2005; Islam
et al., 2014), and bacterial artificial chromosomes (BACs)
(Shibusawa et al., 2001, 2002; Schmid et al., 2005; Fillon et
al., 2007; Damas et al., 2017; Kretschmer et al., 2021). The set
of avian probes obtained using chromosome sorting usually
does not cover microchromosomes (Habermann et al., 2001).

The use of stone curlew (Burhinus oedicnemus; BOE)
painting probes helps to include microchromosomes into
cytogenetic analysis and to count linkage groups. The stone
curlew has a karyotype with a diploid number 2n = 42 and
contains only four pairs of microchromosomes (Bulatova et
al., 1971). BOE painting probes have been applied to fluo-
rescence in situ hybridization (FISH) experiments on a wide
range of avian karyotypes, including reciprocal chromosome
painting between the stone curlew and chicken (Hansmann
et al., 2009; Nie et al., 2009, 2015; Wang et al., 2022). On
the other hand, this type of analysis has not fully resolved
the correspondence between microchromosomes (Nie et al.,
2009). These data obtained using cytogenetic approaches and
chromosome level genome assembly allow for the inclusion of
microchromosomes into reconstructions of the avian ancestral
karyotype (Damas et al., 2018).

There are several papers on Anseriformes chromosome evo-
lution. In general, bird karyotypes have a low level of inter-
chromosomal rearrangements (Griffin et al., 2008; Damas et
al., 2018) and at the same time a high average rate of intra-
chromosomal rearrangements (Damas et al., 2019; O’Connor
et al., 2024). Chicken BAC probes mapped onto Anas platy-
rhynchos chromosomes have revealed the presence of inver-
sions in all macrochromosomes and in the Z chromosome of
the duck relative to the chicken (Fillon et al., 2007; Kiazim et
al., 2021). However, conservation of gene order among several
Anseriformes species has been detected by means of gene-
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specific probes (Islam et al., 2014). Data on chromosome ho-
mology and rearrangements can be obtained by chromosome-
level assembly analysis (for example (Cabanettes, Klopp,
2018)). Now chromosome-level genome assemblies are
available for 26 Anseriformes species in the NCBI database.

In the present work, we analyzed karyotype evolution of
Anseriformes species by combining new data and previously
published ones. New comprehensive cytogenetic results were
obtained for three Anatidae species: the mallard (A. platy-
rhynchos, APL), the northern pintail (Anas acuta, AAC), and
the common goldeneye (Bucephala clangula, BCL). Routine
and differential staining (G- and C-banding) and molecular
cytogenetic approaches (localization of ribosomal and telo-
meric painting probes and of the set of B. oedicnemus whole-
chromosome painting probes) were employed, and the results
were integrated with previously obtained findings.

Materials and methods

Sampled species and an ethical statement. Lung necropsy
was performed on females of A. platyrhynchos, A. acuta,
and B. clangula during the official hunting season in Novo-
sibirsk Oblast (2009, 2008, 2023 years, respectively). For our
research, we used one individual of each species. All expe-
riments were approved by the Ethics Committee on Animal
and Human Research at the Institute of Molecular and Cel-
lular Biology (IMCB), the Siberian Branch of the Russian
Academy of Sciences (SB RAS), Russia (decision No. 1/22
of 29 December 2022), following all relevant guidelines and
regulations. This article does not contain any experiments on
human subjects by the authors. The study was completed using
equipment and materials of large-scale research facilities of
the Cryobank of Cell Cultures, IMCB, SB RAS (Novosibirsk,
Russia).

Primary fibroblast culture, metaphase chromosome
preparation, and chromosome staining. Primary cell cul-
tures were derived from lung necropsy as described previously
(Romanenko etal., 2015). Metaphase spreads from all species
were prepared from primary fibroblast cultures following
standard procedures, including colcemid treatment, incubation
in a hypotonic solution, and fixation in a methanol:acetic acid
(3:1) mixture (Graphodatsky et al., 2001).

Routine Giemsa and/or DAPI staining was performed to
identify morphology and count quantity of chromosomes.
G-banding was done (Seabright, 1971) before FISH proce-
dures. C-banding was performed for B. clangula and A. acuta
according to a standard protocol (Sumner, 1972). Besides, for
B. clangula, C-banding was done with modifications: meta-
phase chromosomes after Ba(OH)2 treatments were stained
overnight with Chromomycin A3 (20 pg/ml) and 4',6-dia-
midino-2-phenylindole (DAPI; 50 ng/ml) and mounted in
an antifade solution containing 1,4-diazabicyclo [2.2.2] oc-
tane (DABCO) (20 mg/ml) and 100 mM Tris-HCI pH 7.5 in
glycerol.

Probe preparation, FISH, and microscopy. A set of
whole-chromosome female DNA libraries (created from flow-
sorted chromosomes by degenerate-oligonucleotide-primed
(DOP)-PCR (Telenius et al., 1992)) of the stone curlew was
provided by Cambridge Resource Center for Comparative
Genomics (Cambridge University, UK). The characterization
of the set was described previously (Nie et al., 2009). All DNA
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libraries were labeled with biotin-11-dUTP and digoxigenin-
11-dUTP (Sigma) during secondary DOP-PCR amplification
(Telenius et al., 1992) to create painting probes. A telomeric
DNA probe was generated by PCR with oligonucleotides
(TTAGGG); and (CCCTAA); (ljdo et al., 1991). Aribosomal
DNA probe was obtained from plasmid DNA (pHr13) con-
taining a human partial 18S ribosomal RNA (rRNA) gene,
a full human 5.8S rRNA gene, a partial 28S rRNA gene,
and two internal spacers (Maden et al., 1987). Labeling was
performed using the FTP-Display DNA Fragmentation Kit
(DNA-Display, Russia) with the addition of 0.05 mM biotin-
11-dUTP or digoxigenin-11-dUTP (Sigma).

FISH was carried out by standard protocols (Graphodatsky
etal.,2000; Liehr et al., 2017). For suppression of non-specific
hybridization of probes in FISH experiments, chicken Cot10
DNA was used. Digoxigenin-labeled probes were detected
with the help of anti-digoxigenin-CyTM3 (Jackson Immu-
noresearch), whereas biotin-labeled probes were identified via
sequential use of avidin-FITC (Vector Laboratories) and anti-
avidin FITC (Vector Laboratories). Images were captured and
processed using a VideoTesT 2.0 Image Analysis System and
a Baumer Optronics CCD Camera mounted on an Olympus
BX53 microscope (Olympus).

Bioinformatic analysis. To perform the analysis of chro-
mosome-level assemblies, we used the available material from
GenBank NCBI. Chromosome-level assemblies of different
Anseriformies species from different genera were compared
with the A. platyrhynchos reference genome

(GCA _008746955.3; In=40,Z, W):

A. acuta (GCA_963932015.1; 1n =37, Z, W);

Aythya baeri (GCA _026413565.1; 1n =34, 7),

Netta rufina (GCA_964035555.1; 1n =40, Z, W);

Cairina moschata (GCA_018104995.1, 29, 7);

Clangula hyemalis (GCA_963989345.1; 1n =40, Z);

Anser cygnoides (GCA 026259575.1; 1n = 39);

Cygnus olor (GCF_009769625.2; 1n =34, Z, W);

Oxyura jamaicensis (GCF_011077185.1; In=33,Z, W).
Dot plot comparative analysis was performed using the web
application D-GENIES (Cabanettes, Klopp, 2018) by aligner
Minimap2 v2.24.

Results

Karyotypes of the three duck species

Karyotypes of the three duck species were available: A. pla-
tyrhynchos (APL), A. acuta (AAC), and B. clangula (BCL)
(Takagi, Makino, 1966; Becak et al., 1973; Islam et al.,
2014). The diploid chromosome number of all three species
is 2n = 80. For each individual of the studied duck species,
we counted the number of chromosomes in 30 routine stained
metaphase plates. The A. platyrhynchos (mallard) karyotype
was G-, R-, and C-banded before (Wojcik, Smalec, 2007) and
the patterns coincided with our study.

Cytogenetic data on A. acuta and B. clangula have been
limited to Giemsa-stained karyotypes (Begak et al., 1973;
Abu-Almaaty et al., 2019). We performed Giemsa staining
and C-banding for individuals of both species. The A. acuta
karyotype was found to contain five pairs of large macro-
autosomes (submetacentric pairs 1 and 2, and acrocentric
pairs 3—5). The Z chromosome is a medium-sized subtelocen-
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Fig. 1. Routinely Giemsa-stained chromosomes of (a) A.acuta and
() B. clangula and C-banded karyotypes of (b) A. acuta and (d) B. clangula.

Each black dot indicates a centromere position.

tric macrochromosome, and the W chromosome is a small
acrocentric chromosome (Fig. 1a). C-heterochromatin proved
to be dot-like blocks in centromeric regions of almost all
chromosomes except for large macroautosomes 1-5 and
some microchromosomes (Fig. 1b). In the W chromosome, a
pericentromeric heterochromatic block was observed.

B. clangula large macrochromosomes 1-7 and the W chro-
mosome are acrocentric, whereas the Z chromosome is sub-
telocentric (Fig. 1c). Constitutive heterochromatin in this
species was found to be localized in pericentromeric regions
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of the six macroautosomes and the Z chromosome. In addi-
tion, the W chromosome is almost entirely heterochromatic
(Fig. 1d). Overall, the B. clangula karyotype, as compared
to the two Anas karyotypes, is enriched with repeated DNA
organized in constitutive heterochromatin.

Localization of ribosomal genes and telomere repeats
Sequences carrying ribosomal genes and clusters of repeats
homologous to rDNA were located on four small microchro-
mosome pairs in A. acuta and A. platyrhynchos (Islam et
al., 2014) and on two pairs in B. clangula (Supplementary
Material 1)1.

In the A. acuta and B. clangula karyotypes, the probe con-
taining (5'-TTAGGG-3'), sequences detected small signals
at the ends of all chromosomes except four or five pairs of
dot-like microchromosomes with prominent signals. Besides,
A. acuta was found to have a pair of microchromosomes where
half of each chromosome was stained with a telomeric probe,
and the other half contained a bright DAPI-positive region
(AT rich) (Fig. 3 and Supplementary Material 1). We could
not detect interstitial telomeric sites in macrochromosomes
of the analyzed species.

Stone curlew homologies

The complete set of BOE painting probes was hybridized to
chromosomes of A. acuta, A. platyrhynchos, and B. clangula
(Fig. 2). Owing to G-banding prior to FISH experiments,
painted macrochromosomes were easily identified. We ob-
tained specific signals on macrochromosomes and some mi-
crochromosomes of the three species. The probe containing
the W chromosome also hybridized with Z: in A. acuta and
A. platyrhynchos, weak signals along the chromosome body
were detected; in B. clangula, a bright signal was detected in
the subtelomere region of the g arm (Fig. 3). Also, the W chro-
mosome signals on the B. clangula W chromosome covered
subtelomere C-pozitive block. Other heterochromatic regions
were not hybridized with BOE painting probes on B. clangula
chromosomes. Signals on some microchromosomes were so
weak that we failed to identify them. Quantities of microchro-
mosomes covered by signals are presented in Table. Examples
of some FISH results are shown in Fig. 2.

Based on these results, comparative chromosome maps
were created showing the homology between BOE and the
three Anatidae species (see the Table, Fig. 3). Identification
of many microchromosomes was limited by the resolution
of the FISH method. Nonetheless, these maps gave an idea
of relative sizes of labeled microchromosomes within size
groups (pairs 11-20, 21-30, or 31-39). In total, homologies
were identified for 66 out of 80 chromosomes of A. acuta,
68 out of 80 A. platyrhynchos chromosomes, and 76 out of 80
B. clangula chromosomes because each species has a different
number of painted microchromosomes.

Discussion

Microchromosomes are typical of most amniotes (snakes,
turtles, and lizards) with mammals and crocodilians being
exceptions (Srikulnath et al., 2021; O’Connor et al., 2024).
The presence of microchromosomes in avian karyotypes may

! Supplementary Materials 1-3 are avilable at:
https://vavilovj-icg.ru/download/pict-2024-28/appx26.pdf
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Fig. 2. Examples of Burhinus oedicnemus (BOE) painting probes’ localization on karyotypes of
Anatidae representatives (right) with GTG-banding of the same metaphase (left).

a- hybridization of BOE 11 (red) and 2 (green) probes to A. acuta (AAC) chromosomes; b — hybridiza-
tion of BOE 1 (red) and 2 (green) to A. platyrhynchos mallard (APL) chromosomes; ¢ — hybridization of
BOE 6 (red) and 12 (green) probes to B.clangula (BCL) chromosomes. Blue marks and * indicate micro-
chromosomes carrying a large DAPI-positive heterochromatic region in A. acuta. Scale bars = 10 um.

account for the lag of bird cytogenetic studies behind mammalian studies. To
date, 131 bird species from 47 families have been analyzed by comparative
chromosome painting, i.e., no more than 2 % of extant avian species (Degrandi
et al., 2020) (https://sites.unipampa.edu.br/birdchromosomedatabase).

The studied karyotypes of ducks from genera Anas and Bucephala possess
identical diploid chromosome numbers (2n = 80). The diploid chromosome
number reported for A. acuta varies among publications from 80 (Abu-Al-
maaty et al., 2019) to 82 (Becak et al., 1973). A similar situation is true for
B. clangula: diploid chromosome number 2n = 80 was shown for B. clangula
americana (Begak et al., 1973) and 2n = 84 for B. clangula (Hammar, 1970).
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Our results match the data obtained by
A.H. Abu-Almaaty with co-authors and
M.L. Becak with co-authors, respectively:
diploid chromosome number is 2n = 80 for
both A. acuta and B. clangula (Fig. 1).

Previously it was reported that, even at
the macrochromosomal level, chromosome
banding can be difficult to identify, thereby
making necessary a robust analysis of cross-
species homology (O’Connor et al., 2024).
In this work we provided information about
G-banding for three Anatidae species. This
allowed reliable identification of all ma-
cro- and some microchromosome pairs. We
used chromosome painting to gain a better
understanding of the transformations that
have caused the karyotype differences. Pre-
viously, comparative chromosome painting
in Anatidae species has been performed only
with chicken macrochromosome probes
(Guttenbach et al., 2003; Nandaetal., 2011,
Islam et al., 2014; Rodrigues et al., 2014;
Uno et al., 2019), but Anseriformes karyo-
types have not been investigated using BOE
painting probes. Applying the set of BOE
painting probes, we revealed homologies
between B. oedicnemus, A. acuta, A. platy-
rhynchos, and B. clangula chromosomes.
According to previously published findings
(Nie et al., 2009), we added homologies of
Gallus gallus (GGA) to our comparative
analysis (see the Table).

Due to availability of chromosome-level
genome assemblies of A. platyrhynchos
and A. acuta, we prepared a dot plot analy-
sis for genomes of Anseriformies species
from different genera (Supplementary Ma-
terial 3). A. platyrhynchos is a domestic
species and its genome has been studied in
detail and is usually used as the reference for
this taxon. We made pairwise comparative
analysis with A. platyrhynchos and eight
genomes: A. acuta, Aythya baeri, Netta ru-
fina, Cairina moschata, Clangula hyemalis,
Anser cygnoides, Cygnus olor, and Oxyura
jamaicensis. Karyotypes of most compared
species contain 80 chromosomes, except
for A. cygnoides and N. rufina (2n = 82)
(Degrandi et al., 2020). The karyotype of
C. hyemalis was not described. In almost
all assemblies, the number of chromosome
scaffolds is lower than haploid chromosome
number and does not cover the smallest mi-
crochromosomes. The homologies between
A. platyrhynchos and A. acuta, identified
using chromosomal painting and dot plot
analysis are consistent with each other (Sup-
plementary Material 3a). The chromosome
correspondence can also be traced at the
G-banding level.
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Macroautosome evolution

in Anseriformes

The most notable difference in macrochro-
mosome structure among the three species
is the presence of massive heterochromatic
blocks in B. clangula macrochromosomes
1 and 3-7 (Fig. 1d). FISH with the stone
curlew painting probes and dot plot analy-
sis revealed conserved macrochromosome
homologies between A. acuta and A. platy-
rhynchos. The diploid number (2n = 80) is
typical for most Anatidae species, but in
the B. clangula karyotype, we found an in-
crease in the number of large chromosomes
without a change in the diploid chromosome
number. The reason is fission of ancestral
chromosomes corresponding to GGA 1 and
GGA2 (Fig. 3, 4). Abreak in the centromere
of ancestral chromosomes homologous to
GGA 2 has been documented in other rep-
resentatives of Galloanseres, for example,
in the turkey (Shibusawa et al., 2004). In
other avian lineages, there are independent
fissions of orthologs of GGA 2 around the
centromere (Degrandi et al., 2020). The
ancestral homolog of GGA chromosome 1
was split in two within Passeriformes’ an-
cestral karyotype (Damas et al., 2018).

Orthologous elements of GGA 4 are re-
presented by one macrochromosome and
one microchromosome in the three exam-
ined ducks (see the Table). By contrast, the
GGA 4 probe hybridized to one macro-
chromosome in Anser anser (Fig. 4) (Gut-
tenbach et al., 2003). Ancestral chromoso-
me 4 (corresponding to GGA 4q) is the most
ancient of all the avian chromosomes, ap-
pearing intact even in humans (Chowdhary,
Raudsepp, 2000). In the GGA genome, we
can see the result of fusion of avian ances-
tral chromosomes 4 and 10 (4A) (GGA 4q
and 4p) (Shibusawa et al., 2002; Guttenbach
et al., 2003; Derjusheva et al., 2004; Itoh,
Arnold, 2005; Griffin et al., 2007; Damas
et al., 2018), and 4p still retains properties
of a microchromosome (high gene density
and recombination rate, CpG island distri-
bution). The observed interchromosomal
changes have also taken place in different
lineages (Fig. 4) and led to genome re-
organization in the extant species. These
observations may be best explained by
rearrangements with common breakpoint
reuse.

The data of dot plot analysis also identi-
fied the presence of interchromosomal re-
arrangements affecting macrochromoso-
mes in C. moschata and O. jamaicensis
(Supplementary Material 3d, h). In C.
moschata, fission of chromosomes ortholo-
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7§sygqh

|H= |H
6 7

- : - - - - - - - - -

Eb 8RR BB R B ERN OGPk EE 0T S s
11-20

R A L R R LR DAL R R L q;;g o
21-30

y = : . w1718, 17,18, 4o s =117, 18,8 n - -

ns 1,16 lI9 20 l'I9,20 ns I19,20 13 g
Hw

31-39

Fig. 3. G-banded karyotypes of A. acuta, A. platyrhynchos, and B. clangula with assignment of
homologies to B. oedicnemus chromosomes.

ID numbers on the right indicate names of homologous stone curlew chromosomes; H - blocks
of heterochromatin; NOR - positions of ribosomal DNA clusters; black circles indicate centromere
positions; tel — a cluster of telomeric repeated sequences on a microchromosome containing a large
DAPI-positive heterochromatic region in A. acuta.

gous to A. platyrhynchos 6 and 7 and fusion parts of these chromosomes with
chromosomes 5 and 8 respectively are observed (Supplementary Material 3d).
Identified rearrangements are not confirmed using chromosome painting (Islam
etal., 2014). This may be due to either a weak signal that would not be detected
by chicken chromosome painting probes, or an artifact of de novo genome as-
sembly. Also, in O. jamaicensis, genome fusion of chromosomes orthologous
to A. platyrhynchos 4 and 11 was detected (Supplementary Material 3h). Minor
interchromosomal rearrangements in pericentromeric regions of almost all
macrochromosomes were observed.

Evolution of microchromosomes in Anseriformes

Bird microchromosomes have attracted research attention because although
for most bird species these chromosomes represent 25 % of the genome, they
are known to encode 50 % of all genes (Smith et al., 2000). It has been hypo-
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Chromosome correspondence between B. oedicnemus (BOE) and four Galloanseres species obtained using chromosome painting:
Gallus gallus (GGA), A. acuta (AAC), A. platyrhynchos (APL), and B. clangula (BCL)
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Data on homology between GGA and BOE chromosomes are from (Nie et al., 2009). MICs are quantities of microchromosome pairs; Chr is the chromosome;
TOT - the total quantities of chromosomes labeled by BOE painting probes; dist — the distal part of the chromosome.
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Fig. 4. Schematic representation of chromosome rearrangements that occurred in macro- and sex chromosomes during the evolution of Galloanseres
according to molecular phylogenies (Prum et al., 2015; Sun et al., 2017).

Rearrangements of chromosomes that were identified by comparative painting with chicken probes (Guttenbach et al., 2003; Nanda et al., 2011; Islam et al.,
2014; Rodrigues et al., 2014; Uno et al., 2019) or stone curlew probes (data obtained in this study, species names are underlined) are presented to the right of the
molecular phylogeny. The ancestral karyotype of Galliformes and data about Galliformes species are from (Shibusawa et al., 2004; Griffin et al., 2007; Damas et

al, 2019).
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thesized that avian microchromosomes represent archaic link-
age groups of ancestral vertebrates and have been preserved
in a conserved state throughout the evolution of birds (Burt,
2002; Nakatani et al., 2007). Among Anatidae species, only
A. platyrhynchos microchromosomes have been examined by
FISH with chicken BAC probes, and the obtained data have
confirmed the idea of high conservatism of avian genomes
(Fillon et al., 2007; Kiazim et al., 2021).

The set of BOE painting probes covered not all duck
microchromosomes (see the Table, Fig. 3). Enrichment of
some microchromosomes with ribosomal DNA sequences
and telomeric repeats may also influence the detection of
homologous sequences on microchromosomes. Sizes of ho-
mologous segments on microchromosomes may be below
the resolution level of molecular cytogenetics. This problem
may be exemplified by BOE 5 and orthologous elements in
chicken and duck karyotypes. This probe delineated GGA 7
and GGA 8 but only two pairs of small microchromosomes
in B. clangula. Most likely, BOE 5 labels more microchro-
mosomes in ducks, and some signals were overlooked when
the FISH data were inspected.

Although all three ducks examined here have the same di-
ploid number, in the B. clangula chromosomal set, we suggest
there are at least two ancestral macrochromosome fissions.
It is possible that some microchromosomes have merged or
fused with macrochromosomes during the formation of the
B. clangula karyotype. For Galloanserae, interchromosomal
rearrangements between microchromosomes have not yet
been recorded, but for other orders of Neognathae, data on
interchromosomal rearrangements involving macro- and
microchromosomes and the fusion of microchromosomes
are gradually accumulating (reviewed in (O’Connor et al.,
2024)). In addition, many researchers believe that the ancestral
element 10 (4A) is a microchromosome according to its GC
content and gene density (Griffin et al., 2007; Damas et al.,
2018; O’Connor et al., 2024). Fusion of ancestral elements
10 (4A) with 4 is often observed in Anseriformes (Fig. 4).

Another example of the fusion of micro- and macrochro-
mosomes was revealed by dot plot analysis in Galloanserae
species O. jamaicensis (Supplementary Material 3h). Fu-
sions of microchromosomes occurred in birds; for example,
numerous fusions of microchromosomes took place during
formation of the stone curlew karyotype (Nie et al., 2009). The
fusion of microchromosomes was revealed in the genome of
C. moschata (Supplementary Material 3d). The use of BAC
clones to analyze the chromosome set of B. clangula and
chromosome-level genome assembly will help to identify
rearrangements that occurred during the formation of the
karyotype of this species.

Given the low number of repeated sequences in bird ge-
nomes, the large number of telomeric sequences (2 to 4 %)
is a point of interest (Delany et al., 2000). In addition to the
canonical localization of (5'-TTAGGG-3"), sequences at the
ends of chromosomes, these highly conserved sequences may
be situated at an interstitial position: around a centromere or
inside a chromosome arm. Three types of telomere arrays
differing in length, position on a chromosome, age-related
stability, and linked either to macro- or to microchromosomes
have been described in the chicken (Delany et al., 2000,
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2007; Rodrigue et al., 2005). It has been demonstrated that
some avian microchromosomes tend to accumulate telomeric
repeats. So-called mega-telomeres (200 kbp to 3 Mbp) at one
of the ends have been detected in three chicken chromosomes
from highly inbred White Leghorn line (9 and two microchro-
mosomes) (Rodrigue et al., 2005; Delany et al., 2007).

Similar features of the distribution and amplification of
telomeric sequences have been described for representa-
tives of Passeriformes (Dos Santos et al., 2015, 2017) and
three anserid species (Islam et al., 2014). In the C. moschata
karyotype, 14 pairs of microchromosomes bear extended
telomeres (Nanda et al., 2002). We also located extended
telomeric sequences at the ends of four microchromosome
pairs in B. clangula and 4-5 dot-like microchromosome
pairs in A. acuta (Supplementary Material 1). Further studies
involving larger number of individuals, mapping BAC probes
to identify individual chromosomes, are needed to determine
whether microchromosomes with large clusters of telomeric
repeats are common to all Galloanserae, or whether different
microchromosomes tend to accumulate telomeric sequences
in different bird species.

Genes of 185-28S rDNA are believed to have been located
on a single pair of microchromosomes in the ancestral avian
karyotype, as observed in palaeognathous birds and in the
chicken (Nishida-Umehara et al., 2007; Delany et al., 2009).
We found clusters of rRNA genes on four microchromosome
pairs in A. acuta and two pairs in B. clangula. Localization of
rDNA sequences on several pairs of microchromosomes was
also described for A. platyrhynchos, C. moschata, and Anser
cygnoides (Islam et al., 2014).

Some bird microchromosomes have accumulated diffe-
rent types of repeated sequences during karyotype evolution
(Nanda et al., 2002; Dos Santos et al., 2015, 2017; Zlotina et
al., 2019; de Oliveira et al., 2024). We revealed the presence
of microchromosomes enriched with telomeric sequences
and/or constitutive heterochromatin in A. acuta (Fig. 3 and
Supplementary Material 1). The data presented here are based
on the analysis of one individual from each investigated spe-
cies. Perhaps accumulation of repetitive sequences is subject
to intraspecies variation, and we need more information to
address this issue.

Sex chromosome evolution

There is variation in morphology of Z chromosomes of Gal-
loanseres in terms of centromere position and size of hete-
rochromatin regions (Fig. 3). For example, it was reported
previously that the centromere position on the Z chromosome
is different between the chicken and turkey, but most likely
this situation is a consequence of the accumulation of hetero-
chromatin on the chicken Z chromosome (Shibusawa et al.,
2004). In Anseriformes, submetacentric, subtelocentric, and
acrocentric Z chromosomes were observed (Fig. 4). Recent
research indicates that the bird Z chromosome is involved in
inter- and intrachromosomal rearrangements (Damas et al.,
2019). Dot plot analysis of eight Anseriformies species identi-
fied the same gene order on the Z chromosome in all species
except for Anser cygnoides (Supplementary Material 3f). Dif-
ferent chromosome morphology (Fig. 4) with gene order con-
servation (Supplementary Material 3) indicates the presence
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of centromere repositions in Anseriformes Z chromosomes.
Amplification of heterochromatin (AT- and GC-rich) could
occur in the pericentromeric region of the Z chromosome of
B. clangula (Fig. 1 and Supplementary Material 2).

Physical size of the W chromosome is one of highly vari-
able characteristics of the avian genome (Stiglec et al., 2007).
Usually, the W chromosome of Neognathae is smaller than the
Z chromosome and has lost most genes. Nonetheless, large
W chromosomes in many avian species have been described
(Rutkowska et al., 2012; De Oliveira et al., 2017). The size of
the degenerated homologous sex chromosomes may increase
due to the enrichment with repetitive elements or to autosomal
translocations (Pala et al., 2012; Schartl et al., 2016). Among
the three species under study, a large W chromosome has
been previously described only for B. clangula (Hammar,
1970; Begak et al., 1973). C-banding of B. clangula meta-
phase chromosomes revealed that its W chromosome carries
extended heterochromatic regions with a prominent AT-rich
interstitial region (DAPI-positive) and GC-rich subtelomeric
and pericentromeric regions (Chromomycin A3-positive)
(Supplementary Material 2).

It is interesting that AT- and GC- heterochromatic regions
overlapped. It may be explained by alternation of AT- and
GC-rich repeats or the presence of repeats with a uniform dis-
tribution of AT/GC nucleotides in these regions. The painting
probe containing the W chromosome covered the euchromatic
region and subtelomere C-positive block, which may indicate
the presence of some W-specific repeated sequences in the
distal part of W. Remarkably, this probe hybridized also with
the distal region of the q arm of the Z chromosome (Fig. 3).
This may indicate a pseudoautosomal region or localization
of amplified W-specific repeated sequences. Further investi-
gation of B. clangula genomic architecture, repeatome, and
whole-genome assembly may shed light on the evolutionary
rearrangements of sex chromosomes.

Conclusion

Here, for the first time, we used stone curlew painting probes
to analyze karyotypes of three Anatidae representatives. The
detailed comparative cytogenetic maps cover all macrochro-
mosomes and some microchromosomes and contain valuable
information about the composition of the karyotypes, chromo-
some morphology, and localization of some repeated DNA
sequences. Data of comparative chromosome painting together
with dot plot (D-GENIES) analysis confirm the established
view about the high level of syntenic group conservation
among duck genomes.

Some microchromosomes in the examined duck karyotypes
were found to bear amplified clusters of ribosomal DNA,
telomeric repeats, or fractions of repeated DNA. The rDNA
clusters were located on more than one pair of microchromo-
somes in Anatidae karyotypes — on four microchromosome
pairs in A. acuta and two pairs in B. clangula. Also, micro-
chromosomes with extended telomeres have been found in this
work. This state of affairs may be a contributing factor to the
difficulties with assembling avian genomes by conventional
bioinformatic methods. Accumulation of heterochromatin in
the B. clangula karyotype needs further research: karyotyping
of more individuals and repeatome analysis.
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Abstract. Our understanding of human genes - particularly their structure, functions, and regulatory mechanisms - is
still limited. The biological role of approximately 20 % of human proteins has not been established yet, and the mo-
lecular functions of the known part of the proteome remain poorly understood. This hinders progress in basic and
applied biological and medical sciences, especially in treating hereditary diseases, which are caused by mutations and
polymorphic variants in individual genes. Therefore, it is crucial to comprehend the mechanisms of protein functioning
to address this problem. This further emphasizes the importance of investigating gene functions and molecular patho-
genetic pathways associated with single-gene inherited diseases. This review focuses on the TCF4 gene that encodes
a transcription factor crucial for nervous system development and functioning. Pathogenic variants in this gene have
been linked to a rare genetic disorder, Pitt—-Hopkins syndrome, and TCF4 polymorphic variants are associated with
several socially significant diseases, including various psychiatric disorders. The pathogenetic mechanisms of these
conditions remain unexplored, and the knowledge about TCF4 upregulation and its target genes is limited. TCF4 can be
expressed in various isoforms due to the complex structure and regulation of its gene, which complicates the investiga-
tion of the protein’s functions. Here, we consider the structure and functions of the TCF4 transcription factor. We discuss
its potential target genes and the possible loss-of-function pathogenetic mechanisms identified in animal and cellular
models of Pitt—-Hopkins syndrome. The review also examines the advantages and limitations of potential therapies for
Pitt-Hopkins syndrome that are based on TCF4 dosage compensation or altering the activity of TCF4 target genes.
Key words: TCF4; Pitt—-Hopkins syndrome; bHLH; mental disorders; autism spectrum disorders; Pitt-Hopkins syndrome
therapy.
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TpauckpunumoHHbiii pakrop TCF4:
CTPYKTYpPa, QYHKIIUU 1 aCCOLNNPOBaHHbIE 3a00/IeBaHUS

P.P. CaBuenxo () &), H.A. Cxpsi6un

HayuHo-nccnepnoBatenbCKMin UHCTUTYT MEANLIMHCKON reHeTUKKU, TOMCKMIN HaLMOHaNbHbIN NccnefoBaTenbCKUin MeAULMHCKIIA LeHTP
Poccumiickon akapemnm Hayk, Tomck, Poccna

@ renata.savchenko@medgenetics.ru

AHHOTaUMA. Ha cerogHALWHNA AeHb UMEIOTCA OrPaHNYeHHble 3HaHNA 06 OCHOBHbIX XapaKTEPUCTUKAX FeHOB YesioBe-
Ka, X CTPYKTYpe, GyHKUUM 1 MeéXaHM3MaX perynauum skcnpeccun. brionornueckasn ponb okoso 20 % 6esikoBbix Npo-
[YKTOB €HOB [10 CUX MOpP HE YCTaHOBJEHA, a MONeKyApPHble GYHKLMUM N3BECTHON YacTU MPOTEOMA OCTalOTCA Heflo-
CTaTOYHO U3yUYeHHbIMU. [laHHOE 06CTOATENBCTBO OFPAHNUMBAET MPOrpecc Kak GyHAaMeHTanbHbIX, TaK 1 MPUKNagHbIX
6UONTOrNYECKNX 1 MeANLMHCKUX HayK, B OCOBEHHOCTY B Cllyyae Tepanuy HacnefCcTBeHHbIX GonesHel, naTtoreHes Ko-
TOPbIX O6YC/IOBEH HAIMUYMEM BAapPUAHTOB B HYK/IEOTUAHOW MOCIEe[0BaTe/IbHOCTY OTAESIbHbIX FeHOB. B CBA3M ¢ 3TUM
BO3pacTaeT HeoBXOAMMOCTb MPOBEAEHNA NCCIEA0BAHMI, HaNPaBAeHHbIX Ha M3yyeHune QyHKLMIA reHOB, a TakKe Mo-
NeKyNAPHbIX NAaTOreHETUYECKMX NyTel, CBA3aHHbIX C Pa3BUTUEM MOHOTeHHbIX 3aboneBaHuil. Hala cTaTbs nocesLeHa
reHy TCF4, KoavpytoLiemy LINPOKO SKCNpeccmpyemblii GakTop TPaHCKPUMUWY, BaXHbI ANA Pa3BUTUA 1 GYHKLMOHU-
pOBaHUA HEPBHON cMcTeMbl. K HacTosALeMy BpeMEHM YCTaHOB/IEHO, UTO MaTOreHHble BapUaHTbl B 3TOM FeHe MpuBo-
OAT K pasBUTUIO PefKOro reHeTn4eckoro 3aboneBaHus, N3BECTHOTO Kak CMHAPOM lMTTa-XomnKuHca, a nonuMopdHble
BapuaHTbl B TCF4 accoummnpoBaHbl C PAAOM COLMAbHO 3HAUMMbIX 3a060M1€BaHNIA, MPEACTABIEHHbIX PA3NYHbIMU NCU-
XNYECKMMMN paccTporicTBamm. MonekynspHble MexaHU3mbl NaToreHe3a nofo6HbIX COCTOAHMIA MO-NPEXKHEMY OCTAKTCA
Her3yueHHbIMU, a 3HaHVs O BbllwecToAwel perynauyum TCF4 1 ero HUKeCTOALWMX reHax-MULLIEHsX orpaHuyeHbl. Clox-
HOCTb CTPYKTYPHOI OpraHu3aumm 1 oCO6eHHOCTU perynaummn 3KCNpeccun reHa obecneymsaioT MHOroobpasue nso-
dopm TCF4, uTo 3aTpyAHAET NOHVMaHNe MONEKYNAPHbIX GyHKUWMI 6enka. B 0630pe paccMOTpeHbl M3BECTHbIE JaHHble
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TpaHckpunumoHHbIn dpaktop TCF4: cTpyKTypa,
bYHKLMM 1 accoumMmpoBaHHble 3aboneBaHua

0 cTpyKType 1 dyHKUMAx dpakTopa TpaHckpunumm TCF4. Ob6cy»kaatloTca NoTeHLMabHble reHbl-MULLEHN 1 BO3MOXKHbIe
naToreHeTMYeCcKe MexaH3mbl, 00yCnoB/IeHHble noTepelt GYHKLMM 3TOro 6enka, BbiABNEHHbIE B UCCIEA0BAHMAX Ha
MKMBOTHBIX 1 KNETOUYHbIX MOAeNAX cuHApoma MuTTa—XonkuHca. PaccMOTpeHbl MpenMyLLecTBa U OrpaHNYeHUsA NoTeH-
LManbHbIX CTpaTernii Tepanum ykasaHHOro CMHAPOMA, OCHOBaHHbIe Ha KoMneHcauuy fo3bl TCF4 nnmn Bo3genctsnm Ha
MONEeKyNApPHble MULLEHN N3YYaeMOro TPAHCKPUMLMOHHOTO dpakTopa.

KnioueBble cnosa: TCF4; cnnapom Mutta-XonkrHca; bHLH; ncnxmueckue paccTpoiicTBa; paccTponCTBa ayTMCTUYe-

CKOro crneKkTpa; Tepanua cnHapoma Nutta—XonkuHca.

Introduction

One of the most important problems in medical genetics today
is the limited understanding of the role of proteins involved
in the molecular pathways underlying the development of
several inherited disorders. This problem is especially urgent
regarding transcription factors, since these proteins regulate
the expression of many genes, have pleiotropic effects, and are
critical for various biological processes. One such transcription
factor is encoded by the TCF4 gene. Pathogenic variants in this
gene are responsible for Pitt—Hopkins syndrome development
(Amiel et al., 2007; Brockschmidt et al., 2007; Zweier et al.,
2007), and its polymorphic variants have been associated with
various psychiatric disorders including schizophrenia, bipolar
disorder, major depressive disorder, and post-traumatic stress
disorder (Stefansson et al., 2009; Smoller et al., 2013; Wray
etal., 2018).

According to the literature, TCF4 is critical for brain
development and function, as it participates in nerve cell
differentiation and migration, regulation of neuronal excit-
ability, neuronal plasticity, etc. (Imayoshi, Kageyama, 2014;
Kennedy et al., 2016; Li H. et al., 2019; Mesman et al., 2020;
Phan et al., 2020). Despite the large amount of data pointing
to the important role of TCF4, the molecular mechanisms of
its pathogenic variants leading to impaired development and
function of cells in the nervous system remain largely unex-
plored. This review aims to summarize the literature data on
TCF4 structure and function, its known molecular targets,
diseases associated with variants in TCF4, and potential ap-
proaches to their therapy.

TCF4 structure, expression pattern

and known functions

The TCF4 gene, also known as ITF2 or PTHS, is located in
the 18g21.2 region on chromosome 18 and contains 41 exons.
Twenty of these exons are alternative 5'-exons (non-protein-
coding exons that are included or excluded from mature
MRNA to regulate the expression of longer or shorter protein
isoforms), 20 exons are internal protein-coding, and one is a
3'-non-coding exon (Sepp et al., 2011). TCF4 encodes a tran-
scription factor containing a basic helix-loop-helix structural
motif (bHLH). The proteins of this group contain a DNA-
binding domain and can regulate gene expression, forming
homo- and heterodimers. The bHLH-containing proteins are
categorized into six groups depending on the types of dimers
they form, expression pattern, and DNA binding specificity.
The transcription factor TCF4 belongs to the E-proteins group
(or class | bHLH proteins) that recognize E-box sequences
(CANNTG) located in the promoter and enhancer regions
of target genes (Schoof et al., 2020). The bHLH domain is a

highly conserved motif consisting of a basic amino acid region
followed by two amphipathic a-helixes connected by a loop.
The basic amino acid region binds to the E-box sequence
directly, while the a-helices provide dimerization.

The alternative transcription initiation sites located up-
stream of non-coding exons 1, 3, 4, 5, 7, 8, and 10 define
at least 18 TCF4 isoforms. The isoforms contain relatively
conserved C-terminal domains of the basic helix-loop-helix
structural motif but differ in N-terminal regions responsible
for transcription regulation. However, it should be noted that
the diversity of TCF4 transcripts is even higher due to alterna-
tive splicing of internal coding exons (Teixeira et al., 2021).

Full-length TCF4 transcripts include the following struc-
tural elements: the bHLH domain, activation domains (AD1,
AD2 and AD3), CE and Rep intramolecular regulatory do-
mains, NLS-1 and NLS-2 nuclear localization signals, NES-1
and NES-2 nuclear export signals, and the RSRS sequence of
four amino-acid residues (Fig. 1).

In addition to the bHLH domain, the AD1, AD2, and
AD3 activation domains can cooperatively or independently
regulate gene expression in a cell type-dependent manner. It
has been shown that the AD1 domain can bind transcription
coactivators and corepressors. The AD2 domain can bind co-
activators of transcription, but no data are currently available
on its interactions with corepressors. Transcription coactiva-
tors and corepressors compete for binding to the AD1 domain,
enabling TCF4 to both activate and repress gene expression
(Teixeira et al., 2021).

The AD3 domain interacts directly with the TAF4 subunit
of the general transcription factor 11 D, resulting in enhanced
RNA polymerase Il preinitiation on target genes, but exactly
how AD3 is involved in the regulation of gene expression by
TCF4 is currently unclear (Teixeira et al., 2021).

The TCF4 transcriptional activity is also regulated by the
previously mentioned CE and Rep domains. The conserved
element (CE) located between the activation domains of AD1
and AD3 can inhibit AD1 activity. The repression domain
(Rep), located between AD2 and bHLH, is able to repress the
activity of AD1 and AD2. Both of these domains can likely
prevent the recruitment of transcriptional cofactors, and as
a result, suppress AD1-mediated activation or repression of
transcription (Teixeira et al., 2021).

Finally, the presence of the RSRS four amino-acid residue
motif (Arg-Ser-Arg-Ser) located between the Rep and bHLH
domains may also result in reduced transcriptional activity.

The complex structural organization of TCF4, along with
the peculiar regulation of its expression, results in a variety
of TCF4 isoforms containing different structural domains.
Since all TCF4 transcripts include exons 10-20, all isoforms
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Fig. 1. Schematic representation of the full-length TCF4 protein structure.
The figure is modified from J.R. Teixeira and colleagues (Teixeira et al., 2021).

of the encoded protein contain the AD2 and AD3 activation
domains, as well as the bHLH, Rep, NLS-2, NES-1, and
NES-2 domains. Only the four longer protein isoforms con-
tain the full AD1 activation domain, while the other isoforms
contain either only a part of it or none at all (Sepp etal., 2011).
In addition, the literature describes “A-isoforms”, which are
characterized by the absence of NLS-1 and CE domains.
Finally, the presence of alternative splicing sites in exon 18
leads to the inclusion or exclusion of the segment encoding the
RSRS sequence present in positive (+) isoforms and absent in
negative (-) isoforms of the protein (Sepp et al., 2011). How
various isoforms differ from each other in terms of transcrip-
tion regulation remains an open question.

Similar to the majority of genes encoding E-proteins, TCF4
is expressed in almost all tissues of the organism, being the
most abundant in the brain (The Human Protein Atlas, https://
www.proteinatlas.org). Some TCF4 transcripts are tissue-
specific, while others have a broad spatial expression pattern.
Moreover, the quantitative ratios of the same transcripts can
vary in different tissues. The expression analysis using RT-
PCR showed that most TCF4 transcripts were expressed in
the brain, except for the five found in the testes (Sepp et al.,
2011). TCF4 expression is also upregulated during ontoge-
nesis, with the highest activity during prenatal development
(Seppetal., 2011). It has been shown that TCF4 expression in
the brain increases toward the end of the prenatal period and
then decreases to baseline in newborns, persisting throughout
life (Li M. et al., 2018).

In humans, TCF4 is expressed in the forebrain and brain
ventricular system during fetal development and persists in the
forebrain and cerebellum in adults. Besides, TCF4 is found in
oligodendrocytes of the spinal cord (Chen H.Y. et al., 2021).

The variety of TCF4 isoforms complicates the understand-
ing of its molecular functions. The functions of specific TCF4
isoforms depend on which 5-exon and internal exons are
included in the translated transcript. Depending on the isoform
structure, both subcellular localization and transcription are
differentially regulated. For example, isoforms containing
NLS are localized in the nucleus, whereas isoforms lacking
NLS require a heterodimerization partner to access the nucleus
(Chen H.Y. et al., 2021).

As a transcription factor, TCF4 has been associated with
the regulation of hematopoiesis, myogenesis, neurogenesis,
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melanogenesis, osteogenesis, and the differentiation of en-
dothelial, mammary, and Sertoli cells (Teixeira et al., 2021).
Additionally, TCF4 appears critical for normal nervous system
development and function. This protein forms heterodimers
with the transcription factors ATOH1, ASCL1, NEUROD1,
and NEUROD2, which play an important role in nervous
system development (Wittmann, Haberle, 2018). TCF4 is
known to be important for brain development and function-
ing: it participates in such processes as the differentiation of
neuronal progenitor cells into neurons, oligodendrocyte and
astrocyte (Imayoshi, Kageyama, 2014), maturation, neuronal
migration and function, oligodendrocyte myelination, synaptic
plasticity, etc. (Kennedy et al., 2016; Li H. et al., 2019; Mes-
man et al., 2020; Phan et al., 2020).

TCF4-associated diseases

To date, a number of studies have indicated a possible role
for TCF4 in the pathogenesis of various socially impor-
tant diseases. Genome-wide association studies show that
polymorphic variants in TCF4, predominantly localized in
non-coding regions of the gene, are associated with various
psychiatric disorders, including schizophrenia (Stefansson et
al., 2009; Ripke et al., 2011; Steinberg et al., 2011; Smoller et
al., 2013; Bocharova et al., 2017), bipolar disorder and autism
spectrum disorders (Smoller et al., 2013), major depressive
disorder (Wray etal., 2018), and post-traumatic stress disorder
(Gelernter et al., 2019). In addition, variants in TCF4 are as-
sociated with Fuchs’ corneal endothelial dystrophy (Afshari
et al., 2017; Fautsch et al., 2021) and sclerosing cholangitis
(Ellinghaus et al., 2013). However, it is currently unknown
whether these polymorphic variants are responsible for the
development of these diseases. The exception is Fuchs’ en-
dothelial corneal dystrophy: most patients with this diagnosis
carry an expansion of the trinucleotide repeat (CTG)n in
intron 3 of the TCF4 gene, leading to splicing errors (Du et
al., 2015; Papanyan et al., 2019) (see the Table).

In 2007, several independent studies showed that heterozy-
gous carriage of pathogenic variants in the TCF4 gene leads
to the development of a rare inherited disease, Pitt—-Hopkins
syndrome (PTHS) (Amiel et al., 2007; Brockschmidt et al.,
2007; Zweier et al., 2007). Despite phenotypic differences,
most patients with this syndrome are characterized by a
specific set of dysmorphic facial features combined with in-
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Variants Frequency OR (95 % Cl)

rs9960767(C] 0.06 1.3(1.11-1.51), p = 0.001
rs17512836[C] 0.02 1.23(1.14-1.31),p=1.05x 1076
rs4309482[A] 0.58 1.09 (1.06-1.12), p=7.8x107°
rs9960767(C] 0.03 0.68(0.41-1.13),p=0.134

rs17594526[T] 0.01 0.60 (0.25-1.42), p=0.238

rs12958048 [A]  0.33 1.03 (nd), p< 1x10™°
rs2123392 [C] nd nd

rs613872 [G] 037 5.47 (3.75-7.99),p= 1x 1078
rs784257[G] 0.48 4.94 (4.45-5.58), p = 2.5x 10729
rs1452787[G] 0.23 0.75 (0.68-0.83), p=2.61x 108

Disease Reference

Schizophrenia Stefansson et al., 2009

Schizophrenia, BD, ASD Ripke et al.,, 2011;

Smoller et al., 2013
Schizophrenia Steinberg et al., 2011
Bocharova et al., 2017
Bocharova et al., 2017
Major depressive disorder Wray et al., 2018
PTSD Gelernter et al., 2019
Fuchs’ endothelial dystrophy Baratz et al., 2010
Afshari et al., 2017

Sclerosing cholangitis Ellinghaus et al.,, 2013

Note. OR - odds ratio; Cl — confidence interval; BD - bipolar disorder; ASD — autism spectrum disorders; PTSD — post-traumatic stress disorder; nd - no data.

tellectual disability, sensorimotor impairment, speech delay,
and generalized muscular hypotonia. About 78 % of patients
frequently perform stereotypical and intense repetitive move-
ments, which allows PTHS to be classified as an autism
spectrum disorder. Approximately half of patients with PTHS
have abnormal breathing patterns and about one-third develop
epileptic seizures. In addition, magnetic resonance imaging
has identified several brain anomalies in patients with PTHS,
including agenesis of the corpus callosum, large ventricles,
and an abnormal shape of the posterior cranial fossa (Teixeira
etal., 2021).

The spectrum of TCF4 mutations identified in patients with
PTHS includes missense (~15 % of cases), nonsense (~15 %),
splicing site mutations (~10 %), small insertions or deletions
resulting in frame shifts (~30 %), translocations and large dele-
tions encompassing TCF4 partially or fully (~30 %) (Teixeira
etal., 2021). Some estimates put the worldwide prevalence of
PTHS caused by chromosomal deletions at 1/34,000-1/41,000
(Rosenfeld et al., 2009).

Depending on the localization and mutation type, TCF4
isoforms are affected differently. The majority of missense
mutations affect exon 19 encoding the bHLH domain. Cer-
tain missense mutations affect exons 15 and 18 encoding
the AD2 activation domain and the Rep regulatory domain,
respectively. Since all TCF4 transcripts contain these exons,
the pathogenic variants described lead to the disruption of all
protein isoforms. Most nonsense, frame-shift, and splice-site
mutations also result in damage to all isoforms of the protein.
However, if these mutations occur in exons 8 and 9 or are
localized upstream of exons 10a-c, the A-isoforms and shorter
TCF4 isoforms are unchanged. Several translocations and
deletions span only initial exons (1 through 4) or inner exons
(5 through 9), retaining intermediate and shorter isoforms,
respectively (Sepp et al., 2012).

The effects of the structural diversity and cell-specific TCF4
expression pattern on physiologic processes remain poorly

understood. However, it is hypothesized that different types
of TCF4 mutations in individuals with PTHS may impair the
functions of the encoded protein by diverse mechanisms and
to a varying extent, thus leading to the phenotypic variability
observed among patients (Bedeschi etal., 2017). For example,
missense mutations in the bHLH motif or insertions elongating
the reading frame can damage DNA-binding or transactivation
functions in a manner dependent on dimer context (Sepp etal.,
2012). Pathogenic variants encompassing the bHLH domain
responsible for dimerization destabilize the protein, whereas
missense mutations outside of the bHLH domain cause no
major functional deficiencies (Chen H.Y. et al., 2021).

The majority of the pathogenic variants in TCF4 found in
patients with PTHS lead to haploinsufficiency because they
restrict the expression of certain or all transcripts to a single
copy of the allele. In addition, certain missense mutations
cause the attenuation or loss of TCF4 function as a transcrip-
tion regulator without affecting its ability to dimerize in vitro,
which seems to indicate a dominant-negative effect (Forrest
et al., 2013). Whether the observed effect occurs in vivo is
currently unclear. Presumably, it would be weak due to dimer
instability with mutant TCF4 (Teixeira et al., 2021). Thus, it
is evident that PTHS results from the dysregulation of TCF4-
mediated gene expression. How such disturbances can trigger
a pathophysiologic process remains unclear. J.R. Teixeira et
al. (2021) suggest this process may be related to the general
functions of E-proteins during the regulation of the cell cycle
and to the specific role of TCF4 in cell differentiation.

Molecular pathways and potential

target genes regulated by TCF4

To date, there has been progress in identifying upstream
regulators and target genes of the TCF4 transcription factor.
K.M. Henning et al. showed that the pharmacological acti-
vation of the WNT/B-catenin signaling pathway in induced
pluripotent stem cells (iPSCs), derived from neural progenitor
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cells and neurons from patients with PTHS, leads to increased
TCF4 expression (Hennig et al., 2017). Chromatin modifica-
tion mediated by the inhibition of class | histone deacetylases
has a similar effect (Kennedy et al., 2016; Hennig et al., 2017).
TCF3, a member of the E-protein subgroup, and the ZAC1
transcription factor also upregulate Tcf4 expression (Schmidt-
Edelkrautetal., 2014; Li H. et al., 2019). The authors suggest
that Tcf4 regulation by TCF3 and other unidentified transcrip-
tion factors is crucial for normal cortical development (Li H.
etal., 2019) (Fig. 2).

Using ChIP-Seq technology, several studies have identified
direct TCF4 targets, including Bmp7 (Chen T. et al., 2016),
Nrxnl (D’Rozario et al., 2016), Gadd45g (Sepp et al., 2017),
Gjb2, and Plpl (Wedel et al., 2020). Cellular and animal
models have helped identify the following molecular targets
of TCF4: Scn10a (Nav1.8) and Kengl (Kv7.1) (Rannals et al.,
2016; Martinowich et al., 2022), Wnt7b (Wang et al., 2020),
Gadd45g (Tamberg et al., 2020), Syn and Dlgl (Tamberg
et al., 2020). Collectively, these studies indicate that TCF4
regulates genes involved in brain development, nerve cell
differentiation, neuronal excitability, synapse function, and
survival (Fig. 2).

However, according to the literature, TCF4 has more than
ten thousand binding sites in the genome, potentially con-
nected to more than five thousand genes (Forrest et al., 2018;
Xiaetal., 2018). In light of these data, it is clear that the vast
majority of molecular targets of this transcription factor remain
unidentified. Therefore, identifying molecular pathways and
target genes regulated by TCF4 is essential for fundamental
research of the processes controlled by transcription factors.
Moreover, understanding of the mechanisms of the gene
network function and identification of the key molecular tar-
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gets of TCF4 may significantly influence the development of
therapeutic strategies for TCF4-associated diseases.

To date, several studies using animal models have assessed
changes in the transcriptional profile caused by TCF4 muta-
tions. The genes encoding potassium and sodium ion channels,
Kengl and Scnl0a, are identified as downstream targets of
TCF4 in rodent models (Rannals et al., 2016; Martinowich et
al., 2022). Both studies demonstrate overexpression of these
genes coupled with the loss of TCF4 function, which allows
to consider this transcription factor as a regulator of neuronal
excitability. Other studies have reported downregulation of the
Arc gene, which is important for synaptic plasticity, informa-
tion processing, and memory (Kennedy et al., 2016), and the
Wnt7b gene, which is considered a key TCF4 target in the
regulation of neuronal progenitor cell migration during dentate
gyrus development (Wang et al., 2020) (Fig. 2).

Several studies demonstrate that mice with Tcf4 muta-
tions are characterized by an increased expression of genes
associated with neuronal progenitor cell proliferation and
a suppressed expression of genes involved in neuronal dif-
ferentiation and migration (Li H. et al., 2019), neurogenesis,
and neuronal maturation (Mesman et al., 2020). B.D.N. Phan
et al. (2020) also reported an abnormal gene expression pat-
tern in oligodendrocytes, in particular the genes involved in
myelination, which is critical for the normal function of these
cells (Fig. 2).

Thus, animal research suggests that TCF4 is crucial for
brain development and function and identifies potential
targets of this transcription factor. However, animal model
systems have significant limitations when it comes to ex-
trapolating their results to humans. For instance, TCF4 hap-
loinsufficiency is known to result in clinical manifestations
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of PTHS in patients, whereas heterozygous mice carrying
Tcf4 mutations (wt/Tcf4-) tend to exhibit milder phenotypes
(Thaxton et al., 2018; Li H. et al., 2019; Mesman et al., 2020;
Wang et al., 2020). These differences appear to be due to sig-
nificant differences between the structure and development of
rodent and human brains, which should be taken into account.
This fact highlights the need for research to be conducted on
human nerve cells.

In the study by F. Papes et al. (2022), fibroblasts derived
from patients with PTHS were reprogrammed into iPSCs with
subsequent differentiation into neural progenitor cells, neu-
rons, and brain organoids. The authors showed that neuronal
progenitor cells with TCF4 mutations were characterized by
reduced proliferation and impaired neuron differentiation,
while brain organoids were characterized by abnormal size and
cellular composition (Papes et al., 2022). Based on the RNA
sequencing results, the authors suggest that the loss of TCF4
function leads to disruptions of the Wnt signaling pathway,
and, as a result, a decreased expression of SOX target genes,
ultimately leading to the reduced proliferation of progenitor
cells (Papes et al., 2022). The rescue of TCF4 expression or
pharmacological correction of the Wnt signaling pathway re-
sulted in a partial recovery of aberrant phenotypes. These data
indicate possible therapeutic strategies for TCF4-associated
genetic disorders.

Several studies using SH-SY5Y to model TCF4 dysfunc-
tion are found in the literature and provide valuable insight
into the molecular mechanisms regulated by this transcription
factor. The microarray analysis of the transcriptional profile
performed in the SH-SY5Y cells with TCF4 knockdown re-
vealed differentially expressed genes (DEGs) involved in the
TGEFp signaling pathway, epithelial-mesenchymal transition,
neuronal differentiation, and apoptosis (Forrest et al., 2013).
The genes encoding EMT, SNAI2, and DEC1 transcription
factors, as well as NEUROG2 and ASCL1 proneural genes, and
genes associated with intellectual disability, such as UBE3A
(Angelman syndrome), ZEB2 (Mowat—Wilson syndrome),
were characterized by the most pronounced differential ex-
pression. The findings suggest that TCF4 regulates several
molecular pathways associated with nerve cell differentiation
and survival, as well as genes clinically significant to the
pathogenesis of intellectual disability.

In another study, H. Xia et al. applied ChIP-seq techno-
logy in SH-SY5Y cells to analyze DNA-protein interac-
tions and detect TCF4-binding sites (Xia et al., 2018). This
approach has identified more than 10,000 binding sites
that can be attributed to more than 5,500 genes. The gene
set enrichment analysis (GSEA) of potential target genes
revealed the pathways associated with neuronal develop-
ment and identified genes that overlap with those underex-
pressed postmortem in the brains of patients with schizophre-
nia. These data further support the importance of TCF4 for
brain development and function and indicate the existence
of pathogenetic molecular pathways common to PTHS and
schizophrenia (Xia et al., 2018).

Thus, studies conducted in animal models of PTHS have
identified variability in the phenotypes that provide important
biological information about this disorder. The phenotypes
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described above are observed throughout life, ranging from
abnormalities in cortical development and nerve cell differen-
tiation and maturation to impairments in neuronal excitability,
synaptic plasticity, and behavior in adult animals. Although
the analyses of transcriptional profiles using microarray and
RNA sequencing do not point directly to TCF4 target genes,
they emphasize the important role of this transcription factor
in neurogenesis and demonstrate a large-scale gene network
potentially regulated by TCF4. Understanding of the molecular
pathways and identification of TCF4 target genes are crucial
for comprehending the pathogenesis of TCF4-associated dis-
orders and identifying potential therapeutic targets.

Potential therapeutic strategies

for Pitt—-Hopkins syndrome

Pitt—Hopkins syndrome patients require lifelong medical care,
but current therapeutic approaches focus on symptomatic
treatment. Although there is currently no effective treatment
for PTHS, research is ongoing to understand the molecular
mechanisms behind the disease and to identify potential
therapeutic targets. Several potential therapeutic approaches
have been tested in preclinical mouse models of PTHS. The
first approach corrects gene transcriptional activity using his-
tone deacetylase inhibitors, which have been associated with
improved memory and learning ability. The administration of
histone deacetylase inhibitor SAHA improved cognitive func-
tion and memory in mice with heterozygous Tcf4 mutations
(a deletion of exons encoding the bHLH domain) (Kennedy
etal., 2016). Other studies have selected the sodium potential-
dependent NaV1.8 channel encoded by the SCN10A gene as
a therapeutic target. TCF4 loss-of-function leads to ectopic
overexpression of Scn10a, and the pharmacological inhibition
of NaV1.8 in murine models of PTHS is effective for the resto-
ration of several physiological functions and behavior (Ekins
et al., 2020; Cleary et al., 2021; Martinowich et al., 2022).
Specifically, S. Ekins and colleagues used Nicardepine, a drug
approved by the Food and Drug Administration (FDA) and
used in cardiology, as a NaV1.8 inhibitor (Ekins et al., 2020).
Other selective NaV1.8 inhibitors have also been proven safe
for humans in clinical trials (Hijma et al., 2021, 2022). Given
these facts, testing NaV1.8 antagonists for PTHS therapy has
significant potential.

The strategies discussed employ either upstream regulators
of TCF4 activity or downstream target genes as therapeutic
targets. Despite the success of these approaches in animal
models, they have some limitations. The effects on upstream
regulators of TCF4 are likely to lack specificity and entail
undesirable adverse reactions arising from off-target transcrip-
tional effects. The limitations of the second approach stem
from the fact that TCF4 regulates the expression of hundreds
or thousands of other genes (Forrest et al., 2013; Hill et al.,
2017; Xia et al., 2018; Torshizi et al., 2019), which greatly
complicates the identification of the key transcription modifier
genes and the correction of their expression levels.

Since TCF4 loss-of-function underlies the disease, it can
be hypothesized that rescuing gene expression using antisense
oligonucleotides or gene therapy may prove to be the most
effective treatment approach. However, given that TCF4 ex-
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pression in humans peaks in the prenatal period and then
decreases to the baseline level maintained throughout life
(Rannals et al., 2016; Phan et al., 2020), the question arises
about the possibility of restoring physiological and behavioral
functions of patients with PTHS by normalizing TCF4 expres-
sion in the postnatal period. Moreover, it remains unclear to
what extent TCF4 expression should be upregulated. The
regulation of TCF4 dosage is extremely important because the
disease can develop from either too low or too high expression
levels. Pathogenic variants in TCF4 leading to haploinsuf-
ficiency may cause neurodevelopmental disorders, whereas
polymorphic variants localized in non-coding regions of the
gene lead to its overexpression and appear to be associated
with schizophrenia.

Arecent study by H. Kim et al. (2022) using a mouse model
of PTHS showed that the development of the phenotypes
characteristic of this syndrome can be prevented or partially
corrected by normalizing Tcf4 expression, with the success of
therapeutic intervention depending on the timing of exposure
and cell type specificity. Pancellular rescue of Tcf4 expression
in the prenatal period completely prevented the development
of PTHS phenotypes. Selective restoration of gene expression
in excitatory or inhibitory neurons during embryogenesis
resulted in the rescue of a number of behavioral functions.
Finally, postnatal restoration of Tcf4 expression using adeno-
associated viral vectors in neurons reduced anxiety-like be-
havior, stimulated activity, and improved innate behaviors and
memory. In addition, this approach led to a partial recovery
of EEG parameters and correction of the expression levels of
several Tcf4 target genes (Kim et al., 2022).

Gene therapy based on viral vectors holds great promise
for the treatment of diseases previously considered incurable.
According to the Gene Therapy Clinical Trials Worldwide
database as of March 2023, the vectors based on adenoviruses,
retroviruses, lentiviruses, and adeno-associated viruses were
the most frequently used in clinical trials (https://a873679.
fmphost.com/fmi/webd/GTCT; accessed 29.06.2024). Viral-
based vectors have their advantages as well as undesirable
effects. The latter include immune response, cytotoxicity,
risks of genomic integration, and risks associated with the
emergence of de novo replicative-competent viruses (Ertl,
2022; Leikas et al., 2023; Lundstrom, 2023).

Thus, gene therapy approaches to rescuing TCF4 expression
developed in animal models may be effective for patients with
PTHS. In this regard, further studies are needed to determine
whether restoration of Tcf4 expression at different periods of
ontogenesis can help correct behavioral and physiological
dysfunction. The results of such studies may help us evaluate
the effectiveness of therapy for different age groups of PTHS
patients. In addition, potential therapy strategies using TCF4
expression level correction will have to ensure appropriate
biodistribution of the encoded protein, as studies show that
restoration of gene activity only in certain cells and brain
structures can lead to the normalization of some behavioral
and physiological functions in laboratory animals (Kim et al.,
2022). One of the main advantages of gene therapy for PTHS
is that it does not require an understanding of the molecular
pathogenesis mechanisms, as this approach targets the under-
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lying cause of the disorder — the impaired TCF4 and its loss-
of-function mutations. However, should gene therapy prove
ineffective for humans in the postnatal period or be unfeasible
in utero, the main focus of research would likely shift towards
developing treatment strategies that target TCF4-regulated
molecular pathways and downstream target genes.

Conclusion

To date, substantial experimental data have accumulated, dem-
onstrating the important role of the TCF4 transcription factor
in the development and functioning of the nervous system.
TCF4 structure and function anomalies are shown to drive the
development of Pitt—-Hopkins syndrome, and variants in the
gene are associated with a number of psychiatric disorders.
However, the molecular mechanisms behind these conditions
remain unexplored, and our knowledge of the TCF4 upregu-
lation and its downstream target genes is limited. Moreover,
there is insufficient information on the dynamic expression
and function of TCF4 during ontogenesis. It is also unclear
how the activity of the encoded transcription factor changes
depending on dimerization partners.

Given the broad expression pattern of TFC4, as well as its
involvement in the development of the nervous system, it can
be assumed that pathogenic variants affecting this gene may
also be associated with other pathological conditions. This idea
is supported by transcriptomic dynamics during TCF4 loss of
function, as well as by studies of DNA-protein interactions
using ChlP-Seq technology, indicating that common patho-
genetic pathways seem to be involved in the pathogenesis of
PTHS and some psychiatric disorders (Xia et al., 2018; Phan
et al., 2020).

Although many aspects of TCF4 function remain to be
explored, this transcription factor is evidently one of the key
proteins responsible for learning, memory, verbal contact,
and communicative functions in the context of psychiatric
disorders. Further study of TCF4 and the identification of
molecular pathways and target genes it regulates is crucial
for understanding the pathogenesis of TCF4-associated
diseases. This research direction is also important for find-
ing potential therapeutic strategies for PTHS and possibly
other socially significant diseases such as schizophrenia and
bipolar disorder.
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Abstract. The Y chromosome contains a set of genes with testis-specific expression that are responsible for the develop-
ment of testes and spermatogenesis, and it is the most important target in the search for genetic causes of male infertil-
ity. Most of these genes are located in the “azoospermia factor” AZF locus (regions AZFa, AZFb, and AZFc) on the long
arm of the Y chromosome. Microdeletions of the Y chromosome, leading to the removal of the entire AZF locus as well as
one or more regions (complete deletions), are one of the leading causes of spermatogenesis impairment and infertility.
However, the role of partial AZFc deletions (gr/gr, b2/b3, b1/b3) in spermatogenesis failure is unclear, and their impact
on spermatogenesis varies between populations. The aim of the present study was to assess the frequency of various
types of AZFc microdeletions and to search for associations with spermatogenesis parameters in men of Slavic ethnicity
from the general Russian population (n = 700, average age 25.8 years). To identify AZF microdeletions, the presence/
absence of 15 STS markers was analyzed using multiplex real-time polymerase chain reaction. Age, weight, height, and
the volume, concentration, total count, proportion of motile and morphologically normal spermatozoa in the ejaculate
were recorded for all participants. In the studied sample, 19.9 % (139/700) of men were found to have AZFc microdele-
tions, of which 16.7 % (117/700) were carriers of a partial b2/b3 deletion, 3.0 % (21/700) had a partial gr/gr deletion,
and 0.14 % (1/700) had a complete b2/b4 deletion. Neither AZFa nor AZFb microdeletions nor other types of AZF dele-
tions were detected. The overall frequency of all types of AZFc deletions, as well as each type of partial microdeletion,
b2/b3 and gr/gr, did not differ in the groups of azoospermia, severe oligozoospermia (<5.0 mill/ml), oligozoospermia
(5.0 < SC < 16.0 mill/ml), and normal sperm concentration (>=16.0 mill/ml). Comparison of semen parameters in groups
with different types of partial AZFc deletions and the control group (without deletions) also did not reveal significant
differences. Thus, partial AZFc microdeletions b2/b3 and gr/gr do not have a significant impact on spermatogenesis
in Slavic men. It is suggested that in Slavs, partial AZFc microdeletions b2/b3 and gr/gr are fixed in Y haplogroups N3
and R1a, respectively, and their negative impact on spermatogenesis is balanced by other genetic factors. The higher
frequency of partial AZFc deletions (19.7 %) in Slavs compared to European populations (7.3 %) established in our study
may be explained by the widespread distribution of these Y haplogroups in the Slavic population of Russia.
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PacripocTpaHeHHOCTb MUKpoaeneinin AZFc permoHa
Y-XpOMOCOMBI U BAVSHNE Ha CliIepMaTOoreHes
V POCCUIICKMX MYXXUMH U3 0011ei IOV LN
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AHHoTaLuA. Y-XpOMOCOMa COAEPXKUT HABOP reHOB, UMEILLKX TECTUC-CNELMPUYECKYIO SKCMPECCUIO, OTBETCTBEHHDIX 3a
pasBuTHE ANYEK U CepmaToreHes, 1 ABNAeTCA Hambonee BaXKHOM MULLEHDBIO B MOUCKE FEHETUYECKMX MPUYNH MYXKCKOrO
6ecnnoana. BonbLWMHCTBO K3 3TVX FeHOB PACMONOXeHbI B IOKyce «pakTopa azoocnepmun» AZF (pernoHbl AZFa, AZFb n
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AZFc-mukpopaeneLmm Y-XpoMOCOMbl
1 cnepmartoreHes

AZFc) Ha anuHHOM nineye Y-xpomocombl. Mnkpogeneuum Y-xpomocombl, NpuBoaALLme K yganeHuto Bcero nokyca AZF, a
TaKXe OIHOTO WS HECKONbKMX PErMoHOB (MOMHble feneuunn), ABNATCA OGHOWN U3 BEQYLMX NPUYMH HAapYLLUEHWA crep-
MaToreHesa 1 6ecnnofus, OfHaKo Posib YacTnuHbIX AZFc-geneunii (gr/gr, b2/b3, b1/b3) B HapyleHnn cnepmaToreHesa
He fICHa, a BNVAHME Ha cnepmaTtoreHes BapbupyeT mexay nonynauuamu. Llenb HacToswero nccneposaHma coctosana
B OLIeHKe YacTOoTbl Pa3nunuHbIX TMNoB AZFc-muKkpoaeneumin 1 noncke accoumaumnin ¢ napaMmeTpaMmmn cnepmartoreHesa y
MY>KUMH CNaBAHCKON STHUYECKON rpynnbl U3 obLiert poccminckon nonynauun (n = 700, cpeaHMn Bo3pacT 25.8 roaa).
[na sbiaBneHna AZF-myKkpopeneunin aHannsnposBanu Hannume/otcyTcTemne 15 STS-mapkepoB METOAOM MyNbTUMIEKC-
HOW MONMMEPasHON LIEMHOM peaKkummn B peXXMme peasibHOro BpemeHu. Y Bcex y4acTHMKOB 3anuvcbiBanm BO3pacT, BeC,
pocT, oueHnBany 06beM, KOHLEHTpaLUuto, oblyee KONMYECTBO, JOMO MOABMXKHBIX M MOPGONOrNYECcKN HOPMasbHbIX
crepmaTo3oungoB B 3aKynATe. B uccnegyemon Bbibopke BbisiBieHbl 19.9 % (139/700) My>KunH ¢ MyuKpogeneunammn AZFc
pervoHa, u3 Hux 16.7 % (117/700) ABRANUCb HOCUTENAMM YacTUYHOW aeneunn b2/b3, 3.0 % (21/700) - yacTyHON fAe-
neuun gr/gr, 0.14 % (1/700) - nonHown geneuunn b2/b4. He obHapyxeHbl AZFa n AZFb myukpogeneunmn n gpyrue Tmnbl
AZF-peneuun. CymmapHaa yactota Bcex TunoB AZFc-geneumin, a Takke KaXAoro Tvna YaCTUYHbIX MUKPOAeneuunmn
b2/b3 v gr/gr He pa3nryanacb B rpynnax a3ooCcnepMUn, TAXKeNIon onrrozoocnepmum (<5.0 MH/mi), onmMrosoocnepmmn
(5.0 < KC < 16.0 maH/Mn) 1 HOpManbHOWM KOHLUEHTpaL MK cnepmato3ongos (=16.0 mnH/mn). CpaBHEHME CnepMUooru-
YecKmx rokasaTesnieli B rpynnax C pasfiMyHbIMK TUNamMm YacTnyHbix AZFc-geneunin n KoHTponem (6e3 geneunin) Toxe
He BbIABMJIO [JOCTOBEPHbIX pa3nununii. Takum obpasom, yactnuHble AZFc-mukpogeneuumn b2/b3 n gr/gr He okasbliBatoT
CYLLeCTBEHHOrO BIMAHMA Ha CnepmaTtoreHes y ClaBAHCKUX MyKUnH. [pefnonaraerca, 4to y cnaBaH YacTnyHble AZFc-
Mukpogeneuun b2/b3 n gr/gr ¢pukcmposarbl B Y-rannorpynne N3 n R1a cOOTBETCTBEHHO, a VX HeraTuBHoe BMAHUE
Ha crepmaTtoreHes ypaBHOBELLNBAETCA APYrMMU reHeTUYeckMmn Gaktopamu. YCTaHOBNEHHAsA B Hallel paboTte 6onee
BbICOKaA YacToTa YacTuuHbix AZFc-geneunii (19.7 %) y cnaBaH No CpaBHEHUIO C eBponenckumu nonynaunamu (7.3 %)
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TaK>Ke MOXET 0ObACHATLCA LWMPOKNM PacnpocTpaHeHeM STUX Y-raniorpynn B ClaBAHCKOW nonynaumm Poccun.
KnioueBbie cnosa: AZFc-mukpogeneuun Y-XpoMoCOMbl; CriepMaToreHes; My»Kckas pepTunbHOCTb; obLas nonynayus.

Introduction

The prevalence of male infertility in the general population is
7-12 % (Krausz et al., 2018; Cioppi et al., 2021), and in the
Russian Federation 10-15 % of married couples suffer from
infertility depending on the region (Lebedev et al., 2019).
A number of genetic variants that negatively affect male
fertility are known, and this list is continuously expanding
(Cioppi et al., 2021). The Y chromosome is the most impor-
tant molecular genetic target in the search for genetic causes
of male infertility and subfertility (Krausz, Casamonti, 2017;
Colaco, Modi, 2018). The Y chromosome carries genes neces-
sary for the normal development of the testes and testicular
functions, such as sex determination and the regulation of
spermatogenesis. On the Y chromosome, the AZF locus and
its three regions AZFa, AZFb and AZFc are located, and
Y chromosome microdeletions leading to the removal of
whole AZF regions (complete microdeletions) are the second
main cause of spermatogenesis impairment and infertility
after Klinefelter syndrome (Krausz, Casamonti, 2017; Krausz
et al., 2024). The AZF microdeletions are usually de novo
mutations, the complete microdeletion rate in the general
population is 1:4,000, but in men with oligozoospermia and
azoospermia it is significantly higher and can be as high as
14 % (Colaco, Modi, 2018; Cioppi et al., 2021; Deng et al.,
2023). Adequate diagnostic methods have been developed for
testing microdeletions in the AZF locus of the Y chromosome,
and screening for complete microdeletions of AZFa and AZFb
has become a mandatory part of routine diagnostic examina-
tions for men with azoospermia and severe oligozoospermia.
However, the clinical and diagnostic significance of the AZFc
region remains a subject of discussion (Krausz et al., 2018).
An indication for testing for Y chromosome microdeletions is
a sperm concentration of less than 5 mill/mL or azoospermia,
which is often observed in patients with infertility (Krausz
etal., 2018).

A feature of the AZF locus of the Y chromosome is the
ampliconic structure and multiple copies of genes. Ampliconic
sequences are more than 99 % identical and organized into
eight massive palindromes. Because palindrome sequences
exhibit near-complete symmetry, they tend to form hairpin-like
structures and generate homologous recombination (Kuroda
etal., 2020). The most common type of AZF deletion is AZFc
(70-80 %), followed by AZFa (0.5-9 %), AZFb (1-7 %), and
AZFb+c (1-20 %) (Krausz, Casamonti, 2017; Cioppi et al.,
2021; Krausz et al., 2024). Complete AZF deletions, which
entirely remove one or more AZF regions, are associated with
severe spermatogenesis failure, leading to infertility, and are
never found in men with normozoospermia.

The AZFa region contains two single-copy genes USP9Y
and DDX3Y and retroviral sequences HERVWql and HERWq2,
which are flanking AZFa. Between these directional retroviral
sequences, homologous recombination could occur resulting
in the deletion of AZFa, azoospermia, and Sertoli cell-only
syndrome. The AZFb region contains 32 gene copies and tran-
scription units. With a complete deletion of AZFb, the DNA
segment including all 32 copies of genes and transcription
units is removed, leading to maturation arrest and azoosper-
mia. The AZFb and AZFc regions are partly overlapping,
and complete AZFb or AZFb+c deletions are associated with
Sertoli cell-only syndrome and azoospermia (Kuroda et al.,
2020; Cioppi et al., 2021).

The AZFc region contains 12 genes in a variable number
of copies for a total of 32 transcription units, which are ex-
pressed only in the testis and most often undergo deletions
(Colaco, Modi, 2018; Cioppi et al., 2021; Krausz et al.,
2024). A complete AZFc deletion (b2/b4) occurs as a result
of homologous recombination between amplicon b2 and b4
and is characterized by spermatogenic impairment, ranging
from severe oligozoospermia to azoospermia. However, in
a significant number of cases, it is accompanied by residual
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spermatogenesis (Krausz et al., 2024). The AZFc locus con-
tains the DAZ gene family that is a key determinant of sper-
matogenesis and consists of four copies (DAZ1-4). The DAZ
gene contains an RNA-binding protein, which indicates the
participation of genes of this family in mRNA translation
and, apparently, in the differentiation of spermatogenic cells
and meiotic division. Copies of the DAZ gene are distributed
across two different clusters (DAZ1/2 and DAZ3/4), and their
expression is observed at all stages of germ cell development
(Colaco, Modi, 2018). The AZFc region is rich in amplicons,
therefore, it is predisposed to a number of rearrangements,
including partial deletions or duplications, as well as dele-
tions with subsequent duplication. However, their effects on
spermatogenesis are not yet clear and are actively discussed
(Krausz, Casamonti, 2017). If partial deletions of AZFa and
AZFb are extremely rare and are associated with reduced
sperm production, then the role of partial deletions of AZFc
(the most common are gr/gr, b2/b3, b1/b3) in spermatogenesis
is controversial and the association with spermatogenesis var-
ies greatly (from normozoospermia to azoospermia), but they
may be compatible with natural conception or successfully
overcome by assisted reproductive technologies (Bansal et al.,
20163, b).

The gr/gr partial AZFc deletion removes almost half of the
AZFc gene content, including two copies of the DAZ gene
(DAZ1/DAZ2 or DAZ3/DAZ4) and one copy of the BPY2
and CDY1 gene, representing a risk factor of spermatogenic
impairment (Bansal et al., 2016b; Krausz et al., 2024). The
phenotypic expression of the gr/gr deletion varies from azoo-
spermia to normal sperm concentration, the cause of which
is not yet clear. Since some gr/gr deletions are followed by
duplications restoring the gene dosage, it is the gene copy
number that may be the causal factor modulating sperm pro-
duction. Geographic and ethnic differences in the frequency
and clinical implications of the gr/gr deletion have been
found, suggesting that Y chromosomal background can affect
the testicular phenotype (Krausz, Casamonti, 2017). Certain
Y haplogroups carrying a fixed gr/gr deletion may be present
at high frequency in some ethnic populations and may influ-
ence the phenotypic manifestation of deletions through as
yet unknown genetic factors (Sin et al., 2010; Rozen et al.,
2012; Lo Giacco et al., 2014; Mokéanszki et al., 2018). In the
population of Northern India, the gr/gr deletion is a risk fac-
tor for impaired spermatogenesis if this deletion is not fixed
in haplogroups R and H, the most common in this region
(Bansal et al., 2016b).

Partial AZFc deletions of b1/b3 or b2/b3 remove more than
half of the AZFc region and 12 gene copies and transcription
units each. The mechanism of b1/b3 deletion formation in-
volves a homologous recombination between sister chromatids
or within a chromatid. Due to its low frequency, the effect
of b1/b3 deletion on spermatogenesis remains unclear, but
some authors find an increased risk of severe spermatogenic
failure in men with a b1/b3 deletion (Krausz, Casamonti,
2017). The b2/b3 deletion removes over half of the AZFc,
including two copies of DAZ and one copy of CDY1. The
molecular mechanism of the b2/b3 deletion is complex, since it
is preceded by an inversion and results in the retention of two
DAZ gene copies, one BPY2 gene and one CDY1 gene. A high
frequency of the b2/b3 deletion is observed in populations of
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Northern Eurasia, where it is fixed in Y haplogroup N and it
is not a risk factor for impaired spermatogenesis and infertil-
ity. However, it may increase the risk of spermatogenic loss
and infertility when occurring outside this haplogroup, for
example in Mongoloid, East Asian and African populations
(Rozenetal., 2012; Bansal et al., 2016a; Colaco, Modi, 2018;
Hallast et al., 2021).

In clinical practice, testing for the presence of AZF dele-
tions on the Y chromosome is recommended for infertile men
with azoospermia and severe oligozoospermia for diagnostic
purposes. This can, in some cases, help to identify the ge-
netic cause of impaired spermatogenesis. The diagnosis of
Y-chromosome deletions also has prognostic value and allows
to resolve the issue of the possibility of surgical production of
sperm (micro-TESE) for subsequent IVF/ICSI. For patients
with a complete AZFc deletion and azoospermia, the prognosis
for obtaining sperm is favorable. In contrast, testicular biopsy
using the micro-TESE method is generally ineffective for car-
riers of complete microdeletions in the AZFa or AZFb regions
(Krausz, Casamonti, 2017; Kuroda et al., 2020).

Fertile men carrying partial AZFc deletions or infertile
men with partial AZFc deletions whose partners give birth to
children through assisted reproductive technologies (micro-
TESE or TESA/ICSI) can transfer these AZF deletions to
the progeny (Pan et al., 2018; Deng et al., 2023). Moreover,
in the paper (Pan et al., 2018), in fertile fathers who were
carriers of a b2/b3 deletion or a b2/b3 duplication, the sons
suffered from infertility and were carriers of a complete AZFc,
AZFb+c or AZFa+b+c deletion. Thus, partial deletions of the
AZFc region increase the likelihood of other microstructural
rearrangements within the AZFc region, which can be a risk
factor for complete AZFc deletion and infertility in male
offspring.

Although the relationship between spermatogenic failure,
testicular phenotype and ART outcomes in men with different
types of AZFc microdeletions of the Y chromosome has been
extensively studied, the population frequencies of these dele-
tions and therefore their exact contribution to male infertility
and subfertility are still insufficiently understood. Genetic
testing of male populations is considered a useful approach for
obtaining adequate genetic information about the prevalence
of genetically determined impairment of spermatogenesis,
infertility and subfertility in men of a given population. This
information can be used to forecast and plan preventive,
diagnostic, and clinical work aimed at preserving and improv-
ing the reproductive health of the population. Such data can
serve as a basis for further genetic studies on the etiology of
infertility and the determination of its causes. They can provide
information about the mutation spectrum associated with sper-
matogenesis disorders and help to define the genetic structure
of demographic risks within the population.

The aim of the present study was to analyze the spectrum
and prevalence of AZF microdeletions on the Y chromosome
and to search for associations with semen parameters in Slavic
men from the general Russian population.

Materials and methods

Young Slavic men (Belarusians, Ukrainians, Russians)
(n = 700) from five Russian cities participated in the study:
Arkhangelsk (n = 77), Novosibirsk (n = 324), Kemerovo
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(n = 205), Ulan-Ude (n = 69), Yakutsk (n = 25). The study
population also included descendants of mixed marriages be-
tween Russians and Belarusians, Ukrainians, Poles (7.1 %).
The study design and standardized recruitment protocol
had been described earlier in more detail (Osadchuk et al.,
2021, 2022). Men from the general population, regardless
of fertility status, participated in the study. All participants
were either born or had lived for at least 3-5 years in the
cities where the study was conducted. Most participants were
students or employees of higher educational institutions at the
time of the survey and had not previously consulted an an-
drologist. All participants were volunteers and did not receive
financial compensation. The men completed questionnaires
that included questions about their age, place of birth, na-
tionality, profession, type of work, military service, smoking,
alcohol consumption, and past and current diseases. Ethnic
background was assessed for up to two generations — for the
participant, their parents, and both maternal and paternal
grandparents. All men included in the study gave informed
consent to participate in the examination. The Ethics Com-
mittee of the Federal Research Center Institute of Cytology
and Genetics of the Siberian Branch of the Russian Academy
of Sciences approved the study (protocol No. 160 dated
17.09.2020).

During the examination, the men were examined by a
urologist-andrologist, medical histories were collected, current
disorders of the urogenital system were diagnosed, and the
results of the examination were recorded in the examination
protocol. Each volunteer was given a preliminary andrological
diagnosis. The age of all participants was documented, and
their height (cm) and body weight (kg) were measured. The
bitesticular volume (BTV) (ml) was estimated by a Prader or-
chidometer. Exclusion criteria included acute diseases, taking
medications or undergoing procedures affecting sperm quality
(such as anabolic steroids, antibiotics and others). A prelimi-
nary condition for participation was abstinence from sexual
intercourse for 2—7 days before the study. Semen samples for
further laboratory analysis were collected by the participants
in a specialized laboratory room through masturbation into
single-use sterile plastic containers. The period of sexual ab-
stinence was 4 days (median).

The semen samples were analyzed according to the WHO
laboratory manual (WHO..., 2010, 2021). The sperm concen-
tration was assessed using Goryaev’s hemocytometer after
staining an ejaculate aliquot with trypan blue. The proportion
of motile sperm with progressive straight-line movement and
velocity above 25 and 2-25 pm/s (categories A and B, respec-
tively) was assessed using the sperm analyzer SFA-500-2
(“Biola”, Russia). The analysis of sperm morphology was
conducted according to WHO guidelines (WHO..., 2021).
Ejaculate smears were stained using commercially available
Diff-Quik kits (“Abris+”, Russia). The first 200 spermatozoa
were examined for morphology with an optical microscope
Axio Skop.Al (Carl Zeiss, Germany) at x 1000 magnification
with oil immersion. Sperm dimensions were measured using
an ocular micrometer. Sperm morphology evaluations were
done in duplicates in random and blinded order by a trained
staff member. To determine the Teratozoospermia Index
(TZI), the total number of identified morphological defects
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was divided by the number of morphologically abnormal
spermatozoa.

Genomic DNA was extracted from peripheral blood leu-
kocytes using a widely accepted phenol-chloroform method.
Detection of microdeletions in the AZF locus was per-
formed by multiplex polymerase chain reaction (PCR) with
hybridization-fluorescence detection of PCR products in
real-time using a CFX96 DNA amplifier (Bio-Rad, USA). In
the first stage, to identify deletions, the presence or absence
of 13 STS markers was analyzed using “RealBest-Genetics
AZF-microdeletions” commercial Kits (\Vector-Best, Novosi-
birsk). The amplification reaction protocol included: stage 1:
50 °C — 2 min; stage 2: 95 °C — 2 min; stage 3: 50 cycles
(94 °C - 10 sec, 60 °C — 20 sec). The following STS markers
were investigated: sY86, sY84, sY615 — for the AZFa region;
sY127,sY134,sY 142 —for the AZFb region; sY1196, sY1191,
sY254, sY255, sY1291, sY1206, sY1125 — for the AZFc re-
gion. Partial AZFc deletions b2/b3 and gr/gr were indicated
by the absence of markers sY1191 and sY1291, respectively;
complete AZFc deletion b2/b4, by the absence of markers
sY1191, sY1206, sY1291, sY254, and sY255; partial AZFc
deletion b1/b3, by the absence of markers sY1191, sY1196,
and sY1291. STS marker typing was conducted using five
reaction mixtures (RM). RM1 included markers for the SRY
gene (sex-determining gene), sY134, sY84, sY254; RM2, for
the HMDS gene (a gene for additional DNA control), sY127,
sY86, sY255; RM3, for the HMDS gene, sY142,sY615; RM4,
for sY1191, sY1196, sY1206, sY1125; RM5, for the SRY
gene, sY1296. Genotyping of the SRY gene and the autosomal
HMBS gene (quality control of the material collection) was
conducted as an internal control.

In the second stage, for the most common partial micro-
deletions of the AZFc region — b2/b3 (marker sY1191) and
gr/gr (marker sY 1291) — verification was performed using two
additional STS markers, sY1192, sY 1189, which are closely
linked to the corresponding markers. Detection of STS mar-
kers sY 1192 and sY 1189 was carried out by their amplifica-
tion. The amplification reaction protocol was two-step: 50 °C
for 2 min, 95 °C for 2 min, 40 cycles (95 °C for 10 sec, 66 °C
for 20 sec) followed by electrophoresis in a 1.2 % agarose
gel, staining with ethidium bromide, and visualization under
ultraviolet light.

A statistical analysis of the obtained data was performed
using the statistical package STATISTICA (version 8.0). For
all studied parameters, the mean (SD) was calculated. The
Kolmogorov—Smirnov test was used to confirm the normal
distribution of quantitative variables. Since most parameters
did not follow a normal distribution, differences in the stu-
died anthropometric and spermiological parameters between
groups with different sperm concentrations or between groups
with different types of partial AZFc microdeletions were
determined using the Kruskal-Wallis one-way analysis of
variance (Kruskal-Wallis ANOVA) and analysis of covariance
(ANCOVA). Inthe latter case, spermiological parameters were
adjusted for age and abstinence period. For pairwise compari-
son of groups, Duncan’s test was applied. Comparisons of the
frequencies of AZFc microdeletions between groups were
conducted using the chi-square ()2) test. A p-value < 0.05 was
considered statistically significant.

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 783



L.V. Osadchuk, G.V. Vasiliev, M.K. Ivanov
M.A. Prasolova, M.A. Kleshchev, A.V. Osadchuk

AZFcY chromosome microdeletions
and spermatogenesis

Table 1. Anthropometric and spermiological parameters of men in the entire study population

and after stratification into categories by sperm concentration

Parameter Entire study

population

(n = 700) SC =0 mill/mL,

(n=19)

Age, years 25.8(7.6) 28.5(8.6)
Weight, kg 78.3(14.0) 81.7 (15.5)
Height, cm 179.0 (6.9) 179.3 (6.32)
BTV, mL 40.6 (8.8) 35.7 (12.0)°
Semen volume, mL 3.7(1.7) 3.4(1.3)
TSC, mill/ejaculate 190.1 (185.1) 0
SC, mill/mL 54.21 (43.31) 0
Motility, % 43.3(27.2) -
Morphology, % 6.96 (3.23) -
TZI 1.49(0.12) -

Categories by sperm concentration

SC < 5 mill/mL, 16 >SC>5mill/mL, SC= 16 mill/mL,

(h=33) (n=74) (n=574)

23.2 (4.9) 25.0(6.2) 26.0 (7.8)

76.9 (14.0) 76.9 (13.6) 78.4 (14.0)

178.6 (7.9) 178.7 (7.9) 179.0 (6.7)
35.5(7.8)P 37.2(7.0)p 41.5(8.7)2
3.5(1.8) 3.7(1.6) 3.7(1.7)

10.1 (9.1) 426 (26.7)b 225.8(185.9)a
2.76 (1.55)b 11.12 (2.97)P 64.52 (41.12)2
3.3(2.2)p 9.4 (7.2)P 50.0 (24.2)2
2.76 (2.58)° 3.91 (1.92)b 7.56 (3.05)2
1.66 (0.13)b 1.58 (1.88)b 1.47(0.11)2

Note. Data are presented as mean (SD). BTV - bitesticular volume (paired testicular volume); TSC - total sperm count per ejaculate; SC - sperm concentration;
motility - percentage of motile spermatozoa in categories A+B; morphology - percentage of morphologically normal spermatozoa; TZI - teratozoospermia index.
a,b Comparisons with different superscripts within variables were significant (p < 0.05).

Characteristics of the Slavic study population. According
to the results of a physical examination and medical history,
the study population consist of 16 (2.3 %) individuals with tes-
ticular hypoplasia, 50 (7.1 %) with grade Il and I11 varicocele,
8 (1.1 %) who underwent surgery for cryptorchidism, and 43
(6.4 %) who underwent varicocelectomy. Among 700 partici-
pants, 2.7 % suffered from azoospermia, 4.7 %, from severe
oligozoospermia, 10.6 %, from moderate oligozoospermia,
but 82.0 % had normal sperm concentration (SC) according
to WHO recommendations (WHO..., 2021).

Based on sperm concentration (SC), participants were
stratified into four groups: 1) SC = 0 mill/mL (azoospermia,
absence of spermatozoa in the ejaculate); 2) SC < 5.0 mill/mL
(severe oligozoospermia); 3) 16.0 > SC > 5.0 mill/mL (mo-
derate oligozoospermia); 4) SC > 16.0 mill/mL (normal
sperm concentration). Anthropometric and spermiological
indicators of men in groups with varying sperm concentra-
tions are presented in Table 1. No differences were found
between the groups in terms of age, anthropometric para-
meters, and ejaculate volume. The total sperm count, sperm
concentration, percentage of motile and morphologically
normal sperm, and BTV in the group with normal sperm
concentration were significantly (p < 0.05) higher, whereas
the TZI was significantly lower (p < 0.05) compared to both
oligozoospermia groups, which did not differ from each other
in these parameters.

Results

Prevalence of different types of AZFc microdeletions

in the Slavic study population

Since the study population included Slavs residing in 5 cities
of Russia, a comparison of the prevalence of AZFc microdele-
tions in each city group was conducted (Table 2). Statistical

784

Table 2. Frequency of partial AZFc microdeletions
(b2/b3 and gr/gr) in the Slavic groups
from the studied cities of Russia

City n b2/b3,n (%) gr/gr, n (%)
Arkhangelsk 77 16 (20.8) 1(1.3)
Novosibirsk 324 46 (14.2) 13 (4.0)
Kemerovo 204 39(19.1) 5(2.5)
Ulan-Ude 69 13(18.8) 2(2.9)
Yakutsk 25 3(12.0) 0(0)
Entire study population 699 117 (16.7) 21(3.0)

analysis did not reveal significant regional differences in the
frequency of partial deletions b2/b3 and gr/gr (xf3 = 6.46;
p < 0.595).

From the study population, two groups were formed: one
with normal sperm parameters (normozoospermia, n = 417)
and the other with impaired sperm parameters (pathozoosper-
mia, n = 282) in accordance with reference values of the WHO
(WHO..., 2021). The latter had either a sperm concentration
of less than 16 mill/mL, a proportion of motile spermatozoa
(categories A+B) less than 30 %, a proportion of morpho-
logically normal spermatozoa less than 4 %, or any combina-
tion of these deviations. The groups were compared for the
frequency of AZFc microdeletions b2/b3 and gr/gr, with the
results presented in Table 3. Statistical analysis did not reveal
significant differences in the frequency of b2/b3 and gr/gr
deletions between the normozoospermia and pathozoospermia
groups (x5 =0.21; p < 0.90). Consequently, pathozoospermia
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in the entire Slavic study population

n b2/b3,
n (%)
Normozoospermia 417 68 (16.3)
Pathozoospermia 282 49 (17.4)
Entire study population 699 117 (16.7)

gr/gr, No deletions,

n (%) n (%)

12(2.9) 337(80.8)
9(3.2) 224 (79.4)

21(3.0) 561 (80.3)

Note. Normozoospermia — sperm concentration = 16.0 mill/mL, proportion of motile sperm (categories A+B) = 30 %, proportion of morphologically normal
sperm = 4.0 % (WHO..., 2021); pathozoospermia — concentration, proportion of progressively motile and morphologically normal sperm below reference values
(either each indicator or any combination thereof). The carrier of the complete AZFc microdeletion b2/b4 was not included in the table.

Table 4. Frequency of various types of AZFc deletions in the entire Slavic study population

and in the groups stratified by sperm concentration

n AZFc, b2/b3 gr/gr b2/b4 No deletions,
n (%) n (%) n (%) n (%) n (%)

Azoospermia 19 4(21.1) 1(5.3) 2(10.5) 1(5.3) 15(78.9)

SC < 5 mill/mL 33 6(18.2) 6(18.2) 0 0 27 (81.8)

16 > SC> 5 mill/mL 74 18 (24.3) 15(20.3) 3(4.1) 0 56 (75.7)

SC =16 mill/mL 574 111(19.3) 95 (16.6) 16 (2.8) 0 463 (80.7)
Entire study population 700 139(19.9) 117 (16.7) 21 (3.0) 1(0.1) 561 (80.1)
Note. Azoospermia — no spermatozoa in the ejaculate; SC - sperm concentration.

is not associated with an increased frequency of either type  Discussion

of partial AZFc deletions.

The prevalence of various types of AZFc deletions in the
entire study population, as well as in groups with different
sperm concentrations, is presented in Table 4. Y chromo-
some microdeletions were detected in 139 (19.9 %) out of
700 men; no AZFa, AZFb, and AZFb+c deletions were found
among them. A complete AZFc deletion (b2/b4) was found
in one man (0.1 %) and it was associated with azoospermia.
The following types of partial AZFc deletions were identi-
fied: gr/grin 21 (3.0 %) and b2/b3 in 117 (16.7 %) men. The
combined frequency of both types of AZFc deletions did not
differ between groups with different sperm concentrations
(x% = 1.10, p = 0.78), neither did the frequencies of specific
types of partial AZFc deletions — gr/gr (x5 = 4.73, p = 0.19)
and b2/b3 (x% = 2.14, p = 0.54). Therefore, no differences
were found in the frequency of AZFc deletions gr/gr and
b2/b3 between groups with different sperm concentrations,
indicating the absence of an impact of these deletions on sperm
production in Slavic men.

Analysis of associations of partial AZFc microdeletions

and spermiological parameters

A comparison of spermiological indicators between men with
partial AZFc microdeletions (b2/b3 and gr/gr) and those with-
out microdeletions was made. The results are shown in Table 5.
No significant differences were found in any spermiological
parameters between the carriers of b2/b3 and gr/gr deletions
and men without deletions. Therefore, our study did not es-
tablish any impact of partial AZFc deletions (b2/b3 and gr/gr)
on the examined semen parameters in Slavic men.

The global prevalence of complete AZF deletions, i.e., those
that fully remove one or more regions, among infertile men
is 7.5 %, which is significantly higher than in the general po-
pulation —0.025 % (Colaco, Modi, 2018; Cioppi et al., 2021).
In a multi-ethnic group of Russian infertile men with azoo-
spermia/oligozoospermia, the prevalence of complete AZF
deletions ranged from 7.5 to 12 % (Chernykh et al., 2006;
Mikhaylenko et al., 2019), which is close to the rates observed
in other European and Asian countries. In our Slavic study
population from the general Russian population, only one
man was identified with a complete AZFc b2/b4 deletion and
azoospermia, confirming the low frequency of this type of
AZF microdeletions in the general population. A significant
increase in sample size is required to determine the prevalence
of complete AZFc microdeletion among Slavs.

Among Slavic men from European countries, the prevalence
of complete deletions of various AZF regions is lower than
that in Russian men. For example, the frequency of complete
AZF microdeletions in Slovakia among men with azoosper-
mia was 3.35 % (Behulova et al., 2011); in Slovenia among
subfertile men, 4.4 % (Peterlin et al., 2002); and in Macedonia
among infertile men, 4.1 % (Plaseski et al., 2006). In the non-
Slavic population of Europe, the frequency of complete AZF
microdeletions in infertile men varied within the same range
of 2.4-4.0 % (Lo Giacco et al., 2014; Mokanszki et al., 2018;
Johnson et al., 2019).

In Asian countries, higher frequencies of complete AZF
microdeletions have been identified in infertile patients with
azoospermia/oligozoospermia compared to European coun-
tries: in China, 10.7-12.9 % (Liu et al., 2019; Fu et al., 2023);
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Table 5. Spermiological parameters in Slavic men with different types

of partial AZFc deletions (b2/b3 and gr/gr)

Parameter b2/b3,
(n=117,16.7 %)

BTV, mL 40.6 (9.1)

Semen volume, mL 3.3(1.5)

TSC, mill/ejaculate 163.8 (131.5)

SC, mill/mL 51.84 (39.54)
Motility, % 44.1(25.9)
Morphology, % 6.74 (3.23)
TZI 1.48(0.12)

148.4 (121.8)

gr/gr, No deletion,

(n=21,3.0%) (n=561, 80.1 %)

41.1(8.7) 40.6 (8.8)
3.5(1.7) 3.7(1.8)

197.5(195.8)

40.62 (29.90) 55.31 (44.40)

34.3(19.1) 46.0 (26.6)
6.45 (3.41) 7.26 (3.13)
1.52(0.16) 1.48(0.12)

Note. Data are presented as mean (SD); BTV - bitesticular volume; TSC - total sperm count per ejaculate; SC - sperm concentration; motility — proportion
of motile sperm of category A+B; morphology - proportion of morphologically normal sperm; TZI - teratozoospermia index. Motility, morphology, and TZ|
parameters are calculated excluding participants with azoospermia and severe oligozoospermia.

in Japan, 7.5 % (lijima et al., 2020); in Turkey, 9.6-25.0 %
(Akbarzadeh Khiavi et al., 2020); in Iran, 12.1-20.6 % (Bah-
manimehr et al., 2018); in India, 10.0-16.1 % (Waseem et al.,
2020). Despite extensive study on the geographic and ethnic
variability in the frequency of complete Y-chromosome mi-
crodeletions, the underlying causes of this variability remain
unknown but are largely thought to be influenced by the inap-
propriate selection criteria of patients.

Complete deletions of the AZF regions of the Y chromo-
some are rare, with most (over 80 %) being partial microdele-
tions of the AZFc region (Krausz, Casamonti, 2017; Cioppi
etal., 2021). In our Slavic study population from the general
Russian population, two types of partial AZFc deletions were
identified — the gr/gr and b2/b3 deletions. The combined
prevalence of these types of deletions was 19.7 %, with the
frequency of the gr/gr deletion being 3.0 %, and that of the
b2/b3 deletion being 16.7 %. Notably, the frequency of the
b2/b3 and gr/gr deletions in the normozoospermic group
did not differ from that in the pathozoospermic group. Since
these types of deletions (b2/b3 and gr/gr) are found in men
with normozoospermia, they are not markers of impaired
spermatogenesis. It should be noted that information on the
frequency of these types of partial AZFc deletions in men
from the general population is sparse, but there are data on
the frequency of these deletions in Russian infertile men
with azoo-/oligozoospermia and in Russian fertile men with
normozoospermia (Table 6). In a multi-ethnic Russian group
of fertile men with normozoospermia (Barkov et al., 2014) or
in men from infertile married couples with normozoospermia
(Zobkova et al., 2017), the frequencies of the b2/b3 and gr/gr
deletions are close to our data (Table 6). In both studies, no
differences in the frequency of the b2/b3 deletion were found
between the normozoospermic and azoo-/oligozoospermic
groups, which also aligns with our conclusions. In Russian
fertile men (sperm data not specified), the frequencies of the
b2/b3 and gr/gr deletions practically coincide with our data
(Chernykh et al., 2022). In Russian studies (Barkov et al.,
2014; Zobkova et al., 2017), the higher frequency of the gr/gr
deletion in men with infertility or from infertile couples with
pathozoospermia compared to those with normozoospermia
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(although differences are not statistically significant) draws
attention to itself, which may be due to the multi-ethnic
composition of the groups studied and, accordingly, different
genetic background of the Y chromosome. Collectively, the
data confirm that the most common types of partial AZFc
deletions in Russian men are b2/b3 and gr/gr, and the practi-
cal lack of differences in the frequency of these deletions
between men with normozoospermia and pathozoospermia
indicates the absence of negative effects of partial b2/b3 and
gr/gr deletions on spermatogenesis.

Interestingly, in Estonia, fertile men with normozoospermia
or with infertility and pathozoospermia have a higher fre-
quency of b2/b3 deletions compared to our data and a similar
frequency of gr/gr deletions (Hallast et al., 2021) (Table 6).
About two-thirds of Estonian men carrying the gr/gr deletion
belonged to haplogroup R1, and almost all (99.4 %) of the
men carrying the b2/b3 deletion belonged to Y-haplogroup N3.
The frequency of the b2/b3 deletion did not differ between
the pathozoospermic and normozoospermic groups, which is
consistent with the conclusions of our study. However, the
frequency of the gr/gr deletion was significantly higher in the
pathozoospermic group compared to the normozoospermic
group. At the same time, andrological parameters in men
with either b2/b3 or gr/gr deletions and without deletions did
not differ.

In men from other European countries, a lower prevalence
of partial AZFc deletions is observed, with most AZFc de-
letions represented by the gr/gr deletion (Table 6). In Italy
(Ferlin et al., 2005), Germany (Hucklenbroich et al., 2005),
Spain (Lo Giacco et al., 2014), and Hungary (Mokanszki et
al., 2018), the frequency of the b2/b3 deletion among patients
with normozoospermia ranged from 0 to 2.7 %, and among
those with azoospermia/oligozoospermia, from 0.3 to 2.6 %,
while the frequency of the gr/gr deletion among men with
normozoospermia ranged from 0.4 to 1.8 % and among those
with azoo-/oligozoospermia, from 3.9 to 4.7 %. The results
of these European studies suggest that the gr/gr deletion is a
genetic cause of reduced sperm production, although some
authors believe that the gr/gr deletion is only a risk factor
predisposing to impaired spermatogenesis.
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In Asian countries, there is greater geographical heteroge-
neity in the frequency of partial AZFc deletions compared to
Russia (Table 6). For example, in Iran, the frequency of the
b2/b3 deletion among men ranged from 0 to 1.8 %, which
is significantly lower than the data from Russia, while the
gr/gr deletion ranged from 1.8 to 5.2 %, which is close to the
Russian data, and no negative impact of these types of partial
deletions on spermatogenesis was identified (Alimardanian
et al., 2016). In Turkish men, the frequency of partial b2/b3
deletions is significantly lower compared to Russian men, but
both types of deletions (b2/b3 and gr/gr) are not associated
with infertility and reduced sperm production (Beyaz et al.,
2017). Conversely, screening for partial gr/gr and b2/b3 dele-
tions in the Han Chinese population showed that the frequency
of the b2/b3 deletion was significantly higher in patients with
infertility and azoo-/oligozoospermia compared to fertile
men with normozoospermia, indicating an association of this
deletion with impaired spermatogenesis (Lu et al., 2014).
However, in Chinese men from another ethnic group, Yi, no
such association was found (Ye et al., 2013), underscoring
the importance of considering the ethnic composition of the
population when studying the effects of partial AZFc deletions
in the Y chromosome on spermatogenesis. In the Indian popu-
lation, the frequency of the b2/b3 deletion was 40-45 times
lower, and the frequency of the gr/gr deletion was 2—3 times
higher compared to the Russian populations, with gr/gr dele-
tions being the most common and significant among partial
AZFc deletions, reducing sperm concentration and increasing
the risk of infertility (Bansal et al., 2016b) (Table 6).

The provided data support the previously expressed idea
(Rozen et al., 2012) that the geographical and ethnic origin
of a population may influence the frequency of partial AZFc
deletions b2/b3 and gr/gr. In that study, the prevalence of
partial gr/gr and b2/b3 microdeletions was evaluated in
20,884 men from five populations (India, Poland, Tunisia,
USA, Vietnam). It was found that the frequency of the gr/gr
partial deletion varied from 2.1 % (USA) to 15 % (Vietnam),
and b2/b3, from 0.5 % (India) to 2.2 % (Poland). The authors
suggested that ethnogeographic differences in the frequency
of'the b2/b3 deletion are likely due to differences in the preva-
lence of Y haplogroup N1, the high prevalence of the gr/gr
deletion might be due to the prevalence of haplogroup D2a
chromosomes (containing these deletions), which corresponds
to the hypothesis of the relationship between the frequency
of partial AZFc deletions and the genetic background of the
Y chromosome.

Analysis of spermiological phenotypes in carriers of
Y chromosome microdeletions shows that while complete
deletions of one or more AZF regions are associated with im-
paired spermatogenesis and are specific genetic markers of
spermatogenesis failure and infertility, partial AZFc deletions
exhibit heterogeneity in terms of spermiological phenotype
and are often only risk factors predisposing to pathozoosper-
mia and infertility. In our study population of Slavic men
from the general population, no negative effects of b2/b3 and
gr/gr deletions on spermatogenesis were detected. In another
Russian study, among men with infertility who were carri-
ers of gr/gr and b2/b3 microdeletions (3.5 and 7.9 % of the
total number examined), sperm concentration was 12.2 + 7.1
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and 30.3 £ 5.3 mill/mL, respectively, i.e., in carriers of the
gr/gr deletion, it was below the reference value of the norm
(Chernykh et al., 2014). The negative association of the gr/gr
deletion with sperm concentration may be due to the multi-
ethnic composition of the group and, consequently, different
genetic backgrounds of the Y chromosome. The gr/gr micro-
deletion did not show a statistically significant association
with spermatogenesis failure in other Slavic populations,
such as Bulgarians (Levkova et al., 2020) and Macedonians
(Kuzmanovska et al., 2019).

In some Mongoloid populations, no negative effects of
the gr/gr deletion on spermatogenesis have been established,
for example, in Han Chinese (Yang et al., 2010) or Japanese
(Sin et al., 2010), if the gr/gr deletion is fixed in the prevalent
haplogroups Q1 and D2b, respectively, which plays a role in
the clinical manifestation of the deletion. However, in Ko-
reans, the gr/gr deletion causes spermatogenesis impairment
if it is not fixed in the prevalent haplogroup YAP (the precur-
sor of haplogroup D2b), and a normal testicular phenotype
is observed when it is in haplogroup YAP (Choi et al., 2012).
In the African population of Tunisia, partial gr/gr and b2/b3
deletions are not associated with spermatogenesis failure,
which is due to the fixation of these deletions in haplogroup
E3b2, which is widespread in North Africa (Ghorbel et al.,
2012). Recall that in European populations, the gr/gr deletion
is associated with spermatogenesis impairment, particularly
in Spaniards (Lo Giacco et al., 2014), Italians (Ferlin et al.,
2005), and Hungarians (Mokanszki et al., 2018).

Many authors conclude that the influence of the partial
AZFc b2/b3 deletion on spermatogenesis and fertility largely
depends on the ethnic composition of the studied population,
and the frequency and phenotypic effect are determined by
the origin of the Y chromosome. The b2/b3 deletion is a risk
factor for spermatogenesis impairment in East Asian and
African populations but not in European or South Asian po-
pulations (Bansal et al., 2016a; Colaco, Modi, 2018). In the
Chinese population, the b2/b3 deletion increases the risk of
spermatogenesis impairment and predisposes to the forma-
tion of a complete AZFc region deletion (Lu et al., 2014).
However, in the ethnic Han Chinese population from eastern
China, the b2/b3 deletion is not associated with spermatoge-
nesis impairment, which the authors attribute to interpopula-
tion differences in the frequencies of Y haplogroups in China
(Zhang et al., 2007).

In Finno-Ugric, Balto-Slavic, and some Turkish-speaking
peoples of Northern Eurasia, the partial AZFc b2/b3 deletion
is fixed in Y haplogroup N, which has a high frequency (up to
90 % in some populations) (Repping et al., 2004). It has been
established that the b2/b3 deletion does not cause spermato-
genesis impairment in Germans (Hucklenbroich et al., 2005);
Tunisians (Ghorbel et al., 2012); Iranians (Alimardanian et al.,
2016); Hungarians (Mokanszki et al., 2018); and Estonians
(Hallast et al., 2021). The population of ethnic Russians can
also be included in this group due to the lack of associa-
tion of this deletion with spermatogenesis failure, the high
frequency of the b2/b3 deletion, and the wide prevalence of
Y haplogroup N3 carrying this deletion, which varies between
10-19 % (Stepanov et al., 2006; Balanovska, Balanovsky,
2007; Derenko et al., 2007). It is hypothesized that the effect
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of the b2/b3 deletion in haplogroup N is balanced by other
genetic factors, possibly related to the Y chromosome (Rep-
ping et al., 2004).

Thus, the effects of partial AZFc¢ deletions on spermato-
genesis can depend on the lineage of the Y chromosome
(the Y haplogroup carrying the deletion), increasing or de-
creasing the risk of spermatogenesis impairment in certain
populations. Since partial deletions of the AZFc region can
be fixed in specific Y haplogroups, the population frequency
of partial AZFc deletions depends on the frequency of these
Y haplogroups, and the impact of partial AZFc deletions on
spermatogenesis may differ in the Y chromosomes of differ-
ent haplogroups. For example, in Japanese men, the two most
common Y haplogroups are D (34.7 %) and O (51.8 %). The
gr/gr deletions were found in 33.7 % of Japanese men, but the
frequency of the gr/gr deletion varied significantly depend-
ing on the Y haplogroup: it was widespread in haplogroup D
(86.2 %) and much less so in haplogroup O (5.1 %), with it
being phenotypically neutral in haplogroup D, meaning it did
not affect spermatogenesis, while in haplogroup O, it reduced
sperm concentration (Sin et al., 2010). In men from Northern
Italy, a comparison of the distribution of seven Y haplogroups
between a group of fertile men and patients with microdele-
tions did not reveal any differences, but the frequency of
Y haplogroup E with the b2/b4 deletion was significantly
higher compared to the control. The results suggest that some
haplogroups may be more prone to AZFc b2/b4 microdeletions
than others (Arredi et al., 2007).

In the population of ethnic Russians in Russia, the domi-
nant Y haplogroup is R1a, which is the most common (over
40 %), followed by N3 (10-19 %), and I11b (13 %) (Stepanov
et al., 2006; Balanovska, Balanovsky, 2007; Ilumée et al.,
2016). Although the association between the phenotypic ex-
pression of partial AZFc deletions in the Y chromosome and
Y haplogroups remains a subject of discussion, considering
the aforementioned facts, it appears promising to study the
association of the main haplogroups R1a, N3, and I1b with
spermatogenesis indicators in Slavic men. This will help to
elucidate a modulatory effect of the haplogroup on the phe-
notypic expression of partial AZFc deletion. Special attention
should be given to haplogroups N3 and R1a, which contain
the b2/b3 deletion and gr/gr deletion, respectively (Repping
etal., 2004; Rozen et al., 2012). The prevalence of the b2/b3
deletion in our study (16.7 %) coincides with the prevalence
of haplogroup N3 in the Russian population (10-19 %); in
this haplogroup, this deletion does not affect spermatogene-
sis, although in another haplogroup it may have a negative
effect on the spermatogenic phenotype. It is assumed that in
haplogroup N3, the negative impact of the deletion on sper-
matogenesis is balanced by other genetic factors, possibly also
associated with the Y chromosome (Repping et al., 2004).

Conclusion

In a study population of Slavic men recruited from five cities
in Russia (n = 700), the spectrum and frequency of AZFc
microdeletions in the Y chromosome were determined. It
was found that 19.9 % were carriers of AZFc deletions, of
which 16.7 % were carriers of a partial b2/b3 deletion, 3.0 %
had a partial gr/gr deletion, and 0.14 % had a complete b2/b4
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deletion. No AZFa and AZFb microdeletions or other types
of AZF deletions were found.

The overall frequency of all types of AZFc deletions, as well
as partial b2/b3 and gr/gr deletions, did not differ between the
groups with normozoospermia and pathozoospermia, nor be-
tween the groups with azoospermia, severe oligozoospermia,
oligozoospermia, and normal sperm concentration. Semen pa-
rameters did not differ between the groups with different types
of partial AZFc deletions and the group without deletions.
The data obtained indicate the absence of a pathogenic role
of partial AZFc deletions in spermatogenesis of Slavic men.
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Abstract. Myocardial infarction (M) is a multifactorial polygenic disease that develops as a result of a complex interaction
of numerous genetic factors and the external environment. Accordingly, the contribution of each of them separately is
usually not large and may significantly depend on the state of other accompanying factors. The purpose of the study was
to search for informative predictors of Ml risk based on polygenic analysis of polymorphic variants of (1) the antioxidant
defense enzyme genes PONT (rs662), PON2 (rs7493), CAT (rs1001179), MSRA (rs10098474) and GSTP1 (rs1695); (2) the apop-
tosis genes CASP8 (rs3834129), TP53 (rs1042522) and BCL2 (rs12454712); and (3) the inflammation genes CRP (rs1205),
CX3CR1 (rs3732378), IL6 (rs1800795) and CCL2 (rs1024611). 591 DNA samples were used in the study (280 patients with
the onset at 30 to 60 years, with an average age of 46.02 + 6.17, and 311 control subjects aged 30 to 62, with an average
age of 44.65 + 7.07). All the participants were male and Tatars by ethnicity. The logistic regression analysis with various mo-
dels demonstrated associations with Ml of polymorphic variants of the genes CX3CRT (rs3732378) (overdominant model -
G/G + A/A vs A/G P = 0.0002, OR = 1.9), MSRA (rs10098474) (dominant model - T/T vs T/C + C/C P = 0.015, OR = 1.51),
CCL2 (rs1024611) (recessive model — P = 0.0007 - A/A + A/G vs G/G OR = 2.63), BCL2 (rs12454712) (log-additive model -
*C allele, P = 0.005, OR = 1.38). Using the Monte Carlo method and Markov chains (APSampler), combinations of alleles/
genotypes of the studied polymorphic loci associated with a high risk of Ml were obtained, which, in addition to those iden-
tified during single-locus analysis, contained polymorphic variants of the genes CASP8, TP53, CAT, PON2, CRP, IL6, GSTP1.
Among the combinations obtained, a pairwise analysis of possible non-linear interactions between the identified combina-
tions of alleles/genotypes was carried out, which showed synergistic interactions of the polymorphic variants CX3CRT*A/G
and CASP8*I/I, MSRA*C and CRP*C, CAT*C/T and MSRA*C, CAT*C/T and CX3CRT*A contributing to the development of MI.
Based on the results obtained using multivariate logistic regression analysis, a predictive model was built to assess the risk
of developing M|, the predictive ability of which reached the value AUC=0.71 (AUC - area under the curve in ROC analysis).
Key words: myocardial infarction; oxidative stress; apoptosis; inflammation.
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AHHoTauus. VHdapkT mrokapaa (MM) — mHorodakTtopHoe nonvreHHoe 3aboneBaHue, pa3BuBaloOLLEeCs B pe3ysbTa-
Te C/IOKHOTO B3aMMOZENCTBUSA MHOTOUMCIIEHHbIX reHeTUYeCKnX GakTopoB ¥ BHelwHeln cpefbl. COOTBETCTBEHHO, BKMaj
KaXX[oro U3 HUX Mo OTAENbHOCTY, Kak MPaBusio, HEBENINK N MOXET CYLLECTBEHHO 3aBUCETb OT COCTOSHWA APYruX COmyT-
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Monvmopdnam reHoB GepMEHTOB aHTUOKCUAAHTHOMN CUCTEMBI,
anonTo3a 1 BOCMasieHNsa 1 puck nHdapkta Mmokapaa

cTBytowmx $akTopoB. Llenb nccnepoBaHna — nonck MHPOPMaTUBHBIX NPeanKTopoB pa3suTuA VIM Ha ocHoBe nonureH-
HOro aHanu3a NoIMMOPQHbIX BapUAHTOB reHOB pepMEHTOB aHTUOKCUAAHTHON 3awuTbl — PONT (rs662), PON2 (rs7493),
CAT (rs1001179), MSRA (rs10098474), GSTP1 (rs1695); anonto3a — CASP8 (rs3834129), TP53 (rs1042522), BCL2 (rs12454712);
Bocnanenua CRP (rs1205), CX3CR1 (rs3732378), IL6 (rs1800795), CCL2 (rs1024611). B paboTe ncnonb3oBaHbl 06pasLbl:
591 - OHK (280 60nbHbIX, NepeHecwx MIM B Bo3pacTe ot 30 go 60 neTt, cpeaHnin Bo3pacT 46.02 + 6.17; 311 — KOHTpO-b,
Bo3pacT o1 30 go 62 net, cpeaHuii Bo3pacT 44.65 + 7.07). Bce yyacTHUKM NCCnefoBaHNA — MY»UMHBbI, TaTapbl MO 3THUYe-
CKoW NpuHaanexHocTy. C MOMOLLbIO TOTUCTUYECKOTO PErPeCcCOHHONO aHanm3a C y4eToM PasfinyHbIX MOAenNen BbliABNEeHbI
accoumaumm ¢ UM nonumopdHbix BapnaHToB reHoB CX3CRT (rs3732378) (cBepxaoMrHaHTHaA mogenb — G/G+A/A vs A/G
P =0.0002, OR = 1.9), MSRA (rs10098474) (nomnHaHTHaA mogenb — T/T vs T/C+C/C P =0.015, OR = 1.51), CCL2 (rs1024611)
(peueccuHaa mogenb — P =0.0007 - A/A+A/G vs G/G OR = 2.63), BCL2 (rs12454712) (nor-apanTrBHaA mogenb — annenb *C,
P = 0.005, OR = 1.38). C npumeHeHnem metopaa MoHTe-Kapno n uenen Mapkosa (APSampler) nonyyeHbl coueTaHua an-
nenew/reHOTUNOB U3YYeHHbIX NOAMMOPHbIX JIOKYCOB, aCCOLMMPOBAHHbIX C BbICOKAM puckom VM, B cocTaBe KOTOPbIX,
NoMUMO OBHapPYKeHHbIX B X0fe aHanu3a accouvauunin MM v otaenbHbIX MOIMMOPGHbIX BapUaHTOB, NPUCYTCTBYIOT NOW-
MopdHble BapuaHTbl reHoB CASP8, TP53, CAT, PON2, CRP, IL6, GSTP1. Cpepan 3TX COYeTaHMI NpoBeAeH NOMNapHbIN aHanms3
BO3MOXHOMO HEeJIMHENHOrO B3aMOLENCTBUA MEXAY BbIABIEHHbIMY KOMOVHAUMAMM annenein/reHoTUNOB, KOTOPbIl NoKa-
3a/1 CMHepreTnyeckme B3aMMoaencTeus nommopdHbix BapraHtoB CX3CRT*A/G n CASP8*1/I, MSRA*C n CRP*C, CAT*C/T n
MSRA*C, CAT*C/T n CX3CR1*A, cnocobcTtaytowme passuTuio M. Ha ocHoBe nosnyyeHHbIX pe3ynbTaToB C KCMOJb30BaHMEM
MHOrodpakTOPHOrO NIOrMCTUYECKOTrO PEerpeccroHHOro aHanmsa NocTpoeHa NPeAnKTYBHAA MOAENb AN1A OLEHKN pUCKa pas-
BuTMA M, npefckasatenbHasa cnocobHOCTb KoTopoi gocTturna 3HaveHma AUC = 0.71 (AUC (area under curve) — nnowaab

nop kpuson npu ROC-aHanu3se).

KnioueBble cnoBa: MHGaPKT MYOKAPAA; OKUCIUTENbHbIV CTPECC; anornTos; BoCnaneHue.

Introduction

Myocardial infarction (M), the most severe clinical variant
of coronary heart disease (CHD), significantly reduces life
expectancy and quality of life (Shalnova et al., 2022; Sabgayda
etal, 2023). In this regard, analysis of its development factors
is a crucial task for its prevention. An aggravated family his-
tory is one of the main independent risk factors, confirmed by
large-scale prospective studies (Colditz et al., 1991; Assmann
et al., 2002).

Currently, the molecular genetic basis of hereditary pre-
disposition to Ml is actively studied. Genome-wide associa-
tion studies (GWAS) helped identify a significant number of
polymorphic variants associated with CHD in general and
MI in particular. At the same time, the obtained results have
weak reproducibility; in addition, despite significant advances
in the search for genetic variants associated with the pathol-
ogy under study being made, they do not yield progress in
disease prediction.

Ml is a multifactorial polygenic disease caused by numerous
complexly interacting genetic and environmental factors; the
role of individual factors is usually small; moreover, it varies
significantly depending on the environment (Domingo et al.,
2019). In this regard, a promising direction lies in analyzing
associations of polymorphic variant combinations with the
studied polygenic trait. At the same time, since increasing
the number of elements that make up a combination exponen-
tially increases possible combinations and, as a consequence,
decreases the frequency of their occurrence, it seems more
rational to limit the number of variables based on already
known data on the pathogenesis of the disease, or to include
in the analysis polymorphic variants that, according to GWAS,
are associated with the studied phenotype.

As known, reactive oxygen species formed during various
oxidation-reduction reactions can have a damaging effect on
cellular structures and initiate the oxidation of lipids, proteins,
and nucleic acids (Batty et al., 2022). Depending on the

strength of the effect, they can initiate either inflammation
or apoptosis which play a significant role in atherosclerosis
development.

Based on the above, this study aims to comprehensively
analyze polymorphic variants of the genes of antioxidant
defense, inflammation, and apoptosis enzymes (Table 1) as
potential predictors of the risk of MI.

Materials and methods

The study material was DNA samples of unrelated patients
with onset of large-focal MI at the age of 30 to 60 years
(N = 280, the mean age was 46.02 £ 6.17). All the patients
were treated at the Republic Center of Cardiology, Ufa.

MI was diagnosed on the basis of the 2012 AHA/ESC
guidelines using contemporary instrumental and biochemi-
cal methods, including 12- lead ECG, echocardiography,
radiography of the thoracic organs, clinical and biochemical
blood tests, and assessment of myocardial necrosis markers
and lipid spectrum. Patients with endocrine pathology and
other concomitant severe chronic diseases were excluded. The
control group included unrelated individuals at the age of 30
to 62 years (N =311, the mean age was 44.65 = 7.08) without
clinical signs of cardiovascular pathology. All participants
were men belonging to the Tatar ethnic origin, living in Ufa,
Republic of Bashkortostan. The study was approved by the
Ethics Committee of the Institute of Biochemistry and Gene-
tics (Protocol No. 14 dated 22.12.2010). All participants gave
their informed consent.

DNA was isolated by phenol-chloroform extraction. The
polymorphic variant rs3834129 (CASP8) was genotyped
using PCR followed by separation of the obtained fragments
in a 7 % polyacrylamide gel. The remaining polymorphic
markers were analyzed with allele-specific PCR, followed
by analysis of the fragments on a 2 % agarose gel. The
selection of primers for the PCR was carried out using the
National Center for Biotechnology Information (NCBI) data-
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Analysis of associations of polymorphic
DNA markers with myocardial infarction

Table 1. The polymorphic variants included in the study and their location

Chromosomal localization
(GRCh38.p14)

1:159712443

Polymorphic marker

rs1205
g.159712443C>T,
2042C>T

rs3834129
g.201232809_201232814del,
-654(6)I/D

rs3732378
g.39265671G>A,
c.935C>T, T280M

rs1800795
9.22727026C>G,
174C>G

rs662 7:95308134
9.95308134T>C,
c¢.575A>G, Q192R

rs7493
g.95405463G>C,
c.932C>G, S311C

rs10098474
g.10054107C>T,
-410C>T

rs1001179
g.34438684C>T,
-262C>T

rs1695
g9.67585218A>G
c.313A>G 1105V

rs1042522
9.7676154G>C,
c.98C>G, P72R

rs1024611
9.34252769A>G,
-2518A>G

rs12454712
9.63178651T>C

2:201232809-201232814

3:39265671

7:22727026

7:95405463

8:10054107

11:34438684

11:67585218

17:7676154

17:34252769

18:63178651

base (https://www.ncbi.nlm.nih.gov/snp/) and an online tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The pri-
mer sequences and expected fragment sizes are presented in
Table 2.

Statistical analysis of single polymorphic variants was
carried out using the tools of the R programming language
and the SNPassoc package. The Fisher exact test was used to
analyze the deviation of the obtained genotype frequencies
from the Hardy—Weinberg equilibrium. When searching for
associations with the disease, a logistic regression analysis was
used, taking into account five possible inheritance models (co-
dominant, dominant, recessive, overdominant and additive).
The best model was chosen according to the Akaike informa-
tion criterion. The polymorphic marker was considered to be
associated with the trait at P < 0.05.

The search for combinations of alleles of genotypes asso-
ciated with the disease was carried out using the Monte Carlo
method and Markov chains using the APSampler software
(Favorov et al., 2005). The selection criteria for the identified

Gene Gene product
localization
CRP C-reactive protein

3" untranslated region

CASP8 Caspase 8

Promotor

CX3CR1 Chemokine, CX3C motif, receptor 1
2 exon fractalkine receptor

IL6 Interleukin 6

Promotor

PONT1 Paraoxonase 1

6 exon

PON2 Paraoxonase 2

9 exon

MSRA Methionine sulfoxide reductase
Promotor

CAT Catalase

Promotor

GSTP1 Glutathione S-transferase PI
5 exon

TP53 Tumor protein p53

4 exon

ccL2 Chemokine CCL2

5'-end

BCL2 BCL2-related protein

2 intron

combinations were P < 0.05 after the Benjamin—Hochberg
(FDR) procedure and OR < 0.3 (OR is odds ratio) for protec-
tive markers or OR > 3 for high-risk markers.

To identify possible nonlinear interaction (synergy) between
two elements of the found combinations, the SF (Synergy
Factor) indicator was calculated (Cortina-Borja al., 2009).
The synergy factor was considered significant if at P < 0.05
and the value of 95 % CI for SF did not cross 1. When con-
structing predictive models (using SPSS v. 22), the method
of multifactorial logistic regression with step-by-step inclu-
sion of variables was used, as which the studied polymor-
phic variants were selected taking into account the selected
optimal model and paired combinations with a significant
SF indicator.

Results

Table 3 shows the results of analyzing the genotype frequency
distribution of the studied polymorphic variants. In the control
group, all the obtained genotype frequency distributions of the
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Table 2. Primer sequences and sizes of amplified fragments
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Marker Primers Alleles (fragment size, bp)

rs1205*CRP F 5’-aga aaa cag ctt gga ctc act ca-3’ BK* (235)
R 5’-tga gag gac gtg aac ctg gg-3’ *T (195)
C 5'-cca gtt tgg ctt ctg tcc tga c-3’ *C(85)
T 5’-ttg cca cat gga gag aga cta-3’

rs3834129*CASP8 F 5’-ggt ccc cgc tgt taa cat ttt gat-3’ *D (126)
R 5’-ccg agg aag gca ctg aga cg-3’ *1(132)

rs3732378*CX3CR1 F 5’-tgc tgc tca gaa cac ttc ca-3’ BK (323)
R 5’-cct tct ggt ggt cat cgt gt-3’ A(163)
A 5’-caa caa tgg cta aat gca atc a-3’ G (201)
G 5’-ccc tca gtg tga ctg aga c-3’

rs1800795*IL6 F 5’-ctt cgt gca tga ctt cag ctt-3’ BK (279)
R 5’-gag act cat ggg aaa atc cca ca-3’ *G(179)
C5’-ccc cta gtt gtg tct tgt c-3” *C(139)
G 5’-aat gtg acg tcc ttt agt atc-3’

rs662*PONT F 5’-cta gca cga agg ctc cat cc-3’ BK(351)
R 5’-cca cta cat ttc aga gag ttc aca-3’ G (222)
G 5’-ccc aaa tac atc tcc cag cat c-3' A(173)
A 5’-tat ttt ctt gac ccc tac tta ca-3’

rs7493*PON2 F 5’-cat gtc ccc tta atc agt gtg-3’ BK (224)
R 5’-tga gca gct tcc cat cat aca-3’ Cc(152)
C 5'-tag tca ctg tag gct tct gag-3’ G(113)
G 5’-ccg cat cca gaa cat tca atg-3’

rs10098474*MSRA F 5’-cct tgct ccc gta ttt tgg c-3’ BK (337)
R 5’-cct gtc gta cga agt acg tg-3’ T (243)
C 5'-gtc ctc ttc tat ctt act gag c-3’ C(136)
T 5’-cga ctt cgc agt tta gca gta-3’

rs1001179*CAT F 5’-ata gct atg gag cgc aag gc-3’ BK (236)
R 5’-ggc ctg aag acc gga gat ac-3’ CT(117)**
C5’-gcc ctg ggt tcg gct atc-3”
T 5’-gcc ctg ggt tcg gct att-3”

rs1695* GSTP1 F 5’-tct cat cct tcc acg cac at-3’ BK (333)
R 5’-caa gcc acc tgag ggg taa g-3’ G(132)
A 5’-gtt ggt gta gat gag gga gat-3’ A (240)
G 5’-gac ctc cgc tgc aaa tac g-3'

rs1042522*TP53 F 5’-tca ccc atc tac agt ccc cct-3’ BK (345)
R 5’-ata cgg cca ggc att gaa gt-3’ G (149)
C5'-ccagag gct gct ccc ge-3' C(229)
G 5’-tgg tgc agg ggc ctc cc-3’

rs1024611*CCL2 F 5’-cgg gcc cag tat ctg gaa tg-3’ BK (273)
R 5’-ctg gaa agt gac ttg gcc ttt g-3’ G (201)
G 5’-gaa agt ctt ctg gaa agt gac-3’ A(111)
A 5’-agt ggg agg cag aca gct a-3’

rs12454712*BCL2 F 5’-ctt cct ggt ttc ttt gcc agg-3’ BK (306)
R 5’-atc act cct caa agg cgc ag-3’ T (200)
T 5’-gcc cca gac tca ctt gegt-3’ C(145)

*|C - Internal control.

C5’-ggt gtt gca aca tcc atc acg-3’

** _ First, testing was carried out for the presence of a rare allele *T, then, with a positive test, the sample was tested for the presence

of the allele *C.

studied loci correspond to the Hardy—Weinberg equilibrium
distribution.

The analysis of polymorphic loci associations with MI
revealed statistically significant results for polymorphic vari-
ants of the CX3CR1 (rs3834129), MSRA (rs10098474), CCL2
(rs1024611), and BCL2 (rs12454712) genes. Notably, after
introducing the Benjamini—Hochberg correction (multiple
comparisons), only the results for the CCL2 and CX3CR1
genes remained significant.

The APSampler software, which employs the dynamic
Monte Carlo method, analyzed possible combinations of the
studied polygenic variants associated with a high risk of MI.
Combinations with higher OR and P values than those of the
components of these combinations were identified (Table 4).
In this case, the combinations include not only the CX3CR1,
MSRA, CCL2, and BCL2 gene variants obtained during the
analysis of individual loci but also the CRP, CASP8, PON2,
CAT, IL6, GSTP1, and TP53 gene variants.
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Analysis of associations of polymorphic
DNA markers with myocardial infarction

Table 3. Distribution of genotype frequencies according to the studied polymorphic variants and the results

of the analysis of associations with myocardial infarction

Gene Genotype Control Mi
marker n (%) n (%)
CRP /e 98 (32.67) 81(28.93)
rs1205 o 146 (48.67) 31 (46.79)
7T 6 (18.67) 68 (24.29)
CASP8 " 124 (39.87) 102 (36.43)
rs3834129 I/D 0(45.02) 32(47.14)
D/D 47 (15.11) 46 (16.43)
CX3CR1 G/G 215 (70.49) 156 (55.71)
rs3732378 A/G 77 (25.25) 2 (40)
A/A 3(4.26) 2(4.29)
IL6 c/C 8(12.54) 6(9.29)
rs1800795 /G 151 (49.83) 158 (56 43)
G/G 114 (37.62) 6 (34.29)
PONT /T 143 (46.58) 139 (50.18)
rs662 T/C 127 (41.37) 112 (40 43)
c/C 7 (12.05) 6(9.39)
PON2 G/G 136 (44.88) 118 (44.36)
rs7493 G/C 130 (42.9) 8 (40.6)
c/C 7(12.21) 40 (15.04)
MSRA /T 152 (50) 106 (39.85)
rs10098474 T/C 22(40.13) 33(50)
c/C 0(9.87) 7(10.15)
CAT c/C 207 (70.65) 179 (66.54)
rs1001179 T 74 (25.26) 6 (28.25)
T 2(4.1) 4(5.2)
GSTP1 A/A 142 (48.46) 129 (47.78)
rs1695 A/G 119 (40.61) 102 (37.78)
G/G 2(10.92) 9 (14.44)
TP53 c/C 155 (50) 134 (53.17)
(51042522 /G 122(39.35) 5(37.7)
G/G 3(10.65) 3(9.13)
ccL2 A/A 169 (54.34) 131 (46.79)
rs1024611 A/G 124 (39.87) 110 (39.29)
G/G 18 (5.79) 9(13.93)
BCL2 /T 119 (38.26) 6 (30.71)
rs12454712 T/C 144 (46.3) 125 (44.64)
c/C 48(15.43) 69 (24.64)

P* The results of the logistic analysis
Model** P OR
95 % Cl
0.906 Recessive — 0.099 1.4
C/C+C/TvsT/T 0.94-2.08
0.47 Dominant - 0.39 1.16
I/1vs |/D+D/D 0.83-1.61
0.099 Overdominant - 0.0002 1.9
G/G+A/A vs A/G 1.35-2.67
0.326 Overdominant - 0.111 13
G/G+C/Cvs C/G 0.94-1.81
0.3 Log-additive — 0.259 0.87
allele *C (0,1, 2) 0.68-1.11
0.52 Recessive — 0.326 1.27
G/G+G/Cvs C/C 0.79-2.06
0.494 Dominant - 0.015 1.51
T/Tvs T/C+C/C 1.08-2.11
0.138 Log-additive — 0.277 1.18
allele *T (0, 1, 2) 0.88-1.57
0.343 Recessive- 0.209 1.38
A/A+A/G vs G/G 0.84-2.27
0.228 Log-additive - 0.405 0.9
allele*G (0, 1, 2) 0.7-1.16
0.552 Recessive — 0.0007 2.63
A/A+A/G vs G/G 1.47-4.72
0.72 Log-additive — 0.005 1.38
allele *C(0, 1, 2) 1.1-1.73

*The exact test for compliance with the Hardy-Weinberg equilibrium for the control group.
**The model was selected based on the results of the Akaike information criterion.

To determine possible non-linear interactions in the identi-
fied combinations, the SF factor between all possible pairs of
loci included in the obtained combinations was calculated.
As a result of the analysis, five statistically significant pairs
were obtained: CAT*T+MSRA*C (SF = 2.57, 95 % Clgg
1.23-5.4, Z = 2.50, P = 0.01), CAT*C/T+CX3CR1*A
(SF = 2.45, 95 % Clgp 1.08-5.56, Z = 2.15, P = 0.03),
CX3CR1*A/G+CASP8*I/I (SF = 4.71,95 % Clgr 2.22—

10.01,Z2=4.03,P=5.6x107), CRP*T+IL6*C/G (SF=2.42,
95 % Clgp 1.19-4.94,Z=2.44,P=0.015), MSRA*C+CRP*C
(SF=2.56,95 % Clgg 1.12-5.86, Z=2.22, P =0.027). Thus,
the results suggest that a synergistic effect is observed for
these pairs.

Next, to construct a prognostic model for MI, a multifacto-
rial logistic regression analysis was performed with a step-by-
step inclusion of the most significant predictors (individual
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Table 4. Combinations of alleles/genotypes of the studied polymorphic variants associated with the risk of myocardial infarction

Combination Control, % MI, %
CAT*C/T+ MSRA*C+CRP*C+CX3CRT*A 0.34 717
CX3CR1*A/G+CASPS8*I/I 6.89 18.93
GSTP1*G+MSRA*C+CRP*T+CASP8*I+IL6*C/G 342 13.64
PON2*G+CAT*T+MSRA*C+CRP*C+CX3CRT*A 0.69 7.92
CAT*T+MSRA*T/C+CASP8*D+BCL2*C 1.71 10.19
MSRA*C+CX3CRT*A+TP53*C/C+IL6*C 2.00 10.71
CX3CRT*A+CASP8*I/14+TP53*C+IL6*C 0.33 13.10
PON2*G/G+MSRA*C+CX3CRT*A+IL6*C 1.68 9.77
PON2*G+CCL2*G/G+CASP8*D+IL6*C 1.00 7.89
CRP*T+CCL2*G/G+TP53*C 1.34 8.33
CAT*T+GSTP1*A/A+MSRA*C+CX3CRT*A 0.34 5.70

polymorphic variants, as well as significant paired combi-
nations identified during the SF analysis). Table 5 presents the
list of predictors included in the final model. Thus, a model
for calculating the genetic risk of MI was obtained, which,
according to the ROC analysis, has a fairly high prognostic
efficiency (AUC = 0.71, Poyc = 1.7 x 10716, see the Figure).

Discussion
The study aimed to identify informationally significant
risk predictors of MI. The results indicate the involvement
of genes encoding proteins involved in the inflammatory
response, antioxidant protection, and apoptosis in forming
a predisposition to MI, which is consistent with modern
concepts of CHD etiopathogenesis. Indeed, the consequence
of oxidative stress is lipid peroxidation and protein oxidation,
which are factors of vascular endothelial damage, leading
to the activation of inflammatory processes or apoptosis.
Moreover, at the early stages of atherogenesis, apoptosis can
be considered a protective factor, while at later stages, it is a
factor in atherosclerotic plaque destabilization and activates
thrombus formation, which is the direct cause of MI.
Fractalkine (CX3CL1) via its receptor (CX3CR1) trig-
gers chemotaxis and monocyte adhesion in the area of athe-
rosclerotic damage at early stages of atherogenesis (Schulz et
al., 2007). Also, this chemokine has an anti-apoptotic effect
on smooth muscle cells and monocytes and promotes the pro-
liferation and migration of smooth muscle cells, which con-
tributes to the formation and growth of atherosclerotic plaque
(Liuetal., 2010). rs3732378 in the CX3CR1 gene determines
the replacement of the amino acid threonine with methionine.
D.H. McDermott (McDermott et al., 2003) showed that the
receptor with 280M (allele *A) binds to fractalkine less ef-
fectively, i.e. allele *A was considered as a protective factor
in relation to atherosclerosis. At the same time, if at early
stages of atherogenesis, the decreased activity of the CX3CL1-
CX3CR1 system inhibits the disease development, at later
stages, the same effect can lead to apoptosis of monocytes and
foam cells, disease progression, and thrombosis (Landsman
et al., 2009; Van Vré et al., 2012).

P PrpRr OR 95 % Clogr
591x107° 0.0117 2248 2.99-169.1
8.70x 107 0.0142 3.16 1.85-5.39
8.88x107° 0.0141 445 2.16-9.17
9.47x 1076 0.0146 12.39 2.88-53.39
1.10x107° 0.0143 6.5 2.47-17.17
1.29%107° 0.0132 5.88 2.39-14.48
1.48x107 0.0135 44 2.12-9.12
1.76x107° 0.014 6.32 2.39-16.72
3.27x1075 0.016 8.46 2.49-28.69
6.73x107 0.0143 6.7 2.27-19.8
1x107 0.0145 17.6 2.31-134.2

Table 5. Coefficients of the logistic regression equation
for the multifactorial model for calculating the genetic risk
of myocardial infarction

Predictor B P OR 95 % Clor
CCL2*G/G 1.06 0.0023 2.89 1.46-5.71
BCL2*C (x0.1.2) 0.29 0.0300 1.33 1.03-1.73
MSRA*C+CRP*C 0.71 0.0009 2.03 1.34-3.08
CRP*T/T 0.71 0.0063 2.04 1.22-3.39
CASP8*D 0.69 0.0028 1.99 1.27-3.12
CX3CR1*G/A+CASP8*I/I  1.25 0.0003 3.50 1.76-6.95
CRP*T+IL6*G/C 0.48 0.0172 1.61 1.09-2.38
CAT*C/T+CX3CRT*A 0.72 0.0388 2.05 1.04-4.03
CAT*T+MSRA*C 0.76 0.0020 2.15 1.32-3.49
Constant -1.87  9x10™"  0.15
1.0
0.8
0.6
2
=
G 04t
c
(]
wv
02+
0 0.2 0.4 0.6 0.8 1.0
1-Specificity

ROC analysis of the effectiveness of a model based on genetic markers
of individual risk of myocardial infarction.
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CASP8 belongs to cysteine proteases and triggers a cas-
cade of reactions with the final result of cell apoptosis (Ho,
Hawkins, 2005). T. Sun et al. (2007) showed that the deletion
of 6 nucleotide pairs in the promoter region of the CASP8
gene (rs3834129) disrupted the binding site for the stimulating
protein (spl) and reduced the transcriptional activity of the
gene. In the same work, in vivo experiments demonstrated that
the 6N deletion variant was associated with lower apoptotic
reactivity of T-lymphocytes when stimulated by cancer cells.
Based on this, the identified CX3CR1*G/A+CASP8*I/I va-
riant may be associated with increased apoptotic activity and
destabilization of the atherosclerotic plaque. At the same time,
for carriers of the rs3834129*D allele, a decrease in apoptotic
activity at earlier stages of atherogenesis may contribute to
disease progression, which is confirmed by the study of this
polymorphic variant in a sample of the Russian ethnic group
from Novosibirsk, where an association of the *D/D genotype
with progressive atherosclerosis was demonstrated (Maksimov
etal., 2022).

Catalase belongs to the group of antioxidant enzymes,
catalyzes decomposition of hydrogen peroxide formed in
biological oxidation into water and molecular oxygen, and
protects cells from damage by free radical oxidation products.
H. Yang et al. (2004) demonstrated that mice with ApoE-/- and
increased expression of catalase had a slowdown in athero-
sclerosis development.

Information on the association of the polymorphic variant
rs1001179*CAT with enzyme activity is contradictory. Thus,
for Americans of European descent, a direct correlation was
shown between catalase activity and the allele *C, and the
differences in the level of catalase activity varied significantly
depending on the level of fruit and vegetable consumption
(Ahn et al., 2006); in Italians with chronic lymphocytic leu-
kemia, carriers of the allele *T were characterized by a lower
level of methylation and a higher level of the CAT gene expres-
sion (Galasso et al., 2022); the work on population samples
from Russians and Buryats revealed that carriers of the *T/T
genotype had lower concentrations of diene conjugates than
carriers of the allele *C, which allows assuming greater cata-
lase activity for individuals with the *T/T genotype (Ershova
etal., 2016).

Thus, the CAT*C/T+CX3CR1*A combination identified
in the present study may be associated with higher catalase
activity, one of the effects of which is proliferation inhibition
and induction of apoptosis of vascular smooth muscle cells
(Brown et al., 1999) by catalase and a decrease in the inhibi-
tory effect of smooth muscle cells on apoptosis by fractalkine
and its receptor.

Methionine sulfoxide reductase A (MSRA) catalyzes the
reduction of methionine sulfoxide to the parent methionine. It
is believed that a decrease in MSRA activity decreases cellular
resistance to oxidative stress. Y. Xu et al. (2020) demonstrated
the ability of MSRA to restore the anti-atherogenic function
of oxidized high-density lipoproteins. Previously, the authors
of the present study found that the *T/T genotype of the
rs10098474 polymorphic locus as part of the polymorphic loci
combination of the CAT (rs1001179) and GPX1 (rs1050450)
genes was more common among individuals over 90 years of
age (Erdman et al., 2021), which is consistent with our results
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on the negative contribution of the allele *C to forming a
hereditary predisposition to MI.

According to a number of studies, the *T/T genotype of
the rs1205 (CRP) polymorphism is associated with lower
plasma CRP levels in Europeans (Kolz et al., 2008), Ameri-
cans of European descent (Lange et al., 2006), and residents
of eastern Mexico (Reynoso-Vilalpando et al., 2021). CRP has
pronounced pro-inflammatory effects: according to (Pasceri et
al. 2000), it stimulates expression of chemokine intercellular
adhesion molecules; H. Fujii et al. (2006) noted that CRP is
able to increase the release of reactive oxygen species and
induce apoptosis of progenitor endothelial cells, which con-
tributes to endothelial dysfunction.

At the same time, anti-atherogenic properties are also
noted — CRP binds modified low-density lipoproteins (Tabuchi
et al., 2007); as a result, it can prevent the formation of foam
cells and limit complement activation. CRP also inhibits the
oxidation of low-density lipoproteins (Badimon et al., 2018).
In the model the authors of the present study obtained, the
*T/T genotype of the rs1205 polymorphic variant is an MI
risk factor, which is consistent with the data on the protective
properties of CRP. The authors of the present study also found
an unfavorable synergistic interaction in the combination of
MSRA*C+CRP*C. Probably, the allele *C rs10098474 of the
MSRA gene is associated with decreased enzyme activity and,
as a consequence, decreased cellular resistance to oxidative
stress, while CRP is known to be able to increase reactive
oxygen species release, which can enhance the negative impact
of this combination.

The pro-atherogenic role of the chemokine CCL2 (MCP1,
a key factor providing chemotaxis of immune competent
cells to the site of damage) was demonstrated in the works
(Aiello et al., 1999; Ohman et al., 2010). The genotype *G/G
rs1024611*CCL2 according to the data (McDermott et al.,
2005) is associated with increased CCL2 content in plasma
and with MI. The association of the CCL2*G/G genotype with
an increased risk of CHD was confirmed by a meta-analysis
of European populations, while statistically significant results
were not obtained for Asian populations (Bai et al., 2015).

BCL2 is an inhibitor of apoptosis, an intracellular protein,
the main representative of the BCL2 family. The C allele of
the polymorphic variant rs12454712 is able to bind to the
transcription factor ZNF329, which increases the expression
of the BCL2 gene (Dong et al., 2021). As already noted, in the
later stages of atherosclerosis, activation of apoptosis plays a
negative role. At the same time, apoptosis can be a significant
factor in limiting intimal hyperplasia in atherosclerosis; in
addition, macrophage apoptosis can be a factor in excessive
limitation of the inflammatory response (Vladimirskaya et
al., 2015).

Conclusion

Notably, the obtained results can be considered intermedi-
ate, since the resulting model has limited predictive ability
(which can probably be compensated for by introducing
additional predictors). In addition, this model needs to be
confirmed on alternative samples. Nevertheless, the results
give reason to assume that polymorphic variants rs1205*CRP,
rs3732378*CX3CR1, rs1800795*IL6, rs1024611*CCL2,
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rs3834129*CASP8, rs1042522*TP53, rs12454712*BCL2,
rs1001179*CAT, and rs10098474*MSRA significantly con-
tribute to the formation of hereditary predisposition to MI.
In addition, it was demonstrated that the identified synergis-
tic interactions between genotypes/alleles in combinations
of CX3CR1*A/G and CASP8*I/I, MSRA*C and CRP*C,
CAT*C/T and MSRA*C, and CAT*C/T and CX3CR1*A can
significantly affect the resulting predictive model. The nature
of these interactions is subject for further analysis.
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