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Heat shock proteins in protein folding and reactivation

D. Malkeyeva 1 E.V. Kiseleva (19, S.A. Fedorova =)L 2
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Abstract. Throughout their lives, cells synthesise new and dispose of the old, denatured proteins and insoluble protein
aggregates. An important role in maintaining proteostasis is played by chaperones, which fold various proteins and
promote degradation of denatured or misfolded proteins via proteasomes or autophagy. Despite protein folding being
an accurate process, as organisms age and experience stress, errors accumulate, which leads to the formation of protein
aggregates that can result in pathological changes. In addition, stress factors such as elevated temperature and altered
pH can promote protein denaturation that can result in the proteins not only losing their native functions, but also gain-
ing novel cytotoxic properties. With the increase of human average lifespan, more and more cases of proteinopathies —
diseases caused by disruptions in proteostasis, e.g. Alzheimer’s disease, Huntington’s disease etc. - emerge. Therefore,
identification of mechanisms preventing the formation of cytotoxic protein aggregates and promoting their clearance
is of high importance. Heat shock proteins (HSPs) are the molecular chaperones involved in folding nascent proteins
and refolding the denatured ones, leading to their reactivation. Heat shock proteins vary in structure and functions and
are found in all prokaryotes and eukaryotes discovered to date. HSPs are constantly synthesised in cells under normal
conditions, and a multitude of them are dramatically up-regulated during stress, which includes heat shock (which
earned them their name) and metabolic stress caused by the increased numbers of misfolded proteins. In this review,
we describe mechanisms of action and functions of members of five heat shock protein families.

Key words: heat shock proteins; molecular chaperones; protein folding; protein quality control; HSP.
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BelKy TerIoBOro 1mokKa B GoJIaUHTe U peaKTUBaI 6e/IKOB
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1 DepepanbHblii NCCNefoBaTENbCKUIA LEeHTP VIHCTUTYT umTonorum u reHetrkn Cnbrpckoro otaeneHns Poccuinckol akagemun Hayk, HoBocnbnpck, Poccus
2 KypuaToBckuii reHomHbi LeHTp MLl CO PAH, HoBocnbupck, Poccus
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AHHOTauusA. B npouecce K13He[eaTeIbHOCTU B KaXXA0MN KNeTKe NMPouCXoaaT CUHTE3 HOBbIX GEKOB 1 yaaneHve CTa-
pbIX, AeHaTYpPYPOBaHHbIX BENKOB 1 HePaCTBOPMMbIX GENKOBbIX arperaTos. B nogaepxaHunm npoteoctasa 3HaunTENb-
HYI0 POJIb UTPAIOT LUAMNEPOHbI, KOTOPbIE YYaCcTBYIOT B MPUAAHMU NPaBUIIbHON KoHbopMauun (bonguHre) MHorux 6en-
KOB 11 CMOCOBCTBYIOT Aerpajialii AeHaTYPVPOBAHHBIX UM HEMPABUIIbHO CBEPHYTbIX GENKOB MOCPEACTBOM MpoTeas
unu aytodaruu. Hecmotps Ha To uto GonauHr 6eNnKoB — AOBOIIbHO TOUHbIN MPOLIECC, C BO3PACTOM 1 MOJ BO3AENCTBUEM
CTpecca HakanvBaloTCA OWMOKM, MPUBOAALLME K 06pa30BaHMNI0 HEPACTBOPUMbIX GENIKOBbBIX arperatos, KOTOPble MOTryT
BbI3blBaTb Pa3nMyHble Natonoruv. Bosgencrare cTpeccoBbix GaKTOpPOB, TaKKX Kak NMoBbILLEHHasA TeMrepaTypa 1 usme-
HeHUe KNCITIOTHOCTY CPEefbl, TaKXKEe MOXKET CoCcOo6CTBOBaTb U3MEHEHWIO HATVBHOW KOHOpMaLmm 6enKoB, B pesynbTaTe
YEero OHV MOTYT He TOJIbKO TePATb BbIMNOJIHAEMble B HOPMe GYHKLIUY, HO 1 MPYoBpeTaTb HOBbIE LIMTOTOKCUYECKME CBOW-
CTBa. B CBA3M C yBennueHem cpefHein NpoAomKNTENbHOCTY KI3HY YeNoBEKa B MVPe OTMEYaeTCs poCT NpoTenHona-
TV — 3a60NeBaHNI, CBA3AHHbBIX C HAPYLLIEHVEM NPOTeOCTasa, K KOTOPbIM OTHOCATCA, Hanpumep, 6o5ie3Hn Anblrenmve-
pa, MapK1HCOHa, XaHTUHITOHA; NO3TOMY BbISIBIEHVE MEXaHU3MOB, NPENATCTBYIOLNX HAKOTIEHWIO 1 CMOCOBCTBYOLWNX
yOaneHuio LMTOTOKCUYHbBIX arperaToB, CTafio aKTyanbHOW 3afjaueit. benku Tennosoro woka (heat shock proteins,
HSP) — MonekynspHble WanepoHbl, MPUHUMAIOLLME YYacTre Kak B NpYAAHUM NPaBUibHON KOHGOpPMaLUy BHOBb CUH-
Te3UpOoBaHHbIM 6enKam, Tak 1 B pedonanHre AeHaTypUpoBaHHbIX GeNKOB C X NocneayoLei peaktrisaLveit. HSP pas-
HOO6pa3Hbl MO CTPYKTYPE 1 BbIMOHAEMbIM GYHKLMAM 1 BCTPEUAIOTCA Y BCEX U3YUEHHbIX MPO- U 3YKapUOTUHECKMX
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Heat shock proteins in protein folding
and reactivation

opraHn3moB. HSP crHTe3npyloTCA B KNneTke NOCTOAHHO. BbipaboTka MHOXEeCTBa 13 HMX MHOTOKPATHO YCUSIMBAETCA Npw
cTpeccax, BKoyas TeMna0BOw (3a YTO OHU 1 MOJTyYUII CBOE Ha3BaHVE) U MeTaboMYecKmnii CTpecc, BO3HMKaIoOLWMNA 13-3a
MOBBILEHUA KONNMYECTBA HEMPABUIbHO CBEPHYTbIX 6eMKOB. B HacTosALeM 0630pe onvcaHbl MEXaHU3MbI LENCTBUSA 1
byHKUUM NpepcTasutenelt NATK cemencts HSP B ponguHre n peaktnsaumm 6enkos.

KnioueBble cnoBa: 6Gefikyv TEMIOBOrO LUOKA; MONIEKYIAPHbIE LuanepoHbl; GONguHr 6eNKoB; KOHTPOSb KauyecTBa

6enkos; HSP.

Introduction

Heat shock proteins (molecular chaperones, HSPs) are a
class of conserved proteins, the main function of which is
protein quality control (van Leeuwen, Kampinga, 2018). Heat
shock proteins are present in all prokaryotes and eukaryotes
discovered to date (Lindquist, 1986). The majority of HSPs
are synthesised under normal conditions and are up-regulated
during stress, e. g. hyper- or hypothermia, hypoxia, oxidative
stress, and infection (Sgrensen et al., 2003; Kampinga et al.,
2009; Sarkar et al., 2011). Under normal conditions, HSPs
serve as “molecular chaperones” by folding nascent proteins
(Ellis, 1987; Feder, Hofmann, 1999). During stress, the redox
balance and hydration of the cell can be disrupted, which leads
to protein misfolding (Jolly, Morimoto, 2000). Misfolded pro-
teins, in turn, can gain deleterious functions and tend to form
insoluble aggregates (Jolly, Morimoto, 2000). The induction
of HSP synthesis allows the cells to maintain homeostasis
due to their ability to refold the damaged proteins, prevent
aggregation, and to resolubilise the already formed protein
aggregates (Jolly, Morimoto, 2000). Mutations in certain
HSPs result in disorders, such as myopathies, neuropathies,
and lens or retinal diseases (Macario et al., 2005; Kakkar et
al., 2014).

Based on their structure and functions, HSPs are classi-
fied into five major families, with their names reflecting the
members’ molecular mass in kilodaltons (kDa): Hsp100 (or
Hsp110), Hsp90, Hsp70, Hsp60, and small HSPs (sHSPs, up
to 43 kDa) (Sarkar et al., 2011; Bar-Lavan et al., 2016). HSPs
cooperate with co-chaperones Hsp40, Hsp10, and NEF, which
are sometimes placed into separate HSP families. For human
HSP families, a standard nomenclature was suggested in 2009
by Professor H.H. Kampinga et al.: HSPH (Hsp110), HSPC
(Hsp90), HSPA (Hsp70), DNAJ (Hsp40), HSPB (sHSPs),
and chaperonins HSPD/E (HSP60/HSP10) and CCT (TRIC)
(Kampinga et al., 2009).

Hsp100

This family of HSPs (Clp in bacteria, HSPH in humans) in-
cludes 100-110 kDa chaperones capable of proteolysis and
protein aggregate degradation (Sarkar et al., 2011; Mogk et
al., 2015). These chaperones are abundant in prokaryotes and
are present in unicellular eukaryotes (e. g. Hsp104 and Hsp78
in budding yeast, Saccharomyces cerevisiae); in multicellular
organisms, Hsp100 can only be found in mitochondria (Sarkar
etal., 2011). Hsp100 proteins belong to the AAA+ (ATPases
associated with diverse cellular activities) superfamily and
share the AAA domain defined by a region of ~230 amino
acid residues containing Walker A, Walker B, sensor-1, and
sensor-2 motifs that are necessary for nucleotide binding and
hydrolysis and for Hsp100 oligomerisation resulting in ring-
like structures (Mogk et al., 2015; Mokry et al., 2015). De-

pending on the number of the AAA domains, Hsp100 proteins
can be divided into two classes: Class | with two nucleotide
binding domains, and Class Il with one nucleotide binding
domain (Hodson et al., 2012; Mokry et al., 2015). Class |
includes ClpA, CIpB (Hsp104), and ClpC; Class Il includes
ClpX and HslU (Hodson et al., 2012).

All of the Hsp100 family members have an N-terminal do-
main contributing to the binding to protein aggregates (Mokry
et al., 2015). Certain Hsp100 proteins have an M domain lo-
cated within the first nucleotide binding domain. The flexible
M domains are located on the outer surface of the Hsp100 ring
and play an essential role in substrate interaction and protein
aggregate reactivation (Mokry et al., 2015). In the presence
of ATP, Hsp100 form ring-like homohexamers with a central
pore of ~15 A through which unfolded substrates trapped in
protein aggregates are pulled (Hodson et al., 2012; Duran et al.,
2017). Inside, the pore is lined with loops containing tyrosine
residues that bind the aggregated peptides and translocate them
through the channel by performing a rowing motion fuelled
by ATP hydrolysis (Saibil, 2013). The substrate is pulled into
the Hsp100 central pore as a loop, and not by its terminus,
because internal segments of aggregated proteins are prefer-
entially targeted (Avellaneda et al., 2020). Nevertheless, the
insertion of the substrate into the channel with its free termini
is also possible (Avellaneda et al., 2020).

Some of the Hsp100 family members are associated with
proteases, and translocate the unfolded aggregate components
to them for degradation (Hodson et al., 2012). For example,
the bacterial CIpA, CIpC, and ClpX are associated with ClpP
protease, and the HslU (ClpY) chaperone is associated with
the HslV (ClpQ) protease (Hodson et al., 2012). The bacterial
ClpB, the yeast Hsp78 and Hsp104, and the plant Hsp101
are not connected to any proteases and thus reactivate the
aggregated proteins (Hodson et al., 2012).

Hsp100 can perform disaggregation independently; how-
ever, their activity is greatly enhanced by the presence of the
Hsp70/Hsp40/NEF chaperone system (Mokry et al., 2015).
For example, Hsp104 and ClpB are almost incapable of rec-
ognising aggregated proteins in the absence of Hsp70 (Mogk
et al., 2015). Hsp70 chaperones bind to aggregated peptides
and then directly interact with the Hsp100 M domains thereby
presenting the substrate to the disaggregase. Next, the substrate
is translocated through the Hsp100 central pore and unfolded
(Mogk et al., 2015).

Hsp90

Hsp90 proteins (HtpG in bacteria, HSPC in humans) are some
of the most abundant chaperones, making up to 1-2 % of total
proteins in eukaryotic cells (Sarkar et al., 2011; Li, Buchner,
2013). In addition to folding denatured proteins, Hsp90 fa-
cilitates maturation of various de novo synthesised peptides
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(Bar-Lavan et al., 2016). Bacteria have an Hsp90 protein
(HtpG in Escherichia coli); no Hsp90 genes were found in
Archaea (Li, Buchner, 2013). In yeast, two members of Hsp90
are present, namely, Hsc82 and Hsp82, that are localised to
cytosol (Li, Buchner, 2013). Plants possess ch-Hsp90 found
in chloroplasts (Li, Buchner, 2013). In the fruit fly Drosophila
melanogaster, one Hsp90 member, i. e. Hsp83, has been dis-
covered; it is the only HSP-coding gene in D. melanogaster
that has an intron (Sarkar et al., 2011). In mammals, there are
four members of the family, of which two isoforms of Hsp90
(Hsp90a and Hsp90B) are localised to the cytosol, Grp94 is
located in the endoplasmic reticulum, and Trap-1 is present
in the mitochondria (Sarkar et al., 2011; Li, Buchner, 2013).

Hsp90 proteins have three domains: the highly conserved
N-terminal domain with the ATP binding site and a charged
loop segment, an M domain necessary for substrate binding
and regulation of ATP hydrolysis, and a C-terminal domain
allowing for the dimerisation of Hsp90 proteins and interac-
tion with several co-chaperones (Bar-Lavan et al., 2016).
When it does not bind ATP, the Hsp90 homodimer adopts a
V-shaped form, termed “open conformation” (Li, Buchner,
2013). ATP binding leads to a change in the N and M domains
orientation and the transition of the homodimer to a “closed
conformation”, with the N domains dimerised (Li, Buchner,
2013). After ATP hydrolysis, the N domains dissociate, and
Hsp90 returns into the “open conformation” (Li, Buchner,
2013). The transition between the conformations is determined
by Hsp90’s interaction with the client proteins and with its
various co-chaperones (Li, Buchner, 2013; Bar-Lavan et al.,
2016). Interaction with co-chaperones and substrates occurs
when Hsp90 is in the “open conformation”; during the tran-
sition to the “closed conformation”, the substrate is folded:;
ADP, phosphate, the substrate, and co-chaperones are then
released and Hsp90 returns into the “open conformation” (L.,
Buchner, 2013).

Co-chaperone regulation is a conserved trait of the eukary-
otic Hsp90 system. More than 20 Hsp90 co-chaperones are
known to date (Li, Buchner, 2013). They regulate the Hsp90
function by inhibiting or activating the chaperone’s ATPase
activity and recruiting client proteins. Different co-chaperones
interact with each other to facilitate the Hsp90 client matu-
ration, and the composition of the co-chaperone complexes
depends on the client protein type (Li, Buchner, 2013).

Hsp90 are more specialised than other HSPs. Together with
their co-chaperones, Hsp90 play an important role in folding
of at least 200 different peptides under normal conditions and
in refolding of denatured proteins following stress (Sarkar et
al., 2011; Saibil, 2013). Among the Hsp90 clients are signal-
ling proteins participating in cell cycle regulation, kinases,
steroid hormone receptors, and the tumour suppressor p53
(Saibil, 2013).

Hsp70

The members of the Hsp70 family (DnaK in prokaryotes,
HSPA in humans) have the molecular mass of 70 kDa and
are the most conserved of the HSPs. Thus, Hsp70 proteins of
all characterized organisms share ~50 % amino acid identity
(Sarkar et al., 2011; Bar-Lavan et al., 2016). A distinctive
feature of this HSP family is the occurrence of multiple copies
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of Hsp70 genes in the majority of species (Sarkar et al., 2011).
For example, the yeast S. cerevisiae has 14 Hsp70 copies
(Sarkar et al., 2011); the fruit fly D. melanogaster has 6 almost
identical stress-inducible Hsp70 genes, stress-inducible gene
Hsp68, and several constantly expressed Hsc70 (Heat shock
cognate 70) genes (Tower, 2011; Xiao et al., 2019). In humans,
17 Hsp70 genes and 30 pseudogenes have been discovered,
some of which have up to 90 % sequence similarity (Broc-
chieri et al., 2008; Radons, 2016).

Hsp70 proteins are found in the cytosol of Archaea and
Eubacteria, and in various compartments of eukaryotic cells
(i. e. the nucleus, cytoplasm, mitochondria, chloroplasts, and
endoplasmic reticulum) (Sarkar et al., 2011; Rosenzweig et
al., 2019). The functions of Hsp70 include protein folding,
disaggregation of protein aggregates, maintaining aggrega-
tion-prone proteins in an unfolded state, and participation in
the translocation of proteins across the organelle membranes
(Saibil, 2013; Bar-Lavan et al., 2016).

Hsp70 chaperones consist of a conserved N-terminal
nucleotide-binding domain of ~44 kDa and a less conserved
substrate-binding domain of ~30 kDa, connected by a short
conserved hydrophobic linker (Sarkar et al., 2011; Bar-Lavan
etal., 2016; Larburu et al., 2020). A disordered C-terminal tail
of Hsp70 chaperones has variable length; in eukaryotic nuclear
and cytosolic Hsp70 proteins, this region often contains the
negatively charged motif Glu-Glu-Val-Asp, which interacts
with specific cofactors, including Hsp40 co-chaperones
(Rosenzweig et al., 2019). The nucleotide-binding domain
consists of four subdomains that are arranged into two lobes
separated by a deep crevice, in which an ATP-binding catalytic
centre is located (Rosenzweig et al., 2019). The substrate-
binding domain contains two subdomains, a and B (Larburu
et al., 2020). Subdomain B consists of -sandwich folds and
contains a hydrophobic substrate-binding pocket; subdomain
a consists of a-helices and acts as a “lid” that closes over the
substrate-binding pocket (Larburu et al., 2020).

The client protein binding and release is mediated by
ATP binding and hydrolysis; the speed of these processes is
regulated by co-chaperones Hsp40 (Dnal in prokaryotes) and
NEF (nucleotide exchange factor; GrpE in bacteria) (Saibil,
2013; Larburu et al., 2020). The reaction cycle of Hsp70 and
its co-chaperones is shown in Figure 1. Binding of ATP to
the catalytic centre of Hsp70’s nucleotide-binding domain
causes the rotation of the domain’s subunits resulting in the
inter-domain linker and the subunits of the substrate-binding
domain attaching to the nucleotide-binding domain, opening
the substrate-binding pocket (Rosenzweig et al., 2019). The
substrate-binding domain of Hsp70 interacts with a short
motif of the client protein, consisting of five hydrophobic
amino acid residues flanked by charged residues (Larburu et
al., 2020). This motif is present in virtually all proteins, which
provides a great flexibility in substrate selection (Larburu
et al., 2020).

Binding of the client protein induces ATP hydrolysis, which
leads to the detachment of the linker and the substrate-binding
domain subunits from the nucleotide-binding domain, and
to the closure of the substrate-binding pocket with the client
protein trapped in it (Rosenzweig et al., 2019; Larburu et al.,
2020). Typically, ATP hydrolysis in the Hsp70 catalytic centre
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Fig. 1. The chaperoning cycle of Hsp70.

| - in the presence of ATP in the nucleotide-binding domain of Hsp70, the substrate-binding pocket of the chaperone is
open and can bind misfolded proteins. Il - co-chaperone Hsp40 delivers a client protein and stimulates ATP hydrolysis in the
nucleotide-binding domain of Hsp70. Il - ATP hydrolysis leads to the conformation change of the chaperone, resulting in
the detachment of the substrate-binding domain subunits from the nucleotide-binding domain and their closure around
the client protein. IV — co-chaperone NEF exchanges ADP for ATP in Hsp70's nucleotide-binding domain. V - the substrate-

binding pocket of Hsp70 opens, releasing the correctly folded client protein.

occurs at the rate of one molecule per 20-30 min; however, the
involvement of Hsp40 co-chaperone that delivers the substrate
to Hsp70 accelerates the reaction more than 1,000-fold (Bar-
Lavan et al., 2016; Larburu et al., 2020). The ADP-to-ATP
exchange is stimulated by NEF (Bar-Lavan et al., 2016). This
process leads to the opening of the substrate-binding pocket
of the chaperone and the release of the client protein (Fig. 1)
(Larburu et al., 2020).

There are different hypotheses on the mechanism of protein
folding by Hsp70 chaperones. Some models suggest that the
binding of Hsp70 to hydrophobic regions of misfolded pro-
teins protects them from aggregation, and upon release, the
substrate undergoes folding independently (Bar-Lavan et al.,
2016). Other models suggest that clamping of misfolded pro-
teins in the substrate-binding pocket of one or several Hsp70
molecules promotes their unfolding (Bar-Lavan et al., 2016).
Given that the Hsp70 chaperones not only prevent aggregation
and promote folding, but also reactivate aggregated proteins,
models defining unfolding as the main function of Hsp70 may
be preferable (Bar-Lavan et al., 2016).

Hsp60
The Hsp60 proteins (GroEL in bacteria, HSPD in humans),
also known as chaperonins (Hemmingsen, 1992), are essential

for the majority of organisms not only during stress, but also
under normal conditions (Sarkar et al., 2011; Fan et al., 2020).
Unlike Hsp70 and Hsp100 chaperones that mainly renature
misfolded proteins and resolubilise protein aggregates, Hsp60
chaperonins are crucial for de novo protein folding (Saibil,
2013). Approximately 30 % of all E. coli de novo synthesised
proteins adopt correct conformation through GroEL (Koumoto
etal., 2001).

The DNA sequence of Hsp60 chaperonins is highly
conserved, which makes it useful for phylogenetic analysis
and identification of living organisms (Sarkar et al., 2011).
Based on the structure and DNA sequence similarity, the
chaperonins are divided into two groups (Saibil, 2013; Bar-
Lavan et al., 2016). Group | includes the bacterial GroEL
and its co-chaperonin GroES, the mitochondrial Hsp60 and
its co-chaperonin Hsp10, and Cpn60 found in chloroplasts,
alongside its co-chaperonin Cpn20 (Sarkar et al., 2011; Saibil,
2013; Zhang et al., 2016). Group Il includes the archaeal
thermosome and CCT (chaperonin-containing TCP1, also
known as TriC) found in the cytoplasm of eukaryotes (Saibil,
2013). Hsp60 chaperonins form symmetrical structures com-
prising two back-to-back rings of 7 (Group ) or 8-9 (Group 1)
60 kDa subunits each (Lopez et al., 2015). The Hsp60 sub-
units of both groups have three domains, namely, the apical,
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equatorial, and intermediate. The equatorial domain contains
ATP-binding sites and establishes the interactions between
the Hsp60 rings; the apical domain binds the substrate and,
in Group | chaperonins, also Hsp10 co-chaperonins (Sarkar
et al., 2011; Saibil, 2013; Bar-Lavan et al., 2016).

Hsp10 co-chaperonins are homoheptameric structures
composed of subunits of ~10 kDa, which bind to the rings of
Group | chaperonins, closing their cavities like a lid (Saibil,
2013). In Group Il chaperonins, the function of Hsp10 co-
chaperonins is carried out by an extra region of the apical
domain (Saibil, 2013). The intermediate domain of Hsp60
monomers connects the apical and equatorial domains and
undergoes a conformational change upon ATP binding, which
facilitates the switching between the “open” state, with the
inner surface of the cavity formed by the Hsp60 ring being
hydrophobic, and the “closed” state, with the inner surface
being hydrophilic (Sarkar et al., 2011; Saibil, 2013; Bar-Lavan
etal., 2016).

The reaction cycle of Group | chaperonins GroEL/GroES is
described in Figure 2. The folding cycle performed by Group I
chaperonins follows the same pattern, except for the cavity
closure being performed not by Hsp10 but by the extra regions
of the apical domains as a result of ATP hydrolysis, and the
rings of Group Il chaperonins switching between the “open”
and “closed” states synchronously, rather than sequentially
(Kumar et al., 2015; Lopez et al., 2015).

The substrates of Hsp60 include peptides with a molecular
mass between 35 and 60 kDa, with the maximum substrate
size determined by the volume of the Hsp60 ring cavity,
which in GroEL is ~175,000 A3 (Bar-Lavan etal., 2016). The
chaperonins perform the folding of such essential proteins
as actin and tubulin in eukaryotes, and the RbcL subunit of
the RuBisCO enzyme, which participates in the Calvin cycle
(Sarkar et al., 2011; Hayer-Hartl, 2017).

Small HSPs

Small HSPs (HSPB in humans) have molecular masses
between 12 and 43 kDa (Sarkar et al., 2011). In eukaryotes,
they are localised to the cytoplasm, nucleus, mitochondria,
chloroplasts, and peroxisomes. Prokaryotes and unicellular
eukaryotes typically have one or two cytosolic small HSPs,
although some bacteria may have several (for example, bac-
teria of the genus Bradyrhizobium can have up to eight small
HSP genes) (Mogk et al., 2019). In multicellular eukaryotes,
the number of genes encoding small HSPs ranges from 10 in
humans to 50 in higher plants (Mogk et al., 2019).

Unlike other HSP families, small HSPs do not have the
ability to refold denatured and aggregated proteins, and they
do not hydrolyse ATP when performing their functions, the
main of which is to prevent the aggregation of misfolded
proteins (Bar-Lavan et al., 2016; Mogk et al., 2019). In ad-
dition to the prevention of protein aggregation, small HSPs
are involved in several key physiological processes, such as
cellular differentiation and apoptosis (Fu, 2015).

A characteristic feature of small HSP family members is
the presence of a conserved a-crystallin domain, named after
the eye lens protein of vertebrates, a-crystallin (Sarkar et al.,
2011; Bar-Lavan et al., 2016; Paul et al., 2016; Mogk et al.,
2019). This domain consists of 90-100 amino acid residues
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forming a B-sandwich consisting of 7-8 antiparallel f-strands
(Mogk et al., 2019). The a-crystallin domain of small HSPs
is surrounded by less conserved N- and C-terminal domains
(Mogk et al., 2019). The N-terminal domains are especially
diverse in amino acid composition and size, consisting of
24-247 amino acid residues (56 on average) (Mogk et al.,
2019). The C-terminal domains are up to 20 amino acid
residues long (on average, 10) and in 90 % of small HSPs
contain the conserved motif lle-X-1le/Val (1X1/V) that plays
a key role in the oligomerisation of small HSPs (Saji et al.,
2008; Mogk et al., 2019).

The oligomers of small HSPs are hollow spheres consisting
of 12-32 protomers (Saji et al., 2008; Mogk et al., 2019). Each
protomer is a dimer of small HSPs, and the oligomers can
be composed of a single type or several types of small HSPs
(Mogk et al., 2019). The dimerisation of small HSPs occurs
through the interaction of their a-crystallin domains, and the
oligomerisation is established by the N- and C-terminal do-
mains (Mogk et al., 2019). Small HSP oligomers are dynamic
and constantly exchange dimers (Zwirowski et al., 2017).
During stress (e. g. temperature fluctuations, ion balance
disruption, pH changes), the equilibrium shifts towards the
formation of smaller oligomers and dissociation into dimers,
which bind to the hydrophobic regions of misfolded proteins
(Zwirowski et al., 2017; Mogk et al., 2019).

Small HSPs have low specificity and interact with a wide
range of different substrate proteins (Mogk et al., 2019). When
binding to misfolded proteins, small HSPs form complexes
consisting of two layers — a stable core containing small
HSPs and immobile substrate proteins, and a dynamic shell
of small HSPs, which alternately bind to and dissociate from
the complex (Fig. 3) (Zwirowski et al., 2017). The size of
these complexes is smaller than that of the misfolded protein
aggregates, but their molecular mass usually exceeds 1 MDa
(Zwirowski et al., 2017).

The size of small HSP-substrate complexes depends on
the small HSP-to-substrate ratio; the higher the proportion
of small HSPs, the smaller the complex size. At sufficiently
high levels of small HSPs, the complexes become soluble
(Mogk et al., 2019). At low concentrations of small HSPs,
the substrates form dense, insoluble complexes, but unlike
insoluble aggregates formed solely by misfolded proteins,
the substrates are maintained in a conformation that allows
chaperones from other HSP families to extract them from the
complex and reactivate them (Mogk et al., 2019).

The reactivation of such denatured proteins is carried out by
Hsp70 chaperones (Fig. 3) (Zwirowski et al., 2017). Through
competitive substrate binding, Hsp70 chaperones displace
small HSPs from the complex shell and perform substrate
folding, sometimes in cooperation with Hsp100 (Zwirowski
etal., 2017).

The shell of the complexes has several important physio-
logical functions: (1) it maintains the size and solubility of the
complex by protecting the hydrophobic regions of the sub-
strate proteins from interacting with other misfolded proteins,
thereby preventing their aggregation; (2) it forms a selective
barrier that is permeable only to Hsp70 chaperones; (3) it in-
creases the demand for Hsp70 chaperones, in comparison with
protein aggregates (Zwirowski et al., 2017).
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Fig. 2. The reaction cycle of Hsp60 using the example of bacterial GroEL and its co-chaperonin GroES (ho-
moheptamers of GroEL and GroES are shown in cross-section).

| - hydrophobic regions of a misfolded client protein interact with the hydrophobic inner surface of the apical
domains of the ATP-bound open ring of GroEL (top in the image). Il - the GroEL cavity is rapidly (within ~0.2' s
(Horwich, 2011)) closed by the GroES co-chaperonin, and the substrate becomes “trapped”inside the GroEL cavity.
Il - the binding of GroES causes the apical domains of GroEL to rotate 100° clockwise (Horwich, 2011; Clare et al.,
2012), which results in the inner surface of the GroEL ring becoming hydrophilic, promoting the folding of the
substrate. IV — approximately 10 s later, ATP hydrolysis occurs in the equatorial domains of the ring containing the
substrate protein, leading to the weakening of the interaction between the two rings allowing the second ring to
bind ATP and begin the folding cycle (Horwich, 2011).V - the GroES co-chaperonin dissociates from the first GroEL
ring; the folding cycle of a new substrate protein begins in the second ring. VI - the folded (or still misfolded) client
protein leaves the now open cavity of the first ring; ADP and phosphate dissociate from the equatorial domains of
the first GroEL ring. VI, VIIl - the first ring is unable to bind ATP and, therefore, the new substrate protein, until ATP
hydrolysis occurs in the second ring. T - ATP; D — ADP.
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Fig. 3. Schematic model of small heat shock protein release from complexes with substrate proteins by Hsp70 chaperones and the following reactiva-
tion of the substrate proteins by Hsp70 and Hsp100 chaperones.

The complexes of small HSPs with substrates consist of a stable core formed by misfolded proteins and the associated small HSPs, and of a dynamic shell, on the
surface of which small HSPs bind to and dissociate from the complex (the equilibrium is shifted toward binding). Hsp70 chaperones displace small HSPs from the
complexes, releasing them, and then present the substrate proteins to Hsp100 chaperones, which then pull them through their central pore and reactivate the
substrates.
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Thus, although small HSPs keep aggregation-prone proteins
in a state suitable for folding, they impede substrate reactiva-
tion at insufficient Hsp70 concentrations. This mechanism
may allow for the isolation of misfolded proteins under stress
conditions, when the number of available Hsp70 chaperones
is limited, for example, during chronic stress (Zwirowski et
al., 2017). At the same time, at low Hsp70 concentrations,
small HSPs may promote the formation of protein aggregates
because they prevent the ubiquitination of substrate proteins
in the complex and their degradation (Mogk et al., 2019).

Conclusion

As molecular chaperones, heat shock proteins play a central
role in the maintenance of protein homeostasis and are es-
sential for all known prokaryotes and eukaryotes. Members
of different HSP families perform various functions, assisting
in the correct folding of polypeptides, preventing the aggre-
gation of misfolded proteins, carrying out their refolding, or
promoting their degradation. To perform all these functions,
molecular chaperones work in tandem with each other and
with numerous co-chaperones, maintaining the cell’s proteome
in working condition. Thus, heat shock proteins are the “first
line of defence” for cells against the toxic effects of damaged
and misfolded proteins, both under normal conditions and
when exposed to various stressors.
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Abstract. Parkinson’s disease is a neurodegenerative disorder affecting dopaminergic neurons of the substantia
nigra pars compacta. The known pathological genetic variants may explain the cause of only 5 % of cases of the
disease. In our study, we found two patients with a clinical diagnosis of Parkinson’s disease with the genetic variant
c.1087G>T (p.Gly363Cys) of the LGR4 gene. The LGR4 gene encodes the membrane receptor LGR4 (leucine rich
repeat containing G protein-coupled receptor 4) associated with the G protein. We hypothesize that the LGR4 gene
may be either a direct cause or a risk factor for this disease, since it is one of the main participants of the WNT/[3-
catenin signalling pathway. This signalling pathway is necessary for the proliferation of neurons during their dif-
ferentiation, which may lead to Parkinson’s disease. To study the relationship between this genetic variant and
Parkinson’s disease, an ideal tool is a cellular model based on induced pluripotent stem cells (iPSCs) and their dif-
ferentiated derivatives, dopaminergic neurons. We reprogrammed the peripheral blood mononuclear cells of the
two patients with the c.1087G>T variant of the LGR4 gene with non-integrating episomal vectors expressing OCT4,
SOX2, KLF4, LIN28, L-MYC and mp53DD proteins. The obtained seven lines of induced pluripotent stem cells were
characterised in detail. The iPSCs lines obtained meet all the requirements of pluripotent cells, namely, they stably
proliferate, form colonies with a morphology characteristic of human pluripotent cells, have a normal diploid karyo-
type, express endogenous alkaline phosphatase and pluripotency markers (OCT4, NANOG, SSEA-4 and SOX2) and
are capable to differentiate into derivatives of the three germ layers. The iPSC lines obtained in this work can be
used as a tool to generate a relevant model to study the effect of the pathological variant c.1087G>T of the LGR4
gene on dopaminergic neuron differentiation.

Key words: Parkinson’s disease; reprogramming; induced pluripotent stem cells; LGR4 gene.
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AHHoTauuA. bonesHb MapKMHCOHa — TAXeNoe HelpoaereHepaTuBHoe 3aboneBaHue, nopaxawuiee sobamuHep-
rmyeckme HeMpoHbl KOMMAKTHOWM 4YacTu YepHoW cybCTaHUMM rofloBHOro mosra. V3BecTHble natonormyeckue
reHeTMYeCKmne BapuaHTbl, aCCOLMMpPOBaHHble C 60ne3Hbio MapKUHCOHA, 06BACHAIOT NPUYKHY BCero 5 % cnyyva-
eB 3aboneBaHus, NO3TOMY UCC/IEA0BaHVA B 3TON 06M1acTX aKTyalbHbl U aKTVBHO NMpoJosmKatoTca. B gaHHOM mc-
cnefioBaHNM Mbl OGHAPYXKMW ABYX MALMEHTOB C KIIMHUYECKMM AMarHo30M «6onesHb MapKnHCOHa» ¢ reHeTuye-
CKUM BapuaHToM LGR4:c.1087G>T (p.Gly363Cys, rs117543292). 3TOT reH KoaupyeT MmembpaHHbIi peuentop LGR4
(leucine rich repeat containing G protein-coupled receptor 4), accounmpoBaHHbIi ¢ G-6enKoM, KOTOpbI yyacTByeT
B perynauum GyHKUMOHUPOBaHUA curHanbHoro nyTv WNT/B-KkaTeHuH. [JaHHbI CUrHanbHbIA NyTb HEOOXOANM ANA
nponudepauny HelMpPoHOB BO Bpema ux anddepeHUnpoBKIM, NOSITOMY ero AMCHYHKUMA B pesynbraTe reteposu-
rotHow myTaumm c.1087G>T B reHe LGR4 HapyLwwaeT audpdepeHunpoBKy JodamnHePrnyeckmx HeMpPOHOB, YTO MO-
KeT NprBoAnTb K 6onesHu MapkrnHcoHa. igeanbHbIM UHCTPYMEHTOM AR U3YUYEHWUA CBA3M 3TOFO reHeTUYEeCKoro
BapuraHTa ¢ 6one3sHbio MapKUHCOHa ABNAETCA KNETOYHasA MOLENb Ha OCHOBE MHAYLMPOBAHHbIX MIOPUNOTEHTHBIX
cTB0OJI0BbIX KNneTok (UMCK) n nx auddepeHunpoBaHHbIX MPON3BOAHbIX — AOPAMUHEPTUYECKUX HENPOHOB. B pe-
3ynbTaTe penporpaMmmrpoBaHna SMMCOMHbIMU BeKTOpamu, SKcnpeccupytowmmmn 6enkn OCT4, SOX2, KLF4, LIN28,
L-MYC n mp53DD, MOHOHYKNeapHbIX KNeTok nepudepryeckor KpoBy ABYX NaLMEHTOB C BapuaHTom c.1087G>T
reHa LGR4 Hamu Gbinn nostyyeHbl 1 AeTanbHO oxapakTepr3oBaHbl cemb iuHuin UMNCK. JaHHble UMCK oTBevatoT
BCEM TPebOBaHUAM NIIIOPUNOTEHTHDBIX KIIETOK, @ UMEHHO: CTabunbHO NponndepurpytoT, 06pasyoT KONOHUN C Xa-
paKkTepHOW ANA MIPUNOTEHTHBIX KNETOK YenioBeKa Mopdonornein, MMeT HOPMasbHbI AUNAOVAHBIN KapuoTun,
JKCNpeccnpyioT WwenouHyto docdatasy n mapkepbl nnopunoteHTHocTU (OCT4, NANOG, SSEA-4 1 SOX2) 1 cnocob-
Hbl AnddepeHUnpPoBaTbCA B MPON3BOAHDIE TPEX 3aPOAbILLIEBbIX JINCTKOB — SHTO-, 9KTO- 1 Me3oAepMmy. MonyyeHHble
B pabote nuHum UMCK 6yayT B fanbHeLweM NCMOIb30BaHbl A1 CO3AaHNA PEeNeBAHTHOM MOZENV, HanpaBieHHOM
Ha uccnepoBaHue 3dpdekTa BapraHTa ¢.1087G>T reHa LGR4 Ha pa3BuTve naTonornyeckoro ¢eHotuna gopammHep-
rMYeCKnX HeMpPOHOB.

KnioueBble cnoBa: 6one3Hb MapKMHCOHa; penporpammmpoBaHmne; MHOYLMPOBaHHbIE MOPUMNOTEHTHbIE CTBOJO-

Bble KNeTKu; reH LGR4.

Introduction

Parkinson’s disease is the second most prevalent neuro-
degenerative disorder after Alzheimer’s disease (Wang
et al., 2020). It is characterised by the degeneration of
dopaminergic neurons in the substantia nigra, which are
responsible for regulating movement. The resulting symp-
toms include tremor, bradykinesia and rigidity. The destruc-
tion of these neurons can be attributed to various factors.
These include accumulation of alpha-synuclein protein and
formation of Lewy bodies, dysfunction of mitochondria
and lysosomes, problems of synaptic and vesicle transport.
These factors, when combined, lead to an accelerated death
of neurons. Some of the signs of Parkinson’s disease at
the cellular level are oxidative stress resulting from mito-
chondrial dysfunction (Niu et al., 2021) and endoplasmic
reticulum (ER) stress resulting from the accumulation of
large amounts of misfolded proteins (Fernandes et al., 2016;
Marciniak et al., 2022).

It is currently understood that more than 20 genes are
associated with Parkinson’s disease, the most prevalent
mutations of which are found in the GBAL, LRRK2, PRKN,
and PINK1 genes (Funayama et al., 2023). However, it has
been determined that only approximately 5 % of cases of
Parkinson’s disease are attributable to the inheritance of one
of the genes associated with the disease, with the remaining
16-36 % being manifested as a result of non-monogenic
inheritance. It can thus be concluded that research into

genetic variants associated with the onset of Parkinson’s
disease remains an active area of study.

Following a comprehensive analysis of the exomic se-
quencing results for a cohort of over 70 patients diagnosed
with Parkinson’s disease, who are under observation at the
Federal Neurosurgical Center of the Ministry of Health of
the Russian Federation (Novosibirsk), it was found that
two patients of different genders, who are not related, carry
the ¢.1087G>T variant of the LGR4 gene (SRA databases,
project PRINA563295). There are currently 48 known single
nucleotide substitutions in this gene, three of which are
pathogenic missense mutations ¢.2531A>G (p.Asp844Gly),
€.286A>G (p.lle96Val) and ¢.1087G>T (p.Gly363Cys)
(Mancini et al., 2023).

LGR4 is a G-coupled receptor that plays a role in the
function of the WNT/B-catenin and cAMP/protein kinase
A signalling pathways (Shi et al., 2021). Previously, it was
shown that the ¢.1087G>T variant of the LGR4 gene is
pathogenic and leads to delayed puberty due to a violation
of the WNT/B-catenin signalling pathway (Mancini et al.,
2023), which is also involved in embryogenesis in the deve-
lopment of tissues and organs such as the gonads, kidneys,
nervous system, liver and others. It should be noted that this
pathway is also required for the development and differentia-
tion of dopaminergic neurons (Marchetti et al., 2020). This
correlation, together with the involvement of the LGR4
protein in the WNT/B-catenin signalling pathway, leads
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us to speculate that the genetic variant LGR4:¢.1087G>T
may cause dysfunction or death of dopaminergic neurons,
possibly leading to Parkinson’s disease. To study the as-
sociation of this genetic variant with pathogenic processes
leading to the death of dopaminergic neurons, the first step
is to create a cellular model based on induced pluripotent
stem cells (iPSCs) and relevant cell types, dopaminergic
neurons, differentiated from them.

The pluripotent state of iPSCs is maintained by adding
basic fibroblast growth factor (FGF-basic/bFGF) to the
culture medium. To confirm the characteristics of pluripo-
tency and self-renewal of cells, various tests are performed
(Grigor’eva et al., 2023), such as qualitative (immunofluo-
rescence staining) and quantitative (real-time PCR) analyses
of the expression levels of various pluripotency factors
(NANOG, SSEA-4, OCT4, SOX2, TRA1-81, TRA1-60,
etc.). It is known that various karyotype abnormalities
(polyploidisation, translocations, deletions, aneuploidies,
etc.) are possible during prolonged in vitro cell culture, so
karyotype analysis is one of the key tests for characterising
the obtained iPSC lines. The most important test of cell plu-
ripotency is spontaneous differentiation, which is necessary
to confirm the ability of iPSCs to give rise to cell derivatives
of all three germ layers (ecto-, ento- and mesoderm). In
addition, the following shall be performed to characterise
the iPSC lines obtained: STR analysis to confirm the origin
of the iPSC lines obtained from a peripheral blood mono-
nuclear cell (PBMC) donor; tests to indicate the presence
of genetic variants of the PBMC donor in the iPSCs or to
confirm the presence of genetic modifications in the case of
transgenesis of iPSCs; PCR to eliminate exogenous DNA/
episomes that enabled somatic cell reprogramming; and
routine tests to ensure the absence of intra-laboratory conta-
mination.

The capacity of iPSCs to yield derivatives of a virtually
limitless range of cell types, including neurons, cardio-
myocytes, liver cells, endothelial cells and numerous others,
renders them a promising tool for generating cell models
and investigating the pathogenesis of various inherited
diseases in relevant cell types. For instance, by reprogram-
ming PBMCs, culturing the resulting iPSCs and further
differentiating them into dopaminergic neurons (Grigor’eva
et al., 2023) and astrocytes (Yarkova et al., 2023), it will be
possible to obtain in vitro models of Parkinson’s disease.
This platform will facilitate the analysis of the contribution
of the genetic variant LGR4:¢.1087G>T to Parkinson’s
disease development, as well as the study of its molecular
and genetic pathogenesis. It will also support the explora-
tion of new drug targets within diverse signalling pathways,
and the prevention of pathogenic processes that result in
dopaminergic neuron death. Furthermore, it will enable
the evaluation of potential medical drugs.

Materials and methods

Ethics Statement. The study was approved by the Research
Ethics Committee of the Federal Neurosurgical Center of
the Ministry of Health of the Russian Federation (Novo-
sibirsk), Protocol No. 1, dated 14 March 2017. Peripheral
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blood samples from patients were provided by the Federal
Neurosurgical Center. Patients signed a voluntary informed
consent and an information sheet.

Isolation of PBMCs. PBMCs were isolated in a Ficoll
gradient and frozen as previously described (Grigor’eva et
al., 2024b).

Reprogramming of patient-specific PBMCs. Repro-
gramming of PBMCs was performed by transfection with
episomal vectors expressing SOX2, OCT4, KLF4, L-MYC,
LIN28 and the dominant negative form of mouse p53 pro-
tein — mp53DD (Addgene ID No. 41813-14, 41855-57)
according to the previously described method (Grigor’eva et
al., 2023). Transfection was performed using a Neon Trans-
fection System (Thermo Fisher Scientific), programme:
1,650 V, 10 ms, 3 times. Primary colonies of iPSCs were
replated into 1 cm? wells previously coated with mouse
embryonic fibroblasts (MEF) inactivated with mitomycin C
(Sigma-Aldrich).

Cultivation of patient-specific iPSCs. iPSCs were
cultured on MEF as previously described (Yarkova et al.,
2024). Colonies of iPSCs were disaggregated using TrypLE
Express (Thermo Fisher Scientific) and plated once every
3—-4 days at a 1:10 ratio with the addition of a ROCK inhibi-
tor, 2 uM thiazovivin (Sigma-Aldrich).

Histochemical detection of endogenous alkaline
phosphatase. Alkaline phosphatase was detected using
the SIGMAFAST™ BCIP®/NBT kit (Sigma-Aldrich). The
result was analysed using a Nikon Eclipse Ti-E microscope
(Nikon) with NIS Elements Advanced Research software
version 4.30.

Immunofluorescence staining. Immunofluorescence
staining was performed according to the previously de-
scribed method (Grigor’eva et al., 2024a). The preparations
were analysed on a Nikon Eclipse Ti-E microscope using
NIS Elements Advanced Research version 4.30 software.
The list of antibodies used is shown in Table 1.

Spontaneous differentiation of iPSCs. To determine
the potential of the resulting iPSC lines, spontaneous dif-
ferentiation was performed by the formation of embryoid
bodies followed by immunofluorescence staining. iPSCs
were grown on MEF in Petri dishes (20 cm?) to a density of
80-90 %, after which the cells were incubated in 0.15 % col-
lagenase type IV (Thermo Fisher Scientific) for 20—40 min.
The iPSC colonies were then carefully pipetted to separate
them from the feeder cells, centrifuged at 100 g for 5 min,
the supernatant was decanted, suspended in iPSC growth
medium without bFGF, and the colonies were transferred
to a Petri dish (20 cm?) coated with 1 % agarose. After
14 days, embryoid bodies obtained from the colonies were
plated on 8-well Chambered Coverglass plates (Thermo
Fisher Scientific) coated with Matrigel. After 7-9 days, they
were fixed in 4 % paraformaldehyde (Sigma-Aldrich) for
10 min and immunofluorescence analysis was performed
for markers of the three germ layers. The list of antibodies
is given in Table 1.

Karyotyping of iPSC lines. Karyotype analysis was per-
formed using a previously developed and described method
(YYarkova et al., 2023).
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Table 1. List of antibodies used in the work

Generation and characterisation of seven iPSC lines
(LGR4:c.1087G>T) from Parkinson’s disease patients

Antibodies

Markers of pluripotency

Dilution

Company, Cat No.

Primary antibodies

Santa cruz Biotechnology,
sc-5279

Abcam, ab16287

Santa cruz Biotechnology,
5C-293121

Cell Signaling, 3579

Dako, M0851

Thermo Fisher Scientific, 14-0299-82

Sigma-Aldrich, A8452

RRID

RRID:AB_628051

RRID:AB_778073

RRID:AB_2665475

RRID:AB_2195767

RRID:AB_2223500

RRID:AB_1210468

RRID:AB_258392

Mouse IgG2b anti-OCT-3/4 1:100

Mouse IgG3 anti-SSEA-4 1:25

Mouse IgG1 anti-NANOG 1:50

Rabbit IgG anti-SOX2 1:400
Mesoderm markers

Mouse IgG2a anti-aSMA 1:200

Mouse IgG1 anti-CD29 1:100
Endoderm markers

Mouse IgG2a anti-AFP 1:250

Mouse IgG1 anti-Cytokeratin 18 (KRT18) 1:250
Ectoderm markers

Mouse IlgG2a anti TUBB3 1:1,000

Chicken IgY anti-MAP2 1:1,000

Abcam, ab668 RRID:AB_305647

BioLegend, 801201 RRID:AB_2313773

Abcam, ab5392 RRID:AB_2138153

Secondary antibodies

Goat anti-Rabbit IgG (H + L) Alexa Fluor 568 1:400
Goat anti-Mouse IgG2b Alexa Fluor 568 1:400
Goat anti-Mouse IgG3 Alexa Fluor 488 1:400
Goat anti-Mouse IgG (H + L) Alexa Fluor 488 1:400
Goat anti-Mouse IgG2a Alexa Fluor 568 1:400
Goat anti-Mouse IgG1 Alexa Fluor 488 1:400
Goat anti-Chicken IgY (H + L) Alexa Fluor 488 1:400

Isolation of genomic DNAand RNA. DNA was isolated
using QuickExtract™ DNA extraction solution (Lucigen)
according to the manufacturer’s protocol. For RNA isolation,
cells were grown to an area of 8-12 cm?, lysed in 0.5-1 ml
TRIzol Reagent (Thermo Fisher Scientific), and RNA was
isolated according to the manufacturer’s protocol. RNA
concentration was determined using an EzDrop 1000C
spectrophotometer (Blue-Ray Biotech). cDNA synthesis
was performed using M-MuLV-RH reverse transcriptase
(Biolabmix).

Detection of genetic variants in PBMCs and iPSCs.
Sequencing of the patients’ exome was performed at
Genoanalitika LLC, Moscow. Genomic DNA isolated from
PBMCs was fragmented into 300 nucleotide pair frag-
ments using ultrasound on a Covaris S2. Genomic DNA

Thermo Fisher Scientific, A11011 RRID:AB_143157

Thermo Fisher Scientific, A21144 RRID:AB_2535780

Thermo Fisher Scientific, A21151 RRID:AB_2535784

Thermo Fisher Scientific, A11008 RRID:AB_143165

Thermo Fisher Scientific, A21134 RRID:AB_2535773

Thermo Fisher Scientific, A-21121 RRID:AB_2535764

Abcam, ab150173 RRID:AB_2827653

(800 ng) was used to prepare a library using the NEBNext®
Ultra™ 11 DNA Library Prep Kit for Illumina (New England
Biolabs) and Sure Select AllExome V7 (Agilent). Library
sequencing was performed on a HiSeq 2500 (Illumina)
with paired reads of 150 nucleotides from both ends. Raw
exome sequencing results are available in the SRA data-
base (project PRINA563295, samples SAMN42050732,
https://www.ncbi.nlm.nih.gov/biosample/42050732
(PD58), SAMN42050755, https://www.ncbhi.nlm.nih.gov/
biosample/42050755 (PD69)).

The presence of the ¢.1087G>T variant (rs117543292) of
the LGR4 gene was determined by Sanger sequencing of the
obtained iPSC lines and patient-derived PBMCs (PD58 and
PD69) using primers for the LGR4 gene (Table 2). DNA from
a conditionally healthy donor was used as a control. Reac-
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Table 2. List of primers used in the work
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Application Gene/locus
Detection of episomal vectors oriP
Reference gene (RT-qPCR) B2M
Markers of pluripotency (RT-gPCR)) NANOG

OCT4

SOX2
Mycoplasma detection Ribosomal

16S RNA gene
Confirmation of the mutation LGR4

tions were performed on a T100 thermal cycler (Bio-Rad)
using a BioMaster HS-Taq PCR-Color (2x) (Biolabmix)
with the following program: 95 °C for 3 min; 35 cycles:
95 °C for 30s, 65 °C for30s, 72 °C for 30 s; and 72 °C for
5 min. Sequencing reactions were performed using the Big
Dye Terminator V.3.1. Cycle Sequencing Kit (Applied Bio-
systems) and analysed on an ABI 3130XL Genetic Analyzer
at the Genomics Core Facility SB RAS (http://www.niboch.
nsc.ru/doku.php/sequest).

PCR analysis for detection of reprogramming epi-
somes and mycoplasma contamination. PCR was per-
formed using BioMaster HS-Tag PCR-Color (2x) (Biola-
bmix) on a T100 thermal cycler (Bio-Rad), programme:
95 °C for 5 min; 35 cycles: 95 °C for 15 s, 60 °C for 15 s,
72 °C for 20 s. DNA fragments of Mycoplasma spp. from the
BioMaster Myco-visor kit for detection of mycoplasma by
RT-PCR (Biolabmix) were used as a positive control. Nega-
tive control was H,O. Primers are listed in Table 2. After
electrophoresis, the result was visualised under ultraviolet
light using the Gel Doc XR+ System (Bio-Rad).

Quantitative RT-PCR for pluripotency markers. Quan-
titative PCR (RT-gPCR) was performed on a LightCycler
480 11 system (Roche) using BioMaster HS-gPCR SYBR
Blue 2x (Biolabmix) with the following programme: 95 °C
for 5min; 40 cycles: 95 °C for 10's, 60 °C for 1 min. The em-
bryonic stem cell line HUES9 (HVRDe009-A) was used as
a positive control for the expression of pluripotency markers
(Cowan et al., 2004). The pluripotency marker primers used
in this work are listed in Table 2. The results were processed
using the AACT method (Livak, Schmittgen, 2001).

STR analysis. The genetic material of the obtained iPSC
lines and PBMCs from patients PD58 and PD69 was sent
to Genoanalitika LLC (Moscow) for STR analysis. The
STR analysis was performed for 26 loci using the COrDIS
EXPERT 26 reagent kit (Russia).

Product size, Forward/reverse primer (5'-3’)

bp
544 TTCCACGAGGGTAGTGAACC/
TCGGGGGTGTTAGAGACAAC
90 TAGCTGTGCTCGCGCTACT/
TCTCTGCTGGATGACGTGAG
116 TTTGTGGGCCTGAAGAAAACT/
AGGGCTGTCCTGAATAAGCAG
94 CTTCTGCTTCAGGAGCTTGG/
GAAGGAGAAGCTGGAGCAAA
100 GCTTAGCCTCGTCGATGAAC/
AACCCCAAGATGCACAACTC
280 GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC
366 GCGTTTCATGGGATGCCTGATAG/

TCTTAGCTCTGCTTTCAACGCTTC

Results and discussion

Obtaining and characterisation of the cell lines

Exomic sequencing analysis of early onset Parkinson’s
disease patients at the Federal Neurosurgical Center of the
Ministry of Health of the Russian Federation (Novosibirsk)
revealed two individuals (a 37-year-old woman (PD58) and a
66-year-old man (PD69)) with the variant LGR4:¢.1087G>T
(rs117543292).

PBMCs were isolated from patients’ peripheral blood and
then reprogrammed to revert to a pluripotency state, using
episomal vectors encoding the pluripotency factors OCT4,
SOX2, KLF4, LIN28, L-MYC, and the dominant-negative
form of the mouse p53 protein, mp53DD (Okita et al., 2013).
In this study, 21 cell lines of PD58 and 10 cell lines of PD69
were generated. Primary analysis for the presence/absence of
episomal vectors and karyotyping allowed us to select three
lines from the first patient (ICGi053-A/PD58-4, ICGi053-B/
PD58-7 and ICGi053-C/PD58-14) and four lines from the
second one (ICGi054-A/PD69-1/1, 1ICGi054-B/PD69-2/1,
ICGi054-C/PD69-4 and ICGi054-D/PD69-5). All the lines
were registered in the Human Pluripotent Stem Cell Regis-
try (hPSCreg, https://hpscreg.eu). Information on cell lines
can be found in hPSCreg at the following links: https://
hpscreg.eu/cell-line/ICGi053-A, https://hpscreg.eu/cell-line/
ICGi053-B, https://hpscreg.eu/cell-line/ICGi053-C, https://
hpscreg.eu/cell-line/ICGi054-A, https://hpscreg.eu/cell-line/
ICGi054-B, https://hpscreg.eu/cell-line/ICGi054-C u https://
hpscreg.eu/cell-line/ICGi054-D.

All lines from both patients have a morphology charac-
teristic of pluripotent cells, flat monolayer dense colonies
with a large nuclear to cytoplasmic ratio, expressing endo-
genous alkaline phosphatase (Fig. 1a, 2a).

In the karyotyping of the obtained iPSC lines, 56 to
60 metaphases were analysed. From 6 to 12 chromosome
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Fig. 1. Characterisation of three iPSC lines ICGi053-A, ICGi053-B and ICGi053-C.

a - colony morphology and detection of alkaline phosphatase (AP) in iPSCs; b - karyotyping of iPSC lines using DAPI banding; ¢ - sequenograms
of PCR products obtained from genomic DNA of a patient with early onset Parkinson’s disease PD58, a healthy donor (LGR4-WT), iPSC lines and
PBMCs corresponding to positions 27377174-27377186 on human chromosome 11 (GRCh38 genome assembly). The position of the gene variant
studied is LGR4 NC_000011.10:9.27377180C>A. The nucleotide substitution LGR4:c.1087G>T is indicated by the red arrow; d - immunofluores-
cence staining for markers of pluripotency: NANOG (green), OCT4 (red), SSEA-4 (green), SOX2 (red); nuclei stained with DAPI (blue); e - quantitative
RT-PCR for pluripotency markers (OCT4, SOX2, NANOG) of derived iPSC lines, patient PBMCs and human embryonic stem cell line HUES9; f— immu-
nofluorescence staining of spontaneously differentiated cells for markers of ectoderm (TUBB3 (red), MAP2 (green)), entoderm (keratin 18/KRT18
(green), AFP (red)) and mesoderm (aSMA (red), CD29 (green)); nuclei were stained with DAPI (blue); g - result of PCR assay for episomal vector
elimination and mycoplasma contamination of the cells obtained. Scale bars are 100 pm.
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Fig. 2. Characterisation of four patient-specific ICGi054-A, ICGi054-B, ICGi054-C, and ICGi054-D iPSC lines.

a - colony morphology and detection of alkaline phosphatase (AP) in iPSCs; b - karyotyping of iPSC lines using DAPI banding; ¢ - sequenograms
of PCR products obtained from genomic DNA from a PD69 Parkinson’s disease patient, a healthy donor (LGR4-WT), iPSC lines, and PBMCs cor-
responding to positions 27377174-27377186 on human chromosome 11 (GRCh38 genome assembly). The position of the gene variant studied is
LGR4NC_000011.10:9.27377180C>A. The nucleotide substitution LGR4:c.1087G>T is indicated by the red arrow; d —immunofluorescence staining
for markers of pluripotency: NANOG (green), OCT4 (red), SSEA-4 (green), SOX2 (red); nuclei stained with DAPI (blue); e — quantitative RT-PCR for
pluripotency markers (OCT4, SOX2, NANOG) of derived iPSC lines, patient PBMCs and human embryonic stem cell line HUES9; f—immunofluores-
cence staining of spontaneously differentiated cells for markers of ectoderm (TUBB3 (red), MAP2 (green)), entoderm (keratin 18/KRT18 (green),
AFP (red)) and mesoderm (aSMA (red), CD29 (green)); nuclei were stained with DAPI (blue); g - result of PCR assay for episomal vector elimination
and mycoplasma contamination of the cells obtained. Scale bars are 100 um.
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Generation and characterisation of seven iPSC lines
(LGR4:c.1087G>T) from Parkinson’s disease patients

Table 3. Detailed analysis of the chromosomal composition of the metaphase spreads of the resulting iPSC lines

iPSC line Number of metaphases

with different numbers

of chromosomes

42-44 45 46 47 48-50
ICGi053-A 4 3 40 8 2
ICGi053-B 9 3 37 4 0
I1CGi053-C 5 4 37 3 1
ICGi054-A 4 8 37 5 2
1CGi054-B 7 4 41 3 1
1CGi054-C 15 5 37 6 1
1CGi054-D 8 10 31 4 1

spreads were obtained for each cell line, in accordance with
the recommendations based on the European standards for
cytogenetic and molecular cytogenetic studies of constitu-
tive and acquired chromosomal abnormalities (Hastings et
al., 2012; ISCN, 2020). The appearance of cells with the
number of chromosomes ranging from 42 to 45 is the result
of the loss of individual chromosomes during preparation.
Since the number of such cells was low and they showed an
absence of different chromosomes, we did not consider them
as the formation of new subclones. It is known that cultured
stem cells are characterised by aneuploidy (Menzorov et al.,
2016), but monosomal cells are prone to apoptosis or less
intensive proliferation, so in cell culture it is common to
consider lines with more than 50 % of metaphases with a
full set of chromosomes as normal. Detailed analysis showed
that all lines have more than 55 % of cells with a normal
diploid karyotype — 46,XX for ICGi053 (Fig. 1b) and 46,XY
for ICGi054 (Fig. 2b). It should be noted that the analysis of
the seven iPSC lines obtained did not reveal any metaphase
spreads with structural rearrangements. Detailed information
on the composition of the analysed metaphase spreads can
be found in Table 3.

Sanger sequencing demonstrated the presence of the
€.1087G>T (rs117543292) variant of the LGR4 gene in a
heterozygous state in the obtained cell lines as well as in
PBMC:s (Fig. 1c, 2c, the genetic variant is indicated by a red
arrow). Immunofluorescence analysis of lines ICGi053-A
(passage 27), ICGi053-B (passage 26), ICGi053-C (pas-
sage 27), ICGi054-A (passage 26), ICGi054-B (passage 22),
ICGi054-C (passage 25) and ICGi054-D (passage 24) for
pluripotency markers revealed the presence of the SSEA-4
surface antigen and the transcription factors NANOG, SOX2
and OCT4 (Fig. 1d, 2d). Quantitative real-time PCR (RT-
PCR) of patient PBMCs, patient-derived iPSC lines, and the
control embryonic stem cell line HUES9 showed increased
gene expression levels of OCT4, NANOG, and SOX2 in the
iPSC lines, which was comparable to the expression level

22

Number of metaphases Karyotype
analysed of diploid cells

80-92

4 58 46,XX

5 58 46,XX

8 58 46,XX

4 60 46,XY

1 57 46,XY

2 60 46,XY

1 56 46,XY

in HUES9 (Fig. 1e, 2e). The test for the ability to sponta-
neously differentiate into derivatives of three germ layers,
which is the main confirmation of the pluripotency status
of the obtained cell lines, and further immunofluorescence
analysis showed the expression of markers of ectoderm (tu-
bulin B3 (TUBB3/TUJ1), microtubule-associated protein 2
(MAP2)), entoderm (alpha-fetoprotein (AFP)), keratin 18
(KRT18)) and mesoderm (a-smooth muscle actin (aSMA),
surface marker CD29) (Fig. 1f, 2f). During cultivation, all
lines underwent PCR testing for mycoplasma contamina-
tion and elimination of episomal vectors (Fig. 1g, 2g). STR
analysis at 26 loci showed the identity of the iPSC lines
derived from patient PBMCs (data available on request
from the authors). The passports of the cell lines derived
from PD58 and PD69 patients are shown in Tables 4 and 5,
respectively.

Conclusion

As aresult of reprogramming PBMCs from two Parkinson’s
disease patients carrying the ¢.1087G>T (rs117543292)
variant of the LGR4 gene, seven iPSC lines — ICGi053-A,
ICGi053-B, ICGI053-C, ICGi054-A, ICGi054-B, ICGi054-C
and ICGi054-D — were obtained and characterised. The cell
lines obtained correspond to human pluripotent cells: they
have a characteristic morphology, a normal karyotype, ex-
press pluripotency factors, are able to differentiate sponta-
neously into derivatives of three germ layers and have the
same genetic variant LGR4:¢.1087G>T as donor PBMCs.
This work is the first and necessary step to study the effect
of the LGR4:¢.1087G>T genetic variant on the manifestation
of Parkinson’s disease. The iPSC lines obtained and their
differentiated derivatives represent a unique cell platform
on which it will be possible in the future to study at the
molecular genetic level the early pathological processes
that trigger the cascade of signalling pathways leading to
neuronal death, to search for targets that modulate these
signalling pathways and to test new potential drugs.
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Table 4. Passport of cell lines ICGi053-A, ICGi053-B, ICGi053-C

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

Age of disease onset
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

ICGi053-A, ICGi053-B, ICGi053-C
PD58-4, PD58-7, PD58-14

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

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

iPSCs
Human

Age: 37
Gender: F
Ethnicity: Caucasian race

Peripheral blood mononuclear cells (PBMCs)
2022

Non-integrating episomal vectors

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

No

N/A

PCR, not detected

Parkinson’s disease

36

LGR4:c.1087G>T, rs117543292

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 Parkinson’s disease

On the feeder layer of mitotically inactivated mouse embryonic fibroblasts

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

37

5

20

TrypLE Express
1:8-1:10

90 % FBS, 10 % DMSO
Liquid nitrogen

https://hpscreg.eu/cell-line/ICGi053-A
https://hpscreg.eu/cell-line/ICGi053-B
https://hpscreg.eu/cell-line/ICGi053-C

09.07.2024 (ICGi053-A)
18.07.2024 (ICGi053-B)
22.07.2024 (ICGi053-C)
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Table 5. Passport of cell lines ICGi054-A, ICGi054-B, ICGi054-C, ICGi054-D

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

Age of disease onset
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

ICGi054-A, ICGi054-B, ICGi054-C, ICGi054-D
PD69-1/1, PD69-2/1, PD69-4, PD69-5

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

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

iPSCs
Human

Age: 66
Gender: M
Ethnicity: Caucasian race

Peripheral blood mononuclear cells (PBMCs)
2022

Non-integrating episomal vectors

OCT4, SOX2, KLF4, LIN28, L-MYC 1 mp53DD
Clonal

No

N/A

PCR, not detected

Parkinson’s disease

41

LGR4:c.1087G>T, rs117543292

Human pluripotent cell-like monolayer colonies

Confirmed in tests for the formation of embryoid bodies

46,XY

Bacteria, fungi and mycoplasma not detected

In vitro model of Parkinson’s disease

On the feeder layer of mitotically inactivated mouse embryonic fibroblasts

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

37

5

20

TrypLE Express
1:8-1:10

90 % FBS, 10 % DMSO
Liquid nitrogen

https://hpscreg.eu/cell-line/ICGi054-A
https://hpscreg.eu/cell-line/ICGi054-B
https://hpscreg.eu/cell-line/ICGi054-C
https://hpscreg.eu/cell-line/ICGi054-D

26.07.2024 (ICGi054-A
26.07.2024 (ICGi054-B
29.07.2024 (ICGi054-C
09.08.2024 (ICGi054-D

—_ = =
= = =
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Studying concatenation of the Cas9-cleaved transgenes
using barcodes

AV. Smirnov (91, A.N. Korablev!, .A. Seroval, A.M. Yunusova (")}, A.A. Muravyovaz, E.S. Valeevl, N.R. Battulin (91 2@
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Abstract. In pronuclear microinjection, the Cas9 endonuclease is employed to introduce in vivo DNA double-strand
breaks at the genomic target locus or within the donor vector, thereby enhancing transgene integration. The man-
ner by which Cas9 interacts with DNA repair factors during transgene end processing and integration is a topic
of considerable interest and debate. In a previous study, we developed a barcode-based genetic system for the
analysis of transgene recombination following pronuclear microinjection in mice. In this approach, the plasmid
library is linearized with a restriction enzyme or a Cas9 RNP complex at the site between a pair of barcodes. A pool
of barcoded molecules is injected into the pronucleus, resulting in the generation of multicopy concatemers. In the
present report, we compared the effects of in vivo Cas9 cleavage (RNP+ experiment) and in vitro production of Cas9-
linearized transgenes (RNP- experiment) on concatenation. In the RNP+ experiment, two transgenic single-copy
embryos were identified. In the RNP- experiment, six positive embryos were identified, four of which exhibited low-
copy concatemers. Next-generation sequencing (NGS) analysis of the barcodes revealed that 53 % of the barcoded
ends had switched their initial library pairs, indicating the involvement of the homologous recombination pathway.
Out of the 20 transgene-transgene junctions examined, 11 exhibited no mutations and were presumably generated
through re-ligation of Cas9-induced blunt ends. The majority of mutated junctions harbored asymmetrical dele-
tions of 2-4 nucleotides, which were attributed to Cas9 end trimming. These findings suggest that Cas9-bound DNA
may present obstacles to concatenation. Conversely, clean DNA ends were observed to be joined in a manner simi-
lar to restriction-digested ends, albeit with distinctive asymmetry. Future experiments utilizing in vivo CRISPR/Cas
cleavage will facilitate a deeper understanding of how CRISPR-endonucleases influence DNA repair processes.

Key words: CRISPR/Cas9; pronuclear microinjection; DNA barcoding; transgenic animals; DSB repair; concatemer;
homologous recombination (HR); non-homologous end-joining, NHEJ; mouse embryos.

For citation: Smirnov A.V,, Korablev A.N., Serova I.A,, Yunusova A.M., Muravyova A.A., Valeev E.S., Battulin N.R. Study-
ing concatenation of the Cas9-cleaved transgenes using barcodes. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J
Genet Breed. 2025;29(1):26-34. doi 10.18699/vjgb-25-04

Funding. This work was supported by the Russian Science Foundation grant No. 24-74-10013.

Acknowledgements. The experiments involving the visualization of fluorescent embryos were conducted with sup-
port from State Project FWNR-2022-0019 at the Institute of Cytology and Genetics SB RAS. The calculations were
conducted using the computational resources of the Computational Center of the Novosibirsk State University.

V3yueHre KOHKaTeHalum 6apKOAMPOBAHHBIX TPAaHCT€HOB,
JINHeapm30BaHHbBIX Cas9

A.B. CmupHOB 1 AH. KOpaGAEBl, I/I.A.CepOBal, A.M. IOnycoBa L AA. MypaBbéBaz, E.C. Baaeesl, H.P. barryann L 2@

! MepepanbHbI CCefoBaTENbCKUIA LeHTP VIHCTUTYT yutonorum n reHetnkn Cubrpckoro otaeneHnsa Poccuinckon akagemmi Hayk, Hosocnbupck, Poccus
2 HoBocrbrpCKmMii HaLMOHaNbHbI KCCNefoBaTeNbCKNA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCOMpCK, Poccms

@ battulin@gmail.com

AHHoTauuA. MNpy NpoHyKNeapHON MUKPOMHbEKLUY SHAOHYKNea3a Cas9 ncnonb3yeTtca Ana co3faHna AByLiernoyey-
HbIX pa3pbiBoB [HK in vivo B reHOMHOM LienieBOM JIOKyCe U BHYTPY AOHOPCKOrO BEKTOPA ANA ynyUlleHNsa NHTe-
rpauuuy TpaHcreHa. Bsammopeictane Cas9 ¢ baktopamu penapaumm [HK Bo Bpema 06paboTKy KOHLIOB TpaHCreHa 1
MHTerpaumm — akTyanbHas Tema. PaHee Mbl pa3paboTanu reHeTUYeCKy CCTEMY Ha OCHOBe 6apKOAOB A4 aHanu3a
PEKOMOUHALMN TPAHCTEHOB MOC/E NMPOHYKNEapPHOU MUKPOVHBEKLMM Y Mbiweit. Mpr 3Tom noaxofe nnasmugHas
6ubnroTeka nMHeapnsyeTcsa GepMeHTOM pecTpuKLMnU nnn komnnekcom Cas9:gRNA Ha yuyacTke mexxay napor 6ap-
KopnoB. Myn 6apKoaMpPOBaHHbIX MONEKYN BBOAUTCA BHYTPb NMPOHYKJIEYCa, YTO NMPUBOAUT K 06pa3oBaHmio MHOTOKO-
NUIAHBIX KOHKaTeMepoB. B npeAcTaBneHHON cTaTbe Mbl cpaBHUAN 3ddeKTbl paspesaHna Cas9 B ycnosuax in vivo
(3kcnepumeHT RNP+) nnu ona TpaHcreHoB, NMHeapn30BaHHbIX in Vitro U OYULLEHHbIX Yepe3 arapo3HbIf refib (3Kc-
nepumeHT RNP-). B akcneprimeHTe RNP+ 6b110 06Hapy»eHO ABa TpaHCreHHbIX OAHOKOMUIHbIX SMOproHa. B akcne-
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M3yuyeHne KoHKaTeHaLUM 6apKOANPOBaHHbIX TPAHCTEHOB,
NHeapu3oBaHHbIx Cas9

pumeHTe RNP- 6b1510 MAEHTUPMLMPOBAHO LIECTb MOJTOXKMTENIbHBIX SMOPVIOHOB, UETbIPE 13 HUX MENTN HU3KOKOMWiA-
Hble KoHKaTeMepbl. AHann3 6apkopos MeTogom NGS nokasan, uto 53 % 6apkoAPOBaHHbIX KOHLIOB MOMEHANN CBOU
McxofHble napbl 6apKoLoB, UTO ABNAETCA MPU3HAKOM FOMOJSIOrMYHON PEKOMONHALIMIN MeXIY KOHLAMU TPaHCreHoB.
M3 20 cnmaHuin «TpaHcreH-TpaHcreH» 11 He nMeny MyTaumi 1, No-BUAMMOMY, b NOYYEHbI MyTEM NOBTOPHOIO
NMTMPOBAHUA TYMbIX KOHLOB, MOMYyYeHHbIX C nomMoLbto Cas9. bonblIMHCTBO MyTUPOBABLLUX COEANHEHNIA COaep-
»Kano acMMmeTpuyHble feneummn 2-4 HyKNeoTMAoB 13-3a cneymduyeckoro TpMMmmHra KoHuos Cas9. 3T faHHble
YKas3blBalOT Ha TO, UTo cBsizaHHas ¢ Cas9 [JHK co3gaeT npenaTcTBYA ANs KOHKaTeHaumn. B To e Bpemsi cBo6oaHbIe
KoHUbl [IHK coepnHAoTCA Takum »ke 06pa3om, Kak 1 KOHLbl, 06paboTaHHble pecTprKTasamu, HO C XapaKTepHON
acummeTpuen. byayLme skcneprMeHTbl C NPOHYKNeapHbIMU MUKponHbekumuamu CRISPR/Cas nomoryT noHATb, Kak

CRISPR-Hykneasbl BivAOT Ha penapauuio JHK.

KnioueBble cnoa: CRISPR/Cas9; npoHykneapHaa MUkpouHbekuus; AHK-6apkoampoBaHe; TpaHCreHHble XMBOT-
Hble; penapaums aByuenoyeyHbix paspbioB [JHK; KoHKaTeMep; roMmonornyHas pekoMorHaLysa; HEroMoIOrMyHoe

coeflIHEHVE KOHLOB; SMOPVOHbI MbILLN.

Introduction

Pronuclear microinjection is a common method for making
transgenic animals. At present, CRISPR/Cas nucleases are
successfully employed in pronuclear microinjections to pro-
duce site-specific knock-ins and mutations. The introduction
of site-specific double-strand breaks (DSBs) has been de-
monstrated to enhance the frequency of editing when single-
stranded oligonucleotides or long double-stranded donors
are incorporated. Moreover, Cas9 can be utilized to cleave
circular donor vectors in vivo, thereby providing double-
stranded ends for repair (Abe et al., 2020). Approaches such
as minicircles (Danner et al., 2021) or HITI/PiTCh (Sakuma
etal., 2016; Suzuki et al., 2016) are based on non-homologous
or microhomology-mediated end-joining (NHEJ, MMEJ) and
have been reported to have a high editing frequency due to
the fact that NHEJ/MMEI is active throughout the cell cycle.
In contrast to the predominantly utilized clean ends in classi-
cal transgenesis, Cas9-cleaved DNA engages with the cellular
DNA repair apparatus in a distinctive manner. For example,
the binding of the Cas9 complex to the target site results in
the local denaturation of the DNA duplex and trimming of the
cleaved ends, which then form single-stranded overhangs of
varying lengths (Stephenson et al., 2018). Following DNA
cleavage, Cas9 remains bound to the cut site for several hours,
tethering the two ends together (Richardson et al., 2016). This
prevents immediate end processing by DNA repair factors and
necessitates the removal of Cas9 by cell factors to seal the
break (Clarke et al., 2018; Reginato et al., 2024).

The majority of our knowledge regarding the Cas9 mode of
action is derived from cell culture assays utilizing site-specific
reporters (Schimmel et al., 2017) and next-generation indel
sequencing (NGS) (Schimmel et al., 2017; Taheri-Ghahfarokhi
et al., 2018). We elected to investigate the manner in which
Cas9-cleaved ends engage with DSB repair systems, employ-
ing a novel assay based on molecular barcoding and concate-
nation in pronuclear microinjection. The concatenation of the
injected transgenes into multicopy arrays is a well-documented
aspect of transgenesis, occurring with high frequency in pro-
nuclear microinjection. Molecular barcode evidence indicates
that concatenation is facilitated by the combined action of
homologous recombination (HR) (head-to-tail recombination)
and NHEJ (random ligation and initial copy circularization)
(Smirnov et al., 2020). During the process of concatenation,
the repair pathways leave specific signatures at the junctions
between the transgenes and in the patterns of connection be-
tween the barcode and the transgenes. Therefore, the levels

of barcode recombination and terminal truncations may serve
as indicators of the accessibility of DNA ends to DNA repair
machinery in the presence of the Cas9 nuclease.

To ascertain the impact of Cas9-generated ends on concate-
nation, a barcoded plasmid library was subjected to Cas9
digestion, either in vivo or in vitro, and the resulting barcode
information was obtained from transgenic embryos through
Illumina NGS. Subsequently, an analysis was conducted on
the data to evaluate barcode recombination (HR activity),
estimate the average transgene copy number (CN), and assess
end truncations and mutations at transgene-transgene junction
sequences (MMEJ/NHE] activity).

Materials and methods

Animal ethics statement. The animal housing was imple-
mented with the assistance of the Center for Laboratory
Animal Genetic Resources at the Institute of Cytology and
Genetics SB RAS, with support from the Ministry of Science
and Higher Education of the Russian Federation (unique
identifier of the project: RFMEF162119X0023). The animals
were maintained in a standard environment, with a temperature
of 24 °C, relative air humidity of 40-50 %, and a 14-hour
light/10-hour dark light cycle. The animals had access to food
and water at all times. At the conclusion of the experiments,
the remaining animals were euthanized via CO, asphyxiation.
All procedures and technical manipulations involving animals
were conducted in accordance with the European Communi-
ties Council Directive of November 24, 1986 (86/609/EEC)
and approved by the Bioethical Committee at the Institute
of Cytology and Genetics SB RAS (Permission No. 45 from
November 16, 2018).

DNA cloning. The pCAGGS-mCherry plasmid was a
gift from Phil Sharp (Gurtan et al., 2012) (Addgene plasmid
#41583). This vector was utilized for the insertion of paired
barcodes. The barcoded plasmid library was constructed by
assembling a linearized backbone, two barcoded oligonucleo-
tides, and an AAVS1 PCR fragment using the NEBuilder®
HiFi DNA Assembly mix (NEB). The sequences of the left
and right barcodes were as follows: NNCGANNACTNNAT
GNNACGNNCTGNNTCANN (left) and NNCTCNNGAA
NNCGTNNCTANNTCGNNGTANN (right).

To synthesize gRNA against the AAVSI site, a PCR frag-
ment was amplified from the gRNA AAVSI-T2 plasmid
using a primer with a T7 overhang and treated with the
MEGAscript™ T7 Transcription Kit (Thermo Fisher, USA).
The gRNA AAVSI1-T2 plasmid was a gift from George Church
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(Addgene plasmid #41818) (Mali et al., 2013). The resulting
gRNA was purified using the RNA Clean & Concentrator™
Kit (Zymo Research, USA).

To assess the in vitro activity of Cas9, 1 pg of a selected
clone from the plasmid library was incubated with 50-250 nM
of the Cas9 protein (Biolabmix, Russia) and an equimolar
amount of gRNA in an incubation buffer (20 mM HEPES pH
7.5, 125 mM KCI, | mM EDTA, 1 mM DTT, 6 mM MgCl,,
7 % glycerol). The reaction was incubated at 37 °C for 30
minutes, heat-inactivated at 65 °C, and visualized on a 1 %
agarose gel.

Animals. Four-week-old female F1 C57BL/6Jx DBA2/J
(B6D2F1) mice were utilized for superovulation and oocyte
collection due to their high hybrid vigor, while three-month-
old male C57BL/6J mice were employed for sperm collection.
Two-month-old pseudopregnant female CD-1 mice were
utilized for embryo transfer into the oviducts, with isoflurane
anesthesia. In vitro fertilization and embryo collection were
conducted in accordance with the established protocols (Takeo
et al., 2008; Takeo, Nakagata, 2010, 2011).

Pronuclear microinjection. Two distinct versions of the
DNA injection mixture were prepared and delivered into the
pronuclei. The RNP+ mix consisted of 1.65 uM Cas9 (Alt-R®
S.p. Cas9 Nuclease V3, IDT, USA), 1.65 uM gRNA against
AAVSI1, and 8 ng/ul plasmid library diluted in TE buffer
(0.01 M Tris—HCI, 0.25 mM EDTA, pH 7.4) (IDT). For the
RNP-negative mix (RNP-), plasmid DNA was digested with
the same RNP in vitro for one hour, gel-purified to remove
Cas9, and diluted to 8 ng/pl with TE buffer. A quantity of DNA
equivalent to one picoliter, comprising approximately 1,400
copies, was injected into the male pronuclei of in vitro fertil-
ized zygotes. Subsequently, the microinjected zygotes were
cultured in droplets of mHTF medium covered with mineral
oil at 37 °C under 5 % CO, in air for approximately 20 hours
until the two-cell embryo stage was reached. Two-cell stage
embryos were transferred into the oviducts of pseudopregnant
CD-1 females at 0.5 days post-coitum. Genomic DNA from
13—14-day embryos was subjected to conventional PCR with
Q5 polymerase (NEB, USA) and a set of primers spanning the
region around transgene-transgene junctions (Tables SI-S2)!.

Illumina sequencing and data analysis. Two distinct types
of PCR products were amplified from the genomes of embryos
#31, #34, #35, and #37. To prepare the inverse PCR NGS
library, genomic DNA from transgenic embryos was digested
overnight with Kpnl-HF (NEB), which cuts twice within the
transgene-transgene junction. The digested DNA was purified
using AMPure XP magnetic beads (Beckman Coulter, USA),
and 300 ng of the digested DNA was ligated overnight at 16 °C
in a large reaction volume (100 pl) to facilitate self-ligation
of transgene copies. The terminal barcodes of the self-ligated
DNA fragments were amplified via PCR using Q5 polymerase
and primers that spanned the barcode pairs (Table S2). The
following PCR program was employed: the temperature was
set to 98 °C for 30 seconds, followed by 35 cycles of 98 °C for
15 seconds, 62 °C for 30 seconds, and 72 °C for 30 seconds,
with a final extension at 72 °C for 2 minutes. To remove any
remaining PCR fragments resulting from undigested DNA,

T Supplementary Tables $1-54 and Figures S1, S2 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx1.pdf
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those of an appropriate size (216 bp) were excised from the
agarose gel.

To prepare the PCR library corresponding to transgene-
transgene junctions, the internal junctions were amplified with
primers, one of which was in close proximity to the junction
and the other of which was situated adjacent to the barcode
(Tables S1 and S2). The PCR products were generated for both
orientations and purified using AMPure XP magnetic beads.
The PCR products were prepared with the KAPA HyperPrep
Kit (Roche, Switzerland) using two amplification cycles,
pooled together, and sequenced on the Illumina HiSeq 2500
platform (Illumina, USA). The quality of the libraries was
evaluated using an Agilent 2100 Bioanalyzer (Agilent, USA)
and the Qubit dsDNA HS assay Kit (Life Technologies, USA).

The processing of NGS data (Table S3) was conducted in
accordance with the methodology described in our previous
report (Smirnov et al., 2020) with minor modifications. The
analysis of NGS data comprises the following steps. Initially,
the data were demultiplexed according to the samples. Met-
rics based on the Levenshtein distance were employed to
identify primer sequences at the 3’ and 5’ ends of each read
pair. Subsequently, barcodes were sought within read pairs
exhibiting regular patterns (i.e., head barcode NNCGANN
ACTNNATGNNACGNNCTGNNTCANN and tail barcode
NNCTCNNGAANNCGTNNCTANNTCGNNGTANN).
Furthermore, the number and percentage of read pairs sharing
identical barcodes and identical barcode pairs were calculated.
The resulting set of barcode pairs was subjected to a filtration
process to produce the final set of pairs. Finally, the barcode
pairs were visualized using the Network module of the vis.js
framework (http://visjs.org/). All of the aforementioned com-
putations were conducted on a high-throughput computational
cluster at Novosibirsk State University. The following Python
modules were utilized: the Biopython v1.79 module (Cock
et al., 2009, 2010) was utilized. Next-generation sequencing
data processing (re v2.2.1) utilizes regular expressions (Leven-
shtein v0.12.1). The Levenshtein distance was calculated using
the Pandas v1.3.3 module for processing table data, while
the NetworkX 2.6.2 module was employed to determine the
number of pairs.

Droplet digital PCR. The Droplet Digital PCR (ddPCR)
method was employed to ascertain the transgene copy number
in the embryos. The procedure was conducted using ddPCR
Supermix for Probes (no dUTP) and QX100 ddPCR Systems
(Bio-Rad, USA), in accordance with the instructions provided
by the manufacturer. First, 900 ng of genomic DNA was di-
gested overnight with 20 U of BamHI-HF (NEB) in CutSmart
buffer. One microliter of genomic DNA (30 ng) was added
to the ddPCR mix (1% ddPCR Supermix, 900 nM primers,
250 nM probes), and the reactions were carried out according
to the following program: the reaction was initiated at 95 °C
for 10 minutes, followed by 41 cycles of 94 °C for 10 seconds
and 61 °C for 1 minute. The final step was conducted at 98 °C
for 7 minutes and 20 °C for 30 minutes. All the steps were
conducted with a ramp rate of 2 °C/s. ddPCR was performed
in two independent technical replicates. The sequences of the
primers and probes are provided in Table S4. The data were
subsequently analyzed using QuantaSoft (Bio-Rad). The
threshold for both genes was set at 5,000.
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Results

Generation of transgenic embryos

by pronuclear microinjection

For the experiments, we used a barcoded plasmid library,
which was based on the pPCAGGS-mCherry vector (Fig. 13,
middle section). In brief, the vector contains a pair of 32-base
pair barcodes (14 random positions) separated by filler DNA.
In the present experiments, a fragment of the human AAVS1
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site was utilized as filler DNA due to its well-characterized
gRNA sites (Chr19:55115511-55115987, 477 bp) (Mali
et al., 2013; Maggio et al., 2014). One of the gRNA sites
(5'-GGGGCCACTAGGGACAGGAT-3") was employed as a
Cas9 target to linearize plasmid DNA and generate transgenes
with barcoded ends (Fig. 1a). In vitro tests with the Cas9
protein demonstrated that the synthesized gRNA exhibited
robust performance against the plasmid (Fig. 2). To analyze
the plasmid library, Illumina paired-end sequencing of the

a
RNP+ experiment RNP- experiment
Y’mCherry
Cas9 RNP and DNA Double barcoded plasmi;js_\ Caso
without Ca++ and Mg++ bar:%ig . AAVS1 b‘g?fgde ba,fceoig . b\;‘eégde
in vitro DNA cleavage
DNA purifuvation
Cas9
tajy 0, .
ba’COIde bg‘eﬁ%de aso barg'ge bg‘e?gde
v b e
Prpnu_clgar ) DNA cleavage inside nucleus Prpnu.clfeart‘
microinjection Cas9 remains stably bound to DNA microinjection
head tail
f barcode barcode
head, tail
NHEJ barcode barcode
ead tail
HDR barcode barcode
¢ MMEJ i
Random genomic DNA DSB
\\ Concatenation and integration 1
of injected DNA
Transgenic embryos / Transgenic embryos
b Genomic DNA extraction and analysis
Copy #N Copy #N+1 Copy #N+2
genome 1 2 3 10 genome
Restriction
digest (Kpnl) Barcodes at the ends
PCR of concatenated copies
1 2 . . .
Self-ligation ! Sequencing 2 1
3 10 10 3 10 3
C
Copy #N Copy #N+1 Copy #N+2
genome 1 2 3 10 genome
. Barcodes
PCR and sequencing and junction sequences
Fig. 1. Outline of the experimental approach.

a - the barcoded plasmid library was prepared for microinjections. A plasmid library comprising a pair of 32 bp barcodes separated

by the human AAVS1 fragment was employed to p

repare two experimental setups. In the RNP+ experiments, Cas9 and gRNA tar-

geting AAVS1 were co-injected with the plasmid library into pronuclei. In vivo, plasmid linearization occurs within the pronucleus.
The right-hand illustration depicts the second experimental setup. The plasmid library is digested with RNP in vitro, purified via gel
electrophoresis, and injected as a purified, linear DNA construct (RNP-). Following the injection, the linear molecules undergo recom-
bination, forming either concatemers or single copies, which are then detected through PCR genotyping; b - the barcodes present in

the genomic DNA are subjected to analysis through
(scissors) and re-ligated. PCR products from the new

the process of inverse PCR. The concatenated copies are then separated by Kpnl
ly formed junctions are then subjected to analysis by NGS; ¢ - internal junctions

between copies are subjected to PCR amplification and subsequent sequencing.
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pCAGGS-Cherry with AAVS1 cut site (1 pg)

Cas9(nM) 50 250 50 250
gRNA + + - -
1
3000
6000
5000
4000
3000
AAVS+  AAVS+
plasmid linear
control
1000

AAVS-
plasmid linear

Studying concatenation of the Cas9-cleaved
transgenes using barcodes

PCAGGS-Cherry no AAVST cut site (1 pg)

50 250 50 250

+ + - -

AAVS-

control

Fig. 2. Preparation of barcoded transgenes for microinjection. In vitro cleavage of barcoded plasmid using Cas9 RNP.

The image on the left depicts a barcoded clone with an AAVS1 site, while the image on the right illustrates the original backbone without
an AAVS1 site. The incubations were maintained at 37 °C for a period of 30 minutes.

barcodes was performed. The plasmid library was found to
consist of 102,685 unique barcode pairs. In a typical pronu-
clear microinjection experiment, approximately one thousand
molecules are introduced into the pronucleus. The diversity
of the library, comprising approximately 100,000 unique se-
quences, allows for the injection of a vast number of molecules
into a single pronucleus, with minimal likelihood of identical
sequences being present.

To understand how the presence of Cas9 at the ends of
molecules affects the DSB repair mechanisms involved in
concatenation and integration of exogenous DNA, we con-
ducted two experiments on DNA microinjection into pronuclei
(Fig. 1a). In one variant, the original circular plasmid library
was combined with the Cas9 protein and gRNA, which formed
a ribonuclear protein complex (RNP) in standard TE buffer
(Fig. 1a, left section, “RNP+"). The absence of Mg2* ions in

a 200
175 RNP+ experiment
RNP- experiment
150
105
100 - 75
50 27 27
13
0
No. of zygotes No. of zygotes No. of E13.5 embryos
injected transferred recovered
b 30
Wild type embryos
25} Z Transgenic embryos
20
15
25
10F 6
5 -
7

RNP+ experiment RNP- experiment

Fig. 3. Screening of the transgenic embryos.

the buffer precludes Cas9 endonuclease activity prior to pro-
nuclear microinjection. The concentration of Cas9/gRNA RNP
was increased to 1.65 pM, which is above the concentration
typically used, in order to ensure robust plasmid linearization.
In the second experiment, the DNA was subjected to in vitro
digestion using Cas9 (Fig. 1a, right section). The linearized
DNA was purified via gel electrophoresis and subsequently
used for microinjection (henceforth referred to as “RNP-"). In
both experiments, approximately 1,400 copies were injected
per zygote.

Genomic DNA was extracted from the embryos at the
13—14-day (E13—14) developmental stage. A total of 27 em-
bryos were collected from the RNP+ experiment, and 13 em-
bryos were collected from the RNP— experiment (Fig. 3a).
PCR genotyping with primers for the mCherry gene and
transgene-transgene junctions revealed the presence of se-

a - statistical analysis of pronuclear microinjection experiments; b — PCR analysis of E13-14 embryos; c-d - visualization of mCherry

fluorescence through microscopic examination.
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veral positive embryos, with 2/27 for RNP+ and 6/13 for
RNP- (Fig. 3b). Embryos derived from the RNP—experiment
exhibited positive results for transgene-transgene junctions, a
hallmark of concatemers (Fig. S1). Of the transgenic embryos,
only two exhibited mCherry fluorescence (Fig. 3¢—d).

To ascertain the transgene copy number, droplet digital PCR
was conducted using a probe directed against the mCherry
region within the transgene (Fig. S2). Embryos from the
RNP+ experiment exhibited low CN (0.07, 0.37), whereas
embryos from the RNP— experiment demonstrated a higher
number of copies on average (CN =0.06, 0.89, 1.87,2.8, 5.84,
6.38) (Fig. S2) (see realistic estimates below). It should be
noted that in relation to ddPCR, CN < 1 or partial CN values
indicate tissue mosaicism, whereby the transgene exists only
in a portion of the embryo cells. This could reflect delayed
DNA integration.

Barcode analysis

Barcodes derived from concatemers in embryos were se-
quenced using [llumina paired-end reads. Two types of PCR
products were prepared for barcode sequencing, following
the methodology described in our previous report (Fig. 1b—)
(Smirnov et al., 2020). In summary, barcode pairs at the ends

a Kpnl Cas9 Kpnl

bb (Amp) barc AAVST barc bb (CMV)
b

H,0 E12 E21 E30

GRL GRLGRLGR RIL

GRLGRLGRIL
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of concatenated transgenes were amplified via PCR through
self-molecular ligation (Fig. 1b). This method facilitates the
excision and self-ligation of transgene molecules, which
enables the reading of terminal barcodes in the copies. The
Kpnl sites utilized for the fragmentation of concatemers in
inverse PCR are situated between barcodes and yield 216 bp
PCR fragments subsequent to ligation (Fig. 4a). Additionally,
internal junctions, defined as nucleotide sequences situated
between the copies, were subjected to sequencing (Fig. 1¢).
In total, barcode data were obtained for four multicopy
RNP embryos (via inverse PCR and junction PCR) and two
single-copy RNP+ embryos (due to the lack of junctions, only
inverse PCR was conducted). To investigate recombination of
the barcode sequences, a comparison was made between the
barcodes from the transgenic embryos and the list of barcodes
from the original plasmid library.

First, we employed NGS barcode data to ascertain the
actual CN in the embryos. It is established that the ddPCR
results typically exhibit an understated CN due to the mosaic
nature of transgenic embryos. By employing barcodes as
unique copy identifiers, we were able to calculate the actual
CN (Fig. 5). The CN data exhibited a strong correlation with
the ddPCR data, with a slight tendency towards an increase

PCR product size:

Full length - 699 bp
Kpnl re-ligation - 216 bp
Empty vector - 121 bp

E31 E32 E34 E35 E37 WT
GRLGRLGRIL

* * * *

Fig. 4. Generation of PCR fragments for the barcode NGS analysis using inverse PCR.

a - the positions of the PCR primers (indicated by arrows) and the Kpnl/Cas9 cut sites at the hypothetical transgene-transgene junction
are shown. The empty vector is the original pCAGGS backbone devoid of the AAVST element; b — generation of PCR products for NGS.
G: Untreated genomic DNA; R: Genomic DNA treated with Kpnl; L: Genomic DNA after re-ligation for inverse PCR. Inverse PCR entails the
digestion of genomic DNA with Kpnl and subsequent re-ligation to create self-ligated ends. Consequently, the size of the PCR product is
diminished from 699 base pairs to 216 base pairs. The intensity of the bands is proportional to the copy number. Legend: H,O was used as
the negative control, E12-E37 were the transgenic embryos, and WT was the wild-type control. The PCR products selected for NGS analysis
are indicated by asterisks. The DNA length marker is 100 base pairs in length.

a RNP-+ experiment

RNP- experiment

B ddPCR 6.38

W Sequencing

Copy number
N w E wv [e)} ~

#12 #21 #30 #31 #32 #34 #35 #37
Embryos

b RNP+ experiment RNP- experiment
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4+ M Intact copies
g
g 3r
>
c
2 2f
o
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\%J
#12 #21 #30 #31 #32 #34 #35 #37
Embryos

Fig. 5. A comparison of CN measurements derived from ddPCR and NGS barcode analysis.

a - CN estimates derived from ddPCR and NGS in transgenic embryos (#12-37). ND - no data available. A CN value of less than 1 is indicative of tissue mosaicism;

b - estimation of the proportion of copies with barcode recombination (green).
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RNP+ experiment

#12 #21
F_11637 R_11637 Not detected
RNP- experiment
#31 #34 #35 #37

F_29788 R 27141 F_30205 R_30205 F 6724 R_19611 F_71790 R‘Ti%t in
F_5579 R_91273 F_4020 R_4020 F_1090505 R_41718 F_46164 R_45199
F_5579 R_113306 F_18663 R_18663 F_80546 R_80546

F_61913 R_61913

F_barcode R_barcode F_barcode R_barcode

Recombined copy Intact copy

Fig. 6. The barcodes observed in four multicopy RNP- embryos (#31, #34, #35, #37) and one RNP+ embryo (#12).

Barcoded transgenes are represented as colored lines with barcode numbers at the ends. Intact transgene copies are indicated in blue
(representing the original barcode pairs from the library), while copies with recombined barcodes are shown in green. The top panel
depicts embryos from the RNP+ experiment. The bottom panel depicts four RNP- embryos with their corresponding transgene copies.

“R_not in lib”indicates that the barcode was not identified within the plasmid library.
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GGATGGGGCTTTTCTGTCACCAATCCTGTCCCTAGTGGCCCCACTGTGGGG

8 U et €T o Yt I 11 barcodes
Junction2 ... ..o o i i il - B ... 2 barcodes
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Junction4d .. ... e .......................... 1 barcode
JUNCLIONS vt ‘deletion of 115 bpo------- 1 barcode
Junction6 . .... TEEeEEsaaa s e T 1 barcode
JUNCHION 7 e e e e e 1 barcode

/
Inserted C

Fig. 7. Nucleotide sequences at the transgene-transgene junctions.

in CN. Embryos with a very low CN (0.06—0.89) as estimated
by ddPCR, such as those designated #12/#21 from the RNP+
experiment or #30/#32 from the RNP— experiment, exhibited
no transgene-transgene junctions, indicating that they possess
asingle or truncated copy. It is noteworthy that the truncation
of transgene ends during concatenation has the potential to
delete the site of a barcode and thereby obscure the calculation
of'a copy. Nevertheless, in our particular case, an examination
of the PCR junctions did not reveal any evidence of terminal
truncations, in addition to the presence of a typical transgene-
transgene junction (Fig. S1b).

As anticipated, a substantial proportion (53 %) of barcode
pairs in concatemers were observed to have undergone shuf-
fling (Fig. 5b and 6). These barcode pairs were not initially
present in the plasmid library and appear to have arisen from
extrachromosomal end recombination between transgene
copies (Smirnov et al., 2020). One barcode was observed
to be linked with two distinct partners (Fig. 6, Embryo #31,
F 5579), indicating that a single donor molecule was re-

plicated on at least two occasions during the recombination
process (Smirnov et al., 2020). This evidence confirms that
transgene copies prepared by in vitro Cas9 cleavage engage in
HR pathways during concatenation, in contrast to the copies
from the RNP+ experiment. An internal junction analysis
revealed that 11 out of the 20 junctions attributed to specific
barcodes did not contain any mutations (Fig. 7). The mutated
junction sequences were found to comprise a variety of dele-
tions. Two to five base pair deletions, a large 115 base pair end
truncation, and a two-sided 27 base pair deletion (Fig. 7). It
should be noted that the DNA ends in question were produced
by Cas9 cleavage in vitro and were likely trimmed by Cas9
during the incubation period, prior to interaction with the
DNA repair machinery.

Discussion

The improvement of efficiency in Cas9-assisted transgene-
sis will have a profound impact on experiments with a low
baseline success rate, such as those involving > 2 kb donor
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integration for humanization or genome modifications of farm
animals with long reproductive cycles and a lack of scaling.
The ability to leverage Cas9 activity hinges on a compre-
hensive understanding of its interactions with cellular DNA
repair pathways. A number of studies have demonstrated that
Cas9 forms an unusually stable nuclease-substrate complex
and remains bound to the DSB it generates (Jinek et al., 2014;
Nishimasu et al., 2014; Stephenson et al., 2018). The precise
manner by which cellular repair systems recognize a DSB and
the extent to which the Cas9 protein at the DSB influences the
choice of repair pathway remain largely unknown. It has been
demonstrated that the Cas9 complex can be dislodged from
a double-stranded break by RNA polymerase, but only if the
single-guide RNA (sgRNA) of Cas9 is annealed to the DNA
strand that is used as the template by the RNA polymerase
(Clarke et al., 2018).

New evidence indicates that Cas9 should be removed by
HLTF to initiate end processing (Reginato et al., 2024), as
post-cleavage Cas9 complexes have been shown to impede
DNA from MRE11 (Maltseva et al., 2023; Reginato et al.,
2024). Concatenation reporter used in the present study has
some unique properties. It could be applied in pronuclear
microinjection and allows to inspect many end-joining events
at once. We utilized the reporter in combination with Cas9 to
study three parameters: transgene CN (DNA end accessibili-
ty), barcode recombination (DNA end participation in HR),
and internal junctions (NHEJ/MMEJ DNA end processing).

The evaluation of the transgene CN by ddPCR and NGS
indicated the absence of concatemers in the RNP+ experi-
ments (E12, E21). Two potential explanations for the absence
of concatemers in RNP+ can be postulated. Firstly, it is pos-
sible that Cas9 may block cleaved ends from processing by
DNA repair factors, thereby preventing end resection and
concatenation, which represents the primary mechanism of
CN increase (Smirnov et al., 2020). Secondly, it may be that
Cas9 is less active in cutting plasmid libraries, which would
result in a reduction in the number of linear copies that in-
tegrate rarely and/or late in the zygote division. However,
the RNP concentration used for pronuclear microinjection
was higher than the average recommended by D.W. Harms
et al. (2014). This concentration should have been sufficient
to linearize the library (1400 DNA copies), as most genome-
editing experiments using a lesser amount of RNP generally
show high rates of genomic modifications.

Given the overall low copy number of the generated
concatemers, the barcode recombination assay was not par-
ticularly informative. It is noteworthy that some embryos
that tested positive by PCR or mCherry fluorescence did not
produce barcodes from the NGS analysis. This indicates that
the integrated copy/copies are damaged. While the mCherry
cassette is located in the middle of the transgene, the ends of
the transgenes are more susceptible to truncations that result
in the loss of one or both barcodes. Barcode switching was
detected (Fig. 6) and a barcode copying event, which also
serves as an indicator of HR activity, was observed. The result
of barcode switching (53 %) was not significantly different
from that of the previous report (80 % recombined copies)
(Smirnov et al., 2020). In conclusion, the presented evidence
suggests that transgene copies prepared by in vitro Cas9

2025
291

M3yuyeHne KoHKaTeHaLUM 6apKOANPOBaHHbIX TPAHCTEHOB,
NHeapu3oBaHHbIx Cas9

cleavage may engage in HR pathways during concatenation,
in contrast to the copies from the RNP+ experiment.

The analysis of internal junctions revealed a typical assort-
ment of Cas9-generated deletions, with occasional instances of
nucleotide insertions (Schimmel et al., 2017). It is established
that Cas9 produces heterogeneous ends due to endonucleolytic
degradation of the DNA by endonuclease domains, with higher
activity towards the PAM distal fragment (Stephenson et al.,
2018). This may explain the observed asymmetry in deletions
at the junctions (Fig. 7, with the PAM distal fragment to the
right). It is noteworthy that intact junctions were observed with
considerable frequency among the variants. It was not possible
to ascertain with certainty whether the junctions originated
from undigested vector or de novo ligation of blunt DNA ends.
However, given that in vitro digested DNA was gel-purified
(Fig. 2, linear fragment) and should not contain a significant
proportion of undigested circular form, it was assumed that
the latter was the case. These junction signatures differ from
those typically generated by restriction enzymes in standard
pronuclear microinjection experiments (Rohan et al., 1990;
Dai et al., 2010). For example, in our previous study, we
selected the BsmBI enzyme to linearize the barcoded vector
and create 4 nt incompatible protruding 5’-ends. Following
concatenation, transgene molecules exhibited a loss of ap-
proximately 5-10 nucleotides at the junction sites, with no
discernible asymmetry (Smirnov et al., 2020).

In comparison to the barcoded library previously described
(Smirnov et al., 2020), the pCAGGS-Cherry-based reporter
exhibited a tenfold increase in barcode diversity and an
extended barcode length (32 bp vs 17 bp). This allows for
unambiguous interpretation of complex barcode recombina-
tion patterns, including the copying of a single barcode to
multiple copies (Fig. 6). Nevertheless, in theory, the relatively
low overall CN compared to other experiments (Smirnov et
al., 2020) may indicate that the linear copies are impeded in
their end recombination. In this instance, the absence of con-
catemers may be attributed to the augmented barcode length,
which impedes homology search and head-to-tail end joining.

Conclusion

In conclusion, our findings demonstrate that the DNA ends
generated by Cas9 in vivo undergo a distinct processing path-
way compared to the “clean” ends. The microinjection of the
barcoded library in combination with CRISPR endonucleases
represents a fruitful assay that can be augmented further. This
could be achieved, for example, by chemical modifications
of the DNA ends or by co-injection of the NHEJ/HR factors.
It would be beneficial to gain a deeper understanding of how
Cas9 affects end recombination during concatenation, with the
aim of preventing unwanted concatenation of donor molecules
or stimulating end processing at the genomic site in the future.
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Abstract. The widespread use of narrowleaf lupine (NLL, Lupinus angustifolius L.) as a feed and food crop requires source
material for breeding cultivars with high-quality seeds. The priority criterion for attributing NLL cultivars to the feed or
food category is the content of alkaloids. At the same time, equally important seed quality indicators are the protein
and oil content, as well as moisture content, which determines the possibility of long-term storage of seeds. For the first
time in Russian lupine science, an attempt was made to study the relationships between all the listed characteristics of
narrowleaf lupine seeds under the conditions of Northwest Russia (Pushkin town). Sixty-two accessions from the VIR
collection were studied in 2019, 2020 and 2022. The range of variability of the studied characteristics was 27.8-37.6 %
for protein, 3.9-7.3 % for oil, 1.6-2017.4 mg/100 g of dry matter (D.M.) for alkaloids, and 6.4-7.3 % for moisture. A signi-
ficant negative correlation between the oil and protein content (-0.33) was observed only in 2019. No significant cor-
relations between the protein and alkaloid content were found in the studied sample. Significant negative relation-
ships were identified between the content of oil and alkaloids only in 2019 and 2020 (-0.38 and -0.27, respectively).
In 2022, no correlations were identified. Obviously, the identification of regularities in these correlations requires many
years of research taking into account weather conditions. The influence of weather on the concentration of alkaloids
in seeds has been proven. The average amount of alkaloids for the sample in 2019 was 504.2+77.7 mg/100 g D.M.,
263.7+38.6 mg/100 g D.M. in 2020, and 319.8+51.4 mg/100 g D.M. in 2022. It confirmed the data previously obtained
by the authors that the content of alkaloids in seeds increases significantly along with the precipitation deficiency. The
temperature regime during this research did not affect this indicator. An increased air temperature contributed to the
accumulation of oil, and an increase in precipitation contributed to the accumulation of protein. The most stable indica-
tor independent of environmental conditions was the seed moisture. Accessions with the optimal combination of the
main biochemical parameters that determine seed quality have been identified for breeding narrowleaf lupine cultivars
in the region in question for feed and food purposes, as well as for green manure.
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B3anMOCBS31 OCHOBHBIX ITPV3HAKOB KauecTBa CeMSH
JIFOTIMHA V3KOJIMCTHOrO 13 Kosutekiumm BUP

T.B. llleaenra (»), A.B. Caauxosna (»), B.C. [Toros @, [.IT. Eroposa (12}, A.A. Maabiues (%), M.A. BumHskoBa

DefepanbHblii NCCNeAoBaTENbCKUI LIeHTP Bcepoccnincknin MHCTUTYT reHeTUYecKrx pecypcos pacteHmin um. H.W. Basunosa (BUP),
CaHkT-MeTepbypr, Poccua

@ popovitaly@yandex.ru

AHHoTauuA. LLinpokoe ncnonb3oBaHve nonviHa y3konuctHoro (J1Y) B Kauectse KOPMOBOW 1 MPOAOBONIbCTBEHHOW Kyb-
TYpPbl BO3MOXHO NPW HANIMUYNMN COPTOB C BbICOKMM KaueCTBOM CeMsAH. [propuTeTHbIM NPU3HAKOM ANA OTHECEHUA COPTOB
JY K 3TOI KaTeropum cYMTaeTca HM3Koe copepKaHue ankanomaos. OfHako He MeHee BaXkHble MoKa3aTenn KayecTsa
ceMsAH NIoMNMHA — cCoaepKaHne 6elka, Macna 1 BNa*kHOCTb. BrnepBble B OTEYECTBEHHOM NIONVHOBEAEHNIN NPeanpUHATA
NnonbITKa M3yYyeHns B3anMOCBA3EN MeXay NoKa3aTensaMmn BCeX NepeyrciieHHbIX UHIpeaneHTOB cemsaH JTY B ycnoBusx
CeBepo-3anaga PO (r. MywkuH). LecTbaecaT aBa obpasua us konnekuymmn BUP 6biin nsyueHnsl 8 2019, 2020 1 2022 rr.
M3meHUnBOCTb coflepkaHus 6enka coctaBmna 27.8-37.6 %, macna — 3.9-7.3 %, ankanoungos — 1.6-2017.4 mr/100 r cyxo-
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Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

ro BelyecTsa (C.B.), BNaxHoOCTn — 6.4-7.3 %. [loctoBepHaa oTpuLaTeNibHaa Koppenauma Mexay cogepxaHvem macna u
6ernka (-0.33) Habnoganacb TonbKo B 2019 . 3HaUMMbIX KOPPENALMI MEXAY CofepKaHNeM BenKa 1 aikanouaos B U3y-
YeHHOW BblIbOpKe He 06HapyeHo. [locToBepHas oTpurUaTeNibHasA CBA3b MeXAY CofepPKaHNeM Macsia U CyMMOW ankano-
1A0B BblsiBNeHa ToNbKo B 2019 1 2020 rr. (-0.38 1 -0.27 cOOTBETCTBEHHO). B 2022 1. cBA3b He 06Hapy»keHa. OueBMaHoO,
YTO [N BbIABIEHUA 3aKOHOMEPHOCTEN, XapakTepu3yoLWwmx 3Tu CBA3K, TpebyeTca NpoBeAeHe MHOTONETHUX SKCNepu-
MEHTOB C y4eTOM MOrofAHbIX yCNoBUN. [lokasaHo BANAHME NOrOAbl Ha KOHLEHTPaLMIo ankanonaos B cemeHax. CpeaHas
no Bblbopke cymma ankanougos B 2019 r. coctaBuna 504.2 + 77.7 mr/100 1 ¢.B., B 2020 1. — 263.7 + 38.6 mr/100  C.B.
n B 2022 1. - 319.8 = 51.4 mr/100 r c.B. MoaTBepXAeHbI AaHHbIe, MONyYeHHble aBTOpaMM paHee: coepKaHve anka-
NOVAOB B CEMEHAX 3HAUMUTENbHO BO3pacTaeT Npu feduumte ocagkos. TemnepaTypHbIN PeXxrUM He OKasan BAVSHUA Ha
3TOT noKa3saTesib. [1oBbllEeHHaA TeMnepaTypa Bo3gyxa CNOCo6CTBOBaNa HAKOMIEHMIO Macna, a yBefIMYeHne 0CaKoB —
HakonneHuio 6enka. BnaxHocTb ceMAH oKa3anacb Havbonee cTabusibHbIM MOKa3aTeneM, He 3aBUCALLMM OT YCIOBUN
cpepbl. BoisiBneHbl 06pa3upbl C ONTUMaNbHbIM COYETaHMEM OCHOBHbIX OMOXMMMYECKUX NMoKasaTenen, onpeaensowmnx
KauecTBO CeMsH, ANA PernoHanbHOW cenekunn coptoB JTY KOPMOBOro 1 MPOAOBONBbCTBEHHOIO Ha3HaYeHMs, a Takxe
craepanbHbIX COPTOB.

KnioueBble cnoBa: NonvH Y3KONMCTHBIN; ankanougbl; 6ef10K; Macso; BNaXHOCTb CEMSAH; MOrofHble YCIOBUA.

Introduction

Narrowleaf lupine (NLL) Lupinus angustifolius L., a grain
legume crop adapted to relatively northern regions, is a vital
source of vegetable protein and amino acids, a universal ingre-
dient in feeds for farm animals and a promising component of
the human diet. The main limiting factor for the use of NLL for
these purposes is the content of quinolizidine alkaloids (QA)
in seeds and green matter, which impart bitterness to them. In
the 1930s, after the discovery of low-alkaloid mutants (Seng-
busch, 1931), the creation of low alkaloid cultivars began.

Both earlier in the USSR and currently in the Russian Fe-
deration, these cultivars were and are being created using ac-
cessions from the collection of the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources (VIR) characterized as
sources of valuable traits. Currently, NLL breeding is develop-
ing quite actively in this country (Egorova et al., 2017). The
State Register of Selection Achievements for 2023 includes
29 cultivars, all of which are domestically bred ones (State
Register..., 2023). Breeding is carried out in two directions of
cultivar use, i. e. as fodder and as green manure. For example,
a low-alkaloid feed cv. ‘Belogorsky 310’ and a high-alkaloid
cv. ‘Oligarkh’ for green manure have been created at the Le-
ningrad Research Institute for Agriculture “Belogorka” jointly
with the VIR researchers and using the source material from
the VIR collection (Egorova et al., 2017).

According to the standards adopted in some European
countries and in Australia, the alkaloid content, i. e. alkaloid-
ity of seeds intended for food and feed purposes, should not
exceed 0.02 % of their dry weight (D.M.) (Frick et al., 2017).
In the Russian Federation, the permissible level of alkaloid
content for fodder lupine cultivars is from 0.1 to 0.3 % D.M.
(State Standard R 54632-2011), and, according to the existing
technical specifications developed at the All-Russian Research
Institute of Lupine, it is 0.04 % D.M. for food lupine (Specifi-
cation No. 9716-004-00668502-2008). In everyday practice,
the alkaloid seed content at the level of 0.05 % is considered
a borderline value for distinguishing low-alkaloid and high-
alkaloid forms (Lee et al., 2007).

Along with the alkaloid content, the quality of NLL seeds
is also determined by other metabolites, the main ones being
protein and oil. The protein content in the seeds of narrowleaf
lupine from the VIR collection was recorded at 34-36 %

(Egorova et al., 2019). The oil content in the NLL collection
accessions varies within 6.5-8.4 % (Benken et al., 1993).

High-protein cultivars with low alkaloid content are espe-
cially valuable because not only the grain, but also the green
matter is eaten by all types of farm animals. Lupine is con-
sumed freshly mown, in the form of compound feeds, silage,
haylage, grain haylage, and bran (Kuptsov, Takunov, 2006).

Lupine oil is a functional ingredient and a valuable source
of edible fats. The content of oleic, linoleic and linolenic
fatty acids, of tocopherols, carotenoids, triglycerides, and
triacylglycerols is at a high level. The oil of bitter cultivars
contains a large number of phenolic compounds, although it
has a lower antioxidant activity compared to that of sweet
lupine oil (Siger et al., 2017).

Based on the above, evaluation of a lupine collection only
by alkaloid content is not enough for recommending acces-
sions as source material for creating feed and food cultivars.
Accessions with a combination of high protein and oil and low
alkaloid content are required. An important quality indicator
of seeds is also their moisture content, which determines the
suitability of seeds for storage and processing (State Standard
R 52325-2005; Wang et al., 2001).

To which extent are the optimal values of these features
compatible within one genotype, what are the regularity in re-
lationships between them and their variability in the gene pool,
and to which extent do they depend on growing conditions?
Unfortunately, the answers to these questions in the world
scientific literature are fragmentary and ambiguous. Therefore,
the objectives of this article were to summarize the results
of the biochemical analysis of a set of seed quality features,
such as the content of protein, oil, alkaloids, and moisture in a
sample of NLL accessions from the VIR collection grown for
three years in Pushkin, Pushkinsky District of St. Petersburg
(inthe Northwest of the Russian Federation), to determine the
degree of variability of the studied features, their dependency
on weather factors in the region of research, and to identify
the source material for breeding for high seed quality.

Materials and methods

Plant materials and cultivation conditions. The object of
the study was a sample of 62 NLL accessions from the VIR
collection, selected according to the representativeness of
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their breeding status and alkaloidity. All the accessions were
grown in 2019, 2020 and 2022 in the fields of the “Pushkin
and Pavlovsk Laboratories” Scientific and Production Base
of VIR (Pushkin, Pushkinsky District of St. Petersburg,
59°42'45.5"N 30°25'05.8"E) according to the methodology
adopted for grain legumes (Vishniyakova et al., 2018). The
growing area belongs to the Atlantic-continental region of the
temperate climate zone.

Weather conditions during the years of research varied
greatly (Supplementary Figure S1a, b)L. The coldest year was
2020, though the temperature in June of this year was slightly
higher than the average long-term values. Average monthly air
temperatures in June—August 2022 significantly exceeded the
long-term average. Uneven precipitation was observed over
the years of research. For example, the amount of precipitation
in June 2019 was three times less than the average for this
month in 2020 and 2022, and almost two times less in August
of this year. The total precipitation in July—August 2020 and
2022 exceeded the long-term average. The greatest amount
of precipitation over the years of research was recorded in
August 2022 (Fig. Sla).

Methods. The alkaloid content was determined on an Agi-
lent 6850 gas chromatograph coupled with an Agilent 5975
mass spectrometer (Agilent Technologies, USA) in extracts
obtained by sequentially adding ethyl acetate and an aqueous
solution of sodium hydroxide to samples of NLL flour. A caf-
feine solution was used as an internal standard (Kushnareva
et al., 2020; Vishnyakova et al., 2023). The protein, oil and
moisture content in the NLL seed flour samples were deter-
mined using the developed calibration models by near-inf-
rared spectroscopy (NIRS) on a Matrix-1 IR analyzer (Bruker,
Germany) (Popov et al., 2024).

To carry out statistical processing of the results obtained
in 2019, 2020 and 2022, the samples of accessions were
aligned to 40 units, the accessions were selected randomly.
Statistical processing was performed using the Statistica 12.0
software package (StatSoft, Inc. (2019), www.statsoft.com).
The statistical processing included calculation of the main
descriptive statistics (mean, error of the mean, and coefficient
of variation); analysis of variance for assessing the significance
of differences between the accessions reproduced in different
years with calculation of the least significant difference at p =
0.05; calculation of coefficients of rank correlation between
the content of alkaloids and other biochemical indicators
in different years of plant life to assess the stability of trait
manifestation in accessions; factor analysis of the correlation
system of biochemical traits.

Results

In addition to the previously obtained results on the alkaloid
content in the seeds of the NLL sample studied in 2019-2020,
the present study added an assessment of this trait in 2022
(Supplementary Table S1). As we showed earlier (Vishnya-
kova et al., 2023), this trait is highly weather-dependent, and
the results of the third year of research make the picture more
objective.

T Supplementary Figure S1 and Tables $1-54 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_Engl_29_1.pdf
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The qualitative composition of QA, characteristic of L. an-
gustifolius and determined for the accessions in the studied
sample earlier, is stable. The dominant alkaloid lupanine is
followed in the descending order by 13-hydroxylupanine,
sparteine, angustifoline and isolupanine (Kushnareva et al.,
2020). The average long-term values (mg/100 g D.M.) for the
entire research period were 252.9 for lupanine, 40.3 for 13-hy-
droxylupanine, 27.8 for sparteine, 4.6 for angustifoline, 2.9
for isolupanine, and 328.5 for the total alkaloids (Table S1).
The variability (CV) of the alkaloid content exceeded 100 %
(Table S2).

The average total alkaloids (mg/100 g D.M.) for the sample
were maximum in 2019 at 504.2 £ 77.7, intermediate in 2022 at
319.8+51.4, and minimum in 2020 at 263.7 £ 38.6 (Table S2).
In 2019, the values of individual alkaloids and their total ex-
ceeded the average for three years, in 2020 and 2022 they were
below the average long-term values. The maximum value of
the trait 2017.4 mg/100 g D.M. was also noted in 2019, and
the minimum of 1.6 mg/100 g D.M., in 2022. The coefficients
of variation for the content of both individual alkaloids and
their total were very high; the latter was from 112.4 to 124.6
(CV > 100 %, an abnormal range of values) (Table S2). This
indicates a very large diversity of the studied accessions of
the collection in terms of alkaloid content (Fig. 1a).

Fluctuations in the ranges of alkaloid content variability in
NLL seeds over the years of research, taking into account the
high CV, make it possible to assume a significant influence
of weather conditions on these traits. However, the quantita-
tive ratio of individual alkaloids remained unchanged during
the years of research. The highest indicators during all three
years of research were demonstrated by lupanine. Average
values were typical for 13-hydroxylupanine and sparteine, and
minimum ones, for angustiofoline and isolupanine.

The content of protein, oil and moisture in seeds found in
the studied sample averaged 31.9; 5.2 and 6.9 %, respectively
over the entire period of research (Table S3). The protein
and moisture indicators of lupine seeds depended little on
weather conditions and were characterized by a low degree
of variability (CV < 10 %). The oil content in NLL seeds had
a medium degree of variability (10 < CV = 20 %). In 2019,
the lowest values of protein and oil content were noted along
with the highest content of alkaloids. In 2020, the minimum
indicators for alkaloids, maximum for protein, and average
for oil were recorded. In 2022, the intermediate values of
alkaloids corresponded to the intermediate values of protein
and maximum values of oil. No visible fluctuations in the
moisture content of NLL seeds were detected during the period
of research (Fig. 1b, Table S2).

An analysis of the obtained results showed that the seeds of
different accessions obtained in 2019, 2020, and 2022 differ
significantly in terms of lupanine, sparteine, total alkaloids,
protein, and oil content. A difference close to significant was
observed for the values of angustiofoline and isolupanine. The
differences between the NLL accessions in terms of 13-hy-
droxylupanine and moisture content were not significant. The
rank correspondence coefficient (Table S4) showed a reliable
match between the alkaloidity of the NLL accessions grown
in different years according to their alkaloid status (low- and
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Fig. 1. Total alkaloids and the content of (a) individual alkaloids; (b) protein, oil and moisture content in narrowleaf lupine seeds.

Average, minimum, maximum values of indicators for 2019, 2020 and 2022 and average indicators for three years are presented. Pushkin, Pushkinsky District of

St. Petersburg, 2019-2020 and 2022.

high-alkaloid forms). Thus, it can be asserted that the content
of individual alkaloids, as well as their total, are features, the
order of magnitude of which is determined by the charac-
teristics (genotype) of an accession, and the value of which
is determined by the influence of abiotic factors.

The concentration of individual alkaloids and their total
content in NLL seeds in 2019 was significantly higher than
in 2020 and 2022 (Fig. 1a, Table S4). On the contrary, protein
values were significantly higher in 2020, and the oil content
in 2022 (Fig. 1b, Table S4). No significant differences in
moisture content were found between NLL seeds obtained in
different years (Fig. 1b, Table S4). It was found that the values
for protein in 2020, and protein and oil in 2022 were higher
than the average three-year ones, and those for oil in 2020,
and protein and oil in 2019 were lower. The seed moisture
content in all the years of research practically corresponded
to the average long-term data.

In 2022, a close relationship between the values for indi-
vidual alkaloids, and between those for individual alkaloids
and their total was confirmed in all the years of study (r =0.87
or more). This relationship was previously established for
2019 and 2020 (Vishnyakova et al., 2023). In 2019, a reli-
able negative relationship of medium strength was observed
between the indicators for oil and alkaloids (from —0.35 to
—0.42), and for oil and protein (-0.34). In 2020, the direction
of the relationship between the content of oil and alkaloids,
and that of oil and protein remained, but it became weaker;
its reliability was confirmed only for lupanine, sparteine and
the total alkaloids (the maximum absolute values of alkaloid
concentration). In 2022, an inverse relationship close to reli-
able remained relevant only for lupanine (-0.23). There was a
direct reliable correlation between seed moisture and sparteine
in 2019, and between moisture, protein, and oil content in
2020 (0.27; 0.30; 0.29, respectively). In 2019, a reliable nega-
tive correlation was found between the content of moisture

and lupanine, sparteine, and the total alkaloids (-0.29; 0.34;
-0.29, respectively), and a negative correlation close to reli-
able between the content of moisture and 13-hydroxylupanine
(—0.25). There were no significant correlations between protein
content and alkaloid values (see the Table).

When analyzing the influence of weather conditions on
the biochemical characteristics of NLL seeds, the previously
established fact (Vishnyakova et al., 2023) that insufficient
precipitation contributes to the accumulation of the main al-
kaloid lupanine and the total alkaloids was confirmed. These
two indicators are related by a reliable negative correlation to
the total amount of precipitation during the growing season
(-0.996 and —0.997, respectively). A particularly noticeable
lack of precipitation within three years was observed in June
and August 2019, when 58 and 25 mm fell, respectively. The
extremely low amount of precipitation for the region during
this period (Fig. S1a) resulted in the maximum accumulation
of lupanine and total alkaloids in 2019 (Fig. 1a, Table S2).

Higher air temperatures contributed to an increase in oil
content, whereas an increase in precipitation contributed to the
accumulation of protein in NLL seeds. Oil content and average
air temperatures were linked by a reliable positive correlation
(0.96), as were protein content and precipitation (0.96).

The factor analysis of a correlation system allows a reduc-
tion of a high-dimensional feature space to a lower-dimen-
sional one, in which the coordinate axes (factors) represent
the center of concentration of features that correlate with each
other. Factors are hidden variables that influence the observed
features. Over three years of research, two factors describing a
total of 77.7 % of the variability were identified in the variation
structure. The first factor (Factor 1, 65.2 % of the variance) is
associated with the variation of the indicators characterizing
the content of alkaloids, while the second factor (Factor 2,
12.5 % of the variance) is negatively correlated with the pro-
tein content, and positively with the moisture and oil content
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Correlation and factor structure of the variability of biochemical characteristics of seeds of narrowleaf lupine accessions
in 2019, 2020, and 2022
Indicator Abbreviated  Year L H S A TA Protein  Oil Moisture
name*
Lupanine L 2019 1.000 0968 0958 0.973  0.945 1.000 -0.064 - 0.199
13-Hydroxylupanine  H 0.001 1000 0896 0956 0926 0973 0.027 - 0.193
Sparteine S 0.001 0.001 1.000 0939 0.876 0.960 -0.061 - 0.271
Angustifoline A 0.001 0.001 0.001 1.000 0908 0975 -0.057 - 0.196
Isolupanine | 0.001 0.001 0.001 0.001 1.000 0.944 0.083 - 0.137
Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 -0.051 - 0.205
Protein 0696 0.867 0.711 0727 0613  0.755 1.000 -—0.226
Moisture 0219  0.232  0.091 0225 0399  0.204 0.161 0.341 1.000
Lupanine L 2020 1.000  0.941 0959 0956 0969 0999 -0.118 -—0.1 77
13-Hydroxylupanine  H 0.001 1000 0874 0936 0938 0955 -0.152 -0.177 -0.160
Sparteine S 0.001 0.001 1.000 0916 0.950 0.961 -0.055 -—0.1 83
Angustifoline A 0.001 0.001 0.001 1.000 0960 0.962 -0.106 -0.152 -0.067
Isolupanine | 0.001 0.001 0.001 0.001 1000 0975 -0.083 -0.219 -0.130
Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 -0.118 -—0.1 75
Protein 0430 0307 0713 0480 0.581 0.428 1.000 -0.066  0.303
Oil - 0.233 - 0308 0.138 - 0.662 1.000  0.289
Moisture 0235 0282 0219 0653 0384 0.241 0.038  0.049  1.000
Lupanine L 2022 1.000 0940 0935 0958 0.931 0.998 0.108 -0.229 -
13-Hydroxylupanine  H 0.000 1.000 0875 0924 0.889 0.956 0.072 -0.143 -0.250
Sparteine S 0.000 0.000 1.000 0.898 0.889 0.944 0.144 -0.187 -
Angustifoline A 0.000 0.000 0.000 1.000 0936  0.962 0.090 -0.193 -0.208
Isolupanine I 0.000 0.000 0.000 0.000 1.000 0.935 0.135 -0.179 -0.220
Total alkaloids TA 0.000 0.000 0.000 0.000 0.000 1.000 0.107 -0.215 -
Protein 0430 0599 0290 0510 0323 0433 1.000 -0.080 -0.189
Oil 0.090 0.292 0.168 0.154 0.187  0.112 0.559 | 1.000 @ 0.057
Moisture - 0.063 - 0.125  0.104 - 0.162  0.677 | 1.000

Significant positive relationship

Close to significant negative relationship

_ Significant negative relationship

Diagonal element

Note. From the top of the diagonal line is the value of the correlation coefficient r, the confidence level p is below.

in NLL seeds (Fig. 2). The alkaloid indicators (lupanine,
13-hydroxylupanine, sparteine, isolupanine, angustiofoline
and their total content) are grouped in the right part of the
graph. Most likely, this type of grouping is influenced by the
fact that these compounds are linked by a single network of
metabolic transformations. The indicators of protein, oil and
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moisture content in NLL seeds, concentrated in the left part
of the figure, show a fairly large spread, which indicates the
absence of a close relationship between them.

The eigenvalues of the factors calculated during the analysis
for each NLL accession were used to describe the overall pat-
tern of trait variability over the study period (Fig. 3). The dis-
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Fig. 2. Factor structure of variability of average values of biochemical
indicators determining the seed quality of narrowleaf lupine accessions
in 2019, 2020, 2022.

P - protein, O - oil, M — moisture, | - isolupanine, H - 13-hydroxylupanine,
S - sparteine, L - lupanine, A - angustifoline.
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Fig. 3. Position of narrowleaf lupine accessions in the space of selected
factors (2019, 2020, 2022).

tribution of accessions was influenced by the above-described
factors. In 2019, a higher degree of dispersion was observed
for both the first (Factor 1) and the second (Factor 2) factors.
In 2020 and 2022, the spread of samples in the factor space
decreased, they grouped mainly in its upper left, middle and
partially in the lower left part, which is explained by a decrease
in the alkaloid content, a smaller range of their variability
and an increase in protein and oil content compared to 2019.

Since obtaining low-alkaloid forms has long been a priority
direction of breeding, we paid special attention to the sources
of this trait in the studied sample. These included 24 acces-
sions with an alkaloid concentration in seeds of no more
than 20-40 mg/100 g D.M. and 7 accessions with that of no

Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

more than 40 mg/100 g D.M. Of these accessions, 16 were
characterized by a high protein content (above 30 %), 11 by
a high oil content (above 5 %) (Table S1). The combination
of a low alkaloid concentration and a high protein and oil
content in one genotype characterizes them as sources of
high-quality seeds for breeding NLL cultivars in the region
for both fodder and food purposes. The group we have
identified includes domestic and foreign NLL cultivars and
lines: k-3172 (‘GL-396’, Belarus), k-3329 (“Line 7°, Russia),
k-3502 (‘L-155’, Poland), k-3503 (‘Mutant 2’, Russia), k-3563
(‘Rommel’, South Africa), k-3627 (‘Dikaf-1’, Russia), k-3816
(‘Ladny 77, Russia), as well as one wild-growing NLL acces-
sion k-3457 (‘GRC-5008 A", Greece).

The NLL accessions with the total alkaloid content of over
1,000 mg/100 g D.M. in seeds can be recommended as source
material for creating green manure cultivars (Table S1). This
group is mainly composed of foreign NLL cultivars and
lines: k-96 (local, Ukraine), k-1526 (local, Ukraine), k-2183
(IGRIS, Poland), k-3562 (‘Slapska’, Czechoslovakia), k-3623
(18 86A250-2-4 EX LR2, Australia), and k-3814 (‘Oligarkh’,
Russia).

The high-alkaloid cultivar ‘Oligarkh’ (k-3814) created at the
Leningrad Research Institute for Agriculture “Belogorka” can
be used both as raw material for the production of medicines
and for creating new pharmacologically significant NLL cul-
tivars. In our study, it demonstrated the following maximum
values of individual alkaloid content (mg/100 g D.M.): 1487.3
for lupanine, 338.7 for 13-hydroxylupanine, 142.8 for sparte-
ine, 38.6 for angustifoline, and 21.0 for isolupanine (Table S1).
As is known, NLL can be a producer of alkaloids for the use
in pharmacology and medicine (Vishnyakova et al., 2020).

Discussion
The three-year data on the main biochemical characteristics
that determine the quality of seeds in NLL accessions from
the VIR collection grown in conditions of the Northwest of
the Russian Federation (Leningrad Province) revealed sig-
nificant variability in the alkaloid content. The data analysis
shows that this is due to both genotypic determination and
the influence of environmental conditions. The dependency
of alkaloid content on weather factors during cultivation in
these conditions was shown earlier (Vishnyakovaetal., 2023).
In our research, the protein content is characterized by low
and oil content by medium variability. Seed moisture was the
most stable characteristic. Seed moisture reaches about 15 %
during harvesting, while before storing, its value should not
exceed 10 % according to (State Standard R 52325-2005).
The statistical processing data confirmed that the alkaloid
status (low and high alkaloid forms) was maintained by the
NLL accessions reproduced in different years, i. e. the values
of the individual alkaloids content, their total and ratio are
determined by the genotype, while their variability is deter-
mined by the weather conditions of the year of reproduction.
The previously established fact of an increase in the amount
of alkaloids in seeds under dry conditions (Vishnyakova et
al., 2023) was confirmed. A reliable negative correlation
between the alkaloid content and the amount of precipitation
was established.
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The influence of weather conditions on the alkaloid content
in lupine seeds has been shown in different regions. In the
Russian Federation, this was noted in the conditions of the
Yaroslavl Province (Taran, Tsvik, 2017) and the Southwest
zone of the Central Region (Ageeva, Pochutina, 2018). In
Denmark, when three NLL cultivars were exposed to drought,
the amount of alkaloids in the green matter at the stage of plant
vegetation (before flowering) clearly increased, and then the
genotypes responded differently to drought (Christiansen et
al., 1997) by both increasing and decreasing the amount of
alkaloids. Our opinion is that a comparison of these results
can only be correct if the same plant organs (vegetative matter
or seeds), the content of alkaloids in which is different, are
assessed, and if the ontogenetic stages at which the study is
conducted are the same.

Itis generally accepted that QA is synthesized in NLL in the
chloroplasts of young leaves (Wink, 1991; 1993; Wink et al.,
1995). The most intensive accumulation begins at the budding
stage (Maknickiené, Asakaviciité, 2008). It has been shown
that the expression of the identified to date seven candidate
genes involved in the QA synthesis, and the alkaloids them-
selves, are detected in all plant tissues at the budding stage
(Czepiel et al., 2021). However, the presence of alkaloids in
plant tissues is detected as early as in young seedlings, into
which the alkaloids pass from the germinating seeds (De Cor-
tes Sanchez et al., 2021). That is, there is no unambiguous
answer yet about the place and time of the onset of alkaloid
synthesis in NLL. It is only obvious that the overwhelming
fraction of QA is formed in green, above-ground tissues (Frick
et al., 2017) with a small contribution from roots (Lee et al.,
2007). By the time of beans formation, alkaloids enter the
reproductive organs via the phloem (see a review by Vish-
nyakova, Krylova, 2022). It follows from this that the onset
of the multi-stage synthesis of QAs in lupine and the time of
their accumulation in seeds are separated in space and time.
Numerous enzymes, transporters, and regulators are involved
in this process. However, the expression of genes involved in
the synthesis of alkaloids is no longer observed in mature seeds
containing alkaloids (Czepiel et al., 2021). That is, only the
accumulation process occurs in them. Therefore, it is obvious
that the most vulnerable periods for the impact of stressors
on the content of alkaloids are the synthesis and transport of
the latter. The effect of early drought on a sharp increase in
alkaloids in NLL has already been well proven (Frick et al.,
2018). In the present research, the driest conditions in 2019
occurred in June, the time of budding (synthesis), and August
(alkaloids delivery to the forming seeds). In general, the en-
tire period of research has demonstrated a reliable negative
relationship between the amount of precipitation during the
entire vegetative period and the content of the main alkaloid
lupanine, as well as the total alkaloids in NLL seeds (-0.996,
—0.997, respectively).

An increase in alkaloid concentration under the influence of
drought is used for their industrial production from producer
plants, i.e. representatives of the genus Nicotiana, Papaver
somniferum and Catharanthus roseus (Waller, Nowacki, 1978;
Szabd et al., 2003; Jaleel et al., 2007; Amirjani, 2013). They
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are purposefully exposed to drought stress to increase the yield
of alkaloids (Kleinwéchter, Selmar, 2015).

It should be noted that the almost 2-fold average increase
in alkaloid concentration recorded for the sample in 2019
compared to 2020 is characteristic only of high- and moder-
ately alkaloid accessions. The accessions with the alkaloid
content of less than 0.05 % showed a relatively little change
in this indicator in all three years of study. The low-alkaloid
accessions were stable in the manifestation of the trait and
did not transform into high-alkaloid ones under the influence
of weather conditions.

The temperature factor did not affect the alkaloid content
in NLL seeds in our research; at the same time, it was men-
tioned above that the elevated air temperature contributed to
the accumulation of oil, and precipitation contributed to the
accumulation of protein.

The studied sample demonstrated a reliable negative cor-
relation between the protein and oil content (-0.34) only in
2019. A strong negative relationship (r = -0.96, p < 0.01)
between the content of these metabolites in seeds was shown
in the work of Australian scientists who studied six NLL
cultivars in 55 locations in Western Australia (Cowling, Tarr,
2004). However, a study of other lupine species from the VIR
collection reproduced in the Northwest of the Russian Federa-
tion demonstrated a positive relationship between the protein
and oil content (Egorova et al., 2019). It can be assumed that
these relationships manifest themselves differently in different
weather conditions.

No significant correlations were found between the protein
and alkaloid content in the sample studied in the present
research. Meanwhile, among 126 samples of white lupine
(L. albus L.) accessions from the collection at Pullman (Wa-
shington, USA), ranked into six classes by the degree of
alkaloidity, a higher protein content was found in seeds from
the group of high-alkaloid accessions (Staples et al., 2017).
Reliable negative relationships between the oil and alkaloid
content were found only in 2019 and 2020 (-0.38 and -0.27,
respectively). In 2022, no relationships were found. We believe
that the search for regularities in these relationships requires
long-term research with weather conditions duly accounted
for. The most stable indicator in our research, independent of
environmental conditions, was seed moisture.

Conclusion

The relationships between the main NLL seed quality indica-
tors (content of alkaloids, protein, oil, and moisture) and the
influence of weather conditions on them were studied for the
first time in the conditions of the Northwest of the Russian
Federation in the Leningrad Province. The limits of variability
of these traits are shown. The absence of significant correla-
tions between the content of protein and oil, and protein and
alkaloids was noted. Reliable negative relationships were
found between the content of oil and alkaloids only in 2019
and 2020. It is obvious that identifying the regularities in
these relationships requires long-term research with weather
conditions duly accounted for. The influence of weather on the
concentration of alkaloids in seeds has been proven, namely, its
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significant increase in dry conditions. The temperature regime
during the present research did not affect this indicator. An
increased air temperature contributed to the accumulation of
oil, whereas precipitation contributed to the accumulation of
protein. The studied sample was found to contain accessions
that combine the necessary indicators of the main (protein and
oil) and secondary metabolites (alkaloids) that determine the
NLL seed quality for the use as source material when creat-
ing new regionally adapted cultivars for food, fodder, green
manure and pharmaceutical purposes.
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Abstract. The endocarp or stone is the most stable morphological feature of the genus Prunus. However, the identifica-
tion of plum types, groups and/or genotypes based on endocarp is complicated because of a wide range of variation
and morphological transitional states. From this point of view, knowledge on the degree of variability within and
between plum species or cultivars is a sine qua non for taxonomists and also for pomologists. In this study, different
endocarp morphological traits, such as SW, linear dimensions (L, W and T), D,, Dg, S, V and shape indexes (¢, SI, E, RS,
RO, DE and PI) were determined using analysis of variance and multivariate analysis (correlations and PCA). Results
showed significant differences among accessions for all properties evaluated but with high overlaps in values. In most
cases, the examined parameters were positively or negatively correlated with each other, indicating developmental
relationships between them. Indeed, positive correlations were recorded for most variables, especially related to SW
and endocarp linear dimensions. These results showed that the above properties could be a powerful indicator for
selecting adequate endocarp size and shape in accessions, which may be used in taxonomic analysis. With an account
of these correlations, PCA was employed to correctly estimate the endocarp size and shape and distribution, segre-
gation and dispersion of accessions. All linear measurements and index values showed a normal or low variability at
the individual level in most cases, with the exception of SW, V and Pl in both European and Damson plums and S in
Damson plums. Of the 15 examined parameters, European plum had significantly higher SW, L, T, D,, D, S, E, RO and
Pl values than Damson plum. In contrast, Damson plum had higher SI, RS and DE values, while W,V and ¢ were similar.
Key words: endocarp; European and Damson plums; morphological properties; size; shape indexes.
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AHaus CXOJICTB U pa3anuunii o6pasuoB Prunus domestica L.
u P. insititia L. 110 pa3MepaM 3HIO0KapIIvs U Bapuaumusam (OpPMbI

T. Munowesua 1@, H. Muaomesuy (22

" Kadenpa canoBoacTea v BuHorpagapcTaa, GakynbTeT arpoHomun B 1. Yauak, Kparyesavukui yHnsepcutet, Yauak, Pecry6nuka Cep6us
2 Kadbeapa NOMOSOrvn 1 cenekumin ppyKTos, HayuHo-nccnepoBatenbckunin UHCTUTYT GpyKTOB, Yauak, Pecnybnuka Cepbus

@ tomomilosevic@kg.ac.rs

AHHOTaLMA. DHAOKAPMUIA, UM KOCTOUKA, ABAETCA Hanbonee cTabunbHON Mopdoornyeckort 0Co6eHHOCTbIO poaa
Prunus. OpHako naeHTudrKaLma TUNOB, FPYNM U/WAN FeHOTUMNOB C/IMBbI HA OCHOBE SHAOKAPMMNA OCNOXKHEHA U3-3a WK-
POKOro cnekTpa Bapuaumin 1 MOPPONOrMyecknx nepexofHbliX COCTOAHMA. C STON TOUKM 3pEHNA 3HAHME CTEMEHM U3-
MEHUYMBOCTY BHYTPY 1 MEXAY BUAAMUN U COPTaMU C/IUBbI ABAAECTCA HEMPEMEHHbIM YCI0BMEM ANA TaKCOHOMUCTOB U
NMoMosIoroB. B Halem nccnefoBaHUy pasnuuHblie Mopdonormyeckrie Npu3Hakm sHAoKapnusa, Takme Kak SW, nmHeiHble
pasmepsl (L, W1 T), D, Dy, S,V v nhaekcol popmbi (@, SI, E, RS, RO, DE 1 PI), 6binn onpefeneHbl ¢ NomoLbio Aucnepcu-
OHHOIO aHasIM3a 1 MHOTOMepPHOro aHanu3a (koppenaunn n PCA). B pesynbrate o6Hapy»KeHbl 3HaUUTeNbHbIE Pa3nnuns
Mexxay ob6pasLamm No BCeM OLIEHEHHbIM CBONCTBaM, HO C BbICOKUM NepeKpbiTUeM 3HaueHui. B 6onblIMHCTBE CllyyaeB
nccnefoBaHHble NapameTpbl MOIOKUTENBHO AW OTPULIATENBHO KOPPENMPOoBanu Apyr C APYroM, YTO yKa3biBano Ha
CBA3UN Pa3BUTUA MeXAy HUMW. [JefCTBUTENbHO, MONOXKUTENbHbIE Koppenauuy Obinv 3aperncTprpoBaHbl Ansa 60nb-
LUVHCTBA NepeMeHHbIX, 0COBEHHO CBA3aHHbIX C SW 1 IMHeHbIMU pa3mepamiu SHAOKapnuA. ITW pe3ynbTaThl NoKasa-
NN, YTO BblLENEPEUNCIIEHHbIE CBOMCTBA MOTYT CNYKUTb MOLLHBIM MHAMKATOPOM ANA Bbibopa aieKBaTHOro pasmepa
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AHanms cxofAcTs 1 pasnmumin ob6pasuos Prunus domestica L.
1 P.insititia L. no pa3mepam aHAoKapnua 1 Bapraumsm ¢popmbl

1 GopMbl SHAOKapPNMA 06pa3LIOB, KOTOPble MOTYT ObiTb NCMONb30BaHbl B TAKCOHOMMYECKOM aHanu3e. BbiaBneHHble
Koppenauuy 6binn NCNonb3oBaHbl AN NPOBeAeHWA aHann3a METOLOM rMaBHbIX KOMNOHeHT (PCA), 4To No3BONMNIO
NPaBWUIbHO OLIEHUTb He TOIbKO pa3mMepbl 1 OpMy SHAOKapPMKWA, HO 1 Mana3oHbl BapbMPOBaHWA NPU3HAKOB, BKIIO-
Yaa AncCnepcuio, a TakKe pacnpepeneHne o6pasLos no rpynnam. Bce nuHeliHble N3MEpPeHUs 1 3HaUYeHUA MHAEKCa
MoKasasiv HOpMaJibHYIO UV HU3KYIO N3MEHUYMBOCTb Ha MHAMBUAYaSbHOM YPOBHE B OOJIbLUMHCTBE C/TyYaes, 3a NCKIIIo-
yeHnem SW, V n Pl y eBponerickon ciivebl 1 cnvebl Damson n S 'y cnvebl Damson. M3 15 nccnepgoBaHHbIX NapameTpos
AN eBPOMeNcKoi cnvebl 6bin NomyyeHbl 3HauUTenbHO 6onee Bbicokue 3HaueHus SW, L, T, D, Dy, S, E, RO v Pl no
cpaBHeHuto co cnmBori Damson. Hanpotus, cnuea Damson oTnvyanack 6onee BbICOKMMM 3HadeHuamm Sl, RS n DE,

Torga Kak 3HaueHua W,V un (0] ObIIN CXOXKUMM.

KnioueBble cnosa: 3H,q0|<apnvn7|; cainBa eBpOI'IeIﬁCKaH N YepHOCnBa; MOp(bOJ'IOFI/ILIeCKI/Ie CBOWCTBa; pa3mMmep; NHOEeKCbI

dopmbl.

Introduction

Prunus spp. has been grown throughout the world for centu-
ries. Among commercial species, the plum is the most com-
monly cultivated for its fruits (Milosevi¢ T., MiloSevi¢ N.,
2018). The genus originates from five centers in general:
Europe for Prunus domestica L. (European plum), Western
Asia for P. insititia L. (Damson plum), Western and Central
Asia for P. cerasifera Ehrh. (cherry plum), North America for
P. americana Marsh. (American plum) and China for P. sali-
cina Lindl. (Japanese plum) (Watkins, 1976). Among them,
genotypes belonging to P. domestica L. and P. salicina Lindl.
are the most important. The evaluation of plum diversity may
be essential; for example, for on-farm conservation schemes,
utilization of genetic resources for sustainable agriculture and
future breeding programs (Ropelewska, 2022). Also, cultivar
differentiation is important for farming due to adaptation to
climatic conditions and disease resistance, especially under
global warming conditions (Milosevi¢ T., Milosevi¢ N., 2018).

Serbia is a small country on the Balkan Peninsula, but a
major world producer of plums, as it ranks third or fourth in
the world behind China, USA or Romania (FAOSTAT, 2024,
https://www.fao.org/faostat/en/#data/QCL). Apart from a large
number of commercial cultivars, Serbia is known for growing
autochthonous (primitive, folk) genotypes mostly originat-
ing from P. domestica L. (European plum) and P. insititia L.
(Damson plum) (Milosevi¢ T., Milosevi¢ N., 2012). Their
fruits are mainly used for the production of a traditional Ser-
bian alcoholic drink known as “Sljivovica” or “Prepedenica”,
which is included in the UNESCO representative list of the
intangible cultural heritage of humanity as an element of
the intangible cultural heritage of Serbia (Source: UNESCO
Bulletin, 2022) (Milosevi¢ T. et al., 2023). We have earlier
described the properties of their trees and fruits (Milosevic T.,
Milosevi¢ N., 2012; MiloSevi¢ N. et al., 2017). Also, a great
diversity of types belong to P. cerasifera Ehrh. (cherry plum),
and P. spinosa L. (sloe) can be found in this country. Along
this line, it can be said that Serbia is a very rich source of the
biological diversity of plums.

The fruit of representatives of the Prunus genus consists of
an epicarp (outer layer), a mesocarp (flesh), and an endocarp
(stone). The stone of a plum consists of the seed covered with
a hull. When used fresh or during processing, the flesh and
skin of plums are the main raw materials, and the stones are
generated as by-products. The plum seed or kernel may be a
source of useful substances for food, cosmetics (e. g. personal
care products), pharmaceutical industries (Gonzalez-Garcia
et al., 2014; Plainfossé et al., 2019). Also, the seeds can be
used to obtain generative rootstocks in horticultural practice

Abbreviations

SW, stone (endocarp) weight
L, stone length

T, stone thickness

W, stone width

D,, arithmetic mean diameter
Dg, geometric mean diameter
S, surface area

V, stone volume

@, sphericity

Sl, shape index

E, elongation

RS, relative slenderness

RO, roundness

DE, Behre’s index

Pl, Pollmann’s index

PCA, principal component analysis

and in breeding programs (MiloSevi¢ T., MiloSevi¢ N., 2018).
The endocarp is the innermost layer of the pericarp, which
directly surrounds the seeds. It may be very hard and non-
edible as in drupes (also called stone fruits) such as members
of the Prunus genus, i.e. plums, peaches, apricots and cherries
(Carrillo-L6pez, Yahia, 2019).

In pomological research, the stone of the Prunus genus
represents a very stable feature of plum genotypes and serves
for the determination and classification of cultivars (Behre,
1978; Woldring, 2000; Milosevi¢ T., MiloSevi¢ N., 2018).
However, during the last 50 years, with a few exceptions, in
very complex botanical studies, stone dimensions, size and
shape in the plum and other members are a crucial component
for classification of systematic categories due to taxonomic
complexity of the Prunus taxa within the Rosaceae family
(Depypere et al., 2007, 2009; Burger et al., 2012; Bawari
et al., 2022; Ropelewska, 2022). Behre (1978) reported that
endocarp dimensions are very useful for the identification of
P. domestica L., P. insititia L. and P. spinosa L. In general,
reliable discriminating characters for species and subspecies of
Prunus taxa identification are missing (Nielsen, Olrik, 2001).

The aim of this study was to characterize and evaluate the
diversity of endocarps (stones) within and among traditional
European and Damson autochthonous plums that are culti-
vated in Serbia and other western Balkan countries using es-
sential morphological data (weight, dimensions, size, shape) in
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order to provide experimental evidence for the implementation
of measures to safeguard this agricultural biodiversity. The
secondary goal of this work was to reliably determine the
degree of the possibility of identifying plum genotypes using
the stone (endocarp) through multivariate statistical analysis.

Material and methods

Study area, plant material and measurements. Analysis
was performed using a combination of weight, dimension and
shape parameters of 5,500 endocarps (stones) belonging to
two closely related Eurasian plum taxa (P. domestica L. and
P. insititia L.). The analysis involved 55 genotypes i. e. acces-
sions [43 accessions (78.18 %) belonging to P. domestica and
12 accessions (21.82 %) belonging to P. insititia]. Their name,
series number and code were presented in Table 1.

Ripe fruit and stone samples (25 fruits or stones in 4 rep-
licates, n = 100 per one accession) were taken from a private
orchard in the Prislonica village (43°33' N, 16°21" E) near
Cacak city (western Serbia) established in 1998. Whole ripe
fruits of each accession were harvested individually, manually
and randomly in 2007. After this, the fruits were cut in half
to extract the stones (endocarps). The removed stones were
washed and cleaned of their flesh. After air-drying for 40 days

Table 1. Name and code of autochthonous plum accessions

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

at room temperature (20 °C in the shade), the undamaged and
dry stones were placed in glass jars with hermetic closures
and stored in a refrigerator at +4 °C. Stones (endocarps) were
subjected to measuring in 2024.

The SW (g) was measured using MAULsteel 5000 G digital
balance (Jakob Maul GmbH, Bad Konig, Germany). In order
to determine the endocarp size, three major perpendicular di-
mensions i.e. L (mm), W (mm) and T (mm) were determined
using a digital caliper Starrett 727 (Athol, NE, USA) with the
accuracy of £0.01 mm. The position of the measurements
for L, T and W proposed by Van Zeist, Woldring (2000) was
illustrated in Figure 1.

Arithmetic mean diameter (D,, mm) and geometric mean
diameter (Dg, mm) were computed from geometrical dimen-
sions by Eq. (1) and Eq. (2) (Mohsenin, 1986):

D,=(L+T+W)/3, @)
D, = VLWT. @)

The S (cm?) is a measure of the total area that the surface
of the object occupies and was determined by approximating
its shape to a sphere with the same geometric mean diameter
by using Eq. (3) (Mohsenin, 1986):

S=nD3. (3)

Accession (local name) Accession code

1. Arapka ARP
2.Bela Pozegaca BPZ
3. Belosljiva BEL
4. Cerovacki Piskavac CPI
5. Crnosljiva CRN
6.Crvena Ranka® CRB
7. Crvena Ranka** CRD
8. Cokesinka COK
9. Kapavac KAP
10. Maricevka MAR
11. Metlas MET
12. Mudara MUD
13. Obicni Piskavac OPI
14. Petrovaca PET
15. Pozegaca POz
16.Trnovaca TRN
17.Turgulja TUR
18. Moravka MOR
19. Crnica CRI
20. Plavoaca PLA
21.Volujevaca voL
22. Gorka Bula GBU
23. Bjelica BJL
24. Bjelosljiva BJS
25. Car Dusan Cbu
26. Durgulja DUR
27. Mednica MED
28. Mudovalj MUV

Accession (local name) Accession code

29. Piskavica PIS
30. Sarica SAR
31.Trnosljiva TRS
32.Turgonja TURa
33.Dronga DRO
34. Magareska Crna Sljiva MCS
35.Beluvra BEV
36. Trnosljiva- M TRA
37. Magareska MAG
38. Crna Petrovka CPT
39. Panadjurka PAN
40. Zimna ZIM
41. Modra Sljiva MSI
42. Gurgutka GUR
43.Banska Sljiva BAS
44. Korajka KOR
45.Bosanka BOS
46. Bilska Rana BIR
47.Julka JUL
48. Dobojska Rana DRA
49. Banjalucka Bjelica BAB
50. Sitnica SIT
51. Slatkulja SLA
52. Miskovacka Rana MIR
53. Kaurka KAU
54.Ruzica RUZ
55. Podsedlinka POD

Note. Accessions belonging to P insititia L. are marked in bold-italic. * ‘Crvena Ranka’ var. ‘Bardaklija’ (P. domestica L.). ** ‘Crvena Ranka’ var. ‘Derosavka’

(P. domestica L.).
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Fig. 1. Overview of basic linear endocarp measurements.

Left: lateral view; right: ventral view (Van Zeist, Woldring, 2000).

The volume (V, mm?3) of the endocarp was calculated by
Eq. (4) (Mansouri et al., 2017), which is based on the assump-
tion that plum endocarps are similar to a scalene ellipsoid
where L > T > W (Munder et al., 2017):

V =LWTy. (4)

Sphericity (@) is defined as the ratio of the surface area
of the sphere having an equivalent volume to that of the en-
docarp and the surface area of the endocarp. It is a measure
of how spherical an object is. It was estimated based on the
isoperimetric property of a sphere by Eq. (5) (de Figueiredo
etal., 2011):

¢ =Dy/L. ®)

Shape index (SI) and elongation ratio (E) were calculated
using Egs. (6) (Mohsenin, 1986) and (7) (Firathigil-Durmus
etal., 2010):

SI=(W+T)/2L, (6)
E=L/W. (7

Other indexes of endocarp shape were also calculated
according to Behre (1978), Van Zeist, Woldring (2000) and
Schmidt-Tauscher et al. (1996, cited in Pollmann et al., 2005).
In order to have a more pronounced relationship between
individual dimensions, the numbered values were multiplied
by 100.

They can be represented as relative slenderness (RS)
(Eq. (8)), roundness index (RO) (Eq. (9)) and Behre’s in-
dex (DE) (Eq. (10)) proposed by Behre (1978) and modified
by Van Zeist, Woldring (2000):

RS =100xT/L, (8)
RO = 100xT/W, 9)
DE = 100 xW/L. (10)

Schmidt-Tauscher et al. (1996, cited in Pollmann et al.,
2005) introduced a fourth index value which is calculated
using Eq. (11). It was named Pollmann’s index (PI) because
Pollmann et al. (2005) demonstrated its usefulness in differ-
entiating the stones of modern plum cultivars:

Pl = L2/(T + W). (11)
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Variation at different taxonomic levels was studied
by analyzing the coefficients of variation (CV, %), which
were interpreted following Rasch (1988, cited in Hubner
and Wissemann, 2004), i.e. CV < 10 %, low variability;
10 % < CV < 20 %, normal variability; CV > 25 %, high
variability of the character studied.

Statistical analysis. Data were subjected to analysis of
variance (ANOVA) using the Microsoft Office Excel software
(Microsoft Corporation, Redmond, WA, USA) procedure
followed by least significant difference (LSD) Fisher’s test at
p <0.05 significance level. Pearson’s rank correlation matrix
(o = 0.05) was performed using the R corrplot package ver-
sion 4.0.2 (R Core Team, 2021). Principal components analy-
sis (PCA) was performed and a biplot was designed using the
XLSTAT v. 7.5 software package (Addinsoft, Paris, France).

Results and discussion

Evaluation of endocarp dimensions and shapes

Data in Table 2 showed that SW significantly varied among
accessions. High intra- and inter-variability between plum
types was observed. The highest and statistically similar
values were observed in ‘MUD’” and ‘CPT’ (both belonging
to P. domestica), and the lowest, in ‘TRN’ and ‘CRI’ (both
belonging to P. insititia). Twelve accessions (21.82 % of the
total number) had SW >1 g, whereas only four accessions
(7.27 % of the total number) had SW < 0.5 g. The most numer-
ous (70.91 %) were the accessions, the SW of which ranged
between 0.5and 1 g.

It is known that the former Yugoslavia, i. e. the Western Bal-
kan region, is a very rich source of plum germplasm, especially
that of European and Damson plums, cherry plums and sloes
(Milosevi¢ T., Milosevi¢ N., 2012). Considering this, a large
number of researchers highlight data related to their biological,
agronomic and pomological characteristics (Milosevi¢ T. et al.,
2023). Thus, Milosevi¢ N. et al. (2017) and Glisi¢ et al. (2023)
reported SW between 0.57 and 1.49 g or 0.57 and 2.39 g,
respectively, for local genotypes belonging to European plum
in the Cacak area (western Serbia). Drkenda, Kurtovi¢ (2012)
reported values between 0.84 and 1.21 g for six local cultivars
from Bosnia and Herzegovina. For accessions belonging to
European and Damson plums from Montenegro, Jacimovic et
al. (2011) and Sebek (2013) reported that SW varied from 0.46
to 2.20 g and 0.16 to 2.20 g, respectively. For nine domestic
and local plums grown in Turkey, Gunes (2003) noted SW
from 0.26 to 0.99 g. Our data for SW are within the limits of
the results of the mentioned authors. However, in taxonomic
description and morphometric analysis, SW is not a reliable
indicator for the determination, systematization and segrega-
tion of members of the Prunus genus (Depypere et al., 2007,
Mijnsbrugge et al., 2013; Sarigu et al., 2017; Heidari et al.,
2022; Kosina, 2023) due to the negative “effect of controlled
moisture” (Sheikh et al., 2021) and state of the seed (embryo
or kernel) inside the endocarp (das Gragas Souza et al., 2016;
Sheikh et al., 2021). All of the above authors favored dimen-
sional measurements of the endocarps.

The ANOVA showed signifant differences among the
ascessions for endocarp L, T and W (Table 2). These data
are in agreement with the results of Woldring (2000), Van
Zeist, Woldring (2000), Depypere et al. (2007) and Heidari
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et al. (2022) who reported that all three linear dimensions of
endocarps significantly varied among plum genotypes. The
highest endocarp L was observed in ‘CPT’, ‘KOR’, ‘CRB’
(all belonging to European plum), ‘“TUR” and ‘TURa’ (both
Damson plums) with no significant differences among them,
whereas the lowest L was found in ‘“TRA’ (Damson plum). Out
of the total number of accessions, 50.91 % had L > 20 mm.

Regarding endocarp T, ‘MUV’ had the highest value,
whereas the lowest was found in *‘MSI’. In the case of endo-
carp W, a very high number of the largest and/or smallest
values overlapped. The highest values were observed in the set
of'accessions such as ‘MUV’, ‘MUD’, ‘BAB’ and ‘CPT’ with
no significant differences among them. In contrast, the lowest
and similar values were found in 17 accessions (30.91 %) i.e.
‘ARP’, ‘CPI’, ‘CRN’, ‘COK’, ‘MET’, ‘TRN’, ‘CRI’, “VOL’,
‘GBU’, ‘BIL, ‘PIS’, ‘MCS’, “TRA’, ‘PAN’, ‘ZIM’, ‘MSI’
and ‘BAS’. Some of them, such as ‘ARP’, ‘CPI’, ‘CRN’ and
‘MET’, had identical mean W values.

Taking into account the absolute values of the three linear
dimensions, the descending order was L>T>W, which is
in accordance with the recommendations of morphometric
analysis of plum endocarp proposed by Behre (1978) and
Woldring (2000). Also, the values of endocarp dimensions
obtained in our study were within the limits described by Van
Zeist, Woldring (2000).

Following the procedure proposed by Caillavet and Souty
(1950), values of all three dimensions (L, T and W) were
transformed into the parameter denominated “size” or D,
and/or Dy. In the present study (Table 2), both D, and Dy
values significantly varied among accessions.

A similar finding applies to endocarp S and V, respec-
tively. The lowest value for all four parameters was found at
‘TRA’ belonging to P. insititia. The highest endocarp “size”,
calculated as D, and Dy, S and V, was observed in ‘CPT’ be-
longing to European plum. ANOVA results showed that the
differences among accessions for these properties were clear
and significant. Only two accessions (3.64 %) had endocarp S
between 6 and 7 cm?, whereas nine accessions (16.36 %) had S
between 5 and 6 cm?. Other accessions (80 %) had S <5 cm?.
Otherwise, the knowledge of a specific surface area (S) could
be a relevant tool to determine the shape. Other authors also
report large variations in the endocarp size, S and V in plums
(Sheikh et al., 2021), cherries (Pérez-Sanchez et al., 2010;
Ganopoulos et al., 2015; Khadivi et al., 2022), peaches (das
Gragas Souza et al., 2016) and apricots (Gezer et al., 2002).

The fruit or stone (endocarp) shape is determined in terms
of its ¢. Moreover, ¢ is an expression of the shape of a solid
related to that of a sphere of the same volume. In the current
study, ‘MUD’ and ‘MED’ had similar and the highest ¢ values,
whereas the lowest was observed in ‘PAN’ (Table 2).

In general, ¢ is used for determining the similarity of a
fruit or a stone to a sphere. Hence, higher values of ¢ indicate
the tendency of endocarps towards sphericity (Sheikh et al.,
2021). The ¢ value more than 0.7 i.e. 70 % is assumed to be
spherical (Garnayak et al., 2008). However, average ¢ values
for accessions were much lower than 0.7 or 70 % with the
exception of ‘MUD’, ‘MED’ and ‘BEV"’.

The shape parameters such as SI and E indicate the shape
tendency of the endocarps. Both indexes in the present study
showed high variability among accessions (Table 2). ‘MUV’

Endocarp size and shape variations
in Prunus domestica L. and P. insititia L. accessions

and ‘MUD’ had the highest and similar SI values whereas
the lowest were observed in ‘MET’. The highest E value was
in ‘CRB’, and the lowest, in ‘BAB’. Lower values of these
shape parameters indicate the tendency of endocarps to being
flat and oblong in shape as previously reported by Sheikh et
al. (2021) for plum kernels. Based on the values of the above
endocarp shape indexes in this study and their comparison
with the IBPGR recommendations on stone shapes (lateral
view) (Cobianchi, Watkins, 1984), it can be said that elongated
and ovate shapes dominate, and sporadically, rounded ones
appear.

Endocarp shape indexes proposed by Behre (1978), Van
Zeist, Woldring (2000) and Pollmann et al. (2005) of the
evaluated plum accessions were presented in Table 2.

The ANOVA showed significant differences among acces-
sions for all four indexes. The highest RS index (endocarps in
lateral view) denominated as relative slenderness was found
in ‘MUD’, ‘MUV”’ and ‘TRN’ with no significant differences
between them. The lowest and statistically similar values of
this index were discovered in ‘ZIM’ and ‘MSI’, both belong-
ing to P. domestica. Our values of this index for 45 accessions
(81.82 %) were within the limits described previously (Van
Zeist, Woldring, 2000; Pollmann et al., 2005), while 10 acces-
sions (18.18 %) had slightly lower values than the minimum
described by the above authors. Otherwise, the more slender
the stone, the lower the index value (Depypere et al., 2007).
The high variability of this index was previously described
by Van Zeist, Woldring (2000).

With regard to RO index, which expresses the roundness of
the endocarp in apical view, the highest value was observed
in ‘COK’, and the lowest, in ‘BAB’, with 2.27-fold difference
between them. The minimum and maximum values according
to the descriptors proposed by Van Zeist, Woldring (2000) and
Pollmann et al. (2005) for this index are 112.15 and 225.45,
respectively, which was the case in our study with the excep-
tion of ‘BAB’ that had a much lower value than the minimum
limit. In general, endocarps with strongly domed sides show a
low RO value, while in rather flat stones, this value is relatively
high and always more than 100 (Van Zeist, Woldring, 2000).

Similarly to previous indexes, DE index, which represents
endocarps in ventral view, varied among and within acces-
sions. It was the highest in ‘BAB’, and the lowest and sta-
tistically similar one was observed in ‘ZIM” and ‘CRB’, all
belonging to P. domestica. Our values were generally closer to
the minimum values proposed by Van Zeist, Woldring (2000),
which varied from 26.30 to 106.32.

Pl significantly varied among and within accessions,
‘ZIM’ being the accession with the highest value, whereas
the smallest value was found in ‘MUD’ with 3.38-fold dif-
ference between them. According to Pollmann et al. (2005),
minimal and maximal values of this index ranged between
1.27 and 7.68, which was confirmed by our data. Depypere et
al. (2007) reported that the PI index value was highly variable
for P. domestica and P. insititia.

Evaluation of variability and mean values

of properties between plum types

With regard to the variability of mean values of properties
evaluated by means of the coefficients of variability (CV, %),
the results showed that L, D,, Dy and somewhat ¢ had a low
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Table 3. Intraspecific variability for P. domestica and P. insititia expressed by means of the coefficients of variability (CV, %)

and mean values for each property evaluated

Parameter P. domestica L.
CV, % Mean +SE

SW 36.61 0.84+0.15a

L 9.88 20.48+1.00 a

T 12.88 11.49+0.74 a

W 13.80 6.92+0.44a

D, 8.04 13.01+£0.52a

Dy 8.88 11.71£0.51a

S 18.77 432+041a

\Y 29.37 0.86+0.13a

¢ 10.15 0.577+0.03a
S| 13.64 0.45+0.03 b

E 16.18 3.03+0.24a

RS 13.04 56.35+3.67 b

RO 13.14 167.87+11.03 a
DE 17.33 34.08+2.95b

Pl 25.99 556+0.72a

P.insititia L.
CV, % Mean +SE
55.90 0.78+0.22b
18.57 19.28+1.79b
17.22 11.20£0.96 b
17.92 6.80+0.50 a
15.83 12.42+0.98 b
15.79 11.31+£0.89b
30.53 4.14+0.63b
45.43 0.82+0.19a
9.22 0.571+0.03a
17.84 0.47+0.04a
15.47 297+0.23 b
16.82 59.09+4.97 a
7.19 165.91+5.96 b
20.20 35.88+3.62a
29.09 4.84+0.70b

Note.CV>25 % indicates high variability; 10 % < CV < 20 % indicates normal variability; CV < 10 % indicates low variability (following Rasch, 1988; cited in Hiibner,
Wissemann, 2004). Mean values with different letters in a row differ significantly at p < 0.05 by LSD test.

variability (CV < 10 %) in P. domestica, and only ¢ and RO,
in P. insititia (Table 3).

Parameters T, W, S, SI, E, RS, RO and DE in P. domestica
and L, T, W, D,, Dg, SI, E, RS and DE in P. insititia had a low-
to-normal variability (10 % < CV <20 %). Parameters SW, V
and Pl in both European and Damson plums, and S and DE
in P. insititia were moderate to highly variable (CV > 25 %).
It appears that the mean value of the coefficients of variation
of all morphological levels for accessions belonging to P. do-
mestica was significantly smaller (CV = 16.51 %) compared
to the accessions belonging to P. insititia (CV = 22.20 %)
(data not shown). Our results were in good agreement with
the results found by Depypere et al. (2007) for several indexes
such as W, T, DE, RS and PI.

Regarding mean values of properties evaluated for both
European and Damson plums, the results from Table 2 showed
that there were significant differences between them with the
exception of W, V and ¢. These three values were statisti-
cally similar for both plum types. Accessions belonging to
P. domestica had higher mean values for SW, L, T, D,, Dy, S,
E, RO and PI than accessions belonging P. insititia. On the
contrary, accessions belonging to P. insititia had higher SI,
RS and DE mean values than representatives of European
plum.

Correlations among variables

and principal component analysis (PCA)

Relationships among 15 endocarp parameters were studied
and Pearson’s correlations were calculated and were presented
graphically (Fig. 2). Significant correlations were found
among most of the studied traits, but high values were noted
only in some cases.

SW was significantly correlated with all parameters and
indexes with the exception of RS and RO, indicating that
accessions with a big stone tend to have greater endocarp
dimensions and higher indexes values in general and vice
versa. Hence, all parameters can be used to predict each other.
Similar tendencies were observed in cherry plum (Heidari
et al., 2022). However, the intensity of correlations between
some parameters differed. Namely, strong positive correla-
tions were observed between SW and T, W, D, Dy, S and V,
whereas other correlations were weak, which shows that
endocarps have some very similar properties and that their
values are not greatly influenced by genotype. In addition,
SW was negatively correlated with E and PI. These findings
are in good agreement with the results obtained on hazelnut
(Milosevi¢ T., Milosevi¢ N., 2017).

L, W and T were significantly correlated with endocarp
indexes with the exception of L vs W, T vs E and/or DE. The
absence of significant correlation between L and W is in agree-
ment with the results of Kosina (2023 ) for P. spinosa. So, these
traits were considered to be independent. Strong correlations
were observed between L and D, and between T and D, Dy,
S and V, indicating that endocarps with higher L and T tend
to have a greater endocarp size. Both D, and Dy showed very
strong mutual correlation, and also with endocarp S and V.
However, relationships of D, and Dy with other indexes were
small and not significant. ¢ was strongly positively correlated
with SI, RS and DE, but strongly negatively correlated with E
and PI. Both S and V were significantly correlated with SW,
endocarp dimensions and size parameters, whereas correla-
tions with all indexes were minor and not significant.

There was an extremely strong mutual correlation between
S and V indicating that an endocarp with higher S values tends
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T w2 L s L 228 5 oM to have higher V values and vice versa. On
o 1.0 the other hand, there were no significant cor-
relations between V and all shape indexes.
E 091 08 Sl was strongly negatively correlated with
E and PI, and positively with RS and DE.
RO 021 058 os  Similar trends have been reported for Euro-
L 054 060 031 ’ pean plum kernels (Sheikh etal., 2021). E vs
RS and DE were negatively correlated, and
D, 005 016 025 085 04 positively correlated with RO and PI. RS
D, ~020-0.10 013 069 096 showed negative correlations with PI, and
02 positive with DE, whereas both RO and PI
S -0.23-0.10 0.18 067 093 097 were negatively correlated with DE.
V. -024-011 016 065 092 096 1.00 0 Prlnc!pgl component analysis (PCA),
as a statistical tool, is performed to reduce
T -036-0.11 044 050 0.84 089 088 0.87 the number of effective traits and to iden-
-0.2 - .
SW-0.31-0.28 -0.07 042 0.72 0.80 0.77 078 0.70 tify groups. In the current study, using t.he
15 analyzed parameters, the first three prin-
W -0.56 -0.64 -0.45 0.18 0.58 075 071 071 055 0.74 -04  cipal components accounted for 96.67 % of
RS -0.87 -0.64 0.23 -0.46 0.00 0.20 0.26 0.27 052 0.27 0.32 the total variance. PCI explained 47.71 %
SR e AR T T A T e e 0 Of the total variation, while PC2 explained
Sl -0.97 -0.87 -0.14 -0.58-0.08 0.16 0.20 0.2 036 030 051 093 37.57 % and PC3 explained 11.39 % (Fig. 3).
According to the correspondence between
@ -096-0.91-0.26-0.58-0.08 0.18 0.19 020 034 032 058 087 0.98 08 1o PCA and the original properties and
DE -0.87 -0.98 ~-0.60 -0.61-0.18 0.07 008 0.10 0.07 027 065 0.62 087 091 eigenvectors, SW, T, Dy, ¢, S, V, and SI
-1.0

Fig. 2. Correlation matrix of Pearson’s correlation coefficients (r) between the mean values of
the endocarp parameters evaluated.

Biplot (axes PC1 and PC2: 85.28 %)
10

-4

-8 36 A ]

-10

-6 -4 -2 0 2 4 6 8
PC1 (47.71 %)

Fig. 3. Segregation of European and Damson plum accessions according to endocarp proper-
ties (linear dimensions, size and shapes) and their projections on the first (PC1) and second
factors (PC2) of the component analysis.

See Table 1 for accession series numbers and accession codes; the series number in red represents
accessions belonging to Damson plum.

made the largest contributions to PC1 with
positive values, while Pl had a negative
contribution. As a result, genotypes such as
‘MUD’, ‘PLA’, ‘CDU’, ‘MUV”’, ‘TURa’,
‘DRO’, ‘MAG’, ‘CPT’ and ‘RUZ’ tended
to exhibit higher SW, T, Dy, ¢, S, V, and SI
values but lower PI values. In contrast, ac-
cessions like ‘ARP’, ‘CPI’, ‘CRN’, ‘CRD’,
‘MET’, ‘MOR’, ‘CRI’, ‘GBU’, ‘PIS’,
‘MCS’, ‘PAN’, ‘ZIM’ and ‘MSI’ displayed
the opposite trend.

For PC2, positive values were associated
with L, D,, and E, whereas DE contributed
negatively. This suggests that genotypes
like ‘BPZ’, ‘CRB’, ‘COK’, ‘MAR’, ‘POZ’,
‘TUR’, ‘DUR’, ‘/KOR’, ‘BOS’, and ‘SLA’
exhibited higher L, D,, and E values, while
accessions such as ‘BEL’, ‘KAP’, ‘OPI’,
‘PET’, “TRN”, ‘VOL’, ‘BJS’, ‘TRS’, ‘TRA’,
‘GUR’, ‘BIR’, ‘SIT’ and ‘MIR’ showed
lower values of these parameters.

Finally, RS and RO contributed to the
positive values of PC3, whereas W contri-
buted negatively, indicating that genotypes
such as ‘BJL’, ‘MED’, ‘BAS’, and ‘DRA’
were predisposed to higher RS and RO
values, while accessions like ‘SAR’, ‘BEV”,
‘JUL’, ‘BAB’, ‘KAU’, and ‘POD’ tended to
have lower W values.

Conclusions

The stones of accessions belonging to
P. domestica L. and P. insititia L. showed
characteristic differences in size and shape
features, which greatly facilitate the identi-
fication of genotypes or accessions. Each of

52 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529+ 1



T. Munowesny
H. Munowesuny

them could be identified by means of dimensions and morpho-
logical features of the endocarps. In the present study, most
endocarp parameters were found to be very useful for further
taxonomic research, based on their low variability in both
P. domestica and P. insititia. However, some parameters such
as SW, V and PI exhibited a high variability and we suggest
omitting their use for taxonomic purposes in some cases or
for them to be used in a limited way. In general, the examined
parameters varied less in accessions belonging to European
plum compared to Damson plum genotypes. In addition, the
mean values of SW, L, T, D, Dy, S, E, RO and Pl were higher
in P. domestica type compared to P. insititia, while the mean
values of W, V and ¢ were similar. Others, such as SI, RS and
DE were higher in Damson plum. However, due to overlap-
ping ranges in most cases within and between plum types and
accessions, the use of one or two endocarp parameters is not
satisfactory for discrimination between Eurasian plum taxa.
The multivariate analysis as a statistical tool can be useful
for higher quality dispersion, segregation and determination
of plum accessions, but in these analyses, the overlapping of
values of endocarp morphological parameters also occurs.
Finally, based on our results obtained on dry endocarps and
the results of other researchers who experimented with fresh
stones, we recommend full hydration of dried endocarps, as
this restores the original dimensions and shape of the sampled
endocarps.
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Diurnal fluctuations in the content of soluble sugars
and the expression of the TAI and LIN6 invertase genes
and the STP1 sugar transporter gene in the leaves

of the tomato (Solanum lycopersicum L.)
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Abstract. The content of hexoses (fructose, glucose) essential for the fruit of the tomato (Solanum lycopersicum L.)
is regulated by the joint activity of sucrose hydrolysis enzymes (including invertases), invertase inhibitors, and sugar
transporters. In addition to fruit taste, soluble sugars are closely related to the stress resistance of the tomato plant. In
this work, we determined the diurnal dynamics of the content of soluble sugars (sucrose, fructose and glucose) and
the expression of genes for sucrose hydrolysis enzymes (vacuolar invertase TAI, cell wall invertase LIN6) and the hexose
transporter (STP1) in the leaves of the tomato variety Korneevsky. It was shown that both the amount of sugars and the
level of transcripts of the TAl, LIN6 and STP1 genes depend on the circadian rhythm and correspond to the biological
processes occurring in the plant at different periods of the day. The content of sucrose and hexoses changes in a similar
way during the day. At the beginning of the light phase, the concentration of sugars is minimal, at the end it has the
highest daily values; at the beginning of the dark phase, it shows a residual increase and then decreases towards the
end of the phase. In silico analysis of organ-specific expression of TAl, LIN6 and STP1 in S. lycopersicum cv. Micro-Tom
showed the presence of mMRNA of all three genes in all tissues. The TAl gene was expressed most strongly in ripe fruits,
while the level of LIN6 and STP1 transcripts was extremely low. The level of TAIl mRNA in the leaves was ~2 times higher
than that of LIN6 and ~27 times higher than that of STP1. Analysis using qRT-PCR of the diurnal dynamics of TA/, LIN6 and
STP1 expression in the cv. Korneevsky leaves showed that all three genes were expressed at all points analyzed. Fluctua-
tions in their expression levels occur in a similar manner: mRNA levels reach peak values in the middle of the light and
dark phases. The results obtained are important for understanding the functions of invertases and sugar transporters in
the tomato plant, and can be used in predicting the stress resistance of plants in tomato breeding.

Key words: tomato; Solanum lycopersicum L.; soluble sugars; invertases; hexose transporter; gene expression; circadian
rhythm.
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[HupKamHble KOojebaHMs comep>KaHs paCTBOPUMBIX CaxapoB
U 3KCIIpeccuu reHOB nHBepTas TAI, LIN6 u TpaHCIIOpTepa
caxapoB STP1 B IUCTBAX pacTeHust TomaTa (Solanum lycopersicum L.)

M.A. Ouarounn () @, A B. lllennuxona (), E.3. Kounera

MepepanbHblii MccnepoBaTenbCkuii LeHTp «DyHAaMeHTanbHble 0CHOBbI GroTexHonorumn» Poccrinckoin akagemun Hayk, Mockea, Poccus
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AHHoTauusA. CoaeprKaHune OCHOBHbIX AN nnoaa Tomata (Solanum lycopersicum L.) rekco3 (GppyKTo3bl, FHOKO3bI) perynu-
pyeTcAa COBMECTHOW aKTMBHOCTbIO pepMEHTOB rMApoNM3a caxaposbl (BKYas MHBEPTa3bl), MHIMOUTOPOB NHBEPTa3 1
TPaHCNopTePOB caxapoB. Kpome BKYCOBbIX KauecTs, pacTBOPMMbIe caxapa TECHO CBA3aHbl CO CTPECCOYCTONUNBOCTbIO
pacTeHnit TomaTa. B HacToswWweln paboTe Obila onpeaeneHa CyTouyHasa AUHAMMKA COAEPKaHMA PAacTBOPUMBIX CaxapoB
(caxapo3bl, GPYKTO3bl 1 MIOKO3bI), @ TakKe IKCNpeccra reHoB pepmMeHTOB rMaposnM3a caxapo3sbl (BakyoNnAapHON MH-
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Diurnal fluctuations in sugar content
and TAI, LIN6 and STP1 expression in tomato leaves

BepTasbl TAl, MHBepTa3bl KNETOUHOWM cTeHKN LIN6) n TpaHcnopTepa rekcos (STPT) B NUCTbAX pacTeHWid ToMaTa copTa
KopHeeBcKuni. Bbino nokasaHo, YTO KONMYeCTBO CaxapoB M YpOBeHb TpaHCKpunToB reHoB TAl, LIN6 n STP1 3aBucAT ot
LpKaiHOro prTMa 1 COOTBETCTBYIOT GIONOrMYECKMM NpoLieccam, NPOTeKaloLWyM B PacTEHNN B Ppa3HOe BPeMs CyTOK.
CofepaHue caxapo3bl 1 rekco3 B TeYeHre CYyTOK M3MEHAETCA CXOAHbIM 06pa3om. B Hauane cBeToBoW dazbl KOHLEH-
Tpauua caxapoB MUHVMaNbHa, B KOHLE — UMeeT Hanbornbluve AHEBHbIE 3HaUYeHVs; B Hayane TeMHOBOW da3bl AeMOH-
CTPUPYET OCTAaTOUHBIN POCT 1 3aTeM CHUXKAETCA K KOHUY da3bl. AHanu3 in silico opraHocneumnduuHom skcnpeccum TAI,
LIN6 n STP1 y copta Micro-Tom S. lycopersicum nokasan Hanuume ux TPaHCKPUMNTOB BO BCeX TKaHAX. leH TAl akcnpec-
cupoBanca Hambonee akTMBHO B CMeNbIX MIOAAX, TOrAA Kak ypoBeHb TpaHCKpunToB LING 1 STP1 B 3TiX OpraHax Hocun
cnefoBoii xapakTep. B nuctbax yposeHb MPHK TA/ 6bin Bbiwe, yem TakoBoW LING n STP1, B ~2 1 ~27 pa3 COOTBETCTBEH-
Ho. AHanu3 ¢ nomouybto MNLP-PB cyTouHon gnHammkm skcnpeccumn reHos TAL LIN6 n STP1 B nucTbAX pacTeHun copTa
KopHeeBcKuiA MoKasan, UTo reHbl SKCMPEeCCUpyoTCA BO BCEX MPOaHann3nMpPOBaHHbIX BPeMeHHbIX Toukax. KonebaHusa
YPOBHSA 3KCMPEeCCun reHOB NPOVCXOAAT CXOAHbIM 06pa3om: ypoBeHb MPHK gocTMraeT MMKOBbIX 3HaYeHWI B cepefinHe
CBETOBOW 1 TemHoBOW da3. MonyyeHHble pe3ynbTaThl BaXKHbl ANA NOHUMaHUA GYHKLUA MHBEPTa3 1 TPaHCMOPTEpOB
caxapoB B pacTeHWM TOMaTa 1 MOTYT OblTb MCMONb30BaHbI B CENEKLMN NPY NMPOrHO3UPOBAHUN CTPECCOYCTONYMBOCTA
pacTeHu.

KnioueBble cnosa: Tomat; Solanum lycopersicum L.; pacTBoprMble caxapa; MHBepTa3bl; TPAHCMOPTEP FeKco3; SKcnpec-

CNA TeHOB; L|VIpKa,E|HbII7I pUTMm.

Introduction

During photosynthesis, the plant accumulates assimilates —
vital organic compounds utilized for respiration, maintenance
of cell metabolism, growth and development. The sucrose is
the main transport form of photoassimilates during distribution
throughout the plant (Lemoine et al., 2013). The signals for
distribution are provided by sucrose and glucose molecules,
the number of which influences the regulation of genes ac-
tive at a particular stage of plant development (Koch, 2004;
Gonzélez et al., 2005; Rolland et al., 2006).

After delivery to storage organs (flowers, fruits, tubers,
etc.), sucrose is utilized by being broken down into glucose
and fructose by sucrose synthases (reversible hydrolysis) or
invertases (irreversible hydrolysis); the functions of the latter
are highly variable and closely related to localization in dif-
ferent cellular compartments (Roitsch, Gonzalez, 2004). The
expression level of invertase genes depends on the type of
tissue/organ, stage of plant development, and external stimuli,
including exposure to stress factors, phytohormones, elicitors,
etc. (Roitsch, Gonzalez, 2004; Koch, 2004; Proels, Roitsch,
2009). Cell wall invertases are involved in the distribution of
sucrose in plant tissues and organs and signal transduction,
while vacuolar invertases are involved in sugar accumulation
and osmoregulation (Roitsch, Gonzalez, 2004; Gonzalez et
al., 2005). Hexoses formed during sucrose hydrolysis enter
the cells of storage tissues via hexose transporters (Proels,
Roitsch, 2009).

Tomato (Solanum lycopersicum L.) is one of the most
popular vegetable crops in the world. Tomato fruits accu-
mulate glucose and fructose during ripening (Beckles et al.,
2012). These hexoses affect the degree of fruit sweetness,
and their amount is regulated by the combined activity of su-
crose synthases (reversible hydrolysis of sucrose), invertases
(irreversible hydrolysis of sucrose), invertase inhibitors, and
sugar transporters (Kawaguchi et al., 2021; Wang B. et al.,
2021). In addition to determining an important fruit quality
trait, soluble sugars significantly contribute to the regulation
of stress resistance of tomato plants during growth and de-
velopment (Proels, Roitsch, 2009). Increased carbohydrate
influx to the stressed area provides energy for protective
reactions, stimulation of carbohydrate accumulation and
modulation of the expression of the corresponding genes,

including genes for invertases and sugar transporters (Proels,
Roitsch, 2009). The coordinated induction of the monosac-
charide transporter and cell wall invertase genes observed
under biotic stress (Fotopoulos et al., 2003; Voegele et al.,
2006) supports the important role of apoplastic sucrose de-
gradation in mediating defense responses. Regardless of the
process, both the metabolism and distribution of sugars, and,
thus, the expression of the genes involved, are controlled
by circadian rhythms, in particular diurnal variations in the
intensity of biological processes (Gonzalez et al., 2005; Rol-
land et al., 2006).

Among tomato invertases, the most significant roles belong
to the cell wall invertase LING (Wiv-1) (Proels, Roitsch, 2009)
and the vacuolar invertase TAI (other names Al, PAIN1) (El-
liott et al., 1993). The LIN6 enzyme is important for plant
growth and response to various stress factors, and is also
under the control of key circadian oscillator factors (Proels,
Roitsch, 2009; Zhang et al., 2013). TAI activity is associated
mainly with sucrose hydrolysis in the tomato fruit (Slugina
etal., 2017). No data on the possible dependence of TAl gene
expression on circadian rhythms in tomato plants have been
found, but the dependence is assumed, since it has been shown
using the example of vacuolar invertase of sugar beet Beta
vulgaris (Gonzélez et al., 2005).

Hexose transporters in tomato include the most well-known
proteins STP1 and STP2. Knockdown of the genes encoding
them reduces the amount of glucose and fructose in the roots,
which reduces the plant’s sensitivity to nematode infestation
(Warnock et al., 2016). Of particular note is the STP1 gene,
which is considered a target of domestication in the tomato ge-
nome; lack of STP1 expression negatively affects the efficiency
of fruiting and the amount of sugars in the fruit (Wang Y. et al.,
2023). The available literature does not mention the presence
of a dependence of STP expression on the circadian oscillator;
however, a connection is assumed, as for invertases.

In this study, we analyzed the dependence of the expres-
sion levels of vacuolar invertase TAI, cell wall invertase LING
and hexose transporter STP1 genes, as well as the content of
soluble sugars (sucrose, glucose, fructose), on the diurnal
rhythm during tomato plant growth. The results obtained are
important for understanding the functions of invertases and
sugar transporters in tomato plants.

56 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025+ 29 - 1



M.A. OuntownH
A.B. LLleHHnKOBa, E.3. KouneBa

Material and methods

The study was carried out on cv. Korneevsky S. lycopersi-
cum, bred at the Federal Scientific Vegetable Center (FSVC,
Moscow Region, Russia). The cultivar is mid-season, suitable
for greenhouse conditions, produces fruits with high sugar
content, and is resistant to various stress factors, including
fluctuations in temperature and photoperiod (accession num-
ber 8262334, https://gossortrf.ru/registry/).

Tomato plants of cv. Korneevsky were grown to the fruit-
ing stage in 2023 in greenhouse conditions of the FSVC. The
collected seeds were used (2024) to obtain seedlings at the
5-7 leaf phase (experimental climate control facility, Federal
Research Center of Biotechnology, Russian Academy of Sci-
ences) under conditions of a long photoperiod and optimal
temperature (day/night — 16 h/8 h, 23 °C/21 °C; light phase
from 7:00 to 23:00; illumination 190 pM/(m?-s)). Leaf samples
(two plants for each analysis point) were collected during
the day at six time points: 1 h before (6:00) and after (8:00)
the onset of the light phase; in the middle of the light phase
(15:00); 1 h before (22:00) and after (24:00) the onset of the
dark phase; in the middle of the dark phase (3:00). The tissue
was ground in liquid nitrogen and used for analysis of the
content of soluble sugars and the expression level of invertase
(TAI, Solyc03g083910; LING, Solyc10g083290) and hexose
transporter (STP1, Solyc02g079220) genes.

The concentration (mg/100 g of fresh weight (FW)) of
soluble sugars (sucrose, glucose, fructose) was determined
using the Enzytec™ Liquid Sucrose/D-Glucose and Enzy-
tec™ Liquid D-Glucose/D-Fructose tests (R-Biopharm AG,
Germany).

A preliminary profiling of TAI, LING, and STP1 expression
in different tomato plant organs was performed in silico using
transcriptome data for the cv. Micro-Tom S. lycopersicum
(TomExpress database; http://tomexpress.toulouse.inra.fr/
login) (Zouine et al., 2017). Data were visualized using online
HeatMapper (http://www2.heatmapper.ca/expression/) based
on FPKM (Fragments per kilobase of transcript per million
mapped fragments; TomExpress) values.

To analyze gene expression using quantitative real-time
PCR (gRT-PCR), total RNA was isolated from 0.2-0.5 g of
collected leaf material and purified from DNA impurities
(RNeasy Plant Mini Kit, RNase-free DNase set, QIAGEN,
Germany). Based on total RNA preps, cDNA was synthesized
(GoScript Reverse Transcription System, Promega, USA). The
concentration of RNA and cDNA preparations was determined
fluometrically (Qubit® Fluorometer, Thermo Fisher Scientific,
USA; Qubit RNA HS Assay Kit, Invitrogen, USA). Primers
for gRT-PCR were designed by structural analysis of the
S. lycopersicum genes and their transcripts (available in the da-
tabases: https://www.ncbi.nlm.nih.gov/; https://solgenomics.
net/) using NCBI-BLAST (https://blast.ncbi.nIm.nih.gov/
Blast.cgi) and MEGA 7.0 (https://www.megasoftware.net/).
Primers for qRT-PCR were designed for the LIN6 (5'-ttcc
gatgcctcaaggtcaag-3', 5'-cacgtttttcctccageacca-3") and STP1
(5'-tgctcagaatgttgctatgete-3', 5'-gtgetectctgtatttgtatgg-3')
genes. For the TAI gene, we used the primers developed
earlier (Slugina et al., 2017). The gRT-PCR reaction mixture
included cDNA (3 ng), specific primers and “2.5 X Reaction
mixture for gRT-PCR in the presence of SYBR Green | and
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ROX” (Synthol LLC, Russia). gRT-PCR was performed in a
CFX96 Real-Time PCR Detection System (Bio-Rad Labora-
tories, USA); program: 5 min, 95 °C, 40 cycles (15 s, 95 °C;
40 s, 60 °C). Data were normalized to the expression of two
reference genes, Expressed (SGN-U346908) and actin2/7
(NM_001330119.1) (Efremov et al., 2020). The analysis was
carried out in two biological and three technical replicates.

The results of the analysis of sugar content (mg/100 g
FW) and gene expression were statistically processed us-
ing GraphPad Prism v. 8 (GraphPad Software Inc., USA;
https://www.graphpad.com/scientific-software/prism/). The
significance (p < 0.05) of differences between the values
obtained for the time points was determined using Two-way
ANOVA (“multiple comparisons, corrected with the Bonfer-
roni test”).

Results

In this study, using the cv. Korneevsky tomato (S. lycopersi-
cum) as an example, we characterized daily changes in the
content of soluble sugars, as well as the expression pattern of
genes of two key invertases (vacuolar, TAI; cell wall, LING)
and sugar transporter (STP1) in the leaves of a plant in the ac-
tive stage of vegetative growth and development (5-7 leaves).

Since S. lycopersicum is day-neutral species (Lifschitz,
Eshed, 2006), a long photoperiod (16 h/8 h — day/night),
typical for summer, was used in the work. Time points for
measuring the target indicators were selected considering the
boundaries between daily phases (one hour before and after
the onset of light (points 6:00, 8:00) and darkness (22:00,
24:00)), as well as the middle of the dark (3:00) and light
(15:00) periods.

At these six points, the content of soluble sugars (glucose,
fructose and sucrose) was measured (Fig. 1). It was shown that
the amount of all analyzed sugars is minimal at the beginning
of the light phase. By the middle of the day (15:00) it increases
by ~1.2-2.0 times, and by the end of the photoperiod (22:00), it
sharply rises by ~15 times (vs. 8:00), reaching the daily maxi-
mum. At the beginning of the dark phase (24:00), the content
of hexoses continues to grow (by ~1.3-1.6 times vs. 22:00);
however, in the second half of the dark period (3:00, 6:00), it
decreases (by ~1.5-2.0 times vs. 24:00). At the beginning of
the light phase (8:00), the number of hexoses decreases even
more sharply (by ~50-60 times vs. 6:00) (Fig. 1).

The sucrose content changes during the day in a manner
similar to that of hexoses, with the exception of the 24:00 point
(a decrease of ~2 times vs. 22:00) and a smoother decrease
compared to hexoses at the 8:00 point (~18 times vs. 6:00)
(Fig. 1).

Thus, it was shown that the content of the analyzed soluble
sugars is minimal at the beginning and maximal at the end
of the photoperiod, while in the dark phase their amount is
more constant.

Next, the expression pattern of the TAI, LING, and STP1
genes was characterized. A preliminary analysis of the organ-
specific expression pattern of these genes was performed
in silico (Fig. 2). It was shown that transcripts of all three
genes are present in vegetative tissues and in the growing fruit
(including the breaker (BR) stage of reaching the final size
and the beginning of the color change). In the ripening fruit
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Fig. 1. Diurnal dynamics of the content (mg/100 g FW) of glucose, fructose and sucrose in the leaves of a cv. Korneevsky tomato plant (S. lycopersicum).

The values of sugar concentration at the analyzed time points differ (p < 0.05), with the exception of glucose (6:00 vs. 3:00; 8:00 vs. 15:00), fructose (6:00 vs. 22:00;
8:00 vs. 15:00; 6:00 vs. 3:00; 22:00 vs. 3:00), and sucrose (6:00 vs. 3:00; 8:00 vs. 15:00).
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Fig. 2. Graphical visualization (heat map) of TAl, LIN6, and STP1 gene
expression data in cv. Micro-Tom tomato (S. lycopersicum) constructed
using TomExpress transcriptome data (Zouine et al., 2017).

Organs analyzed: root (7); leaf (2); bud (3); flower at the anthesis stage (4); fruit,
4 days post anthesis (dpa) (5); pulp (6) and skin (7) of the fruit (10 dpa); pulp
(8) and skin (9) of the fruit (35 dpa); pulp (70) and skin (77) of the fruit (38 dpa,
BR); pulp (72) and skin (73) of the fruit (41 dpa, OR); pulp (74) and skin (75)
of the fruit (44 dpa, RR); mature seeds (76). The rectangles show FPKM values
rounded to the second decimal place.

(the orange (OR) and red ripe (RR) fruit stages), only trace
numbers of LIN6 and STP1 transcripts (0.002-0.0129 FPKM)
were detected.

At the same time, TAl was expressed most intensely in these
tissues. The peak of TAIl expression (26.95-35.71 FPKM) cor-
responded to the OR stage of fruit ripening, where the level of
gene transcripts was ~2 and ~27-36 times higher than in the
fruit at the RR stage (6.43-13.13 FPKM) and in vegetative tis-
sues/growing fruit (including the BR stage; 0.20-1.15 FPKM),
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respectively. In other reproductive tissues — buds, flowers
and RR fruit seeds, the number of TAI transcripts was ~6-12,
20-40 and 50 times higher, respectively, compared to LIN6
and STP1 (Fig. 2).

Despite the obvious specificity of TAI activity to the
ripe fruit, its expression level in vegetative organs (0.20—
1.15 FPKM) was, on average, higher than that of LIN6
(0.01-0.06 FPKM) and STP1 (0.06-0.88 FPKM). In whole
leaf tissue, the number of TAI transcripts was ~2 and ~27 times
higher than that of LIN6 and STP1, respectively. The LIN6
expression level in the leaves was the lowest (~12 times lower
than STP1) (Fig. 2).

Thus, in silico profiling of gene expression showed that in
all plant organs, the activity of the vacuolar invertase gene
TAI significantly exceeds that of the cell wall invertase gene
LIN6 and the sugar transporter gene STP1. Moreover, TAI
expression is highest in the reproductive organs, especially in
the storage tissues of the ripe fruit at the OR and RR stages.

Next, in the same leaf samples of cv. Korneevsky used
for the analysis of sugar content, the expression levels of the
TAI, LIN6 and STP1 genes were determined (using gRT-PCR)
at six time points during the day. As a result, it was shown
that all three genes are expressed at all six time points. On
average, the highest relative transcript levels were observed
for LING, and the lowest, for STP1. The expression level of
TAI (contrary to expectations based on in silico data, Fig. 2)
was an order of magnitude lower than that of LIN6, and only
~3-4 times higher than the level of STP1 transcripts (Fig. 3).

Overall, the change in the diurnal expression dynamics was
similar for all three genes: TAI, LIN6 and STP1. The transcript
level increased significantly (by ~7 (TAI), ~7,000 (LIN6) and
~128 (STP1) times) from the 8:00 to the 15:00 point of the
light phase. Then it decreased less sharply towards its end
(~1.2-2.5times, 22:00 vs. 15:00) and the beginning of the dark
phase (~2-3.5 times, 24:00 vs. 22:00). By the middle of the
night, the gene expression was upregulated (by ~2-5 times,
3:00 vs. 24:00), and by the end of the dark phase, it decreased
by ~2.5 (TAI), ~7,000 (LING), and ~183 (STP1) times (6:00
vs. 3:00) (Fig. 3).

Thus, the diurnal dynamics of the TAI, LIN6 and STP1 ex-
pression level was similar, but fluctuations in the case of LING
and STP1 were significantly more pronounced than those of
the TAI gene. Nevertheless, the pre-dawn and early afternoon
expression level of LIN6 and STP1 was extremely low, while
that of TAI was relatively constant and notable.
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Fig. 3. Expression patterns of the TAl, LIN6 and STP1 genes based on qRT-PCR data.
The relative transcript levels for each gene at the analyzed time points differ significantly (p < 0.05), with the exception of TA/ (6:00 vs. 8:00; 24:00 vs. 3:00), LIN6

(6:00 vs. 8:00), and STPT (6:00 vs. 8:00).

Discussion

Soluble mono- and disaccharides have a significant impact
on plant growth and development (Proels, Roitsch, 2009;
Lemoine et al., 2013). Their content is regulated (besides
glycan synthesis/degradation) through sucrose hydrolysis
by sucrose synthases, invertases and invertase inhibitors, as
well as through transfer between tissues using transporters
(Kawaguchi et al., 2021; Wang B. et al., 2021).

Soluble sugars play an important role in all developmental
processes in plant species, including tomato plants (Proels,
Roitsch, 2009). Moreover, under stress, the influx of car-
bohydrates to the affected areas increases, which provides
energy for a protective response, including the coordinated
stimulation of carbohydrate accumulation and the expression
of invertase and sugar transporter genes (Fotopoulos et al.,
2003; Voegele et al., 2006; Proels, Roitsch, 2009; Bolouri
Moghaddam, Van den Ende, 2013).

Inany process occurring in a plant involving soluble sugars,
both the sugar content and the intensity of expression of the
corresponding genes are characterized by synchronous cyclical
oscillations during the day under the control of a circadian
oscillator (Gonzélez et al., 2005; Rolland et al., 2006).

In this study, we analyzed the diurnal dynamics of the con-
centration of soluble sugars (sucrose, glucose, and fructose) in
the leaves of cv. Korneevsky tomato seedlings. The measure-
ment points covered the border periods between the dark and
light phases (6:00, 8:00, 22:00, 24:00) and the middle of the
phases (15:00, 3:00). At the same points, we determined the
expression of the genes of vacuolar invertase (TAI), cell wall
invertase (LING), and hexose transporter (STP1), the role of
which in tomato sugar metabolism is most important (Elliott
et al., 1993; Proels, Roitsch, 2009; Warnock et al., 2016;
Slugina et al., 2017).

The resulting diurnal profile of sugar content (Fig. 1) is
consistent with known active sucrose synthesis in the daytime
phase of photosynthesis, as well as with the diurnal cycle of
sugar accumulation/intake due to the day/night synthesis/
degradation of transient starch (Haydon et al., 2011). During
the light phase, sucrose, glucose and fructose gradually ac-
cumulate (Fig. 1). Some of the glucose is presumably utilized
for the synthesis of transient starch, and at the same time,
sugars are released from the leaves (as sources of sugars) into
storage organs (in our case, into the roots of the seedlings). By
the end of the day, the amount of sugars reaches its highest
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values, and in the dark phase it tends to decrease and then is
maintained at a more or less constant level (Fig. 1), due to the
pause in sucrose synthesis and the activation of the transient
starch degradation (Koch, 2004; Haydon et al., 2011).

The main result of the in silico characterization of TAl,
LING, and STP1 expression (Fig. 2) is the confirmation of the
important role of the vacuolar invertase gene TAI in sucrose
hydrolysis in the ripe fruit as a storage organ, shown earlier
(Elliott et al., 1993; Slugina et al., 2017). Furthermore, the
higher transcript level of TAl compared to LING (Fig. 2) as-
sumes a greater importance of TAI (than that of LIN6) for
sucrose hydrolysis in vegetative tissue as well. Nevertheless,
the significant transcript number of the cell wall invertase gene
LING in vegetative tissues indicates the known importance
of LING for plant vegetative growth (Proels, Roitsch, 2009;
Zhang et al., 2013). Also, the presence of transcripts of the
LING gene and the sugar transporter gene STP1 in vegetative
tissues (Fig. 2) is consistent with the previously shown in-
volvement of these genes in the plant stress response (Proels,
Roitsch, 2009; Warnock et al., 2016). At the same time, the
extremely low number of STP1 transcripts in ripe fruits of
cv. Micro-Tom (Fig. 2), given the high sugar content in the
fruits of this cultivar and the shown direct relationship between
the expression level of this gene and the amount of sugars in
the fruits (Wang Y. et al., 2023), suggests that even low activity
of the STP1 gene is sufficient to implement this relationship.

Subsequent analysis of the diurnal dynamics of TAI, LING,
and STP1 expression in the leaves of cv. Korneevsky plants
showed that the levels of all three genes change in a similar
manner and in association with the circadian rhythm (Fig. 3).
The diurnal dynamics of TAl expression is consistent with the
previously demonstrated diurnal dynamics for the B. vulgaris
vacuolar invertase gene (Gonzalez et al., 2005): both genes
reach peak expression in the middle of the light phase.

Unlike TAI, the cell wall invertase gene LIN6 has another
expression maximum — in the middle of the night (Fig. 3).
Moreover, contrary to in silico data (Fig. 2), the level of LIN6
transcripts was an order of magnitude higher than that of TAI
(Fig. 3). A possible reason for the discrepancy may be older
plants (compared to our study) and, therefore, older leaves
with large vacuoles in the cells taken into the transcriptome
analysis, the results of which are presented in the in silico
database we used (Zouine et al., 2017). We tested seedlings at
the 5-7 leaf stage, the young leaves of which contained small
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vacuoles in the cells, which suggests more active apoplastic
processes of sucrose hydrolysis and sugar transport. This is
also supported by significantly more pronounced (by an order
of magnitude) diurnal fluctuations in the expression of LING
and STP1 compared to TAI (Fig. 3).

Conclusion

In this study, the diurnal dynamics of the content of soluble
sugars and the expression of genes encoding sucrose hy-
drolysis enzymes (invertase genes TAl and LING) and sugar
transfer proteins (STP1 transporter gene) in tomato seedlings
of cv. Korneevsky was determined. It was shown that both
sugars and the transcript level of TAI, LIN6 and STP1 depend
on the circadian rhythm and correspond to biological processes
occurring in the plant at different periods of the day. The
results obtained are important for understanding the func-
tions of invertases and sugar transporters in the tomato plant,
and can be used to predict plant stress resistance in tomato
breeding.
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Abstract. Chickpea is the second most important legume crop, which is used as a food by people in different parts of
the world due to its high nutritive value. Omics technologies have revolutionized the characterization of chickpea ge-
netic diversity by considering single-nucleotide polymorphisms, while structural variants and transposons have been
overlooked. The specific contribution of transposons to the phenotypic diversification of crop species is still poorly
documented, therefore its characterization is important. We focused on landraces collected before the “green revolu-
tion’, as they are a valuable source of species diversity and can be used to broaden the genetic base of modern cultivars.
Analyzing 190 chickpea genomes, we found 42,324 new transposon insertion sites from 83 families and showed that
such sites are highly polymorphic. Most insertions were caused by mobilization of retrotransposons (67 % of inser-
tions); among DNA transposons, the highest number of insertions was found for the superfamilies MuDR, PIF, hAT, CMC,
and TcMar.We also demonstrated an uneven distribution of insertion sites along chromosomes. Analysis of the localiza-
tion of transposon insertion sites relative to genes and their structural elements has shown that the largest number of
insertions in all transposon superfamilies falls on introns and the smallest, on exons. We also showed that transposon
insertion sites, which until recently have been overlooked by population genomics, are an important factor that diver-
sifies phenotypes and can be used in GWAS as markers replacing SNPs. Comparative analysis of landraces collected in
different geographic regions showed that the Ethiopian accessions have many unique transposon insertion sites. Our
results highlight the unique role of transposon mobilization in chickpea diversification and have important implica-
tions for breeding improved chickpea varieties adapted to global climate change.
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PasHooG6pasue HyTa, 06YCIOBJIEHHOe
IIOJIMMOP(PM3MOM BCTaBOK TPAHCIIO30HOB

B.A. Crarmu?, M.A. Ayx (D2, A.A. Kanarmn (D1, A.A. Camconosa (D1, C.10. Cypkosal, M.I. Camconosa ()1 @

! CaHkT-lMeTepbyprckuii nonuTexHMYecknin yuusepcutet lNetpa Benukoro, CankT-TMeTtepbypr, Poccus
2 DUBNKO-TEXHNYECKIA MHCTUTYT UM. A.O. Mlodpde Poccuiickon akapemmm Hayk, CaHKT-leTepbypr, Poccnsa

@ m.g.samsonova@gmail.com

AHHoTaumA. HyT — BakHaa 3epHo60060Bas KynbTypa, KoTopas NCMosb3yeTcAa HapoLoHaceNeHeM pa3HbIX YacTell cBeTa
B MULLY B CWJTy BbICOKOW LIeHHOCTU. [[pMeHeHne OMUKCHbIX TEXHONOTMIA MO3BOJIMIIO OXapaKTepr30oBaTb reHeTuyeckoe
pa3Hoobpasme HyTa, 00yC/IOBNIEHHOE OAHOHYKNEOTUAHbIMY NoAMOpdU3MamMu, TOrAa Kak CTPYKTYPHbIE BapuaHTbl 1
MNHCepLUUM TPaHCMO30HOB BbiMany U3 Nons 3peHns uccnegosateneil. Mo3ToMy XxapakTepucTrika coctaBa Mobunoma nH-
AVBUAYanbHbIX COPTOB HyTa ¥ OLleHKa ero BINAHMA Ha GeHOTUNNYECKYIO N3MEHUMBOCTb U aAanTaLmio akTyasnbHbl. B do-
KyCe Hallero BHUMaHUA 6binn CTapoMeCTHble CopTa, CobpaHHble 10 «3eNeHON PEBOJIOLIMMNY, MOCKOMbKY OHN ABMAIOTCA
LleHHbIM UCTOYHMKOM BVAOBOIO Pa3HOOOpasuns 1 MOryT ObiTb UCMOMNb30BaHbl ANA PacMPEHNA reHeTuYeckor 6asbl
coBpeMeHHbIx copToB. [poaHann3nposas 190 reHOMOB HyTa, Mbl O6HapPYXnun 42 324 caiita MHCEPUMM TPAHCMO30HOB
83 cemelicTB. bonblMHCTBO nHcepumin (67 %) Bbl3BaHbI MOOMAM3aLMeNn peTpoTpaHcno3oHoB. M3 JHK-TpaHcno3oHoB
Hanbornbluee YNCO NHCePUMI HangeHo ana cynepcemeincts MuDR, PIF, hAT, CMC v TcMar. TIpoaeMOoHCTpUpOBaHa He-
pPaBHOMEPHOCTb pacnpefeneHna CanToB NHCePLMN BAOb XPOMOCOM. AHaIM3 NTOKanM3aLum canTosB MHCEPLUN TPaHC-
NMO30HOB OTHOCWTENbHO FEHOB MOKa3al, YTo Hanbornbluee KONMYECTBO BCTaBOK Y BCEX CYNepCceMeriCTB TPaHCMO30HOB
NPUXOAUTCA Ha UHTPOHbI, HAVMEHbLUEe — Ha 3K30HbI. Mbl TaKk»Ke NoKa3anu, YTo CalTbl BCTPOWKM TPAHCMO30HOB, KOTO-
pble 4O HeAaBHEro BPeMeHW HaxoAMNCh BHE NOMA 3peHNA NOMYNALNOHHON reHOMMKN, ABAAIOTCA BaXKHbIM GakTopOM,
ansepcnduumpyowmm GeHOTHMbI, YTO NO3BONAET NCMOMb30BaTb X B NMOJIHOrEHOMHOM MOMUCKe accoumaunin B Kaye-
CTBEe MapKepoB HapsAay C OQHOHYKNEOTUAHbIMK nonumopdramamu. CpaBHUTENbHBIA aHanu3 MO6UIOMOB COPTOB 13
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Chickpea diversity driven
by transposon insertion polymorpism

pa3HbIX reorpaduyecknx PermoHoOB BbiSBUI CYLLECTBEHHOE OTNnYre 3GUONCKMX 06pa3LoB OT 06pasLioB APYruX rpyn,
cobpaHHbIx B IHaun, Y3b6ekunctaHe, Typunm, CpefnseMHOMOpbe, Ha tore Poccun v B JInBaHe. COBOKYMHOCTb MOMyYeH-
HbIX HAMU JaHHbIX 1 Pe3YNbTaTOB — LIEHHbIN PeCYPC, KOTOPbI MOXET ObITb 1CMOJIb30BaH B Ka4ecTse OTMNPaBHOW TOUKU
INA CEeNeKLMM yNnyULeHHbIX COPTOB HyTa, alanTUPOBaHHbIX K Pa3fINuHbIM KIIMMATUYECKUM YCITOBUSM.

KntoueBble cy10Ba: HYT; TPaHCMO30HbI; NONMMOPdU3M; cCTapoMecTHble copTa; GWAS; aganTaums.

Introduction

Chickpea is one of the most important food legumes grown
in many parts of the world, including Asia, Africa, North and
South America and Europe. It accounts for 15 % of the world’s
legume yield (Abbo et al., 2003; Jain et al., 2013). Chickpea
is an important component of the diet for millions of people
all over the world, providing protein, dietary fiber, unsaturated
fatty acids, vitamins, macro and micronutrients.

Chickpea is grown mainly in arid and semi-arid regions
on poor soils (de la Pefia, Pueyo, 2012). In these regions,
various abiotic stresses such as water scarcity, extreme tem-
peratures, short growing season affect chickpea productivity.
For example, drought reduces global chickpea yields by
50 % and losses due to temperature extremes go up to 20 %
(Kaloki et al., 2019). In such a scenario, identification and/or
development of high-yielding genotypes is critical. These new
chickpea varieties need to be resilient to climate change and
adapted to changing consumer demands, agricultural practices
and a wider climatic range. However, current elite chickpea
varieties have low genetic diversity and do not contain useful
alleles associated with tolerance to biotic and abiotic stresses.
Hence, a broader genetic base is required for continuous pro-
duction of new varieties.

More primitive landraces collected before the “green revo-
lution” are a valuable source of crop species diversity. Their
use in plant breeding can lead to the development of resistant
varieties with stable characteristics under unfavorable condi-
tions. In the early 20th century, N.I. Vavilov systematically
collected chickpea landraces, which are now stored at the
N.I. Vavilov All-Russian Institute of Plant Genetic Resources
(VIR) in St. Petersburg, Russia. This collection has been
explored earlier to identify associations between SNPs and
phenotypic traits using a single-locus genome-wide associa-
tion study (Sokolkova et al., 2020).

Although the application of omics technologies has enabled
large-scale characterization of germplasm, our understand-
ing of the mechanisms underlying chickpea diversity is still
limited. This situation is partly explained by the fact that until
recently, for technical reasons, such studies have focused on
the functional role of single nucleotide polymorphisms and
short insertions/deletions (Varshney et al., 2019), while larger
structural variants can account for a significant proportion of
interspecific differences in DNA sequences. Most structural
variants arise from the mobilization of transposons. Transpo-
sons constitute a significant part of the plant genome (Quesne-
ville, 2020; Mhiri et al., 2022), and their movement leads to
genome rearrangement, epigenetic silencing, and rewiring of
gene networks (Bourque et al., 2018). Moreover, transposons
are not randomly distributed in the genome and can serve as
material for the emergence of new protein-coding genes and
non-coding RNAs (Pulido, Casacuberta, 2023).

Transposons are a highly heterogeneous group that can
be divided into two main classes depending on the mode of

transposition (Bourque et al., 2018; Quesneville, 2020). Class I
transposons (retrotransposons) propagate via RNA inter-
mediates, and their “copy-and-paste” transposition mechanism
results in the doubling of element copies with each transposi-
tion cycle (Mbhiri et al., 2022). As a result, retrotransposons
with long terminal repeats (LTRs) can account for up to 80—
90 % of the total transposon content and are the most abundant
in plant genomes. Class II transposons (DNA transposons) are
predominantly mobilized by a “cut-and-paste” mechanism,
which usually does not result in an increase in transposon copy
number. However, transposons such as Helitrons and MITEs
can achieve high copy numbers in some genomes.

The distribution and accumulation of transposons is shaped
by genetic drift and selection (Mhiri et al., 2022). New in-
sertions usually have deleterious effects and are removed
from the population. However, transposons can also undergo
positive selection and promote adaptation (Niu et al., 2019).
Transposons peak during periods of stress, allowing genomes
to rearrange and rapidly diversify (Schrader and Schmitz,
2019).

Although associations of transposons with numerous ag-
ronomic traits are well documented (Catlin, Josephs, 2022),
their contribution to crop phenotypic variability remains
poorly understood (Akakpo et al., 2020; Alioto et al., 2020).
Here, we investigated the chickpea mobilome composition by
analyzing transposon insertions in 190 genomes of chickpea
accessions from the VIR collection.

Material and methods

Plant material. 190 chickpea accessions from the collection
of N.I. Vavilov All-Russian Institute of Plant Genetic Re-
sources (VIR, St. Petersburg, Russia) were used in this work.
Of these, 22 accessions were elite varieties, and the remaining
accessions were landraces collected by N.I. Vavilov during
his expeditions in the 1920-1930s. Based on the geographi-
cal proximity of the collection sites, landraces were divided
into seven groups: accessions collected in the Mediterranean
(MED), Lebanon (LEB), southern Russia (RUS), Turkey
(TUR), Uzbekistan (UZB), India (IND) and Ethiopia (ETH)
(Fig. 1a).

Bioclimatic variables. We used latitude and longitude coor-
dinates for chickpea sample collection regions to obtain values
of nineteen bioclimatic variables (Supplementary Table S1)1.
Bioclimatic variables represent annual, seasonal and monthly
averages and extremes of temperature and precipitation and
are widely used in biogeographic analysis, climate change
studies and ecological modelling. Data were downloaded from
the WorldClim database version 1.4 (Hijmans et al., 2005),
which contains information on climatic conditions recorded
between 1960 and 1990. Values of the variables were extracted
using the ‘raster’ package in R (https://rspatial.org/raster/) at

! Supplementary Tables S1-513 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx3.xIsx
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Fig. 1. Collection sites of landraces (a); proportion of insertion sites for the most represented transposon superfamilies (b).

a spatial resolution of 30 angular seconds, corresponding to
approximately 1 square kilometer at the equator.

DNA sequencing and search for transposon insertions.
The DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA)
was used to isolate DNA from leaves. DNA samples were
sequenced at the Beijing Genomics Institute (BGI, China)
using the Illumina protocol, generating 150-bp paired-end
reads. A total of 7,700 Gbytes of raw data were obtained,
comprising about 26 billion reads with an average of 25-fold
coverage or about 37 Gbytes per sample. Reads were pro-
cessed and aligned to the chickpea genome reference assembly
ASM33114v1 (Varshney et al., 2013) using the bwa-mem soft-
ware with the default parameters (Li H., Durbin, 2009). The
search for transposon insertion sites and assessment of their
representation were performed using the PoPoolationTE2
program (Kofler etal., 2011, 2016). PoPoolationTE2 requires
reads mapped to a reference genome with masked transpo-
son sequences and a set of such sequences. The transposon
sequences can be either consensus sequences of families
(e.g. from RepBase), or sequences that have been masked
in the reference genome, or both. When reads are aligned to
such a modified genome, transposon insertions will result
in groups of discordant paired ends, where one read maps
to the reference genome, and the other, to the transposon
sequence, while correctly aligned paired ends indicate the
absence of an insertion. Based on the position of the matched
ends of the paired fragments, a physical stack track (pile-up)
is generated. The physical coverages of overlapping paired
ends are summed, resulting in a physical coverage track, the
height of which reflects the number of paired ends that over-
lap the given position. Transposon insertion signatures are
determined using a sliding window method, by scanning for

peaks in the physical coverage that confirm the presence of
an insertion.

PoPoolationTE2 implements two fundamentally different
analysis modes. In the separate mode, each sample/popula-
tion is processed separately. This is similar to running the
PoPoolationTE2 pipeline several times, for each bam file
separately. In joint analysis (joint mode), the physical pileup
tracks of different samples are combined and a joint pileup
track is created. Transposon insertion signatures are identified
on this joint pileup track. When identifying insertion signa-
tures using the identifySignatures utility, a minimum average
physical coverage parameter of three was used. Further, in the
separate analysis, the signatures were filtered by the maxi-
mum frequency of other transposons in a given site and the
maximum frequency of structural variants (rearrangements)
in a given site. Both parameters were set equal to zero. In the
joint analysis, filtering was performed only by the maximum
frequency of other transposons in a given site, equal to 0.05.
Validation of key insertions was performed using the Integra-
tive Genomics Viewer program, which allows visualization
of read alignment at the insertion site.

The search for hotspots of transposon insertions was
performed by the PrimatR program (https://github.com/
daewoooo/primatR). The hotspotter function was used, which
compares (within a 50 kb window) the density distributions
of randomly scattered points, the number of which is equal to
the number of transposons in the genome and the transposon
location densities obtained from the experiment. The higher
the value of transposon density in a given region, the more
extreme it is for the distribution of “random” densities, and,
therefore, the lower the p-level of significance. Hot spots were
defined by p-values less than 1e-8.
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Genetic data analysis. The population structure of the
data was assessed using the ADMIXTURE v.1.3.0 program
(Alexander et al., 2009). The Mann-Whitney—Wilcoxon test
(Mann, Whitney, 1947) was used to compare groups.

Genome-wide association studies. Phenotyping of chick-
pea accessions was carried out at two VIR experimental sta-
tions, in Kuban and Astrakhan, as described earlier (Duk et al.,
2024). 12 phenological and morphologyical traits were mea-
sured: plant height (PH), height of first pod (HFP), number of
first order branches (NPB), number of second order branches
(NSB), plant dry weight with pods (PWwP), pod weight per
plant (PoW), pod number per plant (PoNP), 100 seeds weight
(100SW), leaf size (LS), number of days from germination to
flowering (DFst), flowering duration (DF), number of days
from germination to full maturity (Dmat) (Table S2).

Phenotypic data from two experimental stations were quan-
tile normalized. GWAS was performed using the FarmCPU,
Blink, SUPER and MLMM programs of the GAPIT3 pack-
age for R with parameters MAF = 0.05 and FDR = 0.9. In
addition, the IIVmrMLM program in Single_env mode with
parameters svpal = 0.01 (Li M. et al., 2022a, b) was also used
for association studies. The IHIVmrMLM model was designed
to address methodological shortcomings in detecting all types
of interactions between alleles, genes, and environments, and
to unbiasedly estimate their genetic effects. As a multilocus
MLM model, IITVmrMLM estimates the effects of all genes
and the effects of all interactions simultaneously. However,
HIVmrMLM is less computationally complex, since the cal-
culation of a large number of variance components has been
replaced by the calculation of only three estimates. In addition,
all effects in IIIVmrMLM are estimated within a single mul-
tilocus model using the Bayesian expectation-maximization
algorithm, and all non-zero effects are further assessed using
a likelihood ratio test for significant associations. All this
actually guarantees accurate detection of insertion regions,
unbiased estimation of their effects and makes IIIVmrMLM
a good choice for detecting associations between markers,
traits and the environment.

Information on the coordinates of candidate genes, contain-
ing markers in genes or in 1-kb flanking regions, was obtained
from the GFF file version 1 Cicer arietinum_ GA v1.0.gene.
gff, and functional description of genes was obtained from
the Pulse Crop Database (https://www.pulsedb.org/Analysis/
1869759).

Results

Composition of the chickpea mobilome
A total of 105 transposon families have been annotated in
the chickpea reference genome (Varshney et al., 2013). To
characterize novel transposon insertions in individual chick-
pea accessions, we analyzed whole-genome sequencing data
from 190 samples, represented by 22 cultivated varieties and
168 landraces, which were divided into seven groups based
on the sampling location (Fig. 1). Atotal of 42,324 new trans-
poson insertion sites not represented in the reference genome
were identified, with most sites being polymorphic and present
in multiple accessions.

Transposons of polymorphic insertion sites belong to
83 families and thus likely constitute the majority of the

Chickpea diversity driven
by transposon insertion polymorpism

chickpea mobilome. Most insertions are due to mobilization
of Copia (41 %) and Gypsy (16 %) retrotransposons (Fig. 1b,
Supplementary Figure S1a)? and 10 % account for insertions
due to mobilization of non-LTR retrotransposons. Five super-
family groups — MuDR (8 %), PIF (6 %), hAT (7 %), CMC
(4 %) and TcMar (2 %) — make the main contribution to the
number of insertions caused by DNA transposons (Fig. S1b—f,
Table S3).

Polymorphic insertion sites are distributed unevenly along
chromosomes (Fig. 2a, Table S4) and form 47 hotspots, with
the lowest number of hotspots found in chromosomes 5 and 8.
Sixteen hotspots contain exclusively retrotransposon inser-
tions. Copia retrotransposon insertions were observed in all
hotspots, and hAT, MuDR, PIF, and CMC DNA transposon in-
sertions were observed in 60, 53, 23, and 47 % of the hotspots.

Chickpea mobilome landscape

From 15 to 22 % of the insertion sites of Copia elements, as
well as elements of the MuDR, CMC, and hAT superfamilies,
are located in genes or within 1 kb-flanking regions of genes
(Fig. 2b, Table S5). In non-LTR retrotransposons, such inser-
tions are about a third of the total number (35.33 %), and in
DNA transposons of the TcMar and PIF superfamilies, they
constitute half of the total number of such insertions (44.11 %
and 57.93 %, respectively) (Table S5). The highest number
of insertions in all transposon superfamilies occurs in introns
(Fig. 2b), and the lowest, in exons. The largest excess of inser-
tions in introns compared to exonic insertions was observed
for the Copia and PIF superfamilies (42 times), the smallest,
for Gypsy (6 times) and CMC (2.36 times). In TcMar, almost
all gene-specific insertion sites fall into introns, and the flank-
ing regions contain 30 times fewer insertions compared to
introns. The greatest excess of transposon insertions in the
flanking regions of genes compared to exons was observed for
elements of the Copia, MuDR, and PIF superfamilies (10, 6,
and 4 times, respectively) (Table S5).

Transposon insertion site polymorphism

as a new source of phenotypic variability

To more systematically assess whether polymorphic insertion
sites are a potentially important source of phenotypic vari-
ability, we used them as markers in the search for associations
with agronomically important traits assessed at Astrakhan
and Kuban VIR experiment stations in 2022 (Duk et al.,
2024). GWAS was performed separately for each trait mea-
sured at each station using the GAPIT3 package for R and the
1HH1VmrMLM program in Single_env mode.

GAPIT3 package found 12 associations with three phe-
notypic traits: duration of flowering, number of days from
germination to full maturity, height of the first pod, with one
association between the DF trait and the insertion of the RTE-
BovB transposon at position Ca3 23488685 being found by
two models (Table S6). The Ca3 1499163 and Ca6_24162635
insertion sites of the Copia and RC Helitron transposons as-
sociated with the height of the first pod are localized in the
5'-flanking regions of the Ca_19414 and Ca_11043 genes.
These genes encode ribosomal protein S29 and late embryo-
genesis abundant protein, respectively.

2 supplementary Figures S1-54 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_StaninF_Engl_29_1.pdf
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Fig. 2. Distribution of transposon insertion sites of the most widely represented superfamilies and genes visualized using Circos
software (a); distribution of transposon insertion sites relative to genes and their structural elements (b).

84 associations with Astrakhan station data and 114 as-
sociations with Kuban station data were found using the
HIVmrMLM program (Table S7). Three transposon in-
sertion sites turned out to be polymorphic, in particular,
Ca3 27767370, an insertion of the PIF-Harbinger transposon
into the Ca_08130 gene (Table S8). This insertion was asso-
ciated with pod weight per plant at the Kuban station and with
days from germination to full maturity at the Astrakhan station.
47 transposon insertion sites were located in the genes or in

their vicinity over a size of 1 kb. In most cases, however, these
genes encoded proteins with unknown functions, and only
28 genes were functionally annotated (Table S9). An interest-
ing example is the association of the hAT_Charlie transposon
at position Ca6_31416746 with maturation time (Fig. 3a).
This transposon is localized upstream of the Ca_15174 gene,
encoding transcription factor from the CCHC(Zn) family
(Fig. 3b). In alfalfa Medicago truncatula, deletion of the gene
encoding such a transcription factor strongly reduces seed size,
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a - Manhattan plot showing associations of TE insertion sites with maturation time; b — Ca_15174 gene structure; ¢ — maturation time of plants from accessions
with and without TE insertion; d - Manhattan plot showing association of TE insertion sites with the height of the first pod; e, f - Ca_11958 (e) and Ca_09284 (f)
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validation.
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stem length, and internode length (Radkova et al., 2019). In
Arabidopsis plants, transcription factors of the CCHC(Zn)
family are involved in RNA metabolism, transcription elonga-
tion, polyadenylation, translation, pre-mRNA splicing, RNA
export and degradation, microRNA and ribosomal RNA bio-
genesis, and post-transcriptional gene silencing. Transposon
insertion extends pod maturation time (Aceituno-Valenzuela
etal., 2020) (Fig. 3c).

The height of the first pod is an important trait for reduc-
ing harvest losses. The PIF-Harbinger transposon at position
Ca3 32351311 is associated with this trait (Fig. 3d). It is
localized in the Ca_11958 gene, which encodes the receptor
for ethylene 2, a phytohormone that regulates plant growth
and development (Fig. 3f) (Binder, 2020). In rice, mutations
in the gene encoding the ethylene 2 receptor have been shown
to affect flowering time (Wuriyanghan et al., 2009). Another
non-LTR transposon L1 at position Ca7_12253349, also asso-
ciated with this trait, is located upstream of the Ca_09284 gene
encoding chloroplast glucose-6-phosphate-1-dehydrogenase,
which is involved in oxidative processes affecting germination,
nitrogen metabolism, plant branching, and the response to
abiotic stress (Jiang et al., 2022) (Fig. 3e). In both cases, plants
with transposon insertion have a lower height of the first pod
attachment, i. e. the transposon insertion has an unfavorable
effect on the trait (Fig. 3g, h).

Comparison of the results of the association study using the
GAPIT3 R package and the IHIVmrMLM program showed
that four transposon insertions are detected by both programs
(Table S10).

Polymorphism of transposon insertion sites

in groups of chickpea landraces

from different geographical locations

ADMIXTURE analysis of plink files made from data on
transposon insertion sites showed that the most preferred
number of populations was five, although the CV-error for four
populations was actually the same (Fig. 4a). The population
structure of accessions from different geographical groups
(Fig. 1) differed. Accessions from Ethiopia (ETH) were the
most contrasting compared to the other samples, the admixture
patterns of Indian (IND) and Central Asian (UZB) samples
were similar to each other and different from the admixture
pattern of Turkish (TUR) and Mediterranean (MED) acces-
sions. It can also be noted that Lebanese (LEB) and Ethiopian
(ETH) accessions were the most homogeneous in terms of
admixture patterns and differed most from each other.

The number of polymorphic transposon insertion sites pre-
sent in one group (unique sites) or in several, but not all groups
of landraces, differed between groups (Fig. 4b, Table S11).
Indian and Turkish accessions had the highest number of sites
present in several groups, 650 and 705 sites, respectively. The
Indian group also had the highest number of purely unique
sites, namely, 44. The RUS group had the least number of
unique insertion sites, which is likely due to the small number
of samples in the group. The Ethiopian group stood out from
all groups: it had the highest proportion (0.125) of unique
sites among sites present in several groups. A more detailed
analysis using the y? criterion revealed 514 insertion sites, the
frequency of which in the groups differed from the theoreti-
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cally expected frequency calculated under the assumption of
no differences. Then, to examine the groups for enrichment
in insertion sites, for each site with a non-random frequency
of occurrence, we calculated two differences: between the
maximum frequency value and the second highest frequency
in the group, and between the minimum frequency value
and the frequency second from the end (Table S12). This
analysis confirmed that the Ethiopian population is enriched
in transposon insertion sites that occur predominantly in this
population, but also contains rare sites that occur frequently
in other populations.

It should be noted that the frequency of unique sites in
groups, with rare exceptions, did not exceed 5 %, which
indicates their relatively recent emergence. Only one PIF-
Harbinger transposon at position Ca6_2586225 in the Ethio-
pian group had a very high population frequency of 0.95.
This transposon is 1,979 bp away from the Ca_10390 gene
encoding the ROP-binding protein kinase RBK2 (Fig. 5a).
RBK1/2 protein kinases phosphorylate small G-proteins of
plant ROP and also interact with mitogen-activated protein
kinase 1 (MPK1) from the auxin-responsive MPK cascade
(WeiB et al., 2022). In addition, RBK1 is involved in Casparian
strip formation and also plays a role in trichome branching,
cytoskeleton stabilization and control of barley basal resis-
tance to powdery mildew. Interestingly, the Ca6_2586225
position is located within a region of chromosome 6 about
100 kb long (2494265 to 2598131), which is virtually SNP-
free inall C. arietinum samples. In addition to the Ca_10390
gene, this region contains nine other genes encoding proteins
involved in hormone-mediated control of cell elongation, plant
growth, transpiration, and formation of generative organs
(Table S13).

Discussion
Like all repetitive elements, transposons are characterized
by extreme diversity. Each transposon family represents a
continuum of more or less diverged copies, consisting of both
autonomous and defective elements. This feature makes the
identification and classification of transposons a challenging
task, which has recently been progressively solved by high-
throughput sequencing methods and the development of new
programs. For example, the PoPoolationTE2 program used
in this work (Kofler et al., 2016) implements an option for
aggregating into one position TE insertion sites that differ by
several nucleotides due to mapping inaccuracy (explained by
sequence degeneracy). This allows to perform a comparative
analysis of transposon insertions between different accessions.
By analyzing 190 chickpea genomes, we found 42,324
transposon insertion sites from 83 families and showed that
most of the sites (70-80 %) are present in almost all acces-
sions. The most abundant families were retrotransposons
Copia (17,408 sites), Gypsy (6,813 sites), and non-LTR
retrotransposons, represented mainly by L1 and RTE-BovB
(4,245 sites) (Fig. 1b, Fig. S1). The percentage of DNA trans-
poson insertion sites in chickpea accessions is significantly
lower and the most common families are the family of Mu-like
elements MuDR (8 %), as well as the PIF (6 %), hAT (7 %),
CMC (4 %, represented mainly by CMC-EnSpm/CACTA)
and TcMar (2 %) families. Copia family insertion sites are
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Fig. 4. Transposon insertion sites as a source of diversification of samples from different geographical regions.

a - population structure of landraces; b — Upset plot of transposon insertion sites. IND, MED, TUR, RUS, UZB, LEB, ETH — groups of accessions of different origin.

also prevalent in genomes of other plants (Dominguez et al.,
2020; Cai et al., 2022). Our data are generally consistent with
the results of the search for intact transposons in the chickpea
reference genome, which also showed an excess of Copia
family frequency over Gypsy and non-LTR frequencies, and
the highest representation of the MuDR (Mu-like) family
among DNA transposons (Mokhtar et al., 2021).

We found 47 transposon insertion hotspots, of which
16 contained exclusively retrotransposon insertions (Fig. 2a,
Table S4). The non-random arrangement of transposon inser-
tions of different families has also been demonstrated in other

plant genomes (Sultana et al., 2017). For example, in tomato,
Gypsy insertion sites are predominantly located in pericentro-
meric regions (Dominguez et al., 2020).

Transposon insertions can influence the expression of ad-
jacent genes (Bourque et al., 2018); therefore, the analysis of
their location relative to genes and their flanking regions is of
interest. In chickpea, such regions were found to be enriched
in transposon family insertion sites, which was particularly
evident for non-LTR retrotransposon insertions as well as
TcMar and PIF DNA transposons (Table S5). The enrichment
of gene-specific regions and their flanking regions with trans-
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component plot of bioclimatic variables from the collection sites. The decod-
ing of the bioclimatic variable labels is given in Table S1.

poson insertions has been demonstrated in many plants (Qiu et
al.,2021; Zhao et al., 2022). In our data, transposon insertions
were least frequently recorded in exons due to their deleteri-
ous effect and the action of negative selection. The highest
number of insertions in all transposon superfamilies occurred
in introns, which was particularly evident in the Copia, PIF,
and TcMar superfamilies. In Copia and PIF, the excess of
insertions into introns over exon insertions was 42-fold, and
in TcMar, almost all gene-specific insertion sites fell within
introns. The highest excess of transposon insertions in flanking
regions of genes over exons was observed for elements of the
Copia, MuDR, and PIF superfamilies (Table S5).

In joint mode analysis, transposon insertion signatures are
reliably identified in individual accessions, which makes it
possible to analyze the contribution of transposon insertion site
polymorphism to phenotypic variation. We have shown that
transposon insertion sites are an important factor diversify-
ing phenotypes and can be successfully used in genome-wide
association studies as markers replacing single nucleotide
polymorphisms (Tables S6, S7). In this case, the [1IVmrMLM
program finds significantly more associations between inser-
tion sites and a trait than GAPIT3 R. This is partly explained
by the fact that the strict threshold for the significance of as-
sociations implemented in GAPIT3 R excludes the possibility
of identifying markers with small effects. The feasibility of
using transposon insertion sites in genome-wide association
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studies has also been demonstrated in rice and tomato (Akakpo
et al., 2020; Dominguez et al., 2020; Vourlaki et al., 2022;
Yan et al., 2022).

Transposon insertion sites may have played a significant
role in plant adaptation during evolution, since such changes
can occur rapidly, which is critical for the organism to adapt
to changing conditions (Niu et al., 2019; Schrader, Schmitz,
2019; Zhao et al., 2022; Kang et al., 2023). The primary
domestication of chickpea occurred in the Fertile Crescent
(modern Turkey), followed by secondary centers of diversifi-
cation in India, Ethiopia, Central Asia and the Mediterranean
(Igolkina et al., 2023). Due to the efforts of N.I. Vavilov, seeds
of varieties from such centers are stored in the VIR collection,
which makes it possible to study the polymorphism of trans-
poson insertion sites in groups of accessions from different
secondary diversification centers. It turned out that each group
of accessions contained a large number of unique sites, but
their frequency did not exceed 5 %, indicating their relatively
recent emergence. Only one PIF-Harbinger transposon at
position Ca6_2586225 in the Ethiopian group of samples
had a very high population frequency of 0.95. It should be
noted that, in terms of the admixture pattern, the population
structure of Ethiopian varieties differed most significantly
from other groups (Table S12). The transposon Ca6_2586225
is inserted into the 5'-flanking region of the Ca_10390 gene
encoding the ROP-binding protein kinase RBK2 (Fig. 5a),
which is involved in the formation of the Casparian strip, i.e.
in the regulation of the water balance of the plant (WeiR et al.,
2022). As can be seen from the principal component analysis
of bioclimatic variables from the collection sites (Fig. 5b),
Ethiopian varieties are most dependent on the rainfall and
humidity variables. This fact may be an indirect explana-
tion for the spread of transposon Ca6_2586225 in the group,
since such an insertion, with the determinant role of climatic
variables associated with precipitation, may be adaptive and
provide plants with a selective advantage.

Transposons are a major source of genomic mutations
(Bourque et al., 2018). In the case of Ca6_2586225, the trans-
poson insertion appears to have resulted in a beneficial change.
More often, however, transposon insertions have a deleteri-
ous effect on a trait, as we see with transposon insertions at
positions Ca7_12253349, Ca3_32351311 and Ca6_31416746
(Fig. 3b, e, ).

Conclusion

In this work, we performed a primary analysis of transposon
insertion sites in a large number of chickpea accessions, rep-
resented mainly by landraces. We found high polymorphism
of such sites, characterized the representation of different
transposon superfamilies, and showed uneven distribution of
insertion sites along chromosomes. We also showed that trans-
poson insertion sites, which until recently were out of the field
of population genomics, are an important factor diversifying
phenotypes and ensuring plant adaptation to growing condi-
tions. The data and results obtained in this study are a valuable
resource that can be used as a starting point for a more in-depth
analysis of the evolutionary dynamics of transposons in the
chickpea genome, their contribution to adaptation to global
climate change, and the breeding of new varieties.
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Abstract. Arbuscular mycorrhizal fungi (AMF) play a key role in the regenerative successions of plant communities
after anthropogenic disturbances, particularly in quarries. AMF help plants with water and mineral nutrition, con-
tributing to the restoration rate of vegetation cover. The research is aimed to study the biodiversity of AMF using mo-
lecular genetic methods at different stages of overgrowth of two quarries in the Leningrad region. Molecular genetic
identification of fungi was carried out using lllumina MiSeq analysis of the ITST and ITS2 regions as barcodes for the
identification of operational taxonomic units (OTUs) with species-level identification. An adapted and error-checked
AMF genetic sequence database from NCBI was used as a reference. The study applied an optimized nucleic acid isola-
tion technique for sandy soils. The results showed maximum AMF biodiversity at the initial stages of overgrowth - pio-
neer and grass stages — with minimum diversity observed at the shrub stage, where it decreased by five times. At the
forest stage, the biodiversity of AMF was almost restored to the level seen at the grass stage. It has been shown that
the biodiversity and species composition of AMF can vary greatly between the stages of regenerative succession and
probably depends primarily on the biodiversity of grasses, with which AMF most effectively enter into symbiotic re-
lationships. The analysis showed a reliable negative correlation between the number of AMF species and the number
of woody plant species. Such studies can aid in understanding how plant-fungal symbiosis develops in regenerative
successions and which AMF most effectively contribute to vegetation cover restoration.
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O11eHKa 6Mopa3Ho0Opasus rpuboB apOYCKYIISIPHO MUKOPUS3HI
IIPpYI BOCCTAHOBUTEIbHOI CYKII€CCUM Ha ITeCYaHbIX Kapbepax

A.A. Kprokos (@), A.IT. IOpkos (9, A.O. Top6yHoBa, T.P. Kyapsiosa (12, A.J. Topenkosa (1),
10.B. Kocyabnukos (%), 10.B. AakTnoHos

Bcepoccrinckuii HayuyHo-MCCeAoBaTeIbCKUIN UHCTUTYT CeNbCKOX03ANCTBEHHON MUKpobuosnoruy, MywkirH, CaHkT-MNeTepbypr, Poccus
@ aa.krukov@arriam.ru

AHHoTaumA. [pubbl apbyckynapHo mukopu3bl (AMI) UrpatoT KnoueByto Posib B BOCCTaHOBUTENbHBIX CYKLIECCUAX
pacTUTenbHbIX COOBLLECTB NOC/E aHTPOMOreHHbIX HapyLWeHW, B YaCTHOCTM Ha NecyaHbix Kapbepax. AMI nomora-
10T pacTeHUAM B BOAHOM U MUHEPaSIbHOM MUTaHWK, YCKOPAA BOCCTAHOBNEHNE pacTUTeNbHOro Nokposa. Llenbio nc-
cnefioBaHnA 6bINO M3yunTb GUopasHoobpasvie AMI MONeKynsAPHO-FreHETUYECKMMY METOAAMM Ha PasHbIX CTagusax
3apacTaHua AByX KapbepoB JleHUHrpagckoi obnactu. MonekynsapHo-reHeTuYeckas naeHTudurKauma rpubos npo-
BOAMUNAChb C UCrnonb3oBaHWem aHanm3a lllumina MiSeq no pervoxam ITS1 un ITS2 B KayecTBe Gapkoda AnA nomucka
onepauroHHbIX TAKCOHOMUYECKUX efUHNL, C naeHTudrKaLmen MMKpoopraH13mMoB Ao Braa. PedepeHcom cnyxuna
afanTMpOBaHHaA N NPOBepeHHas Ha OWKNOKM 6a3a reHeTnyeckux nocnepgosatenbHocterr AMIT n3 NCBI. B nccnepo-
BaHMM NCMONb30Banacb ONTUMU3NPOBaHHAA Af1A NecyaHbIX NOYB MeTOAMKA BblAeNeHNA HyKIeMHOBbIX KMCIOT. Mak-
cMmanbHoe 6ropasHoobpasune AMI Habo4aNOCh Ha HauanbHbIX CTaAMAX 3apacTaHNA — MMOHEPHO 1 3n1aKoBoi. Ha
KyCTapHMKOBOW CTaanmn pa3HoObpa3sme CHXKaNoCh B MATb pas, a 3aTeM Ha JIECHOW CTagun BOCCTaHABNBANIOCh MOYTY
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lpunbbl apOyCKyNAPHON MUKOPU3bI
NPV BOCCTAaHOBUTENbHOMN CYKLIECCMI Ha MeCYaHbIX Kapbepax

[0 YPOBHsA 311akoBol. briopasHoobpasue u BugoBon coctaB AMIT MOTyT 3HaUMTENIbHO MEHATLCA MeXAy CTaguAaMu
BOCCTaHOBUTENbHOI CYKLECCUI, UTO MOXKET B MePBYI0 ouepefb 3aBMCETb OT 61Mopa3Hoo6pasms Tpas, C KoTopbiv AMIT
BCTYMalOT B CUMOMOTHYECKIE OTHOLeHMA Hanbonee 3¢ deKTnBHO. MoKasaHa AOCTOBePHas oTpuLaTeNibHas Koppens-
Lma mexay umcnom sraos AMI 1 4ynciom BUAOB ApeBecHbIX pacTeHuin. MpoBefeHHOe UccnefoBaHne MOXeT MOMOYb
B MOHMUMAHNM TOTO, KaK Pa3BMBAETCA PACTUTENIbHO-TPUOHOM CUMOMO3 B BOCCTAHOBUTENbHBIX CYKLECCUAX U KaKne
AMT Han6onee 3GPpeKTMBHO NOMOratoT B BOCCTAHOB/IEHMMN PACTUTENIBHOMO NMOKPOBA.

KnioueBble csioBa: rpnbbl apbycKynsapHO MMKOPU3bl; 61Mopa3Hoo6pasme; BOCCTaHOBUTENIbHAA CYKLIECCS; NMeCYaHbli

kapbep; lllumina.

Introduction

Most Embryophytes (more than 90 % of the families) form
arbuscular mycorrhiza with fungi (AMF) of the Glomeromy-
cotina subdivision, the Mucoromycota division (Spatafora
et al., 2016). AMF help the symbiotic plant with water and
mineral nutrition, receiving complex organic substances in
return. In regenerative successions, mycorrhizal interaction
promotes the plant’s ability to compete and overcome un-
favorable edaphic conditions (van der Heijden et al., 1998;
Lambers et al., 2008). Mycorrhiza presence may be an influ-
ential factor contributing to the successful absorption of free
substrates by plants. Mycorrhizal symbionts can significantly
enhance the growth conditions of pioneer plants. Mycorrhiza
is a crucial adaptation for plants facing deficiencies in nitro-
gen, phosphorus, and other essential minerals, unfavorable
water, air conditions, and a lack of organic carbon substrates
(Aikio, 2000). AMF is likely to facilitate succession, but as
of now, there is very little direct evidence of this in natural
ecosystems (Smith, Read, 2008). The species composition of
AMF communities is known to have a great influence on plant
productivity, plant community structure, successional patterns,
and ecosystem performance (Wu, 2017). The quantitative and
species composition of micromycetes is mainly determined
by the vegetation (Sumina et al., 2010). The diversity and
performance of mycorrhizal fungi are crucial for biodiversity
and ecosystem health, while the diversity and structure of
vegetation can also influence the diversity of AMF populations
(Jeffries, Barea, 2001). AMF diversity is expected to be lower
in the quarry substrate than in zonal soils, as there is lower soil
moisture content, which is fundamental to the very survival
of these microorganisms (Ganugi et al., 2019).

Soil microbial biodiversity analysis uses high-throughput
sequencing methods, primarily with Illumina MiSeg. Various
genetic markers are used to identify AMF, generally by using
an ITS (internal transcribed spacer) region or the SSU (Small
SubUnit ribosomal gene fragments) and LSU (Large SubUnit)
gene regions that flank it (Kryukov et al., 2020). In some cases,
it involves other genes or even full-genome sequencing. The
lack of consensus on a barcode marker in Glomeromycotina
provides challenges to ecological and phylogenetic studies.
The conserved regions of the SSU and LSU genes are suit-
able for effective AMF identification to the level of genus,
however, they are poorly fit for species-level identification
due to their low variability (Opik et al., 2014). To effectively
perform an AMF species identification, it is preferable to use
variable ITSs, although it can often lead to the identification
of virtual taxa (Kryukov et al., 2020).

This study aims to assess the AMF biodiversity using mo-
lecular genetic methods at different overgrowth stages of two
quarries in the Leningrad region, Russian Federation.

Materials and methods

The materials were collected in midsummer of 2018 and 2019
at two quarries of different ages in the Vsevolozhsk district of
the Leningrad region: Kuzmolovo (60.116448N, 30.545006E)
and Kalelovo (60.256590N, 29.971972E). Pioneer stage
communities at the quarries were sparsely closed, with total
projective cover by plants (TPC) not exceeding 20 %. During
the grass stage, Gramineae dominated the communities, which
were predominantly composed of various grasses. During the
shrub stage, the upper tier of the communities was composed
of shrubs and undergrowth. The forest stage was composed
of young growths of the forest vegetation type. Sample plots
measuring 5 x5 meters were established at each stage of the
regenerative succession in the quarries (Gorbunova, Sumina,
2021). To conduct the genetic AMF composition analysis,
20 plots were sampled, four sites per succession stage. Soil
sampling was conducted in the rhizosphere of each plot. For
five plant species (Agrostis capillaris, Artemisia vulgaris,
Chamaenerion angustifolium, Deschampsia cespitosa, and
Tussilago farfara), up to 25 soil samples were collected per
plot, with five samples taken for each species whenever pos-
sible. According to the published works (Wang, Qiu, 2006;
Akhmetzhanova et al., 2012), these plant species form sym-
biosis with AMF. Botanical description of the plots and plant
mycorrhization level assessment were performed earlier
(Gorbunova, Sumina, 2021).

An optimized technique involving lllumina MiSeq se-
quencing was used for AMF molecular genetic identification
(Kryukov et al., 2020; Yurkov et al., 2024). Rhizosphere soil
samples containing AMF mycelium and spores were taken
for identification. For DNA extraction, a 0.5 g sample of
frozen soil and 1 g of garnet abrasive were taken into a 2 mL
tube for mechanical grinding (Pinaev et al., 2022). After that,
700 pL of CTAB buffer (2 % CTAB; 1.4 M NaCl; 20 mM
EDTA; 100 mM Tris-HCI pH = 8.0) was added to the heated
tube containing soil. The tubes were shaken in a vortex mixer
for 1 minute every 15 min and incubated at +65 °C for up to
2 h. After thermal, chemical, and mechanical treatment, the
samples were centrifuged for 5 min, and then the supernatant
was transferred to new test tubes. A second DNA washing
was conducted using 500 pL of water. This process involved
shaking the soil and water mixture for 5 minutes. After cen-
trifugation, the second supernatant was combined with the first
supernatant. Additional washing with water was imperative
as DNA tends to adsorb on sandy soil particles. The obtained
DNA was freed from impurities by double extraction with an
equal volume of chloroform. After each centrifugation (10 min
at 14,000 rpm, Eppendorf, Germany), the supernatant with
DNA was sampled and transferred to a new tube. The DNA
was precipitated with 2/3 V isopropanol with 0.4 M NacCl,
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washed with 70 % ethyl alcohol, dried for 3 min, and then
further dissolved in water (Maniatis et al., 1982). The DNA
was purified with the AMPure XP magnetic particles (Beck-
man Coulter, USA).

The purified DNA was used for a separate PCR of the ITS1
and 1TS2 marker regions with universal primers. The pri-
mers were synthesized in Evrogen (Russia) with the 5'-TCG
TCGGCAGCGTCAGATGTGTATAAGAGACAG-3' adap-
tor for forward primers and the 5'-GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAG-3' adaptor for reverse pri-
mers for [llumina MiSeq: ITS5 (5'-GGAAGTAAAAGTCG
TAACAACAAGG-3') and our modified ITS-2RK reverse
primer (5'-CGTTCAAAGATTCGATGATTCAC-3") for
the ITS1 amplification; the ITS3 primers (5'-GCATCGAT
GAAGAACGCAGC-3') and the ITS4 reverse primer (5'-TC
CTCCGCTTATTGATATGC-3") for the ITS2 amplification.
After the first PCR round with 20 cycles, the PCR product
was diluted 100 times and reamplified with 30 cycles. After
amplification and visualization on an agarose gel, the PCR
products of ITS1 and ITS2 were pooled for each sample and
purified using AMPure XP magnetic particles (Beckman
Coulter, USA).

Prior to sequencing, the purified amplicon libraries from
each plot were combined to create a single sequencing run
that reflects the AMF species composition for each plot. The
amplicon libraries were sequenced on Illumina MiSeq using
the MiSeq® Reagent Kit v3 (600-cycle) with paired-end reads
(2 x 300 n.) (Illumina, Inc., USA). The identified sequences
were then processed with the Illumina software (Illumina,
Inc., USA). lllumina MiSeq sequencing resulted in FASTQ
sequences from forward and reverse primers. This format
covers sequence data and quality scores for each nucleotide
position. The sequencing results have been submitted to the
NCBI database (https://www.ncbi.nlm.nih.gov/bioproject/
PRINA997898/, BioProject ID: PRINA997898).

The methodology for the bioinformatics analysis is detailed
in our 2020 research (Kryukov et al., 2020). In the present
study, the data analysis was performed using the local da-
tabase of reference sequences. As a starting point, we took
the sequences from the NCBI database and filtered them
for errors. Authorship, sequencing year, manual alignment
analysis, and phylogenetic analysis were reviewed to filter
any errors. Currently, our database contains data on 33 genera
and 176 AMF species.

Arbuscular mycorrhizal fungi
during regenerative succession in quarries

Results

To analyze the AMF biodiversity in four stages of regenerative
succession (Table 1), 20 sequencing runs were performed with
a depth of up to 100,000 reads per sample (4 sequencing runs
for each succession stage for the two quarries). Bioinformatic
data processing was performed with USEARCH software
(Edgar, 2010). We also calculated the Margalef and Shannon
diversity indexes, as well as the Williams polydominance
index (Table 1).

We searched for the fungi OTUs (Operational Taxonomic
Units) of different divisions (Table 2) for four succession
stages in the two quarries. OTUs can denote both real indi-
vidual species and virtual taxa (having no close reference in
the database) of different taxonomic levels.

The lowest number of the AMF OTUs (Mucoromycota
(Glomeromycatina)) has been found at the shrub stage, and
the highest, at the grass stage in Kuzmolovo. Interestingly,
this is different for other fungal divisions; for example,
the highest biodiversity of Ascomycota and Basidiomycota
fungi was observed at the pioneer stage of the regenerative
succession.

About half of the identified AMF OTUs were able to be
positively assigned to species (Fig. 1). Figure 1 shows both
the identified species and the read count proportion during
sequencing (in percentages), which can suggest their occur-
rence at each succession stage. 1 (pioneer stage, Kalelovo) —
Rhizophagus irregularis (68.9 %), Rh. sp. (12.2 %), Glomera-
ceae sp. (7.8 %), Glomus cerebriforme (6.7 %), Acaulospo-
raceae sp. (3.3 %), Paraglomus laccatum (1.1 %); 2a (grass
stage, Kalelovo) — Entrophospora sp. (81.2 %), E. glacialis
(12.6 %), Nanoglomus sp. (3.5 %), Glomus sp. (2.1 %), Para-
glomus laccatum (0.1 %), Acaulospora brasiliensis (0.1 %);
2b (grass stage, Kuzmolovo) — Glomeraceae sp. (19.8 %),
Acaulospora paulinae (18.0 %), Archaeosporaceae sp.
(17.1 %), Paraglomus laccatum (16.1 %), Ambispora sp.
(16.0 %), Entrophospora claroideum (5.6 %), Rhizophagus
intraradices (3.2 %), Dominikia sp. (2.8 %), Entrophos-
pora sp. (1.4 %); 3 (shrub stage, Kuzmolovo) — Entrophos-
pora claroideum (95.6 %), Diversispora versiformis (4.4 %);
4 (forest stage, Kuzmolovo) — Archaeosporaceae sp. (37.7 %),
Glomus sp. (29.3 %), Nanoglomus sp. (27.2 %), Diversispora
versiformis (2.6 %); Acaulosporaceae sp. (2.1 %), Glomera-
ceae sp. (1.1 %). Interestingly, R. irregularis is most prevalent
at the pioneer stage; it is replaced by other AMF later on.

Table 1. AMF diversity and polydominance indexes at plots of different succession stages

No.  Succession stages Quarry Margalef
index, Dyq

1 Pioneer Kalelovo 1.332b

2a  Grass 0.89¢

2b  Grass Kuzmolovo 1.18b

3 Shrub 0.26¢

4 Forest 151

Shannon diversity Williams polydominance

ndex, Hy index, D!
1.59¢ 2.06¢
0.924 1.464
2,972 6.952
0.26° 1.09d
2.07P 3.58P

Note. The“a-d”indexes indicate significantly different values of the estimated parameter (p < 0.05). Green indicates higher values; blue indicates lower values.
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Table 2. Identified fungi OTUs by division
Divisions Succession No.
1232b .......................... 3 4 ..........................
Ascomycow ................................................................... 1 24 .......................... 7 8 ........................ 1 26 .......................... g 6 ........................ 1 1 8 .......................

Zoopag om yco ta ............................................................... 1 ............................. 0 ............................ 2 ............................. 2 ............................. 1 ........................

Bas|d|omycota ............................................................... 1 05 .......................... 5 2 ........................... 8 2 ........................... 6 8 .......................... 9 5 .......................

ChymdlomyCOta4 ............................ 0 ............................ 2 ............................. 0 ............................ 2 .......................

MucoromyCOta (G|Omer0mycot| na ) .............................. 1 0 ............................ 7 .......................... 1 1 ............................. 2 ............................. 3 .......................

MucoromyCOta (Mortlere | | o mycon n a ) ............................ 6 ............................ 1 ........................... 1 1 ............................. 7 .......................... 15 .......................

Mucoromymta (Mucoromyconna) ................................. 3 ............................. 1 ........................... ” ............................. 1 ............................. 9 .......................

c,—yptomycota4 ............................ 2 ............................ 5 ............................. 1 ........................... 1 7 .......................

1 2a Glomus sp. Paraglomus laccatum (<0.1 %)

Acaulosporaceae sp.  Paraglomus laccatum Nanoglomus sp. Acaulospora brasiliensis (<0.1 %)
Glomus cerebriforme
Entrophospora
Glomeraceae sp. glacialis

Rhizophagus sp.
2b o 3 4 Acaulospor . Glomer .
Rhizophagus i tEr):rr:‘ljr;cllglsa sp.  Entrophospora sp. Diversispora versiformis cezlg 5’%}%’ c}:;eae sp. Glomeraceae sp.

Entrophospora
claroideum

Paraglomus
laccatum

Archaeosporaceae sp.

Nanoglomus sp.

Fig. 1. Glomeromycotina species composition at different stages of regenerative succession (proportion of reads).

Succession numbers correspond to Table 1.

Figure 2 shows the proportion of read counts after Illumina
MiSeq sequencing for major fungal divisions. The Basidio-
myecota division fungi are most represented at all succession
stages. Basidiomycota reads are most abundant during the
pioneer stage; their proportion decreases at the grass stage,
increases again at the shrub stage, and most significantly, at
the forest stage. The share of Ascomycota fungi is also sig-
nificant. The fungi of other divisions are scarcely represented
in the DNA array at all stages of regenerative succession. At
the grass stage, it is important to note that AMF species are

represented by the highest number, and they also exhibit the
greatest total proportion of reads compared to other stages. In
general, the proportion of AMF reads is not high if compared
to other fungal divisions; this has been found previously in
other studies. The maximum read percentage for AMF by ITS
using universal primers amounts to up to 2 % (Senés-Guerrero,
Schiiller, 2015).

Correlations were analyzed between AMF species, species
from other fungal divisions, and various parameters taken
from the study by A.O. Gorbunova and O.I. Sumina (2021).
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0.04 %

0.40 % 1.10%

0.02% 1.32%

Arbuscular mycorrhizal fungi
during regenerative succession in quarries

0.01 %
2.62 %

[ Ascomycota
I Basidiomycota

[ Mucoromycota
(Glomeromycotina)

[ Others

Fig. 2. Read proportion based on the lllumina MiSeq sequencing results for the fungal kingdom divisions.

Succession numbers correspond to Table 1.

These parameters included the number of grass species, moss
species, woody plant species, total projective cover of plants,
and projective cover by plant group. The calculations were
performed across different stages of regenerative succession. A
strong negative correlation was found between the number of
AMF species and the number of woody plant species (—0.85).

Discussion

The results are generally consistent with the global trends
observed in AMF research. The highest AMF biodiversity in
our work is found at the grass stage of regenerative succes-
sion, and the lowest, at the shrub stage. In our 2021 work; it
was indicated that the grass stage of regenerative succession
displays the highest grass diversity (up to 32 species per plot)
(Gorbunova, Sumina, 2021); the forest stage shows approxi-
mately the same number (up to 26 species). At the same time,
minimal grass biodiversity is present at the pioneer and shrub
stages. It appears that a greater grass species diversity is more
beneficial for AMF due to a wider range of nutrient providers,
which may eventually benefit both fungi and plants (Kiers et
al., 2011). Similar results were shown in a succession study
of a fungal community in a retreating glacier in the Cascade
Range (Jumpponen et al., 2012). The authors note that when
the mycorrhizal fungi diversity increases, the plant species
diversity and the plant community primary production increase
as well; thisis also in line with earlier studies (van der Heijden
et al., 1998). Our research indicates a strong negative cor-
relation (—0.85) between the number of AMF species and the
number of woody plant species. The number of tree species is
highest at the shrub stage with the minimum number of AMF
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species. No correlation was found between herbaceous plant
species and the number of AMF species. The latter is prob-
ably due to the large number of independent factors affecting
vegetation and AMF (Gorbunova, Sumina, 2021).

According to earlier results, based on the microscopy study
of samples (Gorbunova, Sumina, 2021), it was observed that
the number of fungal propagules in soil and the diversity of
mycorrhizal fungi species do not increase with succession;
they even decrease at the shrub stage. This agrees in part with
the data of the molecular genetic part of the study. It should
be noted that the AMF count registered by microscopy is
usually lower than that in molecular genetic studies (Kryukov
et al., 2020).

M. Zobel and M. Opik (2014) formulated the habitat
hypothesis to distinguish the case where AMF and plant bio-
diversity are correlated but not in a direct cause-and-effect
relationship, as opposed to the null hypothesis of no correla-
tion (independence). For example, during primary succession,
plants typically occupy the habitat before AMF and then act
as a potential filter for AMF, i. e., AMF are “passengers”,
as they follow the plants. However, limited distribution in a
stable AMF community may result in the AMF community
being a stronger determinant of which plants take root dur-
ing secondary succession; in this case, the AMF community
becomes the driver (Zobel, Opik, 2014).

The biodiversity data from the two quarries in this study
differ due to their different age. The Kalelovo quarry is fairly
young with rather broken plots; the overgrowth process has
been taking place for a shorter period; trees and shrubs are
almost absent and young. The Kuzmolovo quarry has been
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overgrowing for about three decades; there are some bare
plots, free of trees and shrubs, but tree regeneration is quite
active (Gorbunova, Sumina, 2021). At the same time, different
stages at the two quarries provide an opportunity to investigate
how biodiversity changes during the development of the re-
generative succession. During revegetation (shrub and forest
stages), the competition between soil microbiota increases, and
we see the results of ecological filtering of the fungal species
introduced at the first stage, which changes the species com-
position, and AMF, more capable of symbiosis with grasses,
tend to persist (Yurkov et al., 2024). R. irregularis tends to
vanish during the grass stage; it is more common during an
unusual pioneer stage and is eventually replaced by other
AMF species. Still, this species is widespread, as other studies
show, including our work on AMF biodiversity assessment in
the North Caucasus (Yurkov et al., 2024). Compared to the
AMF diversity in the Caucasus, it is lower in quarries, which
is in line with the suggestion that AMF biodiversity is lower
in sandy soils than in others (Ganugi et al., 2019).

Fairly many AMF species have been observed at the pioneer
stage, as the ecological niches are vacant, and the species
diversity is subject to random factors, mainly fungal introduc-
tions to plots (van der Heijden et al., 2015). The efficiency
of AMF-plant symbiosis reaches maximum levels during the
grass stage, while the number of AMF species is also at its
maximum. During the shrub stage, grasses are replaced by
shrubs and undergrowth associated with ectomycorrhizal fungi
(aspen, birch, etc.); grasses are suppressed by the lack of light
and the presence of woody plant roots in the soil, resulting
in a dramatic decrease in AMF diversity. During the forest
stage, grass species become slightly more abundant due to the
accession of typical forest species, but competition for light
and soil resources remains high, which gives a slight increase
in AMF diversity (Neuenkamp et al., 2021).

The distribution of fungal biodiversity across taxonomic
groups (Fig. 2) is influenced by both random factors (mainly
at the pioneer stage) and competitive selection (at the later
stages). During the pioneer stage, samples predominantly
contain basidio- and ascomycetes, the spores of which spread
much more easily than AMF spores, brought by wind, water,
humans, and animals (Janowski, Leski, 2022). At the grass
stage, the AMF proportion increases, as there are more plant
species with which previously introduced AMF can enter
into symbiosis. The maximum AMF percentage is attributed
to their complementarity with grasses, high abundance of
herbaceous plant species, and reduced competition among
AMF. Soils become more fertile, and conditions become
favorable for other fungi (Fig. 2), the proportion of which is
maximum for this succession stage. In the shrub community,
the AMF share is minimal, as well as the diversity and pro-
jective coverage of mycorrhizae-forming grasses; shrubs and
undergrowth dominate here; they are proactive in forming a
symbiosis with ectomycorrhizal fungi, which include many
basidio- and ascomycetes (to a lesser extent). The picture is
similar in plots with the forest stage, except that the trees are
even more developed, which may influence the increased
share of basidiomycetes; the shares of other groups are also
significant, as the soils are more developed, and there is a lot
of forest litter (Gorbunova, Sumina, 2021).
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Conclusion

Regenerative succession in quarries is represented by four
consecutive overgrowth stages of the free substrate and
woody vegetation regeneration: pioneer, grass, shrub, and
forest stages. AMF biodiversity is high at the first stages
of regenerative succession. The highest AMF diversity is
observed at the grass stage of the succession development.
This is primarily due to the significant number of herbaceous
species with which AMF form better symbiotic relationships.
The lowest AMF biodiversity at the shrub stage is caused by
the fact that herbaceous plants (including grasses) do not grow
well in the shrub shade which reduces AMF species and their
abundance. As has been shown, the most widespread AMF
at the pioneer stage is R. irregularis. Other AMF types then
take advantage. The results show that the biodiversity and
species composition of AMF can vary widely among stages
of regenerative succession and are likely to depend primarily
on grass biodiversity. Although there are different hypotheses
as to whether it is the fungus or the plant that is in charge, our
work shows that it is likely that plants determine which AMF
will be associated with them, and not vice versa.
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Abstract. Wolbachia pipientis is an a-proteobacterium, which is a widespread intracellular symbiont in a number of Arthro-
poda and some Nematoda species. With insects, W. pipientis forms a symbiont-host system characterized by very close in-
teractions between its components. The mutual effects of Wolbachia on the host and the host on Wolbachia are important
biotic factors for both components of this symbiotic system. Wolbachia is able to affect both host reproduction and somatic
organ function. Due to its prevalence among insects and a wide variety of both negative (cytoplasmic incompatibility and
androcide are among the most well-known examples) and positive (increasing resistance to biotic and abiotic factors, pro-
viding vitamins and metabolites) effects on the host organism, Wolbachia is of great interest for both entomologists and
microbiologists. The diversity of host phenotypes induced by Wolbachia provides a broad choice of evolutionary strategies
(such as reproductive parasitism or mutually beneficial symbiont-host relationships) that it utilizes. The influence of Wol-
bachia is to be considered in the design of any experiment conducted on insects. The application of sequencing technolo-
gies has led to new approaches being created to study the existing relationships within the Wolbachia-insect system, but
interpretation of the data obtained is challenging. Nevertheless, the prospects for the use of the whole-genome analysis
data to study Wolbachia-host coevolution are beyond doubt. Ongoing projects to introduce Wolbachia strains, which pro-
vide antiviral host defense, into insect populations to control the spread of RNA-viruses are actively pursued, which could
result in saving many human lives. The aim of this brief review is to summarize the data collected by scientists over the past
hundred years of Wolbachia studies and the current understanding of its genetic diversity and mechanisms of interaction
with the host, including those based on transcriptome analysis.
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CuMOMO3 BHYTPUKIIETOUHbIX 6akTepuii Wolbachia ¢ HaCeKOMbIMMN :
HEKOTOpbIe UTOTU CTa JIET 3YUYEeHUS

O.A. Mnmxuza @), H.E. IpyHTeHKO

MepepanbHblii NCCNEROBATENBCKUI LeHTP UHCTUTYT yutonorum n reHeTnkn Cbrpckoro otaeneHnsa Poccuinckor akagemmnmn Hayk, HoBocnbupcek, Poccns
@ shishkinaod@bionet.nsc.ru

AHHoTauusa. Wolbachia pipientis — a-npoTeo6akTepus, WMPOKO PacnpoCTPaHEHHDbIV BHYTPUKIETOUHbIA CUMOVIOHT Y psiaa
BupoB Arthropoda n HekoTopbix BraoB Nematoda. BmecTe ¢ Hacekombimn W. pipientis obpasyeT cuctemy «CMMOUOHT-XO-
3AMHY, XapaKTepu3yIoLLYyCA O4YeHb TECHbIMW B3aVIMOAENCTBUAMU MEXAY ee KOMMOHeHTamu. BnuaHua B obownx Hanpase-
HUAX, KOTOPble OKa3blBaeT KaK BONbOaxuA Ha XO3AMHA, TaK 1 XO3AUH Ha BOSIbOAXMI0, ABNAITCA BaXHbIMU G1OTMYECKMUI
bakTopamu ana oberx coCTaBNALMX STON CUMOMOTNYECKOW cucTeMbl. Bonbbaxma cnocobHa okasbiBaTb BO3AENCTBIE Kak
Ha pa3MHOXeHMe X03AMHa, TaK 1 Ha paboTy comaTUyecKmnx opraHoB. bnaropgapa cBoeit pacnpocTpaHeHHOCTW cpean Hace-
KOMBbIX 11 60MbLLIOMY Pa3HOOOPa3mio Kak OTprLaTeNbHbIX (CPeAr CamMbiX M3BECTHBIX MPVIMEPOB — LITOMIa3MaTyeckas He-
COBMECTMMOCTb ¥ aHAPOLWA), Tak 1 MONOXUTENbHbIX 3$PEKTOB (MOBbILLEHNE YCTONUMBOCTU K BUOTUYECKUM 1 abroTnye-
cKkmMm dpakTopam, obecneyeHvie BUTaMMHaMI U MeTabonMTamm), OKasblBaeMbIX Ha OPraHU3M XO3AMHa, BONbOaxyA Bbi3biBaeT
OTPOMHbI MHTEPEC Yy SHTOMOJIOFOB U MUKPOOMonoros. PasHoo6pa3ue Bbi3biBaeMbix Bonbbaxmen peHOTUNOB X03AMHa
obecneyrBaeT LWNPOKMI BbIGOP IBOSIIOLIMOHHbIX CTPATErMI, TaKMX Kak PenpOAyKTUBHbIN NapasuT13m Uim B3aMmoBbIrof-
Hble OTHOLLIEHNA MeXAY CMOVOHTOM 1 XO3IMHOM, KOTOPbIMY OHa Monb3yeTcs. BnvsaHne Bonbbaxum He06X0AMMO YUNTbI-
BaTb MPU MOCTaHOBKE JII06Oro SKCNnepriMeHTa, MPOBOAVIMOIO Ha HAaCEKOMbIX. [TPYIMEHeHNe TEXHONOMNIA CEKBEHNPOBaHMA
NpVBENO K MOABIEHNIO HOBbIX MOAXOAOB ANA U3YUeHNA CyLLeCcTBYOLWMX CBA3el BHYTpY cnuctembl «Wolbachia-Hacekomoey,
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O[JHAaKO MHTEPMpeTaums MofayUYeHHbIX AaHHbIX NPeACTaBAAeT OnpefeNieHHYI0 CIOKHOCTb. TeM He MeHee MepcreKTyBb
MCMNONb30BaHNA [aHHbIX NMOHOTEHOMHOIO aHanm3a i u3ydeHus koasontouun Wolbachia v xo3avHa He Bbi3blBalOT CO-
MHEeHUN. AKTUBHO OCyLWeCTBMAKTCA MPOEKTbI NO BHEAPEHUIO B NONyNnALNN HaCeKOMbIX LWITaMMOB BOJ'Ib6aXI/I|/I, o6ecneq|/|-
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Introduction

Relations within the endosymbiont-host system deserve con-
siderable attention from an evolutionary perspective because
mutual adaptations of the symbiont to the host and the host to
the symbiont guide the advancement of both species. Despite
that, numerous surprising effects of symbiont influence on
the host were not immediately linked to infection status.
The observed effects of the intracellular a-proteobacterium
Wolbachia on host insects are particularly well documented,
but even in this symbiotic system the relationships remain
poorly understood. At present, numerous studies of specific
Wolbachia strains and their impact on completely different
aspects of host species are being conducted using whole-
genome sequencing and transcriptomic analysis. The pur-
pose of this brief review is to highlight the progress that
has been made in the field of studying the Wolbachia-host
symbiotic system.

The establishment and development
of an interest in Wolbachia
The genus Wolbachia belongs to the family Anaplas-
mataceae, a member of the order Rickettsiales, class
a-proteobacteria (Hertig, Wolbach, 1924). Wolbachia is a
widespread intracellular symbiont bacterium of a number
of Arthropoda species and some Nematoda species. Ap-
proximately 50 % of all insect species on our planet are
infected with this bacterium (Hilgenboecker et al., 2008;
Zug, Hammerstein, 2012). The estimations of different
groups of researchers vary due to the difficulty of conduct-
ing such large-scale studies and limitations in sample sizes.
There is variation in the frequency of infection in different
geographical locations, and in some, infection occurs at
very low frequencies, which increases the likelihood of
false negatives when testing for Wolbachia (since there is an
increased probability of randomly selecting a sample without
Wolbachia, even though it occurs in the host population).
Although the discovery of this bacterium took place a
century ago (Hertig, Wolbach, 1924), even the specification
of the number of species in the genus Wolbachia has been
a matter of debate for many decades. The reason is that
there is no clear concept of species boundaries applicable to
endosymbiotic bacteria. At the moment, it is accepted that
all discovered variants of Wolbachia belong to one species,
Wolbachia pipientis. In this paper, according to tradition,
this bacterium will be referred to as Wolbachia (genus name
only) or Wolbachia pipientis (name of the species that has

remained traditionally). However, it should be noted that
there is still no established consensus in the research com-
munity on the vagueness of the taxonomy of this genus (Lo
etal., 2007).

It is believed that M. Hertig and S.B. Wolbach (1924) were
driven to the discovery of the bacterium, which has been
defined as “rickettsia-like,” by a deadly typhoid epidemic
(Porter, Sullivan, 2023). Typhus is a disease, the source of
which is the bacterium Rickettsia prowazekii, a bacterium
carried by the body louse Pediculus humanus corporis
(Linnaeus, 1758). As a result of the search for potential
agents of typhus, other intracellular organisms have been
discovered that later acquired the name Wolbachia pipien-
tis (Porter, Sullivan, 2023). Although Wolbachia is not a
threat to humans, as with many discoveries in biology, the
initial stimulus for the development of the study of this genus
came from medicine.

After the first discovery of this bacterium and several
years of dormancy, the next discovery that revitalized in-
terest in Wolbachia was the conditional sterility of some
insects caused by certain Wolbachia strains. To this day,
this effect is the most well-known when it comes to this
bacterium (Burdina, Gruntenko, 2022). The underlying
mechanism behind this phenomenon is called cytoplasmic
incompatibility (CI) (Laven, 1967). The way cytoplasmic
incompatibility is realized in the first mitotic division of the
zygote was later studied cytologically (Ryan, Saul, 1968).
But only a relatively short time ago the elements that cause
CI have been elucidated (Beckmann et al., 2017; LePage et
al., 2017; Chen et al., 2019).

The current understanding of the prevalence of Wolbachia
in insects would not be possible without the PCR identifi-
cation of Wolbachia-specific DNA-markers. Even with the
latest light and fluorescence microscopes, it is difficult to
repeat M. Hertig and S.B. Wolbach’s achievement (Hertig,
Wolbach, 1924) for other insects because Wolbachia are
often inferior in size (diameter 0.25 to 1.8 um) even to
mitochondria (Yu, Walker, 2006). Screening as many insect
species as possible by analyzing cytological specimens,
which for each host species requires several specimens
isolated from populations (single isolates), is an almost im-
possible task, while the same volume of isolates examined
by the more sensitive PCR method requires less time and
effort. With the help of this key molecular technique, modern
biology has been able to discover that Wolbachia lives in
almost all insects on the planet (Hilgenboecker et al., 2008).
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Influence of Wolbachia on the host

Wolbachia are vertically transmitted from the mother to the
offspring through the cytoplasm of oocytes. The transmis-
sion mechanism may not always run flawlessly and some-
times spontaneous loss of infection occurs (Werren, 1997).
Nevertheless, Wolbachia is consistently found in natural and
laboratory insect populations. Wolbachia has no free-living
analogues; all representatives of the Rickettsiales order, to
which it belongs, are intracellular organisms (Yu, Walker,
2006). The ecological niche occupied by Wolbachia is the
internal environment of its animal host. It grows in the
cytoplasm of its host cell in the membrane-bound vacuole
(Yu, Walker, 2006). For that reason the interactions oc-
curring between Wolbachia and the host are very intimate
and are both mutualistic and parasitic in nature (Burdina,
Gruntenko, 2022).

Maternal inheritance is a common feature for mitochon-
dria and Wolbachia. In addition, they are inherited in a
linked manner rather than independently, forming a certain
“cytotype” (Ilinsky, 2013). Due to the intracellular nature
of this bacterium, its study is complicated; for example, it
is difficult to explore the specifics of its metabolism. The
establishment of passaged cell cultures of the insect hosts
containing Wolbachia is possible, but also complicated. The
first such cell line was created from cells of the mosquito
Aedes albopictus (O’Neill et al., 1997). Stable cell cultures
might become an invaluable tool for studying this genus, but
this is made challenging by the spontaneous loss of infection
that often occurs in them.

Wolbachia can only live in symbiosis with its host, but
most host species are able to live and reproduce while unin-
fected. The influence Wolbachia has on the host is demon-
strated in a number of different traits that can be observed
when comparing infected host individuals with uninfected
ones, as well as comparing individuals infected with different
strains (Burdina, Gruntenko, 2022). The successful expan-
sion of Wolbachia is partially explained by the ability of this
organism to interfere with sex determination mechanisms,
alter the development and reproductive patterns of the host
for its own benefit.

Among the numerous effects of Wolbachia, the most
well-studied ones are those it has on the reproductive func-
tion of the host:

+ androcide — selective death of males on the embryonic or
larval developmental stage,

» feminization of genetic males — acquisition of phenotypic
traits of females by infected males,

» stimulation of parthenogenesis,

* cytoplasmic incompatibility.

The most attention was always paid to the phenomenon
of cytoplasmic incompatibility caused by Wolbachia. CI in
insects is defined as follows: infected females can reproduce
by being fertilized by both uninfected males and infected
males, while uninfected females cannot reproduce with
infected males (Kaur et al., 2021). Thus, infected females
do not experience the negative consequences of CI and
have reproductive advantage. Since Wolbachia is inherited
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through the maternal lineage along with the cytoplasm, this
mechanism ensures that Wolbachia is effectively spread in
insect populations (Lassya, Karrb, 1996).

Molecular mechanisms responsible for causing CI are
connected to the disruption of the first mitotic division of
the zygote (Poinsot et al., 2003). It has been shown, that the
deubiquitylase CidA, which initiates CI in males, and protein
CidB, which allows to overcome it, when expressed in fe-
males, are involved in the formation of CI (Beckmann et al.,
2017). This confirms the previously formulated hypothesis
of the “modification—rescue” pair put forward to explain the
phenomenon of CI (Werren, 1997). Genes of the CI factors,
called cifA—cifB pairs, were found to be integrated from the
prophage WO into the genomes of Wolbachia that cause CI
in the host (LePage et al., 2017). An alternative mechanism
utilizes the nuclease CinA and its binding protein CinB
(Chen et al., 2019), which also operate as the same “modi-
fier—rescuer”. No other mechanism of Wolbachia’s influence
on the host has been described in such detail.

Wolbachia-induced reproductive effects have been found
in various insects, but there are exceptions, for example, they
are completely not characteristic or weakly manifested in
the most of the studied Drosophila melanogaster lines (Fry
et al., 2004; Ilinsky, Zakharov, 2011).

Besides Wolbachia’s influence on reproduction, numerous
effects it causes on the somatic cells of the host have been
discovered. This is possible due to the fact that Wolbachia
is found not only in the reproductive organs of the females,
where it is the most expected based on the mechanism of
transmission of this symbiont to offspring, but also in the fat
body, Malpighian vessels, muscle and nerve tissues (Fig. 1a)
(Pietri et al., 2016). A variant of the pathogenic Wolbachia
strain wMelPop, infecting D. melanogaster and known for
causing premature death of the flies (Min, Benzer, 1997),
wMelPop-CLA, changes male behavior, reducing male ag-
gression by decreasing octopamine production in the brain
(Rohrscheib et al., 2015). Individuals of D. melanogaster
with the same nuclear genotype but infected with different
strains of Wolbachia have different optimal temperature
ranges (Truitt et al., 2019). This may affect the prevalence
of certain strains at different latitudes.

Maintaining an endosymbiont is usually associated with
costs to the host in terms of resources that both it and the
bacterium require. Often more successfully selected by
evolution are those symbionts that can provide greater
benefit to the host. This minimizes the effect of its costs in
maintaining the symbiont, and a mutually beneficial relation-
ship is established in the system. The strategy of providing
benefit by positively affecting aspects of the host’s life may
explain why Wolbachia is so common among species in
which its manipulation of the host’s reproductive system is
not pronounced.

Increased lifespan has been shown in infected Droso-
phila (Maistrenko et al., 2016); Wolbachia can also supply
their hosts with vitamins and essential amino acids. For
example, the wCle strain, infecting the bedbug Cimex lectu-
larius, provides the host with vitamin B7 (biotin) (Newton,
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Fig. 1. Scheme of Wolbachia-insect symbiotic system at different levels of organization.

a - localization of Wolbachia in different organs of Drosophila; b — localization of Wolbachia in the insect host cell and organelles that interact with Wolbachia.
The Wolbachia-containing vacuole is shown at the bottom of the illustration.
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Rice, 2020). Wolbachia protects the cells of parasitoid wasps
Asobara tabida from iron excess through expression of
bacterioferritin (Kremer et al., 2009), and in D. melanogas-
ter infected with Wolbachia, fecundity is increased when
maintained on iron-deficient diet (Brownlie et al., 2009).

Bacterioferritin binds free divalent iron and promotes
absorption in the gut of the fly larvae (Brownlie et al.,
2009). Evidence has been received that host insulin/insulin-
like growth factor signaling cascade is suppressed and the
hypoxia-inducible factor (HIF) signaling cascade is activated
upon Wolbachia infection (Currin-Ross et al., 2021). Wol-
bachia have been shown to require iron acquisition from
the host, based on which the authors suggest that iron is a
fundamental aspect of Wolbachia—host interactions (Currin-
Ross et al., 2021).

Because reproductive anomalies induced by Wolbachia
are not characteristic of D. melanogaster, other physiological
effects observed in this symbiotic pair have received more
attention. There have been numerous studies carried out on
the effects of specific strains of this bacterium on different
lines of this host species. This makes Wolbachia—D. mela-
nogaster symbiotic system one of the most studied in terms
of the genetic diversity of both the host and the bacterium,
as well as the effect of the combination of their genotypes
on host fitness.

For instance, three lines of D. simulans of different origin,
but infected with the same Wolbachia strain, showed differ-
ent effects of the symbiont on host adaptability: in one of the
lines under study, the introduction of Wolbachia by micro-
injection increased the fitness estimated in population cage
assays, meanwhile, in two other lines, the fitness was not
influenced by the bacterium (Dean, 2006). Different effects
of Wolbachia on the lifespan, fecundity and developmental
rate of different D. melanogaster lines were also found by
A.J. Fry and D.M. Rand (2002) and N.V. Adonyeva et al.
(2023).

On the other hand, infecting a single line of D. melano-
gaster with different Wolbachia variants resulted in changes
in dopamine metabolism in flies infected with Wolbachia
of the wMelCS genotype, but not in those infected with
Wolbachia of the wMel genotype (Gruntenko et al., 2017;
Burdina et al., 2021). Similar differences in the influence of
Wolbachia genotype on its effects on host physiology have
been shown for juvenile hormone metabolism (Gruntenko
etal., 2019).

At the same time, several effects on D. melanogaster at-
tributed to Wolbachia, as far as is currently known, do not
depend on symbiont genotype. So, infection of one line of
D. melanogaster with seven different Wolbachia variants
promoted an increase in the host fly’s lipid stores (Karpova
etal., 2023). An increase in glucose and triglyceride (TAG)
content in the host was also common to different bacterial
variants (Zhang et al., 2021; Karpova et al., 2023), but tre-
halose levels remained unchanged in all lines compared to
uninfected flies (Karpova et al., 2023). These lines differed
from uninfected lines in their increased survival under nutri-
tional deficiency. Increased glucose-6-phosphate levels were
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also observed in Wolbachia-infected mosquitos Aedes flu-
viatilis (da Rocha Fernandes et al., 2014).

A study carried out on a transgenic line of D. melano-
gaster with impaired function of insulin receptor showed
that the presence of Wolbachia increases the adaptability of
such mutants (Ikeya et al., 2009). Removal of Wolbachia
by antibiotics in such flies resulted in an enhanced mutant
phenotype (which is manifested by reduced growth and
fecundity). The authors hypothesized that Wolbachia ac-
tivates insulin/insulin-like growth factor (I/IGF) signaling
cascade (Ikeya et al., 2009). However, a more recent study
suggests otherwise. In the work (Currin-Ross et al., 2021),
they examined the metabolic response of D. melanogaster to
infection status and showed that the I/IGF-mediated signal-
ing pathway is suppressed by Wolbachia.

Some strains of Wolbachia are known to improve the
host’s defense against a number of pathogens, as they are
able to inhibit the replication of RNA viruses (Hedges et
al., 2008; Teixeira et al., 2008; Moreira et al., 2009). Due
to their antiviral defense properties, Wolbachia are used for
biological control purposes (Hoffmann et al., 2011; LePage,
Bordenstein, 2013). A number of Wolbachia strains, the
native host of which is D. melanogaster, have been intro-
duced by microinjection into individuals of the mosquito
Aedes aegypti, which is a vector of dengue virus (dengue
virus — DENV) (Hoffmann et al., 2011, Gu et al., 2022).
Introduction of Wolbachia-infected individuals into natural
populations resulted in their successful spread due to CI
(Hoffmann et al., 2011), which may reduce the efficiency
of dengue virus transmission, since blocking of the latter by
Wolbachia in Ae. aegypti has been demonstrated in labora-
tory conditions (Gu et al., 2022).

There are several hypotheses as to how different proper-
ties of Wolbachia strains may influence antiviral defense,
and selection of the most effective strains is the goal of
many studies. Since CI promotes the predominant spread
of a particular strain (the one that causes this abnormality in
the host) in the population, the joint inheritance of antiviral
defense and the ability to induce CI makes such strains more
effective when using a substitution strategy. It is noted that
strains characterized by increased Wolbachia content in
host cells (such as wMelPop) contribute more to the host’s
ability to successfully fight the virus. Based on this fact, it is
hypothesized that there is a correlation between the effective-
ness of antiviral defense and high Wolbachia content in cells
(Chrostek etal., 2013; Guetal., 2022). However, the optimal
temperature range for Wolbachia strains in the habitat of the
insects, into the population of which a new Wolbachia strain
is introduced, is also worth considering. Attempts have been
made to use Wolbachia to control other arboviruses that
pose a threat to humans (Kamtchum-Tatuene et al., 2017).

The adaptive or deleterious nature of some Wolbachia
effects is difficult to determine unequivocally, but it is ge-
nerally clear that some of them (for example, manipulation
of host reproduction) can be attributed to parasitic effects,
whereas other effects, such as increased resistance to viral
infection and starvation, provide an adaptive advantage not
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only to endosymbionts in this system but also to host insects.
The full range of effects of Wolbachia on the host cannot
be considered without addressing the diversity of strains of
this bacterium, as many of the effects it exerts are specific
to a particular strain of Wolbachia. Although Wolbachia
genomes share a common core set of genes, different strains
differ significantly from each other.

Genetic diversity of Wolbachia

Since it is generally accepted that there is only one species
of Wolbachia — W. pipientis (Hertig, Wolbach, 1924), the
entire diversity of these insect endosymbionts is described
by different strains divided into supergroups. The division
into supergroups is based on phylogenetic analysis of the se-
quences of several genes used for multilocus typing. Several
groups of genes for multilocus typing of Wolbachia strains
have been proposed: dnaA, 16SrRNA, wsp, gltA and groEL,
ftsZ (Lo, Evans, 2007), gatB, hcpA, fbpA, coxA (Baldo et al.,
2006b). According to different sources, from 10 to 13 su-
pergroups are distinguished, designated by Latin letters A—F,
N-M and S (Kaur et al., 2021); the classical classification
includes seven supergroups (A—F and H) (Ros et al., 2009;
Augustinos et al., 2011).

The most universal genotyping system — the process of
identifying genetic differences and similarities between
different groups of organisms — for Wolbachia strains is
currently multilocus sequence typing (MLST), which uses
five protein-coding genes: ftsZ, gatB, coxA, hcpA and fbhpA
(Baldo et al., 2006b). Based on analysis of the combination
of 5 or more polymorphic markers, ST (sequence type)
profiles are compiled. The utilization of several alleles as
markers provides more accurate and complete information
than the utilization of a single allele.

The genomes of Wolbachia are characterized by a wide
diversity, which is also formed by strain isolation due to
maternal inheritance along with the cytoplasm. Although
the hosts may be closely related species, their associated
Wolbachia strains can differ greatly at the genetic level.
Sequences from hypervariable loci can be used to separate
recently diverged strains, although the possibility of recom-
bination of Wolbachia strains, which has been demonstrated
experimentally (Baldo et al., 2006a), and the presence of a
large number of repeats and mobile elements in the Wolba-
chia genome (Wu et al., 2004) must be taken into account.

In the vast array of host-Wolbachia combinations, each
is characterized by its own unique set of adaptations of
the symbiont to the host and vice versa, which affects the
type of symbiotic relationship. In addition, new strains of
this bacterium are discovered and described almost every
year, and, as a general rule, researchers focus their work on
the effects of specific Wolbachia strains on their objects of
interest (Burdina et al., 2021; Duarte et al., 2021; Ilinsky
etal., 2022).

We will examine in more detail the diversity of Wolbachia
strains found in the classical model object D. melanogaster.
Wolbachia infection in D. melanogaster was first detected in
1988 (Hoffman, 1988), but the wMel strain was described

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

only ten years later (Zhou et al., 1998). In 2005, M. Riegler
et al. (2005) identified five different Wolbachia genotypes
in D. melanogaster based on polymorphic markers. Several
different lineages were assumed to have originated from a
single ancestral Wolbachia infection (Riegler et al., 2005;
Hilgenboecker et al., 2008). In the literature, new and first
described Wolbachia in D. melanogaster are usually referred
to as strains (Lo et al., 2007). Often there is insufficient
information in a study presenting a new strain to assign it
to one of the known genotypes.

To date, six genotypes of W. pipientis found in D. mela-
nogaster have been described (Fig. 2). They are divided into
two groups: wMel (which includes genotypes wMel, wMel2,
wMel3, wMel4) and wMelCS (which includes wMelCS and
wMelCS2) (Riegler et al., 2005; Ilinsky, 2013). Sequenc-
ing of Wolbachia genomes revealed the presence of a large
number of repeats, including insertion sequences (IS) and
variable number tandem repeats (VNTR). Genotypes are
distinguished by polymorphisms of five genome markers:
the presence of inversion in the locus WD0394-WD0541
(in Figure 2, the direction of the fragment is indicated by
an arrow); variable number tandem repeat markers VNTR-
105, VNTR-141 (in Figure 2, the number of repeats is
indicated by numbers under them); IS5 WD1310, IS5
WDO0516/7 — IS element insertion loci. These markers are
used for genotyping Wolbachia from isolates of natural and
laboratory populations of D. melanogaster (Riegler et al.,
2005; Iinsky, 2013).

It should be noted that two strains have also been de-
scribed for the wMelCS genotype that differ in their effect
on the host and in their genetic composition, although these
differences are not detected by Riegler genotyping (Riegler
et al., 2005). The first of these strains is the pathogenic
strain wMelPop (from the word “popcorn”), which causes
premature death of flies infected with it through its unre-
stricted proliferation leading to overcrowding and rupture
of host cells (Min, Benzer, 1997) and has an increased
copy number of a region of eight Octomom genes that has
been associated with the pathology caused by the wMelPop
strain (Chrostek et al., 2013; Chrostek, Teixeira, 2015). The
second strain, wMelPlus (from “plus”, meaning a “positive
sign”), not defined by M. Rigler et al. but distinguished by
a large (approximately 1/6 of the genome) inversion from
other representatives of the wMelCS genotype (Korenskaia
et al., 2022), on the contrary, has a positive effect on host
fitness, increasing its resistance to heat stress (Burdina et al.,
2021). The discoveries of these strains were a great surprise
when investigating the phenotypic differences between
D. melanogaster lines carrying them and lines with “normal”
characteristics. A strain named wMelM that increases host
resistance of D. melanogaster to heat stress, but does not
differ in markers (according to M. Rigler et al.) from the
wMel genotype was also discovered (Gu et al., 2022). These
three examples demonstrate that great genetic diversity can
be hidden from researchers behind identical genotype labels.

Whole-genome sequencing is suitable for detecting such
differences in the genome of strains. It should be taken into
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Fig. 2. Chromosome maps of six different W. pipientis genotypes isolated from D. melanogaster, as well as three unique strains (wMelPlus and wMelPop,
belonging to the wMelCS genotype, and wMelM, belonging to the wMel genotype).

The green color indicates the inversion that distinguishes the wMel genotype from wMelCS. The yellow and blue regions denote sequences included in the
inversion in wMelPlus but unaffected by the inversion in the wMel group. The magenta region denotes the Octomom sequence (Chrostek, Teixeira, 2018).

account that when assembling the genome using a reference
genome, it is possible to miss the presence of inversions
(there are difficulties due to the presence of repeats in the
genome and short lengths of reads while sequencing).

A number of issues related to Wolbachia genotypes
that infect D. melanogaster deserve special attention. In
natural populations of D. melanogaster, genotypes wMel
and wMelCS are the most commonly found, with wMel
significantly predominating (Riegler et al., 2005; Nunes et
al., 2008; Ilinsky, 2013). It is hypothesized that this genotype
gradually displaced the previously predominant wMelCS
(Riegler et al., 2005). It has been shown that the effect of
shifting thermal preference toward lower temperatures in
Drosophila infected with Wolbachia compared to unin-
fected flies is strongest in D. melanogaster lines infected
with Wolbachia strains of the wMelCS group (Truitt et al.,
2019). On the other hand, there is evidence of low genetic
polymorphism of wMelCS group genotypes in the Palaearc-
tic, contradicting the hypothesis that the global replacement
of Wolbachia genotypes occurred recently and indicating
that there is still much that remains unknown in this field
(Bykov et al., 2019).

The strain wMel is the first strain of the Wolbachia
bacterium with a completely sequenced and annotated
genome (Wu et al., 2004). The genome size of this strain
is 1,267,782 bp; it includes about 1,270 protein-coding
genes (Porter, Sullivan, 2023). No significant differences
in size and gene composition from strains of the wMelCS
genotype (excluding the unique wMelPop strain, which
has a special genome region formed by Octomom sequence
repeats (Duarte et al., 2021)) have been shown (Chrostek et
al., 2013; Korenskaia et al., 2022).

Studies dedicated to the mechanisms

of interactions in the Wolbachia-host system
Large-scale searches for possible effector molecules, which
Wolbachia can utilize to have an influence on the host’s
organism, have been conducted (Ote et al., 2016; Sheehan
et al., 2016; Rice et al., 2017). For a bacterium to influ-
ence processes within eukaryotic host’s cells, the effector
molecules presumably must have homology with some
molecules synthesized in the host organism.

The bacterial genome often acquires foreign genetic
material from eukaryotic cells that retains at least some of
its original activity, and the products of these domains are
released into the cytoplasm of the eukaryotic cell (De Felipe
etal., 2005). A study was conducted in which 163 gene can-
didates from the genome of the wMel strain were selected via
bioinformatics methods, and then 84 transcription products
of these genes were analyzed for their effects on the yeast
Saccharomyces cerevisiae (Rice et al., 2017). In this analy-
sis, yeast growth defects and 14 possible effector genes were
identified (Rice et al., 2017), three of which contain ankyrin
repeats, which may indicate their involvement in protein-
protein interactions with their arthropod hosts.

Since there is a barrier between endosymbiont and host
organisms, specialized secretion systems are required to
release effector molecules outside the bacterium. Bacterial
secretion systems consist of protein complexes and are
responsible for the passage of macromolecules through
membranes. In bacteria, secretion is necessary for adaptation
to environmental conditions and to enable pathogenicity in
some bacteria. Due to Wolbachia being an endosymbiont,
secretion system is an important tool for interactions with the
host’s cells. Wolbachia utilizes two types of secretion sys-
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tems (Fig. 1b): T1SS — type I secretion system and T4SS —
type IV secretion system (Lindsey, 2020). The first type of
secretion system consists of three proteins: ABC-transporter,
which is ATP-dependent, MFP — membrane fusion protein
and OMP — outer membrane protein. The forth type of se-
cretion system usually consists of 12 protein components:
VirB1-VirB11 and VirD4 (Fronzes et al., 2009). Genes
of this secretion system are located in two clusters in the
Wolbachia genome: tandem genes of five proteins (VirB8,
VirB9, VirB10, VirB11, VirD4) and those of three proteins
(VirB3, VirB4, VirB6); meanwhile, genes VirB1, VirB2,
VirB5 and VirB7 have been eliminated. The sequence and
organization of these genes have been shown to be conserved
in 37 Wolbachia strains under study (Pichon et al., 2009).
These two secretory systems allow the secretion of a wide
range of substrates, from single proteins to protein-protein
and protein-DNA complexes (Backert, Meyer, 2000).

In the Wolbachia genomes, there are genes coding the
channels of the Sec (general secretion system) and Tat
(twin-arginine translocation) systems. These systems are
involved in the protein transport through the Wolbachia’s
cell membrane into the periplasmic space (Sec transports
unfolded proteins, while Tat transports proteins folded to
the tertiary structure) (Lindsey, 2020).

Wolbachia-containing vacuoles share a common origin
with the Golgi apparatus and the endoplasmic reticulum
of insects (Fig. 1b, the location of vesicles in the cell, the
lower part of the Figure depicts one such vacuole) (Cho et
al., 2011). It is suggested that the polar proteins Van Gogh/
Strabismus and Scribble can be responsible for positioning
of such vacuoles close to the site of membrane synthesis
(Cho et al., 2011). Wolbachia interacts with the cytoskeleton
of the host’s cell to maintain the integrity and stability of
vacuoles, similar to how the bacterial pathogens utilize such
vacuoles to defend themselves against the host’s immune
system (Ferree et al., 2005; Kumar, Valdivia, 2009; Creasey,
Isberg, 2014).

Wolbachia requires a supply of many metabolites from
the host (Jiménez et al., 2019; Newton, Rice, 2020). It has
been hypothesized that the wMel strain native to D. mela-
nogaster is dependent on the host for alanine, glycine, and
serine metabolism, as well as lipopolysaccharide and biotin
production (Jiménez et al., 2019; Newton, Rice, 2020).
Wolbachia is completely dependent on the host for iron
supply (Gill et al., 2014; Jiménez et al., 2019). On the other
hand, dependence on substances supplied by Wolbachia
has been shown for some insect species. For example, the
bedbug Cimex lectularius utilizes riboflavin (Moriyama et
al., 2015) and biotin (Nikoh et al., 2014) provided by the
bacterium.

Among the key mechanisms of Wolbachia-host interaction
is its impact on the cytoskeleton of host cells. Interaction
with dynein and kinesin of host cell microtubules ensures
Wolbachia’s passage into oocytes and hence its spread to
the next generation (Ferree et al., 2005). Wolbachia is also
reliant on clathrin/dynein-dependent capture by host cells for
transport from somatic cell to germ cell (White et al., 2017).

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized

Spontaneous loss of Wolbachia is sometimes reported,
which can be explained by the response of the host’s immune
system to the bacterium. Damaged organelles (for example,
mitochondria) pose a threat to the cell. When such damage is
detected, the organelle is eliminated by selective autophagy.
This mechanism has recently been shown to be applicable
to Wolbachia (Hargitai et al., 2022). Lysosome-mediated
degradation of vacuoles containing Wolbachia may be a ma-
jor cause of the host curing itself. Aging has been shown to
decrease the efficiency of Wolbachia removal from the cells,
resulting in Wolbachia actively proliferating and increasing
its density in the host cells (Hargitai et al., 2022). Based on
the obtained data, the authors conclude that autophagy may
be a mechanism for controlling Wolbachia virulence.

Itis logical to assume that if endosymbionts are observed
in many generations of the same hosts, the host immune
response to that organism is reduced. Since Wolbachia is
the most common symbiont of invertebrates, it is likely
that these bacteria have evolved an effective mechanism of
protection against the host’s immunity, which only occasion-
ally fails. It has been hypothesized that a new acquisition
of Wolbachia infection triggers an immune response and
oxidative stress in the host, whereas if there is evidence of
a long time of symbiosis with a particular strain (a stable
association of a strain of bacterium and a particular insect
population), infection is not associated with oxidative stress
(Zug, Hammerstein, 2015).

Transcriptome analysis studies dedicated

to the interactions in the Wolbachia—host system
Current approaches to determining the links between Wolba-
chia and the host rely on sequencing analysis. It is important
to interpret the data from the studies of Wolbachia strain
genomes in tandem with the results of host transcriptome
studies.

Transcriptome analysis of the D. melanogaster lines
infected with Wolbachia, equally with genomic studies,
may shed light on the molecular mechanisms of interaction
between these parts of the system. However, this method
has drawbacks that have been repeatedly emphasized in
the conducted studies. The host’s material is always in a
larger quantity than material from the endosymbiont. To get
around this limitation, it would make sense to use not the
whole insect, but only the organs that have a higher density
of this bacterium. The reproductive organs of the insect
are suitable for this requirement, and appropriate studies
have been made: on the ovaries (He et al., 2019; Frantz et
al., 2023) and on the testes (He et al., 2019; Detcharoen et
al., 2021). However, differences in gene expression levels
between independent samples of the same type (one line
infected with one strain) are often as significant as differen-
ces in gene expression levels between different types of
samples (Detcharoen et al., 2021). This is most likely due
to the contribution of other factors, such as unstable external
conditions at the time of RNA extraction.

The transcriptome in Wolbachia-infected D. melanogas-
ter has also been analyzed using virgin and fertilized females
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(Detcharoen et al., 2021; Lindsey et al., 2021; Gruntenko et
al., 2023), embryos (Mateos et al., 2019). However, the lat-
ter work found no significant differences in mRNA makeup
between Wolbachia-infected and uninfected embryos (Ma-
teos et al., 2019), which can probably also be explained by
the contribution of other factors.

Despite these drawbacks of using transcriptome analysis
to study the influence of Wolbachia, it has been able to pro-
vide meaningful results concerning different aspects of the
Wolbachia—Drosophila interaction. Further on we review
several studies conducted over the last five years.

In a study investigating the phenomenon of CI and its
mechanisms, first the ovarian transcriptome and then the
testes transcriptome of adult D. melanogaster were ana-
lyzed (He et al., 2019). Comparisons were made between
the transcriptomes of uninfected insects and those infected
with the wMel strain. The authors identified the following
functional groups of genes that are potentially susceptible to
Wolbachia: “metabolism”, “transport”, “oxidation-reduction
processes”, “immunity” and “individual development”. The
authors hypothesize that Wolbachia is responsible for the
regulation of the transcription in the opposite directions of a
number of genes in female and male Drosophila. According
to this hypothesis, when infected males mate with uninfected
females, the resulting embryos have an imbalance in the
levels of fertility restoration components, causing a cyto-
plasmic incompatibility effect (He et al., 2019). This popular
hypothesis of the origin of CI is called titration-restitution
model (Poinsot et al., 2003).

Another group of researchers also obtained transcriptome
data on the topic of cytoplasmic incompatibility. A study was
conducted to investigate the effect of various endosymbio-
tic bacteria on the transcriptome of early D. melanogaster
embryos, but the authors found no effect of the Wolbachia
wMel strain used in the study on the host transcriptome
(Mateos et al., 2019). The authors concluded that the wMel
strain does not alter maternal transcripts and does not lead
to their degradation (Mateos et al., 2019).

There was a study of Wolbachia’s influence on D. mela-
nogaster lines with different genotypes (Frantz et al., 2023).
The authors studied ovarian transcriptomes of eight lines
of D. melanogaster: four genetically diverse lines carrying
one genotype of Wolbachia and derivatives of these lines
that were cured of Wolbachia by tetracycline treatment.
The host’s line genotype turned out to be a more significant
factor affecting the transcriptome of the lines studied than
the presence or absence of Wolbachia in them. However,
the authors were still able to detect Wolbachia-induced
differences in the expression of host genes involved in path-
ways related to cell cycle checkpoints, translation and me-
tabolism, as well as cell division and recombination pro-
cesses (Frantz et al., 2023).

The study conducted on the testes of two Drosophila spe-
cies was aimed at investigating differences in the effect of
the wMel strain on the native host species (D. melanogaster)
and on a novel host species (D. nigrosparsa) to which the
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indicated strain was introduced by artificial transinfec-
tion of Wolbachia (Detcharoen et al., 2021). The detected
differences affected such groups of orthologous genes as
“oxidation-reduction processes”, “iron ions binding”, “acti-
vity of voltage-gated potassium channels” (Detcharoen et
al., 2021).

In order to investigate the mechanisms of antiviral protec-
tion of host insects provided by Wolbachia, the transcrip-
tomes of D. melanogaster flies infected with the Wolbachia
wMel2 strain were analyzed (Lindsey et al., 2021). Two
factors were simultaneously taken into account in the ex-
perimental design: Wolbachia infection or its absence, and
Sindbis virus (SINV) infection or its absence. Four groups
of insects (all possible combinations of these two factors)
were acquired.

As a result of this analysis, the authors identified the
following functional groups of genes that are potentially
susceptible to Wolbachia: “stress response”, “RNA bind-
ing and processing”, “metabolism”, “ubiquitination”, and
“transcription and translation”. The authors were unable to
identify specific genes, the expression level of which would
change as a result of the interaction between Wolbachia and
virus. However, they constructed one core gene network
linking genes responding to Wolbachia, genes responding
to viruses, and genes, the response of which was induced by
the combined effect of Wolbachia and the virus. Only genes
attributed to the “metabolism” group (mainly amino acid
metabolism and purine biosynthesis) got included in this
network. The authors suggested that the discovered effect
of Wolbachia on the synthesis of host nucleotides may be
the reason for the suppression of virus replication (Lindsey
etal., 2021).

In the study of the positive effect of the Wolbachia wMel-
Plus strain on stress resistance of D. melanogaster flies, the
transcriptomes of adult females of three lines of flies with the
same nuclear genotype but differing in infection status (unin-
fected, infected with the wMelPlus strain, infected with the
wMelCS!!2 strain) were compared (Gruntenko et al., 2023).
Both Wolbachia strains induced changes in the expression
levels of genes that belong to the functional groups “trans-
membrane transport”, “proteolysis”, “carbohydrate transport
and metabolism”, “oxidation-reduction processes”, “regula-
tion of alkaline phosphatase activity”, “embryogenesis”, and
“stress response”. Nevertheless, the groups’ composition of
differentially expressed genes partially differed between fly
lines infected with different strains of Wolbachia (a pairwise
comparison of the transcriptomes of infected fly lines against
the transcriptomes of uninfected ones was conducted). The
main difference in the expression of stress response genes
was an increase in the level of transcription of the corazonin
receptor (CrzR) gene in flies infected with the wMelPlus
strain. Differences were also found between fly lines in-
fected with different Wolbachia strains in the expression of
different genes of alkaline phosphatases (which play a role
in the stress response, participate in the dopamine synthesis
cascade) (Gruntenko et al., 2023).
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To summarize the above-mentioned studies, it can be con-
cluded that Wolbachia affects the expression of hundreds of
genes in flies of the genus Drosophila. These changes affect
a multitude of processes that are combined into functional
groups of the genes involved, the list of which differs in
a number of studies. In turn, the functional groups can be
matched to known Wolbachia effects that influence the
observed host phenotype. The results of these large-scale
transcriptome studies of Wolbachia-infected insects may
help to guide more pinpointed experiments to specify the
mechanisms in the Wolbachia—host system in the future.

With the development of sequencing technologies, new
tools have become available. CappableSeq has been used to
assemble the Wolbachia transcriptome of nematodes (Luck
et al., 2017). This method could also be very promising for
the study of insect Wolbachia transcriptomes, but no results
of such an analysis have been published yet.

However, it is difficult to move from the results of specific
studies to more global conclusions. Comprehensive analysis
of data compiled from several experiments is known as meta-
analysis. This direction of scientific search may in the future
prove to be the most promising in studying the influence of
Wolbachia on the host transcriptome.

Conclusion

The Wolbachia—host system is very stable. Wolbachia
evolved together with host species, and was also one of the
factors directing their evolution. This mutualistic relation-
ship is so deep and ancient that Wolbachia is compared to
cell organelles located in the cytoplasm, such as mitochon-
dria and chloroplasts. And even though a huge amount of
information has been accumulated in this area, much is
still unknown concerning the mechanisms maintaining this
system.

This area of biology still lacks a systematization of know-
ledge that would not give rise to contradictions, beginning
with the systematics of the genus and ending with the
schematization of the molecular mechanisms of its effects.
Wolbachia has acquired a controversial reputation, acting
as a parasitic organism in some cases and as a mutualistic
symbiont in others. A hundred years of studying this object
does not provide a complete picture.

Since Wolbachia has become famous for manipulating the
host’s reproductive strategy, most studies are devoted to this
topic, and not enough attention is paid to another important
area — the Wolbachia influence on the processes occurring
in somatic cells. Wolbachia not only affects reproduction but
other vital signs in the host as well. It is necessary to con-
tinue investigation of less popular and well-studied aspects
of the Wolbachia—host interactions using new bioinforma-
tics methods and technologies that allow for fundamentally
new experiments. The application of these approaches has
already contributed to significant progress in the area, but the
development of ideas concerning the relationship between
insects and the endosymbiotic bacterium W. pipientis is not
yet complete.

Symbiosis of intracellular bacteria Wolbachia with insects:
a hundred years of study summarized
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Abstract. Our purpose was to model a combination of a prolonged consumption of ethanol with Opisthorchis felineus
infection in mice. Four groups of C57BL/6 mice were compiled: OF, mice infected with O. felineus for 6 months; Eth,
mice consuming 20 % ethanol; Eth+OF, mice subjected to both adverse factors; and CON, control mice not exposed to
these factors. In the experimental mice, especially in Eth+OF, each treatment caused well-pronounced periductal and
cholangiofibrosis, proliferation of bile ducts, and enlargement of areas of inflammatory infiltration in the liver paren-
chyma. Simultaneously with liver disintegration, the infectious factor caused - in the frontal cerebral cortex - the growth
of pericellular edema (OF mice), which was attenuated by the administration of ethanol (Eth+OF mice). Changes in the
levels of some proteins (Iba1, IL-13, IL-6, and TNF) and in mRNA expression of genes Aif1, Il1b, 116, and Tnf were found in
the hippocampus and especially in the frontal cortex, implying region-specific neuroinflammation. Behavioral testing
of mice showed that ethanol consumption influenced the behavior of Eth and Eth+OF mice in the forced swimming test
and their startle reflex. In the open field test, more pronounced changes were observed in OF mice. In mice of all three
experimental groups, especially in OF mice, a disturbance in the sense of smell was detected (fresh peppermint leaves).
The results may reflect an abnormality of regulatory mechanisms of the central nervous system as a consequence of
systemic inflammation under the combined action of prolonged alcohol consumption and helminth infection.

Key words: mice; Opisthorchis felineus infection; chronic ethanol consumption; liver; brain; microglia; proinflammatory
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OcCb «I1e4eHb-MO3I» IIPU XPOHNMYECKOI MHPEKIINN
Opisthorchis felineus B coueTaHUM
C OJINTEJIbHON aJKOorojm3alyei MblIlIen
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AHHoTauuA. ONMCTOpx03 — MapasnTapHoe 3aboseBaHMe, Bbi3biBaeMoe TpeMaTogamu cemeictea Opisthorchiidae, K
KoTopomy oTHocuTCA BUg Opisthorchis felineus, makcmanbHO NpeacTaBaeHHbIN y xuteneit O6b-UpTbilwcKoro peyHoro
6acceliHa 3anagHon Cnbrpu. XpoHuyeckoe ynoTpebrieHne ankoross BreyeT 3a Coboi Hersneyrmble 3a6oneBaHNsA ne-
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CouetaHue Opisthorchis felineus nHpexumm
C AIMTENBbHOW anKkoronusaymen y Mblllen

YeHU, KOTopble MOTYT BbITb YCyry6neHbl MPUBHECEHMEM FeNIbMUHTHOWM UHGeKLUK. XpOHMYeCKoe BocrnaneHue Ha poHe
[BYX BO3[ENCTBUIA MOXET BbI3blBaTb HAPYLUEHNA B APYTMX OpraHax U CUCTeMax, B TOM Ynciie B LeHTpanbHON HepB.-
Hol cucteme. CoueTaHue AnuUTenbHOro notpebnenns 20 % staHona u nHdekumm O. felineus mofenMpoBany y Mblllen
C57BL/6 c uenbto nccnefoBaHnA U3MEHEHWI B MO3re TakuX >KUBOTHbIX. Bbiniv cdopMupoBaHbl YeTbipe Fpynibl Mbilei:
OF — mbiwu, nHouymposarHbie O. felineus B TeueHne 6 mec; Eth — mbiww, notpebnsiowme 20 % staHon; Eth+OF — mbiwn
C coueTaHHbIM aencTemem ayx daktopos; CON — KOHTPOJbHbIE MbILLK, He UCMbITbIBatoLLe 3T Bo3gencTausA. Oba dak-
TOpa BbI3blBafN Y Mblleil, ocobeHHo B rpynmne Eth+OF, BbipaxkeHHble nepuayKTanbHblii $prbpo3 1 xonaHrmoprnopos,
nponudepaumio >enuHbix MPOTOKOB 1 YBeNMYeHNe YYaCcTKOB BOCMANUTENbHON MHOUBTPALMM B MapeHXUMe nedeHu.
OpHOBPEMEHHO C HapyLIEHUAMM B NeyeHu, BO GPOHTaNIbHON Kope Mo3ra MHGEKLMOHHBIV dakTop 06ycnoBnusan ycu-
neHne nepurLenionApHoro oteka (Mblwwy OF), caepxmBaemoro BBefeHvem staHona (mbiwn Eth+OF). Takxke o6Hapy»xe-
Hbl KonebaHus ypoBHeit 6enka (Iba1, IL-163, IL-6, TNF) n akcnpeccum reHos Aif1, I1b, 116 n Tnf B runnokamne n oco6eHHO
BO GppOHTaNIbHOW KOpe, NpearnonaratoLme pernoH-cneumnduueckoe HeiposocnaneHue. MoBefeHYeCKoe TeCcTUpoBaHme
MbILLEN MOKa3aso, YTo NoTpebneHre 3TaHoNa BAUANO Ha noBefeHNe Mbiwel Eth and Eth+OF B TecTe npuHyautenbHoro
nnaeaHua 1 Ha Startle-pednexc. B Tecte oTKpbITOro nons 6onee BblpaxXeHHble N3MEHeHUA NPOUCXoanny y moliwwein OF.
Y XKUBOTHbIX BCEX TPEX IKCMEePHMEHTaNbHbIX Py, HO ocobeHHo y OF, BbiABNeHa aHOManua obOoHAHMA (Ha CBeXue
NINCTbA MATbI NepeyHoiA). MNonyyeHHble JaHHble MOTYT OTpaXKaTb HapyLLeHne pPeryaaTopHbIX MEXaHM3MOB B FOSIOBHOM
MO3re BClefCTBUE CUCTEMHOIO BOCMANeHUs Npu COYETaHHOM AeVCTBUM AJIUTENIbHOTO YNOTPe6neH s ankorons 1 reflb-
MUHTHOI MHeKLUN.

KnioueBble cnoBa: mMbilww; nHpekuus Opisthorchis felineus; xpoHnueckoe noTpebneHvie 3TaHONA; NeYeHb; MO3T; MUKPO-

2025
291

MnA; NnpoBocnannTesibHble LUTOKUHbDI; MoBeAeHMe.

Introduction

The family Opisthorchiidae includes three species of trema-
todes: Clonorchis sinensis, most common in China, Korea,
and the Far East of the Russian Federation (35 million people);
Opisthorchis viverrini, widespread in Thailand and Laos
(10 million people); and Opisthorchis felineus, manifesting
the highest prevalence of infection among fish in water bodies
of the Ob-Irtysh basin in Russia (1.2 million people) (Mord-
vinov, Furman, 2010; Petney et al., 2013; Saijuntha et al.,
2021). The last two species cause opisthorchiasis when fish of
the family Cyprinidae are eaten raw or undercooked. During
prolonged helminth infection, mature worms parasitize not
only bile ducts of the liver and the gall bladder of piscivorous
mammals but also pancreatic ducts, as shown for O. felineus
and C. sinensis (Bernstein et al., 1994; Mordvinov, Furman,
2010; Lvova et al., 2023), thereby causing complications
such as various forms of pancreatitis (Gundamaraju, Vemuri,
2014). Given that opisthorchiasis upregulates proinflamma-
tory cytokines and leukocytes in the blood (Sripa et al., 2012;
Avgustinovich et al., 2022a), this disease is considered a sys-
temic illness that provokes pathologies in other organs and
systems of the body (Boonpucknavig et al., 1992; Akhmedov,
Kritevich, 2009; Bychkov et al., 2011), including the central
nervous system (CNS) (Lvova et al., 2020; Avgustinovich et
al., 2016, 2022b). One can expect the development of neu-
roinflammation during opisthorchiasis, judging by tenets of
the “liver—brain axis” paradigm (D’Mello, Swain, 2011). Ac-
cording to those authors, three proinflammatory cytokines —
interleukin 1 beta (IL-1B), interleukin 6 (IL-6), and tumor
necrosis factor (TNF) — in the blood are key promoters of
central neural changes in chronic liver diseases. In addition,
in the context of liver inflammation, activation of microglia
takes place with subsequent recruitment of blood monocytes
into the brain. All this strongly drives hepatic inflammation-
associated sickness behavior.

The daily alcohol (ethanol) abuse/misuse is a major cause
of inevitable damage to the liver (Collins, Neafsey, 2012). The
progression of alcoholic liver disease induces cirrhosis, liver
cancer, and acute and chronic liver failure and can be fatal
(Stickel et al., 2017). As determined by the World Health Or-

ganization (WHO. Alcohol. https://www.who.int/news-room/
fact-sheets/detail/alcohol), worldwide, 3 million deaths every
year result from overconsumption of alcohol, and this figure
represents 5.3 % of all deaths.

As with opisthorchiasis, excessive alcohol consumption
entails pathological changes in other organs and systems of
organs, for example, in the gut microbiota (Saltykova et al.,
2016; Bishehsari et al., 2017; Bajaj, 2019; Ketpueak et al.,
2020; Pakharukova et al., 2023; Yao et al., 2023). Aside from
the direct negative effect on the intestines, alcohol disrupts bile
acid synthesis in the liver during inflammation and impairs
bile acid entry into the gallbladder for subsequent secretion
into the small intestine. In this context, the reabsorption of
bile by the liver is impeded, which under normal conditions
is 95 %. Accordingly, in such patients, in addition to alco-
holic liver diseases, microbial composition and functions of
the intestine change, leading to functional alterations in the
“gut-liver—brain axis” (Bishehsari et al., 2017). As a conse-
quence, symptoms of hepatic encephalopathy are aggravated,
which are associated with microglial activation and subsequent
cognitive deficits (Bajaj, 2019).

On the other hand, alcohol can also have a direct impact on
the CNS by inducing cerebral cortical edema and electrolyte
(Na* or K*) accumulation (Collins et al., 1998), and during
chronic consumption, alcohol can cause neuronal loss in some
brain structures (the cerebral cortex, hypothalamus, hippocam-
pus, and cerebellum) (Harper, 1998; de la Monte, Kril, 2014;
Fowler et al., 2014). These effects are attributable to activation
of resident microglia and peripheral-macrophage infiltration
of the CNS, particularly in the hippocampus, and the two
processes together contribute to overexpression of proinflam-
matory markers in various regions of the brain, including the
cortex and hippocampus (Yang et al., 2014; Henriques et al.,
2018; Lowe et al., 2020). These phenomena negatively affect
cognitive abilities, learning, and memory (Geil et al., 2014).

In humans, these two adverse factors (alcohol consumption
and O. felineus infection) can often occur simultaneously.
Unfortunately, a combination of ethanol consumption with
chronic O. felineus infection can have irreversible conse-
quences for humans, as previously shown in a model of such
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a combination (Avgustinovich et al., 2022a). In that work,
a more pronounced liver pathology was accompanied by
splenomegaly due to structural changes in the spleen as well
as elevated levels of 1L-6 and higher leukocyte and monocyte
counts in the blood. Taken together, they meant substantial
whole-body inflammation. Considering these data as well as
a known statement about possible brain disturbances during
severe hepatic inflammation (D’Mello, Swain, 2011), the pur-
pose of our current study was to investigate — by histological,
immunohistochemical, and molecular methods — changes in
inflammatory markers in the cerebral cortex and hippocampus,
as assessed by determination of microglial activation and of
expression of proinflammatory cytokines IL-1f, IL-6, and
TNF. Because any disturbances in the brain manifest them-
selves in behavior in mammals, behavioral patterns of mice
were assessed here by the open field test (Ramos, Mormeéde,
1998) and forced swimming test (Porsolt et al., 1977), along
with estimation of the startle reflex in response to acoustic
signals (Paylor, Crawley, 1997).

Materials and methods
Animals. Male mice of inbred strain C57BL/6 were obtained
from the multi-access center Vivarium of Conventional Ani-
mals of the Institute of Cytology and Genetics, Siberian Branch
of the Russian Academy of Sciences (ICG SB RAS). All ani-
mals were maintained in standard cages (36 22 %12 cm) at
2-5 individuals per cage, on a 12/12 h light/dark cycle, at
24+1 °C with free access to pelleted feed and liquid. The study
was conducted in accordance with Directives of the Council
of the European Union (86/609/EEC) of November 24, 1986
and according to a decision of the Bioethics Commission of
the ICG SB RAS (protocol No. 113 of December 9, 2021).
Obtaining of O. felineus metacercariae. Metacercariae of
O. felineus were isolated from naturally infected ides caught

START

Month 1 Month 2 Month 3
CON
O. felineus infection
OF
Eth
O. felineus infection
Eth+OF

St — startle reflex,
182-185 days post infection

OpFi - open field test,
161-164 days post infection

Fig. 1. Design of the experiment.

FST - forsed swim test,
196-197 days post infection

Chronic Opisthorchis felineus infection
combined with prolonged alcohol consumption in mice

in the Ob River (Novosibirsk Oblast) by a method described
previously (Avgustinovich et al., 2016, 2021). Metacercariae
of O. felineus were administered to mice intragastrically
(100 larvae per mouse) using specialized probes (Braintree
Scientific, Inc.).

The design of the experiment. As a result, four groups of
mice were set up: CON (n = 15), not subjected to any patho-
genic procedures; OF (n = 15), infected with O. felineus (du-
ration of infection: 6 months); Eth (n = 15), consuming 20 %
ethanol for 6 months; and Eth+OF (n = 13), subjected to both
procedures (Fig. 1). Mice were trained to consume ethanol
according to a protocol described before (Avgustinovich et al.,
2022a). Five months after the infection initiation, the behavior
of all mice was recorded in the open field test. By the end of
6 months, the startle response of mice to an acoustic signal
(startle reflex) was evaluated. The animals were then housed
individually in 28 x 14 x 10 cm cages to evaluate behavior in
the forced swimming test. At the end of the experiment, the
animals were killed by decapitation, and brain samples were
collected for subsequent analyses. The hippocampus and
frontal cortex were isolated on ice, placed in liquid nitrogen
and then in a freezer at —70 °C until the expression of genes
of interest was assayed by real-time polymerase chain reac-
tion (qQPCR). Brains from five animals in each group were
put in 10 % formalin for subsequent histological and im-
munohistochemical examination. The liver of these animals
was also placed in formalin for subsequent determination of
pathomorphological structural alterations in this organ under
the influence of the two tested adverse factors.

The open field test. This is one of the most popular tests in
behavioral studies, which assesses effects of external factors
on rodents (Ramos, Mormede, 1998). When animals are first
exposed to an unfamiliar open space, behavioral responses
are believed to be mediated by anxiety, whereas repeated

OpFi St FST BS

Month 4 Month 5 Month 6

END

BS - biomaterial samples,
198-199 days post infection
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exposure can lead to exploration of new objects (or odors) by
the animals in a nonthreatening familiar environment (Bel-
zung, 1992; Choleris et al., 2001). For testing, a 40 x40 cm
field made of white plastic material was utilized, which was
visibly subdivided into squares (4 x4) with a side of 10 cm.
The illumination at the field level was 320 Ix. In the middle
of one side of the field, an inverted office metallic tumbler for
pencils (hereafter: tumbler) was placed. Five minutes before
the testing, the animals were brought into the test room for
activation, after which they were always placed in the middle
of the wall opposite the wall with the tumbler. Each animal’s
behavior was recorded twice (for 3 min each time) using a
video camera in the session with an empty tumbler and next
with a tumbler containing fresh peppermint leaves. Further
analysis of animal behavior was carried out in the Behavioral
Observation Research Interactive Software (BORIS) (Friard,
Gamba, 2016), in which we determined the number, time (du-
ration), and latency of approaches and/or turns to the tumbler,
the number of square crossings, and the number, time (dura-
tion), and latency of rearings near a wall.

Startle reflex testing. The startle reflex of humans and
animals toward a sharp sound signal is an innate reflex and
characterizes the CNS’s ability to filter sensory information
(Paylor, Crawley, 1997). The behavioral response of mice to
an acoustic stimulus was measured using an SR-Pilot device
(San-Diego Instruments, USA). Background white noise was
set to 65 dB. Each animal was placed in the chamber, and after
3-min adaptation, 10 impulses (P) of 115 dB intensity and
40 ms duration were presented, alternating with 10 impulses
preceded by weak (85 dB, 40 ms) prepulses (PP), which
were presented 100 ms before the main impulse. The inter-
val between stand-alone P impulses and the PP combination
was 15 s. The size of the response of a mouse to the stimuli
(amplitude) was displayed by the device’s screen in relative
units. Prepulse inhibition (PPI, %) was calculated (Paylor,
Crawley, 1997) by means of the formula: 100 —[(PP/P) % 100].

The forced swim test. This test is the most popular in
research on depressive-like behavior in rodents because it is
sensitive to the action of antidepressants (Porsolt et al., 1977).
During the testing, transparent plastic cylinders 30 cm high and
9.5 cm in diameter were used, which were filled with water
(t=25+1 °C) to a level of 19 cm. Five minutes before the
test, the mice were sequentially brought into the test room and
then placed for 5 min into the cylinder filled with water; their
behavior was recorded on a video camera. Further analysis was
performed in the BORIS software (Friard, Gamba, 2016). The
duration of active and passive swimming was assessed; the
latter included drift (when the mouse made weak movements
with one or two hind legs to keep the head above water) and
a state of complete immobility.

RNA isolation for gPCR. To obtain RNA from mouse
brain structures, the TRI reagent (Sigma-Aldrich, USA) was
employed according to the protocol for samples with a high fat
content, then the samples were purified on magnetic particles
(Agencourt RNAClean XP Kit, Beckman). The concentration
of the resulting RNA was determined using a Qubit™ 2.0
fluorimeter (Invitrogen/Life Technologies) with a kit (RNA
High Sensitivity, Invitrogen). Next, the isolated RNA was
treated with DNase using the DNase I, RNase-free kit (Thermo
Fisher Scientific, USA). Complementary DNA (cDNA) was
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synthesized by means of a reverse-transcription kit (#OT-1,
Syntol, Russia). All stages of RNA isolation and analysis and
those of cDNA preparation were carried out according to the
protocols of the manufacturers of the corresponding kits.

Using the PrimerBLAST web service, we designed oligo-
nucleotide primers for gPCR. qPCR was conducted with the
EVA Green I kit (#R-441, Syntol, Russia) according to the
manufacturer’s instructions, and amplification efficiency for
each primer pair was 90-110 %. qPCR was carried out in
three technical replicates on a CFX-96 thermal cycler (Bio-
Rad, USA). qPCR efficiency was determined by means of
serial dilutions of cDNA (standards); after completion of
qPCR, melting curves of the products were constructed to
monitor the specificity of the reaction. Expression levels of
each analyzed gene were normalized to two reference genes,
the expression stability of which was checked in both brain
regions under study and in each of the four groups of mice.
Based on literature data (Stephens et al., 2011), three reference
genes were chosen: Actb (beta actin: a highly conserved pro-
tein that participates in cell motility, structure, and integrity),
B2m (beta-2-microglobulin: a light-chain component of major
histocompatibility complex class I), and Hprtl (hypoxanthine
phosphoribosyltransferase 1: a eukaryotic enzyme of purine
metabolism).

The genes of interest were selected taking into account their
functional characteristics listed in the Human Protein Atlas
(https://www.proteinatlas.org/). The following genes were
investigated in the experiment: Aifl (a marker of microglial
activity) and Il1b, 116, and Tnf (markers of inflammation).

Sequences of the chosen primers were as follows:

1 Actb (F) 5-TATTGGCAACGAGCGGTTCC
(R) 5-TGGCATAGAGGTCTTTACGG
2 Aifl  (F) 5-GGATTTGCAGGGAGGAAAA
(R) 5-TGGGATCATCGAGGAATTG
3 B2m (F) 5-CTGCTACGTAACACAGTTCCACCC
(R) 5-CATGATGCTTGATCACATGTCTCG
4 Hprtl (F) 5-GAGGAGTCCTGTTGATGTTGCCAG
(R) 5-GGCTGGCCTATAGGCTCATAGTGC
5 Il1b (F) 5-ACACTCCTTAGTCCTCGGCCA
(R) 5-CCATCAGAGGCAAGGAGGAA
6 116 (F) 5-ACAAAGCCAGAGTCCTTCAGAG
(R) 5-ACGCACTAGGTTTGCCGAG
7 Tnf (F) 5-AGCCGATGGGTTGTACCTTG
(R) 5-GGTTGACTTTCTCCTGGTATGAGA

Histological examination of sections of the cerebral cor-
tex and liver. After 10 days of fixation in a 10 % formaldehyde
solution, the brain and liver of mice were sectioned for sub-
sequent processing in an STP 120 carousel-type apparatus for
automatic incubation in a graded series of ethanol and xylene
(Thermo Fisher Scientific, USA). The frontal section separated
the middle part of the brain, containing the hippocampus, at
level 60—64 according to the Allen Mouse Brain Atlas (http://
mouse.brain-map.org/static/atlas). Samples containing bile
ducts and parenchyma and measuring 100 x 150 x 70 mm were
dissected from the large lobe of the liver. After dehydration,
the tissue samples were embedded in the HISTOMIX synthetic
paraffin medium (Russia) by means of an EC-350 embedding
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Coronal Level 74
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Bregma -1.955 mm
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Fig. 2. Areas of the cerebral cortex and hippocampal formation (highlighted with a black line on the right) from the brain

of C57BL/6 mice, after immunohistochemical analysis.

The image of the frontal brain section at levels 72-74 was borrowed from the Allen Mouse Brain Atlas (Allen Institute Publications

for Brain Science; http://mouse.brain-map.org/static/atlas).

station (Thermo Scientific, USA). Sections with a thickness
of 3.5-4.0 um were prepared on a Microm HM 3558 rotary
microtome (Thermo Fisher Scientific, USA). To study the cor-
tex and hippocampus, brain samples were cut to levels 72—74
according to the brain atlas (Fig. 2). The obtained samples of
the cortex and liver were subsequently stained by standard
techniques: basic survey staining with hematoxylin and
eosin and the Masson method (staining of connective tissue).
After that, sections mounted in BioMount (BIO-OPTICA,
Italy) were visualized under an Axioskop 2 plus microscope
equipped with an AxioCam MRc camera (Carl Zeiss, Ger-
many) and AxioVision software (release 4.12). Morphometry
of structural changes in the cerebral cortex was performed
using a closed test system targeting 100 points with an area of
3.64 x 10° um?. Meanwhile, numerical density of perivascular
and pericellular edema and the total number of blood vessels
were assessed. The scoring method for these measurement
data had been described in detail earlier (Pakharukova et al.,
2019). In the liver, the absence/presence of periductal fibrosis,
cholangiofibrosis, and inflammatory infiltration and prolifera-
tion of bile ducts was recorded.

Immunohistochemical analysis of sections of the hippo-
campus and cerebral cortex. The hippocampus and cortex at
levels 72—74 of frontal brain sections were examined on glass
slides with an adhesive poly-L-lysine coating (BVS, Russia).
To count activated brain microglia cells and cells synthesizing
proinflammatory cytokines, we utilized an indirect biotin-

free peroxidase immunohistochemical technique for staining
paraffin sections using a kit (SpringBioScience Kit HRP-125,
Pleasanton, CA, USA) and primary antibodies specific to
ionized calcium-binding adapter protein 1 (Ibal) (Abcam,
cat. # ab5076, dilution 1:300), IL-6 (Abcam, ab6672, 1:100),
TNF (Abcam, ab6671, 1:100), and IL-1B (Abcam, ab9722,
1:100). According to this technique, after standard deparaf-
finization and dehydration, antigens were retrieved on the sec-
tions in citrate buffer (pH 6.0) in a microwave oven at 700 W
for 5 min. After washing four times in phosphate-buffered
saline (PBS, pH 7.6), endogenous peroxidase was blocked for
30 min with fresh 3 % H,0,. Next, blocking with horse serum
was carried out for 1.0-1.5 h with pre-washing in PBS. The
duration and conditions of probing with primary antibodies
were chosen according to the manufacturer’s instructions
(sections with antibodies were incubated overnight at 4 °C).
Next, after washing four times (PBS, pH 7.6), the tissue sec-
tions were incubated with secondary antibodies for 45 min,
and then, after washing (PBS, pH 7.6), the tissue sections were
incubated with diaminobenzidine as a substrate until a brown
color appeared upon visual inspection. After that, the sections
were counterstained with Mayer’s hematoxylin for 1 min,
placed in tap water for 5 min, passed through a graded series
of ethanol and xylenes, covered with the synthetic BioMount
medium, and placed under a cover glass. Cells positive for
staining with the above antibodies were counted in all subfields
of view in the cortical and hippocampal areas highlighted with
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a black line in Figure 2, by a previously described approach
(Pakharukova et al., 2019).

Statistics. To compare groups, two-way ANOVA and
three-way ANOVA were performed in the STATISTICA 6.0
software, followed by a post hoc comparison of groups by the
least significant difference (LSD) test. The following factors
were analyzed during the intergroup comparison: “infection”
(O. felineus or no O. felineus) and “ethanol” (ethanol or no
ethanol). In the open field test, an additional within-group fac-
tor was “peppermint’: the first or second 3 min of observation,
i.e., in the absence or presence of peppermint in the tumbler,
respectively. The difference in the startle amplitude between
the first and 10th stimulus in each group of mice was assessed
by the Wilcoxon matched-pairs test. In all analyses, data with
a p-value < 0.05 were considered statistically significant, and
those with 0.05 < p < 0.1 were regarded as an insignificant
tendency. All data are given as means + SEM.

Results

Pathomorphological changes in the liver of mice

of experimental groups

Control animals had normal liver architecture with well-de-
fined portal triads (Fig. S1)1. On liver sections of animals
from groups OF and Eth+OF, bile ducts appeared dilated,
helminths were present in some of them, and there was a no-
ticeable number of proliferating bile ducts and considerable
lymphocytic-monocytic inflammatory infiltration. The bile
duct epithelium became stratified in OF and Eth+OF mice.
In the liver of animals from group Eth, fatty dystrophy of
hepatocytes was noted.

Masson staining of liver sections revealed expansion of
connective tissue in OF and Eth+OF mice, both in the region
of large bile ducts (periductal fibrosis) and in the region of
proliferation of small bile ducts (cholangiofibrosis) (Fig. S2).
It is noteworthy that the combination of the two adverse fac-
tors (infection and ethanol) featured a significantly aggravated
course of opisthorchiasis, namely the severity of fibrosis and
the size of infiltration loci; these signs were absent with each
adverse factor applied alone. Additionally, in OF and Eth+OF
animals, there was a change of epithelial cells consistent with
intestinal metaplasia. Hemozoin granules were found in some
mice, in agreement with what has been previously observed
in O. felineus-infected Syrian hamsters (Lvova et al., 2016).

Histological analyses of the cerebral cortex

Histological examination of brain sections uncovered differen-
ces in the number of perivascular zones of edema (around the
vessels) and pericellular zones of edema (around the cells) in
the cerebral cortex. There was a somewhat greater number of
perivascular edema zones in OF mice compared to Eth and
Eth+OF mice (Fig. 3A); an effect of the ethanol factor on this
parameter was detected. OF mice differed significantly from
all other animals by having an increased number of pericellular
edema zones (Fig. 3B); the effect of the infection factor was
significant. Ethanol contributed to a decrease in this parameter,
especially in mice from group Eth. Moreover, the ethanol fac-
tor had a >4 times more pronounced impact than the infection

1 Supplementary Figures S1-S5 and Table S1 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx5.pdf
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Fig. 3. Changes in the number of perivascular (A) and pericellular edema
foci (B) and blood vessels (C) in the cerebral cortex of control mice (CON),
O. felineus-infected mice (OF), mice consuming 20 % ethanol (Eth), and
mice subjected to both procedures (Eth+OF).

* p < 0.05 ** p < 0.01; ® 0.05 < p < 0.1 as compared with group CON;
000 p < 0.001; (©) 0.05 < p < 0.1 as compared with OF mice. The values are pre-
sented as mean+SEM and were processed by two-way ANOVA followed by
the LSD test.

factor did; in the absence of their interaction, this outcome
contributed to a lower value of this parameter in Eth+OF mice.
The mouse groups did not differ in the number of vessels in
the cerebral cortex (Fig. 3C). The assessed parameters in mice
of all the experimental groups are presented in photographs of
histological sections of the cerebral cortex (Fig. S3).

Immunohistochemical analysis

of hippocampus and cortex sections

Analysis of Ibal-positive cells in the hippocampus revealed no
difference among the groups (Fig. 4A). In the cerebral cortex
(Fig. 4B), this parameter was higher in mice consuming etha-
nol (group Eth). Nonetheless, with a statistically significant
interaction between the two adverse factors, this parameter
decreased to the control level in Eth+OF mice. The number
of IL-1B-positive cells was higher in both the hippocampus
(Fig. 4C) and cortex (Fig. 4D) during combined treatments
(Eth+OF). Although in the hippocampus, this phenomenon
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was determined by the influence of the infection factor, in the
cortex, in addition to infection, this outcome was facilitated
by an even more significant influence of ethanol, and there
was a synergistic interaction of the two factors.

A similar but even more pronounced pattern was docu-
mented for proinflammatory cytokine IL-6. In the hippocam-
pus (Fig. 4E), infection to a greater extent and ethanol to a

Hippocampus
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lesser extent contributed to a higher value of this parameter
in Eth+OF mice. In the cortex (Fig. 4F), on the contrary,
ethanol exerted a greater effect on an increase in the number
of IL-6-positive cells, and a statistically significant interaction
of the adverse factors caused a significantly higher value of
this parameter in Eth+OF animals compared to the other three
groups of mice (CON, OF, and Eth). There was a pronounced
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Fig. 4. Numerical density of brain cells in the hippocampus (A, C, E, G) and cortex (B, D, F, H) stained for Iba1, IL-1(, IL-6,
and TNF in the four mouse groups: control (CON), O. felineus-infected (OF), consuming 20 % ethanol (Eth), and subjected

to both procedures (Eth+OF).

*p <0.05; % p <0.01; *** p <0.001; * 0.05 < p < 0.1 in comparison with group CON; © p < 0.05 and °°°p < 0.001 in comparison with
group OF; € p < 0.05 and €¢€ p < 0.001 in comparison with group Eth. The values are presented as mean + SEM and were processed

by two-way ANOVA followed by the LSD test.
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effect of ethanol, but not infection, on the increase in the num-
ber of TNF-positive cells in the hippocampus (Fig. 4G) and
especially in the cortex (Fig. 4H). As in the analyses of the
other proinflammatory cytokines, a statistically significantly
higher value of this parameter was found in the cortex of
Eth+OF mice relative to the other groups. Examples of immu-
nohistochemical staining of the analyzed brain sections from
the four mouse groups are presented in Figures S4 and S5.
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Gene expression analysis in the hippocampus and cortex

Our quantitative analysis (QPCR) detected a significant effect
of both adverse factors on the expression of the Aifl gene
in the two brain structures under study (Fig. 5A, B). In the
hippocampus, ethanol consumption had a more pronounced
effect, contributing to a 28-fold higher value of this parameter
in Eth mice compared to CON mice and a 7—8-fold higher
value compared to groups OF and Eth+OF. An interaction of
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Fig. 5. Relative levels of mRNA expression of genes Aif1, Il1b, 116, and Tnf in the hippocampus (A, C, E, G) and frontal cortex
(B, D, F, H) of mice from the four groups: control (CON), O. felineus-infected (OF), consuming 20 % ethanol (Eth), and sub-

jected to both procedures (Eth+OF).

*p < 0.05,***p < 0.001,%0.05 < p< 0.1 in comparison with group CON; °p < 0.05,°° p < 0.01,°°°p < 0.001, (©)0.05 < p < 0.1 in com-
parison with group OF; €p < 0.05, ¢¢p < 0.01, €¢€p < 0.001 in comparison with group Eth.
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the factors was noted to cause underexpression of the Aifl
gene in Eth+OF mice. In the frontal cortex, on the contrary,
ethanol consumption contributed to Aifl underexpression (the
Eth group), and when the two adverse factors were combined,
this parameter rose to the level of control mice.

When the expression of the I11b gene was assessed in the
hippocampus, no statistically significant effect of either fac-
tor alone was revealed, although a subsequent post hoc com-
parison of the groups detected a lower value of this parameter
in mice from groups OF and Eth compared to CON mice.
Nevertheless, a significant interaction of the two factors
(Eth+OF mice; Fig. 5C) caused an increase in this parameter
to the control level. A similar pattern was registered in the
frontal cortex (Fig. 5D).

There was no statistically significant effect of each factor
or of their interaction on the expression of the 116 gene in the
hippocampus (Fig. SE). The infection factor had a significant
effect on the 116 expression in the frontal cortex (Fig. 5F), and
this outcome contributed to an increase in the parameter in
Eth+OF mice to the control level; this parameter was lower
in Eth mice than in OF mice.

The combination of the two adverse factors caused down-
regulation of the Tnf gene in the hippocampus of Eth+OF mice
compared with the other groups of animals (CON, OF, and
Eth) (Fig. 5G). In the frontal cortex of the brain, the expression
of this gene was approximately the same in all four groups
of animals (Fig. SH); no statistically significant influence of
each factor or of their interaction was detectable.

The startle reflex

Neither the prolonged consumption of ethanol nor chronic
infection significantly affected PPI according to the evaluation
of'the startle response to acoustic stimuli (Fig. 6A). Neverthe-
less, the ethanol-drinking animals showed no habituation to
the repetitive sound: in Eth mice, the startle response was the
same for the 1st and 10th pulse with an intensity of 115 dB;
the same was true for Eth+OF mice (Fig. 6B). Furthermore,
in CON mice (statistically significantly) and in OF mice
(insignificantly), the startle response to the sharp sound ap-
plied 10 times was found to decrease. It is noteworthy that
in Eth+OF mice, the response to the first sound was the low-
est when compared with the other groups, and there was a
significant influence of ethanol [FEN(1,51) = 8.10, p = 0.006]
and an insignificant influence of infection [FOF(1,51) = 3.09,
p = 0.085], but there was no interaction of the two factors
[FEth+OF(1,51) = 1.81, p = 0.185]. The reaction of the mice to
the 10th sound signal was the same among the four groups.

The open field test

In this test, intergroup differences were detected in the re-
sponse of the mice to the odor of peppermint placed in the
tumbler (Fig. 7A-C, Table S1). Even though the duration of
staying near the tumbler with peppermint was approximately
the same among all the groups, the number of approaches to
it was lower in the second 3 min (i.e., when peppermint was
present), especially in the CON group; the impact of the pep-
permint factor on this parameter was significant (Fig. 7A). An
interaction of the ethanol and infection factors was detectable
too (Table S1). Furthermore, CON and Eth mice sensed the
peppermint smell faster than the other animals did because
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Fig. 6. Prepulse inhibition (PPI) (A) of the startle response to an acous-
tic stimulus and startle amplitude (B) in response to the first (P1) and
10th (P10) stimulus in control mice (CON), O. felineus-infected mice (OF),
mice consuming 20 % ethanol (Eth), and mice subjected to both proce-
dures (Eth+OF).

** p < 0.01 in comparison with group CON; °© p < 0.01 in comparison
with OF mice; € p < 0.05 in comparison with group Eth; # p < 0.05 and
(# 0.05 < p < 0.1 in comparison with the P1 data. The values are presented
as mean + SEM. Two-way ANOVA was used followed by the LSD test (A) and
the Wilcoxon matched-pairs test (B).

the latency period of the first approach to the tumbler with
peppermint was significantly shorter in groups CON and Eth
(Fig. 7C). In OF mice, this parameter did not differ from the
latency period of approaching the empty tumbler, whereas
in group Eth+OF, there was an insignificant decrease from
the first 3 min to the second 3 min. This finding may reflect
impairment of olfactory sensitivity in the course of prolonged
parasitosis.

In the first 3 min of the test, the number of crossed squares
(reflecting locomotor activity of the animals) was lower in the
OF group than in groups CON and Eth (Fig. 7D); the effect of
infection was statistically significant (Table S1). With a change
in the motivation of mice after peppermint was placed in the
tumbler, this parameter markedly diminished in all four groups
of mice (Fig. 7D), and a significant impact of the peppermint
factor was registered (Table S1).

Exploratory activity, assessed by means of the number
and duration of rearings, was influenced by the infection and
peppermint factors (Fig. 7E, F; Table S1). In the first 3 min
of the test, these parameters were lower in OF mice than
in CON mice. As compared to the first 3 min, the number
of rearings in the second 3 min was significantly lower in
CON mice and insignificantly so in group Eth+OF, whereas
the duration of rearing stayed approximately the same in all
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Fig. 7. Behavioral parameters of control mice (CON), O. felineus-infected mice (OF), mice consuming 20 % ethanol (Eth),
and mice subjected to both procedures (Eth+OF) in the open field test with an empty tumbler (the first 3 min) and a tum-
bler filled with peppermint leaves (the second 3 min). The number (A), time (duration) (B), and latency (C) of approaches
to the tumbler, the number of square crossings (D), and the number (E), time (duration) (F), and latency (G) of rearings

near a wall were determined.

#p < 0.05, #p < 0.01, ##p < 0.001, and ) 0.05 < p < 0.1 as compared with the first 3 min of the test. * p < 0.05, ** p < 0.01, and
%)0.05 < p < 0.1 as compared with the corresponding time slot in group CON. © p < 0.05 and (©) 0.05 < p < 0.1 as compared with
the corresponding time slot in group OF. The values are presented as mean + SEM. Three-way ANOVA followed by the LSD test.

groups. There was no influence of factors or of their interac-
tion and no differences among the four groups in the latency
of rearings either in the first or in the second 3 min of the test
(Fig. 7G; Table S1).

The forced swimming test

Prolonged consumption of ethanol had a significant effect on
the behavior of mice in the forced swimming test. Active-
swimming duration was longer (Fig. 8A), and passive-

swimming duration was shorter (Fig. 8B), especially in mice
of the Eth group and, to a lesser extent, in Eth+OF mice, both
in comparison with CON and with OF mice.

Discussion

This is the first study on the states of the liver and brain during
exposure of mice to a combination of two adverse factors: in-
fection (O. felineus helminths) and a toxic chemical (ethanol).
Influence of each factor and of their combined action on the
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Fig. 8. The duration of active (A) and passive swimming (B) in control
mice (CON), O. felineus-infected mice (OF), mice consuming 20 % etha-
nol (Eth), and mice subjected to both procedures (Eth+OF) in the forced
swimming test.

** p < 0.01 and *0.05 < p < 0.1 as compared with group CON. °° p < 0.01
and (0 0.05 < p < 0.1 as compared with group OF. The values are presented as
mean + SEM. Two-way ANOVA followed by the LSD test.

cortex and hippocampus was found in the brain of mice, as
determined not only by molecular and histological methods
but also at the level of behavior, which is considered a marker
of functional changes in the brain.

First of all, as previously (Avgustinovich et al., 2022a),
it was shown here that both adverse factors, especially their
combination, cause hepatic inflammation. In mice subjected to
the combination of the factors, there was not only a bile duct
pathology caused by the infection (cholangio- and periductal
fibrosis and inflammatory infiltration) but also hepatocyte
dystrophy induced by ethanol. These data — just as previously
detected elevated blood levels of leukocytes (especially stab
neutrophils and monocytes) and of IL-6 (Avgustinovich et
al., 2022a) — point to substantial inflammation in the body.
It is known that virus- and alcohol-induced liver diseases
are accompanied by inflammation and fibrosis associated
with the suppression of activation of NF-kB in hepatocytes:
a transcription factor that is a key regulator of inflammation
and cell death in the liver (Seki, Schwabe, 2015). In this
context, Kupffer cells increase their production of proinflam-
matory cytokines, including TNF, IL-1p, and IL-6 (Bilzer et
al., 2006), with their subsequent traffic to the brain, where
monocytes are also attracted from the bloodstream (D’Mello,
Swain, 2011). As other researchers believe (Yang et al., 2014;
Simon et al., 2019), these events are followed by activation
of resident and recruited microglial cells, contributing to the
development of neuroinflammation due to the production of
inflammation mediators.
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One of important indicators of inflammation in the brain is
edema, the pathogenesis of which involves many factors, in-
cluding liver failure (Adeva et al., 2012). In acute liver failure,
edemais initially localized to the perivascular space and a zone
of large swollen astrocytes. In our study, the experimental
groups of mice did not differ from controls in perivascular
edema, although in the animals consuming ethanol (groups Eth
and Eth+OF), this parameter was somewhat less pronounced
than that in OF mice. It is thought that when a pathological
process in the liver is prolonged, structural changes occur in
blood-brain barrier components (capillary endothelium, basal
membrane, and astrocyte vascular peduncles), and these altera-
tions reduce its protective function (Mishchenko et al., 1993).
Blood-brain barrier destabilization facilitates penetration of
“noxious agents” [e. g., ammonia, cytokines, or bacterial cell
wall endotoxins: lipopolysaccharides (LPSs)] (Jayakumar et
al., 2012) into the brain, with consequent pericellular edema
due to the accumulation of fluid in the intracellular space,
as demonstrated by magnetic resonance imaging in humans
(Chavarria et al., 2011). We noticed significant predominance
of pericellular edema in OF animals. At the same time, in
the Eth+OF group of mice, ethanol “corrected” the number
of edema foci, thereby reducing this parameter below the
control value. Therefore, the actions of the two factors had
opposite directions.

We assume that the increase in the number of pericellular
edema zones during the helminth infection may proceed ac-
cording to the hepatic-encephalopathy scenario, associated
not only with upregulation of inflammatory cytokines (TNF,
IL-1B, IL-6, and IFN-y) in the blood but also with elevated
blood and brain ammonia levels, as shown in acute and chronic
liver failure (Butterworth, 2003; Rama Rao et al., 2014;
Upadhyay, 2017). Ammonia is extremely toxic to the brain
and leads to hepatic coma. Considering the evidence from
other researchers that alcohol promotes edema in the brain
(Collins et al., 1998; Collins, Neafsey, 2012; de la Monte,
Kril, 2014), the decrease in the number of pericellular edema
zones in mice consuming ethanol in our experiment remains
unexplained. It can be hypothesized that aquaporins (AQPs)
are involved, which are water-selective plasma membrane
channels that enhance water permeability of cells (Huber et
al., 2007), because there are reports confirming that ethanol
can diminish swelling in the cortex after brain injury and that
this phenomenon is associated with underexpression of AQP4
and AQP9 simultaneously with an improvement of cognitive
and motor functions in animals (Wang et al., 2013). Because
it is known that aquaporins are enriched within brain astroglia
(Huber et al., 2007; Collins, Neafsey, 2012), the decrease in
pericellular edema during prolonged ethanol consumption
in our experiment may be related to its degenerative effect
on astrocytes (de la Monte, Kril, 2014). As demonstrated by
the optical fractionation technique, in severely ill alcoholics,
there is a loss of 37 % of glial cells in the hippocampus, pri-
marily astrocytes and oligodendrocytes and to a lesser extent
microglial cells, without a loss of neurons (Korbo, 1999).
Apparently, our data require further research.

It is known that brain microglia, when responding to any
pathological stimulus coming from the periphery (an LPS
challenge, vaccination, or alcohol), begin to produce proin-
flammatory cytokines with subsequent stimulation of a release
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of cytokines and chemokines from neurons and astrocytes
(Miller et al., 2009; Yang et al., 2014; Norden et al., 2016;
Henriques et al., 2018).

According to our findings, there are brain region-specific
changes in the expression of the Aifl gene, reflecting the activ-
ity of microglia, during the exposure to the two adverse factors.
In the hippocampus, where microglial density is reported to
be the highest (Silvin, Ginhoux, 2018; Tan et al., 2020), a
statistically significant influence of both factors and of their
interaction was documented in our work. Chronic consump-
tion of 20 % ethanol contributed to a significant increase in
this parameter; the impact of the infectious factor was less
pronounced but statistically significant, as found previously
(Avgustinovich et al., 2022a). It is important that when the
two factors acted together, Aifl expression in the hippocampus
was low. Apparently, in this situation, activation of microglia
cells in the hippocampus is so substantial that the activated
microglia can be driven into apoptosis, in order to prevent the
brain from entering a state of chronic inflammation. Currently,
the mechanisms controlling microglial apoptosis are character-
ized incompletely, but the possibility of a chain of events (in
the brain) proceeding from the stage of activated microglia
to their apoptosis has been examined by other researchers
(Fuetal., 2015). Further microscopic research on phenotypic
alterations in microglial cells is necessary to identify their
transformation from a resting state (ramified morphology)
to active status (amoeboid morphology) (Tan et al., 2020).

In the frontal cortex, a significant influence of each adverse
factor and of their statistically significant interaction on the
expression of the Aifl gene was noted too. In contrast to the
hippocampus, in this brain structure, ethanol reduced this
parameter, and the combination of the two factors contributed
to its increase to the level of control individuals. Evidently, the
infectious factor has an effect opposite to that of ethanol, thus
increasing the expression of this gene. Immunohistochemistry
revealed a statistically significantly greater number of Ibal-
positive cells in the cortex in a more distant frontal section
(level 74) as compared to the prefrontal region of the brain.
Therefore, we can theorize that the observed downregulation
of Aifl in Eth mice is a compensatory reaction of genes to the
large protein amount.

Thus, in our paper, region-specific changes in microglial
activity were established in terms of the expression of the Aifl
gene and of a protein (Ibal) in response to the infectious factor
(O. felineus), and especially to the toxic factor (ethanol). This
result can be explained in accordance with the current under-
standing of the heterogeneity of microglia in the cell number,
morphomolecular signatures, and homeostatic functions in
different anatomical structures of the healthy CNS (Tan et al.,
2020) and during alcoholic pathologies (He, Crews, 2008). In
this regard, our data indicate a possible modifying effect of
helminth infection on the expression of the Aifl gene, but not
its protein, in the hippocampus and cortex. Ethanol had a more
pronounced effect on this parameter in both brain structures.
Taking into account the interaction of the two factors, we can
say that their effects have different directions. Activation of
microglia in the cortex under the influence of ethanol was also
recorded in terms of the level of the Ibal protein.

It has been reported that peripheral insults (an LPS or
bacterial challenge or ethanol) that cause microglial activa-
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tion induce upregulation of proinflammatory cytokines (TNF,
IL-1B, and IL-6) at the protein and/or mRNA level along with
engagement of Toll-like receptors (TLR-2 and TLR-4) (Col-
lins, Neafsey, 2012; Fernandez-Lizarbe et al., 2013; Yang et
al., 2014; Hoogland et al., 2015). As reported by C. D’Mello
and M.G. Swain (2011), cytokines TNF, IL-1, and IL-6 are
likely to be key promoters of central neural alterations in
chronic liver diseases. Accordingly, we next examined changes
in expression of three proinflammatory cytokines (IL-1p, IL-6,
and TNF) in response to the adverse factors.

The expression of the 111b gene in the two brain structures
under study did not reflect a statistically significant effect of
each factor alone, but there was a significant effect when they
were combined: the weak expression of this gene in groups OF
and Eth increased in Eth+OF mice to the control level. Immu-
nohistochemical analysis of sections of the hippocampus, and
especially that of the cerebral cortex, pointed to high levels of
this proinflammatory cytokine in mice during the exposure to
the two factors, thereby implying neuroinflammation.

We believe that our results on protein and mRNA levels of
116 in the hippocampus reflect a variable process associated
with the duration of the adverse factors: a change in the amount
of the proinflammatory protein was followed by a change in
mRNA expression, and these processes seem to be somewhat
separated in time. In the cerebral cortex of Eth+OF mice,
there was the highest level of IL-6 among all groups of mice,
which is explained by the synergy of the two adverse factors.
Nonetheless, there were no pronounced differences between
the groups in 116 expression within this brain structure, and
this outcome may be ascribed to regulation by a negative
feedback mechanism. Similar dynamics of expression (from
unchanged to increased/decreased) of genes responsible for
levels of IL-6, IL-1P, and TNF in the three structures of the
rat brain were recorded by other researchers after forced
consumption of ethanol by rats (for 6 months) (Nunes et al.,
2019). Those authors proposed that the upregulation of some
cytokines may mean infiltration of immune cells (T cells in
particular) into the brain, and these phenomena are indicative
of a severe impairment of the blood—brain barrier especially
during the synergism of the two adverse factors. Under such
conditions, the delayed changes in the genes’ expression may
have a protective/compensatory effect against expansion of
neuroinflammatory-cytokine expression in the brain.

In contrast to the other two genes, the combination of the
helminth infection and the prolonged ethanol consumption
caused underexpression of Tnf in the hippocampus of Eth+OF
mice; this phenomenon may be a compensatory reaction to
the elevated amount of the TNF protein in this brain struc-
ture. An even higher level of this protein was detected in the
cortex at level 74 of the frontal brain section during ethanol
administration, but the Tnf mRNA level in the frontal cortex
was the same among all the groups of mice.

Thus, three proinflammatory cytokines were found to differ
in mRNA or protein expression depending not only on the
nature of the adverse factor(s) but also on localization in the
brain. The most pronounced variations of the parameters were
noticed in the frontal cortex, especially during prolonged etha-
nol consumption, and to a lesser extent in the hippocampus. It
is known that both brain structures in question, especially fron-
tal lobes of the cerebral cortex, are sensitive to alcohol-induced
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damage (Fowler et al., 2014). In this regard, the pathogenic
effect of alcohol is associated with white matter atrophy, neu-
roinflammation, and synaptogenesis disturbances, leading to
emotional instability and cognitive impairment (Harper, 2009;
de la Monte, Kril, 2014). The outcomes observed here — just
as previously obtained evidence that inflammation in the liver
during the action of the two adverse factors is accompanied
by an increase in blood concentrations of monocytes and
proinflammatory cytokines (Avgustinovich et al., 2022a) — are
thought to contribute to neuroinflammation and may induce
changes in central neurotransmission that are manifested in
the behavior of animals (D’Mello, Swain, 2011). That is why
we performed an extensive analysis of murine behavior, which
reflects disturbances in the brain.

Even though PPI was the same among our groups of mice,
the animals in the groups consuming 20 % ethanol for a long
time (Eth and Eth+OF) did not get accustomed to the admin-
istered signals: startle amplitudes of the 1st and 10th signals
were the same. In addition, the mice subjected to both adverse
factors (Eth+OF) showed the weakest reaction to the first sharp
sound signal, but the response increased by the 10th signal.
These results mean that the brain of mice consuming ethanol
is always ready to respond strongly to repeated harsh sound
signals. Considering that the startle reflex is regarded as a
behavioral indicator of CNS excitability (Blendov et al., 2019),
we can assume permanent high excitability of brain neurons
in mice consuming 20 % ethanol.

Throughout almost the whole forced swimming test (on
average 252 out of 300 s), mice of the Eth group tried to
actively get out of the water, and passive swimming was
shorter. In Eth+OF mice, the changes in these parameters
were smaller: the differences from groups CON and OF were
insignificant. The duration of immobility in this test is regarded
as an indicator of depressive-like behavior in rodents and is
reduced by known antidepressants (Lucki, 2001). Nonetheless,
we believe that the prolonged consumption of 20 % ethanol
did not have an antidepressant effect but rather promoted
CNS hyperexcitability, which involves an imbalance in the
activities of the glutamatergic and GABAergic systems of
the brain. It is known that chronic alcohol consumption leads
to hyperexcitation of neurons because of downregulation of
GABAergic functions as a consequence of pseudo-immaturity
in the hippocampus and prefrontal cortex (Murano et al.,
2017). A blockade of NMDA receptors and of the nitric
oxide/cyclic-guanosine monophosphate pathway may be
involved in the antidepressant-like effect of ethanol in mice
(Khan et al., 2021).

The open field test in its various modifications is utilized by
researchers to assess many behavioral parameters in rodents:
locomotor and exploratory activities, emotionality and anxiety,
and a reaction to an unfamiliar object when re-tested (Choleris
et al., 2001). Because our aim was, first of all, to assess the
sense of smell in the four groups of mice, the unfamiliar smell
of peppermint was presented to the mice during the second
part of the test, after they were familiarized with the test arena
in the first 3 min. New odors are often aversive to rodents,
for example, rats avoid the peppermint smell at first exposure
(Brown, Willner, 1983). On the other hand, in some studies on
mice, investigators have described repeated use of peppermint
for treating olfactory impairment (Kim et al., 2019).
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In our experiments, mice subjected to prolonged ethanol
consumption (group Eth), just as CON mice, quickly iden-
tified the unfamiliar odor because their latency period for
approaching the tumbler with peppermint diminished. The
infectious factor did not affect this parameter in OF mice and
had a weak effect on Eth+OF mice, implying disturbances of
the sense of smell in these mice. Besides, although the control
mice exhibited a pronounced avoidance reaction toward the
tumbler with peppermint (as evidenced by the number of ap-
proaches or turns to the tumbler), in the other groups of mice,
this parameter was less pronounced. This result also points
to some anomalies in the sense of smell in mice of the three
experimental groups [subjected to an adverse factor(s)]. We
believe that the changes in the sense of smell resulting from
liver fluke infection and consumption of 20 % ethanol may be
associated with aberrations in the CNS. In any case, hyposmia
is considered an early symptom of Parkinson’s disease (Chen
etal., 2012), which is also associated with neuroinflammation.

During the evaluation of other patterns of behavior in the
open field test, it was found here that the 6-month consump-
tion of 20 % ethanol did not have a significant effect on the
locomotor and exploratory activities of mice, as evaluated
via the number of squares crossed and rearing parameters in
the first 3 min of the test. By contrast, these parameters were
lower in OF mice. A decrease in these parameters, according
to other articles (Henderson et al., 2004; Seibenhener, Wooten,
2015), can be viewed as a manifestation of anxious behavior.
Taking this into account, we could say that there is a likely pro-
anxiety effect of prolonged O. felineus infection on animals.

Conclusion

The presented data are an experimental model of situations
often occurring in human society: people with chronic opis-
thorchiasis — perhaps being unaware of the infection — abuse
alcohol or, conversely, by relying on disinfecting properties of
ethanol, begin to drink it, sometimes in large amounts, when
there is a threat of this infection. Nonetheless, our experi-
mental data indicate that under such circumstances, the liver
is not the only organ that receives a double “blow” (the toxic
injury plus the infectious one). When chronic alcoholization
is combined with prolonged O. felineus infection, the brain
also receives a double impact: aside from direct entry of etha-
nol into the CNS through the blood-brain barrier, according
to D’Mello and Swain (2011), peripheral proinflammatory
signals begin to arrive with the blood, primarily IL-1, IL-6,
TNEF, and monocytes.

Under these conditions, as revealed by two-way ANOVA,
there are statistically significant effects of interaction of the
two adverse factors on histological and molecular charac-
teristics of microglia and on proinflammatory cytokines, and
these effects are brain region-specific. For instance, in the
hippocampus, the infectious factor attenuated ethanol-induced
Aifl overexpression, which reflects the activation of microglia.
By contrast, in the frontal cortex, the expression of this gene
was low during the prolonged alcoholization and increased to
control values in the mice subjected to both factors. During a
statistically significant interaction of the factors, this finding
indicates that directions of the two impacts are different. It is
possible that helminths exert a “corrective” effect here that is
designed to preserve the health of the host (at whose expense
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they live and reproduce) because excessive activation of mi-
croglia can have irreversible neurodegenerative consequences
and may ultimately kill the host. Identical directions of the
effects of the two factors were noted during quantification of
the expression of the 111b gene (in the cortex and hippocam-
pus) and of the Tnf gene (in the hippocampus): these effects
promoted an increase in the former parameter and a decrease
in the latter and may be attributed to the proteins’ levels at
this stage of the pathology.

In the cortex, high concentrations of cytokines IL-1f, IL-6,
and TNF were found at levels 72—74 of the frontal brain slices
in mice subjected to both factors; this finding implies that the
alterations induced in the prefrontal region of the cerebral
cortex might be similar. Together with an increase in these
parameters in the hippocampus, this finding indicates the
development of neuroinflammation.

We believe that the obtained results indicate a variable
process that is largely explained by the duration of the stimuli:
a change in the amounts of proinflammatory proteins is fol-
lowed by a change in mRNA expression. Furthermore, these
processes are brain region-specific and seem to be somewhat
separated temporally. This is because these processes not
only are regulated by the activity of brain cells but also de-
pend on the arrival of peripheral proinflammatory signals
into the brain. This phenomenon in turn affects the behavior
of the animals. Behavioral testing of our mice revealed that
ethanol has a stimulatory effect, which manifested itself in
two tests reflecting alterations in the regulatory mechanisms
of the CNS. In our mice, the behavioral pathology associated
with O. felineus infection is suggestive of the development of
anxiety. It should be pointed out that both factors altered the
mice’s sense of smell (the infection did so to a greater extent).
Mechanisms that counteract these adverse effects remain to be
explored. At this stage of the project, we can state only that the
combination of the two factors — in addition to the destructive
effects on the liver — can affect the brain too, by contributing
to the development of neuroinflammation.
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The lowest chromosome number in the family Pteromalidae
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Abstract. Various genetic features of the hitman strain of the widespread parasitoid of Drosophilidae (Diptera), Pachy-
crepoideus vindemmiae (Rondani, 1875) (Pteromalidae, Pachyneurinae) were studied. This strain was established and is
maintained at the Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences (No-
vosibirsk, Russia). An analysis of air-dried chromosome preparations from prepupae of this parasitoid showed that it
has n =4 and 2n = 8 in males and females, respectively, which is the lowest known chromosome number in the family
Pteromalidae. All chromosomes in the karyotype of this species are metacentric. The first and second chromosomes are
of similar size, the remaining ones are substantially shorter. The same results were obtained for an additional strain of
this species kept at the Moscow State University (Moscow, Russia). A comparison of the DNA sequence of the barcoding
region of the mitochondrial cytochrome c oxidase (COI) gene of the hitman strain of P. vindemmiae with those available
from the GenBank and BoLD databases demonstrated that this strain clustered together with conspecifics originating
from China, Turkey and Italy. Despite certain endosymbionts being previously reported for the genus Pachycrepoideus
Ashmead, 1904 as well as for P. vindemmiae itself, the hitman strain turned out to be free of endosymbiotic bacteria in
the genera Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et al., 2004, Rickettsia da Rocha-Lima, 1916, Spiro-
plasma Saglio et al., 1973 and Wolbachia Hertig, 1936. The above-mentioned results improve our knowledge of various
genetic features of parasitoids of the family Pteromalidae and those of P. vindemmiae in particular.
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HauMeHblllee 41ciIo XpoOMOCOM B cemelicTBe Pteromalidae
(Hymenoptera: Chalcidoidea): kKaproTuIl ” Ipyrue reHeTu4YecKue
ocobeHHOcTU Pachycrepoideus vindemmiae (Rondani, 1875)

B.E. Toxmau 1, A.C. Ps6unun (92, PA. Beikos (92, 10.1O. Vianuckumit (923

1 Pycckoe aHTOMOnNormyeckoe obuectso, Mocksa, Poccus
2 DepepanbHblii NCCNEeROBATENbCKUI LeHTP MHCTUTYT ymtonorum u reHetnkun Cnbrpckoro otaeneHnsa Poccuinckoln akagemmnm Hayk, HoBocnbnpck, Poccus
3 LleHTp nmMmyHosnoruv n knetouHoii 6ronorun, bantninckuin pepepanbHblii yHuBepcuteT um. Mimmaryuna Kanta, KanvHuHrpag, Poccua

@ vegokhman@hotmail.com

AHHoTauuA. /I3yueHbl pasfinyHble reHeTUYecKne 0CoBEHHOCT KynbTypbl hitman WPOKO pacnpocTpaHeHHOro napa-
3utounpa Drosophilidae (Diptera) Pachycrepoideus vindemmiae (Rondani, 1875) (Pteromalidae, Pachyneurinae), cozgaH-
HOW 1 nofaepunsaemont B VIHCTUTYTe uutonorum v reHetukn Cubrpckoro otaeneHns Poccrinickon akafeMun Hayk
(HoBocmbupck, Poccus). AHany3 BbICYLLIEHHbBIX Ha BO3AYXe XPOMOCOMHbIX MPEMNapaToB, MOMyUYeHHbIX U3 NPefKyKONOoK,
NMOKa3bIBaET, YTO UYMCSIO XPOMOCOM AJIsi CAaMLIOB M CAMOK 3TOTO Hae3fiHMKa COCTaBNAeT N =4 1 2n = 8 COOTBETCTBEHHO;
3TO HaMMeHblLLee U3 13BECTHbIX Ans cemeicTBa Pteromalidae. Bce xpomocombl B KaproTrne faHHOTO By ABNATCA
MeTaueHTprKamu. [NepBas 1 BTopas XpOMOCOMbI 61M3KM MO pa3mMepam, OCTalbHbIe CyLIEeCTBEHHO Kopoye. Takue xe pe-
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Kapuotun un fipyrue reHeTuyeckne oCo6eHHOCTM
Pachycrepoideus vindemmiae

3ynbTaTbl NOMYyYEeHb ele AnA OAHON KYNbTypbl 3TOro B, CoAepkaBLienca B MOCKOBCKOM roCyiapCTBEHHOM YHUBEP-
cutete (Poccua). CpaBHeHne nocnepoBatenbHocTy [IHK 6apKoAMHI-yyacTKa, T.e. MUTOXOHAPUANbHOTO FreHa LITOXPOoM
c-okcmpasbl (COI) kynbTypbl hitman P. vindemmiae, c ninbopmaumeir, foctynHow B 6asax gaHHbIx GenBank 1 BoLD, noka-
3aJ10, UTO 3Ta KyNbTypa KNacTepusyeTca ¢ KoHcneunduyHbiMm ocobamu, npoucxogawmmm us Kutas, Typuun n Utanun.
XoTs HEKOTOpbIe SHAOCMMOUOHTBI paHee yKa3sblBanuch Kak ana pofa Pachycrepoideus Ashmead, 1904, Tak 1 ansa camo-
ro P. vindemmiae, oka3anocb, Uto KynbTypa hitman cBobofiHa OT SHAOCUMOMOTUUECKUX BaKTEPUIA, MPUHAANEXKALLMX K
ponam Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et al., 2004, Rickettsia da Rocha-Lima, 1916, Spiroplasma
Saglio et al., 1973 n Wolbachia Hertig, 1936. BblwenprBeaeHHble faHHble MOMOHAIOT HALUW 3HAHWA O PA3NINYHbIX FeHe-
TUYECKNX 0COBEHHOCTAX Hae3aHNKOB cemelicTBa Pteromalidae, n B yactHoctu P. vindemmiae.

KnioueBbie cnoBa: Hymenoptera; Pteromalidae; Hae3gHWKY; xpomocombl; kapuoTtun; AHK-6apKoguHr; SHA0OCUMOVOHTbI.

Introduction

Parasitoid Hymenoptera are one of the most species-rich,
taxonomically complicated and economically important
groups of insects (Bebber et al., 2014; Forbes et al., 2018). In
particular, the superfamily Chalcidoidea, with its exceptionally
high morphological and ecological diversity, contains more
than 27 thousand known species (Cruaud et al., 2024). Until
recently, Pteromalidae represented the second largest family
of Chalcidoidea with about four thousand members, but now
it is subdivided into several smaller families (Huber, 2017;
Burks et al., 2022). Nevertheless, karyotypes of less than
twenty species of Pteromalidae s. I. have been studied up to
now (Gokhman, 2024), as opposed to about 230 members of
other Chalcidoidea (Gokhman, 2009, 2020). Among other
Pteromalidae s. str. (hence Pteromalidae), we have recently
studied the karyotype of a widespread parasitoid of Droso-
philidae (Diptera), Pachycrepoideus vindemmiae (Rondani,
1875), using routine staining and morphometric analysis of
chromosomes.

To ensure the precise identification of this species, which
is of considerable interest as an effective agent of biological
control (see, e.g., Bezerra Da Silva et al., 2019), we sequenced
the barcoding region of the mitochondrial cytochrome ¢ oxi-
dase (COI) gene of the same strain. In addition, many chalcids
harbor maternally inherited bacterial endosymbionts that
can cause various cytogenetic effects, for example, diploid
thelytoky (Werren et al., 2008; Gokhman, Kuznetsova, 2018),
which, in turn, can promote rapid fixation of chromosomal mu-
tations. Specifically, these endosymbionts belong to the genera
Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et
al., 2004, Rickettsia da Rocha-Lima, 1916, Spiroplasma Saglio
etal., 1973 and Wolbachia Hertig, 1936 (Gavotte et al., 2007;
Werren et al., 2008; Duron et al., 2010; Pilgrim et al., 2021;
Nadal-Jimenez et al., 2023). Since the karyotype discovered
in P. vindemmiae turned to be fairly aberrant for Pteromalidae
(Gokhman, 2024) (see below), we have therefore conducted
an additional study aimed at testing for the presence of various
endosymbionts in the above-mentioned strain.

Material and methods

Origin of insects. The hitman strain of P. vindemmiae has
been maintained in the Laboratory of Molecular Genetics of
Insects (Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences, Novosibirsk,
Russia) since 2018. It is reared on Drosophila melanogaster
Meigen, 1830 (Diptera, Drosophilidae) under 19-22 °C and
60+ 10 % humidity. The founder specimens of the strain were

isolated by Dr. Sophia N. Panteleeva (Institute of Systematics
and Ecology of Animals of the Siberian Branch of the Russian
Academy of Sciences, Novosibirsk, Russia) from D. melano-
gaster pupae that were exposed at the Novosibirsk Arboretum
in 2018. This strain can also be developed in the laboratory
on Drosophila virilis Sturtevant, 1916 and D. mercatorum
Patterson et Wheeler, 1942. For the karyotypic study, a few
additional individuals were used from the laboratory stock
kept at the Department of Evolutionary Theory (Moscow
State University, Russia).

Karyotypic study. Chromosomal preparations were ob-
tained from cerebral ganglia of seven male and four female
parasitoid prepupae generally following the protocol devel-
oped by Imai et al. (1988) with certain modifications. Ganglia
were extracted from insects dissected in 0.5 % hypotonic
sodium citrate solution containing 0.005 % colchicine. The
extracted ganglia were then transferred to a fresh portion of
hypotonic solution and incubated for 30 min at room tempera-
ture. The material was transferred onto a pre-cleaned micro-
scope slide using a Pasteur pipette and then gently flushed with
Fixative | (glacial acetic acid : absolute ethanol : distilled water
3:3:4). The tissues were disrupted using dissecting needles in
an additional drop of Fixative I. A drop of Fixative Il (glacial
acetic acid:absolute ethanol 1:1) was applied to the center
of the area, and the more aqueous phase was blotted off the
edges of the slide. The same procedure was performed with
Fixative Il (glacial acetic acid). The slides were then dried for
approximately half an hour and stored at room temperature.
Chromosome preparations were stained overnight with freshly
prepared 3 % Giemsa solution.

Metaphase plates were analyzed under a Zeiss Axioskop
40 FL epifluorescence microscope (Carl Zeiss, Germany).
Images of chromosomes from 21 haploid and 31 diploid
mitotic divisions were taken with Zeiss AxioCam 208 digital
camera using ZEN software version 3.0. To prepare illustra-
tions, the resulting images were arranged and enhanced with
GIMP 2.10. KaryoType software version 2.0 was also used
for taking chromosome measurements from five diploid meta-
phase plates of good quality. The chromosomes were classified
following the guidelines provided by Levan et al. (1964).

Molecular study. For barcoding and screening for en-
dosymbionts, DNA was extracted from at least five pooled
specimens. During 2018-2024, the hitman strain was tested
four times for maternally inherited endosymbionts in conjunc-
tion with replacements of the host strains.

Parasitoid specimens were homogenized in 200 ul extrac-
tion buffer (0.1M NaCl, 10 mM Tris HCI (pH 8.0), 25 mM
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Table 1. Primers used in this study

Karyotype and other genetic features
of Pachycrepoideus vindemmiae

Primers Target genes Sequences (5'-3’) References

LCO1490 col GGTCAACAAATCATAAAGATATTGG Folmer et al., 1994
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA

ArsF1 Arsenophonus, 16S rDNA GGGTTGTAAAGTACTTTCAGTCGT Duron et al., 2008
ArsR2 GTAGCCCTRCTCGTAAGGGCC

Car281F Cardinium, 16S rDNA GGTAGGGGTTCTTAGTGGAAG Brown et al., 2018
Car269R TGCTCCCCACGCTTTCGTG

gyrB859F Cardinium, gyrB ATGCAYGTAACGGGDTTTAAAAG Tarlachkov et al., 2023
gyrB1498R CATAATYACAATTTTATGGTAMCG

gltl Rickettsia, gltA (1st round) GATTGCTTTACTTACGACCC Igolkina et al., 2015
glt2 TGCATTTCTTTCCATTGTGC

glt3 Rickettsia, gltA (2nd round) TATAGACGGTGATAAAGGAATC

glt4 CAGAACTACCGATTTCTTTAAGC

SpiF1 Spiroplasma, 16S rDNA GGGTGAGTAACACGTATCT Sanada-Morimura et al., 2013
SpiR3 CCTTCCTCTAGCTTACACTA

ftsZunif1 Wolbachia, ftsZ (1st round) GGYAARGGTGCRGCAGAAGA Lo etal, 2002
ftsZunif2 ATCRATRCCAGTTGCAAG

ftsZ_F1 Wolbachia, ftsZ (2nd round) TYATGGARCATATAAARGATAG Baldo et al., 2006
ftsZ_R1 TCRAGYAATGGATTRGATAT

EDTA, 0.5 % SDS) and incubated at 56 °C for an hour. DNA
was then salted out with 100 pl 5M potassium acetate/3M
acetic acid with further precipitation and dissolution in 200 pl
double-distilled water. All PCRs were carried out in 20 pl
mix containing chemicals from the Biomaster HS-Taq PCR
kit (Biolabmix, Russia), together with a specific primer set
and genomic DNA, with the following cycling conditions: an
initial denaturation at 95 °C for 5 min, 35 cycles at 95 °C -
15 sec, 53 °C — 1 min for COI and Spiroplasma, 55 °C — 30 sec
for Cardinium and 40 sec for Arsenophonus and nested PCRs
followed by elongation at 72 °C —40 sec, and a final elongation
at 72 °C for 2 min. The presence of Rickettsia and Wolbachia
was checked by nested PCR, with 15 cycles for the first round
and 25 cycles for the second round; 1 pl of the reaction volume
from the first round was used in the second one. Primers used
in this study are listed in Table 1. The amplicon was puri-
fied with exonuclease (Exol) (New England Biolabs, USA),
and sequenced using the BrilliantDye™ Terminator Cycle
Sequencing Kit (NimaGen, The Netherlands). The sequence
of the COI gene was deposited in GenBank under accession
number PP727399.

We retrieved all sequences of the barcoding fragment of the
COl gene deposited under the name of P. vindemmiae in the
Barcode of Life Database (BoLD) (Ratnasingham, Hebert,
2007) and GenBank. Using BLAST nucleotide search (https://
blast.nchi.nlm.nih.gov), we also found COI gene sequences
for a few other species with the highest similarity with those
of P. vindemmiae. These sequences were also included into
the analysis. The maximum likelihood (ML) phylogenetic tree
of the COI gene was reconstructed using MEGAG software
(Tamuraetal., 2013) under the General Time Reversible model
as the best fit and bootstrapping at 1,000 iterations.
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Results

The haploid karyotype of P. vindemmiae harbors four meta-
centric chromosomes (n = 4), although the first chromosome
is close to a submetacentric one (Fig. 1a, Table 2). The second
metacentric chromosome is similar in length to the first one,
the remaining chromosomes are distinctly shorter. Conse-

Fig. 1. Karyograms of P. vindemmiae: a — male (haploid), b - female
(diploid).

Bar =10 pm.

Table 2. Relative lengths (RLs) and centromeric indices (Cls)
of P. vindemmiae chromosomes (mean + SD)

Chromosome no. RL c

1 29.77+0.48 41.07+£3.94
2 28.52+0.87 41.76+£3.40
3 22.86+0.37 40.94+£1.37
4 18.85+0.77 44.11+£2.381
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Pachycrepoideus vindemmiae, Italy (MW441241)

79 Pachycrepoideus vindemmiae strain hitman, Russia (PP727399)

100

920

89| | pachycrepoideus vindemmiae, Turkey (OM956372)

Clade 1

Pachycrepoideus vindemmiae, China (MT712142)
Pachycrepoideus vindemmiae, China (OQ455486)

Arthrolytus discoideus, Pteromalidae (GMGMV608-20)

Pachycrepoideus vindemmiae, Turkey (MK813907)
| Clade 2

100 ILPachycrepoideus vindemmiae, USA (MG831937)

Pachycrepoideus vindemmiae, USA (MG831938)

~|: Lyrcus perdubius, Pteromalidae (JSAUG290-11)
Sphaeripalpus fuscipes, Pteromalidae (BCHYM10640-15)

—_—

0.05

Achrysocharoides cilla, Eulophidae (PEDIO149-08)

Fig. 2. The maximum likelihood (ML) phylogenetic tree of Pachycrepoideus COl mitochondrial DNA sequences (577 bp

region) reconstructed with the GTR+G model.

GenBank and/or BoLD accession numbers as well as origins of samples are indicated. The hitman strain indicated in bold. COI se-
quences of Arthrolytus discoideus (Nees, 1834) (Pteromalidae), Achrysocharoides cilla (Walker, 1839) (Eulophidae), as well as Lyrcus
perdubius (Girault, 1916) and Sphaeripalpus fuscipes (Walker, 1833) (Pteromalidae) were used as outgroups. Bootstrap values higher
than 75 (1,000 iterations) are indicated. The scale bar denotes the number of substitutions per site.

quently, the diploid karyotype of this species contains eight
chromosomes (2n = 8) (Fig. 1b). No obvious chromosomal
difference was detected between the strains from Novosibirsk
and Moscow.

We sequenced 652 bp of the mitochondrial COI gene of
the hitman strain and reconstructed the ML phylogenetic
tree, which included all annotated sequences available for
P. vindemmiae (Fig. 2). There are two clades on the ML
phylogenetic tree, in which the hitman strain is clustered
with conspecifics from China, Turkey and Italy (Clade 1),
while another cluster is formed by two strains from the USA
as well as by another one from Turkey (Clade 2). However,
the latter clade also turned out to include Arthrolytus discoi-
deus (Nees, 1834) (Pteromalidae, Pteromalinae). We did not
find any molecular evidence for the presence of any checked
endosymbiont, i.e., Arsenophonus, Cardinium, Rickettsia,
Spiroplasma and Wolbachia.

Discussion

Among other members of Pteromalidae s. I., n = 4 was re-
ported only for Spalangia endius Walker, 1839 (Spalangi-
idae) from Thailand (Kitthawee, Vasinpiyamongkol, 2002).
However, the same chromosome number found in P. vin-
demmiae represents the lowest n value known for the family
Pteromalidae (Gokhman, 2024), with other members of the
family having n = 5-7. The most frequent chromosome num-
ber, which is characteristic of most species of Pteromalidae,
is n = 5 (Gokhman, 2024). Although it is unclear at present
which n value can be considered ancestral for the family, this
is almost certainly not n = 4, i.e., the chromosome number
found in P. vindemmiae. Moreover, the latter species and all
other Pteromalidae with known karyotypes belong to the sub-
families Pachyneurinae and Pteromalinae respectively (Burks
et al., 2022). It is therefore not surprising that P. vindemmiae
demonstrates deviating chromosomal characters. Moreover,
strong behavioral and molecular differences between this

species and many other Pteromalidae were already noted by
previous authors (van den Assem, 1974; Huang et al., 2023).

Taking into account the large genetic distance between
Clades 1 and 2, we suggest that the latter clade does not actu-
ally belong to P. vindemmiae. Indeed, according to the avail-
able data, studied samples of P. vindemmiae that belong to the
second clade appear to be more closely related to Arthrolytus
discoideus than to the strains of Clade 1 of P. vindemmiae
(Fig. 2). However, the pteromalid genera Arthrolytus Thom-
son, 1878 and Pachycrepoideus Ashmead, 1904 belong to
different subfamilies (see above), and therefore identifications
of these samples of P. vindemmiae may well be wrong.

Maternally inherited endosymbionts are constantly trans-
ferred to the offspring, and therefore they can be effectively
considered facultative components of the host genome. Cur-
rently, Arsenophonus remains the only endosymbiont genus
detected in P. vindemmiae (Duron et al., 2010; Nadal-Jimenez
et al., 2023). Moreover, Wolbachia and Rickettsia were also
previously reported for the genus Pachycrepoideus (Gavotte
etal., 2007; Pilgrim et al., 2021). However, the hitman strain
appears to be free from all these endosymbionts. Since we have
recurrently checked this strain for any endosymbiotic micro-
organisms for a few years starting from 2018 (see above), we
can assume that the hitman strain was neither initially infected
with these endosymbionts nor obtained them via different hosts
in the process of rearing.

Conclusions

Chromosome preparations from prepupae of Pachycrepoideus
vindemmiae showed that it has n =4 and 2n = 8 in males and
females, respectively, which are the lowest known chromo-
some numbers in the family Pteromalidae. A comparison of
the DNA sequence of the COI barcoding region of the hitman
strain of P. vindemmiae demonstrated that this strain clustered
together with conspecifics originating from China, Turkey and
Italy. The hitman strain turned out to be free of endosymbiotic
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bacteria in the genera Arsenophonus, Cardinium, Rickettsia,
Spiroplasma and Wolbachia. These results improve our
knowledge of various genetic features of parasitoids of the
family Pteromalidae and those of P. vindemmiae in particular.
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Abstract. Russia has a significant pedigree diversity of horse breeds with unique gene pools that are well adapted to a
wide variety of harsh natural and climatic conditions, are characterized by universal performance and high productive
qualities, and are of significant interest to the world horse breeding. Genetic studies of population diversity in horse
breeding are very relevant, since many domestic horse breeds are under threat of extinction. Biomaterials (hair, blood, se-
men) from horses of 15 local breeds bred in the Russian Federation and neighboring countries (CIS) were selected for the
research. The sample included 2,193 horses, including: Altaiskaya (n = 48), Bashkirskaya (n = 130), Buryatskaya (n = 30),
Vyatskaya (n = 220), Zabaikalskaya (n = 34), Kyrgyzskaya (n = 100), Mezenskaya (n = 148), Mugalzharskaya (n = 109),
Novoaltaiskaya (n = 514), Pechorskaya (n = 31), Shetland pony (n = 47), Priobskaya (n = 85), Tuvinskaya (n = 600), Khakas-
skaya (n=47) and Yakutskaya (n = 50) breeds. The following indicators were used in the genetic and population analysis:
the total number of allele variants (Na) in 17 microsatellite loci, the level of polymorphism (Ae), the average number
of alleles per locus (Nv), observed (Ho) and expected (He) heterozygosity, coefficients of genetic similarity and genetic
distances, as well as the coefficient of intrapopulation inbreeding (Fis). Modern local horse breeds, even relatively small
in number, have a high level of biodiversity and a peculiar genetic structure, often with the presence of private al-
leles, which persists despite periodic crossing with stud breeds of different specializations. It was found that horses
of local breeds possess a number of unique alleles, including ASB2T, HMS7S, HMS6J, HMS6H, HMS2T, HMS10, HTG7L,
HTG6L, HTG6H, VHL20S, ASB17Z, ASB17X, ASB17U, LEX3S, LEX3R and CA425E, which were not detected in representatives
of stud breeds in the studied European populations. The majority of the studied breeds were characterized by a negative
Fis value and the absence of inbreeding. The coefficients of genetic similarity of local breeds varied in a relatively wide
range (0.828-0.973) and testified to the uniqueness of the gene pools of most local horse breeds of the Russian Federa-
tion, as well as confirmed the common origin of the Kyrgyzskaya horse with the horse populations of Southern Siberia.
Key words: Equus caballus; genetic diversity; DNA microsatellites; local breeds; horse.
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[eHeTMUeCcKada XapaKTepUCTMKA JIOIageil MeCTHBIX ITOPO],
10 JIOKycaM MukKpocareanamtToB JHK

H.B. Baoxuna (9@, A.A. Xpabposa

Bcepoccninckuii HayuHo-UCCIeAoBaTeNIbCKUIN UHCTUTYT KOHEBOACTBA, Noc. [luBoBO, PbIGHOBCKMIA palioH, PA3aHckan obnacTtb, Poccua
@ nbloh16@yandex.ru

AHHoTauuA. Poccra obnagaet 3HaunTeNIbHbIM NMOPOLHbIM Pa3HOO6pa3memM KOHCKUX Nopof C YHUKaNbHbIMU reHOHOH-
aMu, KOTopble XOPOLO afanTMpPOBaHbl K CaMblM Pa3HOOOPa3HbIM CYpPOBbIM NMPUPOAHO-KIMMATUYECKAM YCIOBUAM,
XapaKTepur3yoTCcA YyHMBEPCANIbHOWM PaboTOCNOCOBHOCTbBIO, BBICOKMMU MPOLAYKTVUBHBIMY KauecTBamu 1 NpeacTaBnsioT
CYLLeCTBEHHbIV UHTEPeC ANA MMPOBOro KOHeBOACTBA. [eHeTnyecKme nccnefoBaHma NonynAaLMOHHOro pasHoobpasusa
B KOHEBO/ACTBE ABMAIOTCA BeCbMa aKTyaslbHbIMY, Tak Kak MHOT1e oTeyeCTBEeHHble MOPOAbl SoLafell HaXoAATCA Noj
Yrpo3oi ncyesHoBeHUs. Ansa nccnegoBaHunin 6uinvm otobpaHbl 6riomaTtepuranbl (BOMOCH, KPOBb, Cepma) OT Jiowwaaen
15 MeCTHbIX MOPOA, Pa3BOANMbIX B Poccmm n conpenenbHbix cTpaHax. Boibopka Bkoyana 2193 nowaam antanckon
(n = 48), bawkmpckoin (n = 130), bypaTckoi (n = 30), BATcKow (n = 220), 3abalkanbckoii (n = 34), Kbiproi3ckoit (n = 100),
me3seHcKkon (n = 148), myranmxapckon (n = 109), HoBoanTanckon (n = 514), neyopckon (n = 31), WeTNEeHACKMX MOHU
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(n = 47), npnobckoin (n = 85), TyBUHCKOM (n = 600), xakacckow (n = 47) n akyTckon (n = 50) nopoa. Mpw npoBeeHUN
reHeTVKO-MOoMyNALMOHHOIO aHan3a UCNob30oBay ClleAyloLme nokasatenu: obLiee KONMYeCTBO BapUaHTOB anenei
(Na) B 17 MmKpocaTeNIUTHBIX NOKYCax, ypoBeHb nonumopdHocTy (Ae), cpepHee uncno annenei Ha nokyc (Nv), Habnto-
naemas (Ho) n oxmnpaemas (He) reTepo3nroTHOCTb, KOIPPULIMEHTbI FTEHETUYECKOTO CXOACTBA Y FreHeTUYECKNX ANCTaH-
uniA, KO3GOULMEHT BHYTPUMNONYNALMOHHOIO NHBpuarHra (Fis). CoBpemMeHHble MECTHble MOPOAbI NOWAAeN faxe npu
CPaBHUTENbHO HEGOMbLION YNCIEHHOCTN UMEIT BbICOKMI YpoBeHb 61opasHoobpasna 1 cBoeobpasHyto reHeTuye-
CKYI0 CTPYKTYPY, H4acTO C HanmMumneM NprBaTHbIX asifienen, KoTopasa COXPaHAETCA HECMOTPA Ha NEPUOANYECKOe CKpeLLn-
BaHWe C 3aBOACKMMM NMopoamm pa3Hom creLmanm3anmnm. YCTaHOBMIEHO, YTO JIOWAAN MECTHbIX Mopog 0bnafatoT pAagom
YHUKanbHbIX annenen, sknovaa ASB2T, HMS7S, HMS6J, HMS6H, HMS2T, HMS10, HTG7L, HTG6L, HTG6H, VHL20S, ASB17Z,
ASB17X, ASB17U, LEX3S, LEX3R n CA425E, koTOpble He BbiAiBNEHbI Y NpefcTaBuTeNien 3aBOACKNX MOPOA B N3YUYEHHbIX
eBponenckrx nonynaumax. [4na 60ablWNHCTBA N3YUYEHHbIX MOPOA OblI0 XapaKTepHO oTpuLaTenbHoe 3HaueHue Fis 1
OTCYTCTBME BHYTPUMOPOAHOIO MHOpUANHIrA. KoadprLumeHTbl reHeTMYeCcKoro CXoacTBa MeCTHbIX NOPOA MEHANNCH B
CPaBHUTENBbHO WKPOKOM AunanasoHe (0.828-0.973) n cBnaeTenbCcTBOBanu 06 yHUKaNbHOCTA reHOGOHAOB GONbLUNH-
CTBa MECTHbIX KOHCKMX nopof B Poccnu, a Takke NOATBEPKAANIN OBLLHOCTb NMPOUCXOXKAEHNSA KbIPrbl3CKOW folaamn ¢

nonynaunamu nowagein t0xHon Cnbupw.

KnioueBble cnoBa: Equus caballus; reHeTuyeckoe pasHoobpasue; mrkpocatennutbl JHK; mecTHble nopoabl; nowagb.

Introduction

Until the beginning of the last century, horse breeding oc-
cupied a special place in the economy and agricultural pro-
duction not only in Russia, but also in many other countries.
The horse was not only a symbol of the power and prestige
of the country, but also saved peoples in difficult times of
history. However, in the middle of the 20th century, with the
development of mechanization in agriculture, transport, army
and industry, the approach to the use of horses changed, and
the number of horses decreased sharply, but then stabilized
and even began to grow in many countries. Now horses play
an important role in tourism, sports, racing business, as well
as in food production (milk, koumis, meat). The observed
global trend of increasing horse meat production (Askarov et
al., 2020) is explained by the high dietary properties of horse
meat. Horse meat is easily digested and contains practically no
allergenic amino acids; therefore, it is considered a valuable
dietary product (Stanislawczyk et al., 2020).

World practice shows that if the expenses on breeding work
are reduced, the productivity of livestock decreases, and ulti-
mately, animal breeding becomes unprofitable. The assessment
of genetic diversity within individual breed populations and
entire breeds makes it possible to create and improve both
breeding plans and programs for the conservation of the gene
pool of these breeds (Marzanov et al., 2010; Kalashnikova et
al., 2022). In our country, local horse breeds represent more
than 50 % of the total horse population, and their breeding
provides employment, livestock production, preservation of
cultural traditions and the development of new territories.

Currently, 47 horse breeds are included in the State Register
of Breeding Achievements of the Russian Federation, includ-
ing 20 local and productive breeds created on their basis,
which are mainly distributed in regions with harsh climatic
conditions (Fig. 1).

The evolution of local horse breeds took place mainly un-
der the influence of natural selection using methods of native
breeding, which resulted in high adaptability to environmental
conditions. To date, a significant part of the native breeds
have been systematically improved by crossing with various
stud breeds due to the need to produce a larger horse for ag-

riculture and increase horse meat production. Nowadays, the
value of local breeds is increasing, as they are the basis of a
productive horse breeding industry (Askarov et al., 2020). As
a result of crossing horses of local breeds with stud, mainly
draft breeds, it was possible to increase the size of native
horses while maintaining their type and economically useful
qualities. However, since the end of the last century to the
present, there has been no purposeful breeding work with
many local breeds, breeding records have been established
almost only in the Mezenskaya, VWatskaya, Bashkirskaya and
Kalmykskaya breeds.

Uncontrolled crossing leads to a change in the type and
pure original aboriginal forms of horses of most local breeds,
which in the future may lead to the disappearance of the breeds
themselves. Out of the 40 native horse breeds described by
hippologists at the turn of the 19-20th centuries, only 16 have
actually survived to the present day. At the same time, there
is virtually no information about the current state of the Pe-
chorskaya, Chumyshskaya, Kuznetskaya and \Verkhneyeni-
seiskaya breeds included in the State Register of Breeding
Achievements of the Russian Federation (Belousova, 2018).

Table 1 provides information on the number of horses tested
and the number of mares of the studied local breeds. It follows
from the above data that critically low numbers of livestock
are observed in \Watskaya, Mezenskaya, Pechorskaya and
Priobskaya breeds, which are in urgent need of conservation
measures. Therefore, comprehensive programs are needed to
preserve small-numbered horse breeds, which are a national
achievement of Russia, including genetic research for study
and evaluation of the valuable domestic gene pool.

Today, DNA technologies are widely used in the control
of animal origin, the study of phylogenetic relationships and
microevolution of breeds, in order to improve the genotypic
assessment of animals at individual and population levels,
as well as in diverse and genomic studies (Marzanov et al.,
2010; Roh et al., 2020; Nwachukwu et al., 2022; Pozharskiy
etal., 2023).

In recent years, microsatellites have been the most popular
markers in studies of the genetic characteristics of farm ani-
mals (Ernst, Zinovieva, 2008; Glazko et al., 2023), they are
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Fig. 1. Distribution of horses of local breeds in the territory of the Russian Federation.

Table 1. The total number of livestock and the number
of samples taken from horses of local breeds

Breed Number Total number
of samples taken  of mares

Altaiskaya 48 500*
Bashkirskaya 130 2,400*
Buryatskaya 30 1,000*
Vyatskaya 220 230*
Zabaikalskaya 34 1,500%
Kyrgyzskaya 100 64,500
Mezenskaya 148 171*%
Mugalzharskaya 109 5,200
Novoaltaiskaya 514 3,245
Pechorskaya 31 100*
Shetland pony 47 396
Priobskaya 85 200*
Tuvinskaya 600 1,200%
Khakasskaya 47 5,500*
Yakutskaya 50 51,800*

* Data: Belousova N.F. (2018).

easy to use and have a high degree of information. Microsatel-
lites are interesting because they are subject to a higher level
of mutation than the rest of the genome (Glazko et al., 2023).
Studies by many scientists researching the genetic structure
of horses of different specializations using DNA markers

(Kalashnikov et al., 2011; Blohina et al., 2018; Gavrilicheva,
2019; Khaudov et al., 2019) have shown a high level of al-
lelic variability in the studied populations and confirmed the
presence of genetic specificity of the allelofund of most horse
breeds, often with a limited breeding area (\Vdovina, Yurieva,
2021; Khrabrova et al., 2022). Microsatellites are an effective
tool for studying the features of the gene pool, genetic poly-
morphism, phylogeny, and obtaining data on the formation
and evolution of animals (R2D2 Consortium et al., 2021).

The purpose of our study was to investigate the allele pool
and genetic diversity of STR loci in the genomes of horses of
15 native breeds bred in the territory of the Russian Federa-
tion and CIS countries, as well as to study their phylogenetic
relationships.

Materials and methods

The materials for these studies were selected from represen-
tatives of local breeds living on the territory of the Russian
Federation. The study included 2,193 horses, including: Altai-
skaya (n = 48), Bashkirskaya (n = 130), Buryatskaya (n = 30),
Watskaya (n = 220), Zabaikalskaya (n = 34), Kyrgyzskaya
(n=100), Mezenskaya (n = 148), Mugalzharskaya (n = 109),
Novoaltaiskaya (n = 514), Pechorskaya (n = 31), Shetland
pony (n = 47), Priobskaya (n = 85), Tuvinskaya (n = 600),
Khakasskaya (n = 47) and Yakutskaya (n = 50) breeds.

The studies were conducted in the certified laboratory of
genetics of the Federal State Budgetary Scientific Institution
All-Russian Research Institute for Horse Breeding for 17 STR
DNA loci: HMS2, HMS3, HMS1, AHT4, VHL20, AHTS5,
HTG7, HTG6, HTG4, HTG10, HMS7, HMS6, ASB23, ASB2,
ASB17, LEX3 and CA425, using standardized techniques
recommended by ISAG.
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DNA isolation from biomaterials (hair, blood, sperm, etc.)
was carried out using COrDIS SPRINT reagents (Russia).
Amplification of the obtained DNA was performed using a
17-plex set of primers for genotyping horses of domestic pro-
duction COrDIS Horse (Russia). The separation and detec-
tion of amplification products were carried out by capillary
electrophoresis on an automatic 4-capillary genetic analyzer
NANAFOR 05 (Russia). After recording the electrophoresis
data using the GeneMapper™ V.4.0 program, the sizes of the
amplified DNA fragments were calculated. The interpretation
of the results was carried out using a control DNA profile
with a known genotype and data from international compara-
tive tests (Horse Comparison Tests) conducted by ISAG in
2008-2020. An international alphabetic code was used to
designate alleles. The analysis of the genetic and population
parameters of the breeds was carried out and graphically
visualized in the program R Studio 1.3.1093 (Francis, 2017),
R package “diveRsity”, using the package “POPHELPER”.
The expected (Ho) and observed (He) heterozygosity values
were calculated using the PLINK 1.9 software packages
(Chang et al., 2015); MS Excel 2010, Statistics 12 (https:/stat
soft-statistica.ru/) and GenAlEx (ver.6.5.1) (https://biology-
assets.anu.edu.au/GenAlEx/Download.html) were also used
in the calculations. The phylogenetic tree was constructed
using the Neighbor-Net algorithm using the SplitsTree4 4.14.5
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program (https://www.advanceduninstaller.com/SplitsTree4-
4 14 5-72c¢0418345e4a971bab5b353bfae970d6-application.
htm).

When characterizing the breeds, the following indicators
were calculated: the total number of alleles in 17 STR loci
(Na), the average number of alleles per locus (Nv), the level
of polymorphism (Ae), observed (Ho) and expected (He)
heterozygosity, the coefficient of intrapopulation inbreeding
(Fis), genetic kinship and genetic distances.

Results

Genotyping of 2,193 horses of 15 local breeds at 17 STR loci
revealed 521 alleles with large fluctuations in loci from 3 for
HTG6 (Pechorskaya) to 21 for ASB17 (Tuvinskaya).

A comparative analysis of the generalizing indicators shows
that the richest spectrum of alleles was recorded in horses
of the Tuvinskaya (170), Novoaltaiskaya (158) and Mugal-
zharskaya (154) breeds, while horses of the Buryatskaya
breed had the minimum number of alleles, which was 117
(Table 2).

The Tuvinskaya breed was the best in terms of polymor-
phism (Ae =5.186). Horses of the Kyrgyzskaya (Ae = 5.080)
and Mugalzharskaya (Ae = 5.051) breeds had similar indica-
tors of this value. The lowest level of polymorphism was
recorded in horses of the Khakasskaya (Ae = 4.299) and

Table 2. Characteristics of horses of native breeds (n = 2,193) according to 17 STR DNA markers

Breed n Na Nv

Altaiskaya 48 134 7.880
Bashkirskaya 130 153 9.001
Buryatskaya 30 117 6.883
Vyatskaya 220 129 7.588
Zabaikalskaya 34 129 7.588
Kyrgyzskaya 100 153 9.000
Mezenskaya 148 132 7.764
Mugalzharskaya 109 154 9.060
Novoaltaiskaya 514 158 9.294
Pechorskaya 31 121 7117
Shetland pony 47 131 7.705
Priobskaya 85 147 8.647
Tuvinskaya 600 170 10.000
Khakasskaya 47 123 7.235
Yakutskaya 50 128 7.529
Russian Heavy Draft* 615 138 8.117
Soviet Heavy Draft* 286 129 7.587

Ae Ho He Fis HWE
4.761 0.784+0.025 0.759+0.024 -0.038 Frx
4.837 0.778+0.023 0.774+0.018 -0.005 ns
4.420 0.740+0.025 0.750+0.017 0.012 Frx
4.101 0.738+0.028 0.723+0.027 -0.022 ns
4.579 0.747 £0.024 0.763+0.020 0.015 **
5.080 0.766+0.020 0.781+0.019 0.016 **
4.197 0.736+0.033 0.723+0.032 -0.021 ns
5.051 0.801+0.022 0.781+0.019 -0.025 ns
4923 0.752+0.031 0.757+0.029 0.006 ns
4.580 0.755+0.035 0.755+0.023 -0.006 **
4337 0.714+0.024 0.748+0.020 0.046 Frx
4.661 0.702+0.026 0.752+0.027 0.058 **
5.186 0.754+0.025 0.782+0.021 0.028 ns
4.299 0.729+0.031 0.745+0.020 0.025 ns
4.307 0.693+0.032 0.740+0.025 0.055 **
3.667 0.674+0.030 0.689+0.030 0.015 ns
3.871 0.694+0.043 0.697+£0.042 0.004 ns

Note. n - number of horses; Na - total number of alleles in 17 microsatellite loci; Ae — level of polymorphism; Ho — observed heterozygosity; He — expected
heterozygosity; Fis — coefficient of intrapopulation inbreeding; Nv — average number of alleles per locus; HWE - deviation from the Hardy-Weinberg equilibrium
(ns — not significant, ** - significant at p < 0.001, *** — significant at p < 0.0001), * - horse breeds participating as improvers of local horses.
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Yakutskaya (Ae = 4.307) breeds. The highest indicators of
actual heterozygosity were determined in horses of the Mugal-
zharskaya (Ho = 0.801), Altayskaya (Ho = 0.784), Bashkir-
skaya (Ho =0.778) and Kyrgyzskaya (Ho = 0.766) breeds, the
lowest degree was found in Yakutskaya (Ho = 0.693) horses.

The predominance of heterozygous genotypes and the ab-
sence of intrapopulation inbreeding were observed in horses
of the Altaiskaya, Bashkirskaya, Watskaya, Mezenskaya and
Mugalzharskaya breeds. A slight shift in the genetic balance
towards an excess of homozygotes according to the Fis co-
efficient was noted in horses of the Zabaikalskaya, Kyrgyz-
skaya, Novoaltaiskaya, Priobskaya, Tuvinskaya, Khakasskaya
and Yakutskaya breeds. In most subpopulations and breeds
of horses, we observed deviations from the Hardy—\Weinberg
equilibrium, significant at p < 0.001 or p < 0.0001 for all
studied loci. The Hardy—Weinberg equilibrium was observed
in horses of Bashkirskaya, \Watskaya, Mezenskaya, Mugal-
zharskaya, Novoaltaiskaya, Tuvinskaya, and Khakasskaya
breeds (p > 0.05).

The results of the analysis of the genetic structure of horses
of native breeds demonstrate that each of the analyzed groups
differs in the spectrum, frequency of occurrence and set of al-
leles. It should be noted that a comparative analysis of 17 STR
loci in horses of local breeds revealed 16 new alleles that were
missing from the standardized ISAG nomenclature (Van de
Goor etal., 2010), namely alleles: HMS7S, HMS6J, HMS6H,
HMS2T, HMS10, ASB2T, HTG7L, HTG6L, HTG6H, ASB17Z,
ASB17X, ASB17U, VHL20S, LEX3S, LEX3R and CA425E.

In horses of the Mezenskaya breed bred in the Arkhangelsk
region, five unique alleles were found at once: HMS6J (0.003),
ASB17Y (0.019), ASB17X (0.010), LEX3S (0.039) and LEX3R
(0.016). The alleles HMS7L (0.685), HMS3M (0.432), AHT40
(0.417), HTG70 (0.437), HTG7K (0.425), HTG60 (0.799),
HTG4M (0.419) and LEX3M (0.535) had the highest concen-
tration in this northern forest breed.

In the genetic structure of the Bashkirskaya breed, there is
a high frequency of occurrence of certain alleles (HTG100 -
0.447, HTG60 - 0.508, HTG4M - 0.589 and HMS7L - 0.487)
and the presence of a rare allele ASB17U (0.041), found in
horses of Tuvinskaya breed.

Two alleles turned out to be unique alleles for horses of the
Watskaya breed HTG6L (0.004) and AHT5P (0.009), and the
typical ones were HMS7L (0.470), HMS2H (0.457), HMS1M
(0.468), AHT5J (0.427), HTG7 (0.576), HTG60 (0.712) and
HTG4M (0.689).

The local horse breeds of Siberia differed markedly from
European populations in all genetic parameters. High values
of all basic population parameters were determined in horses
of the Kyrgyzskaya and Tuvinskaya breeds that previously had
contiguous ranges. High allele frequencies were also identified
in horses of these breeds: HTG60O (0.548; 0.530), HTG4M
(0.632; 0.597), HMS7L (0.420; 0.400). The Tuvinskaya breed
rarely had alleles HMS6H (0.001), HMS3L (0.004), VHL20K
(0.002), ASB23N (0.001), ASB17Z (0.002), LEX3J (0.054) and
LEX31 (0.024). Two unique alleles were identified in the Kyr-
gyzskaya horse breed, HTG4J (0.005) and HTG7Q (0.009),
absent from other studied breeds within the studied groups.

The HTGG6R allele was detected only in horses of four
breeds: Kyrgyzskaya (0.005), Mugalzharskaya (0.007), Pri-
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obskaya (0.023) and Tuvinskaya (0.006). At the VHL20 locus,
the S allele was found in horses of the Mugalzharskaya (0.046),
Novoaltaiskaya (0.005) and Tuvinskaya (0.002) breeds.

In the LEX3 locus localized on the X chromosome, 12 al-
leles were identified in local horses, three of which (F, L, M)
were found in all the studied breeds (Fig. 2).

Representatives of the Tuvinskaya and Altaiskaya breeds
are characterized by the presence of a rare allele LEX3J (0.019;
0.056), which is absent in other groups studied in this work.
Only in horses of local breeds bred in Southern and Western
Siberia, such as Kyrgyzskaya, Novoaltaiskaya, Mugalzhar-
skaya and Tuvinskaya, the LEX3G allele was found, which
occurred with low frequency.

Rare alleles have been identified in the genotypes of horses
of the Mezenskaya breed, LEX3S (0.045) and LEX3R (0.017),
missing from other populations (Fig. 2).

Horses of local breeds were characterized by the presence
of separate alleles at the CA425 locus (1, J, L, M and N). The
maximum frequency of occurrence of the CA425M allele was
detected in the Tuvinskaya and Khakasskaya populations, and
the CA425N allele was determined in horses of the Buryat-
skaya (0.511), Altaiskaya (0.463), Mugalzharskaya (0.408)
and Novoaltaiskaya (0.435) breeds. The new allele CA425E
was found only in horses of the Mugalzharskaya breed bred in
Kazakhstan (0.009). The unique CA425P allele was identified
in Shetland ponies, Bashkirskaya and Khakasskaya horses,
and was absent in other breeds we studied.

The indicators of the level of polymorphism and the degree
of heterozygosity in local breeds were high at low Fis values,
which indicates a genetic balance in the studied populations.
Based on the results obtained, it can be noted that the highest
indicators of genetic diversity were found in horses of the
Tuvinskaya breed, in comparison with other breeds analyzed in
the framework of the presented study. And the lowest level of
genetic diversity is observed in horses of the Vatskaya breed.

The coefficients of genetic kinship between local horse
breeds varied in the range of 0.828-0.973 (Table 3). The
highest coefficients of genetic relationship were determined in
horses of the Kyrgyzskaya breed with the Tuvinskaya (0.973),
Bashkirskaya (0.939), Altaiskaya (0.938), Zabaikalskaya
(0.934) and Khakasskaya (0.926) breeds. The lowest level of
genetic relationship was found with Shetland ponies. Genetic
differences between the studied horse breeds by microsatellite
markers confirm the values of genetic distances, which varied
in the range of 0.027-0.331. Horses of the Tuvinskaya and
Kyrgyzskaya breeds have the closest genetic distances (0.027).

On the phylogenetic tree, the studied horse breeds form
three independent clusters (Fig. 3). The first cluster includes
horses of the Kyrgyzskaya and Tuvinskaya breeds, charac-
terized by a common origin, which is adequately consistent
with history. Ethnic groups actively roamed on horseback
throughout Eastern, Western and Central Siberia, hence the
genetic relationship of the populations.

The second cluster is formed by horses of the Bashkirskaya,
Khakasskaya, Mugalzharskaya and Orlov Trotters breeds. At
first glance, the inclusion of the Orlov Trotters in the group
of local steppe breeds looks somewhat unexpected, but most
likely it is due to the periodic use of this trotter breed to
improve the economically useful qualities of horses of local
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Genetic characteristics of local horse breeds
by microsatellite DNA loci
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Fig. 2. Histogram of allele frequencies at the LEX3 locus in horses of local breeds.
Table 3. Coefficients of genetic kinship and genetic distances in horses of local breeds
Genetic Genetic kinship
distance
S ©
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Altaiskaya X 0.886 0.862 0911 0.938 0.805 0.878 0.872 0.901 0.866 0.852 0.777 0924 0.870 0.844 0.829
Bashkirskaya 0.114 X 0.869 0.903 0.939 0.840 0.890 0.817 0.886 0.856 0.841 0.814 0.945 0915 0.864 0.800
Buryatskaya 0.138 0.131 X 0.872 0914 0.836 0.851 0.821 0.883 0.831 0.810 0.779 0.887 0.865 0.833 0.744
Zabaikalskaya 0.089 0.097 0.128 X 0.934 0816 0.876 0.842 0.899 0.858 0.874 0.789 0.929 0.874 0.865 0.779
Kyrgyzskaya 0.062 0.061 0.086 0.066 X 0.850 0.909 0.864 0916 0.888 0.871 0.828 0.973 0.926 0.871 0.833
Mezenskaya 0.195 0.160 0.164 0.184 0.150 X 0.760 0.781 0.838 0.831 0.777 0.805 0.856 0.823 0.799 0.701
Mugalzharskaya 0.122 0.110 0.149 0.124 0.091 0.240 X 0.782 0.885 0.787 0.819 0.768 0913 0.867 0.855 0.788
Vyatskaya 0.128 0.183 0.179 0.158 0.136 0.219 0.218 X 0.873 0.816 0.829 0.711 0.844 0.822 0.775 0.732
Novoaltaiskaya 0.099 0.114 0.117 0.101 0.084 0.162 0.115 0.127 X 0.879 0.888 0.775 0911 0914 0.846 0.820
Pechorskaya 0.134 0.144 0.169 0.142 0.112 0.169 0.213 0.184 0.121 X 0.820 0.811 0.889 0.844 0.833 0.748
Priobskaya 0.148 0.159 0.190 0.126 0.129 0.223 0.181 0.171 0.112 0.180 X 0.752 0.881 0.829 0.789 0.768
Shetland pony  0.223 0.186 0.221 0.211 0.172 0.195 0.232 0.289 0.225 0.189 0.248 X 0.851 0.767 0.806 0.669
Tuvinskaya 0.076 0.055 0.113 0.071 0.027 0.144 0.087 0.156 0.089 0.111 0.119 0.149 X 0.915 0.894 0.818
Khakasskaya 0.130 0.085 0.135 0.126 0.074 0.177 0.133 0.178 0.086 0.156 0.171 0.233 0.085 X 0.820 0.847
Yakutskaya 0.156 0.136 0.167 0.135 0.129 0.201 0.145 0.225 0.154 0.167 0.211 0.194 0.106 0.180 X 0.701
Orlov Trotter 0.171 0.200 0.256 0.221 0.167 0.299 0.212 0.268 0.180 0.252 0.232 0.331 0.182 0.153 0.299 X
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Fig. 3. Dendrogram of genetic distances between native horse breeds, constructed using the Neighbor-Net method.

populations. In this subcluster, a branch of the geographically
isolated Mugalzharskaya breed stands out somewhat, possess-
ing a number of unique alleles.

The most extensive third cluster includes most of the studied
aboriginal horse breeds of the forest and forest-steppe zone,
as well as breeds of domestic draft horses previously used
as improvers of local livestock. The dendrogram of genetic
distances clearly reflects the noticeable influence of stallions
of the Russian draft breed on the formation of the WWatskaya
breed over the past decades of its development.

Thus, based on the results obtained, it can be concluded that
the formation of genetic profiles of aboriginal breeds, their
levels of polymorphism, differences in the structure of loci,
genetic and population characteristics, as well as common-
alities, are influenced by two groups of significant factors of
different vectors: the natural geographical isolation of animals
and origin from common ancestors. Our molecular genetic
analysis of 15 native breeds showed that all animal groups
were characterized by high genetic diversity.

Discussion

Russia has unique genetic resources of horse breeding, the
study of biological characteristics of which is the basis for
programs for their conservation and improvement.

In the course of the conducted studies in horses of native
breeds, high values of the polymorphism level of STR mar-
kers were determined in almost all breeds (Ae = 4.101-5.186)
analyzed in the framework of the presented study. The data
obtained indicate a complex and diverse system of crossing
and breeding in the studied groups, as well as the presence
of genetic diversity associated with the adaptive qualities of

horses and their ability to adapt to extreme environmental
conditions in an evolutionary context.

In addition to the standardized nomenclature (\an de Goor
et al., 2010), 16 new alleles were found in horses of local
breeds, which could have remained in the centers of domes-
tication of ancient horses in the territory, as well as appeared
as a result of genomic mutations or the introduction of genes
with horses of nomads from different regions of Asia. Scien-
tists from China (Ling et al., 2011) confirm this fact with
their own studies of local Chinese horses, in which a wide
range of alleles of microsatellite markers of oriental origin
has been identified.

The analysis revealed significant differences in the main
genetic parameters (Ae, Nv, Ho, He, Fis). In addition to the
high degree of genetic variability, a characteristic feature of
local breeds was the presence of a number of alleles unique for
domestic breeds (ASB2T, HMS7S, HMS6J, HMS6H, HMS2T,
HMS10, HTG7L, HTG6L, HTG6H, VHL20S, ASB17Z,
ASB17X, ASB17U, LEX3S, LEX3R and CA425E), which were
not found in horses of stud breeds and in the studied European
populations (Seo et al., 2016; Baena et al., 2020).

Horses of native breeds have unique alleles: Tuvinskaya —
HTG6L, VHL20S, HMS6H, ASB17X, ASB17U, ASB17Z;
Bashkirskaya — ASB17U; Altaiskaya — HMS2T; Buryat-
skaya — HTG6L, HTG6H; VWyatskaya — AHT5P, HTG6L;
Mezenskaya — ASB17Y, ASB17X, HMS6J, LEX3R, LEXS3S.
Modern aboriginal horse breeds, even with a common origin
from Mongolian roots (Yun et al., 2022), have their own
characteristic genetic structure with the presence of private
alleles, despite periodic crossing with stud breeds of riding,
trotting and draft directions.
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Our results confirm the published data of foreign scientists
(Lippold et al., 2011; Librado et al., 2021) regarding the area
of horse domestication having occupied a significant part of
modern Russia, which, due to its geographical location, was a
historical crossroads of the routes of many nomadic peoples of
Eurasia, which contributed to the intensive process of forming
horses of new breeds.

Conclusion

Thus, the conducted studies have shown that domestic horse
breeds have an original genetic structure, an inherent allele
pool and are characterized by a high level of genetic diversity.
Private alleles have been identified in horses of native breeds,
which must be taken into account when controlling the origin
and assessing population diversity, as well as when conducting
genetic monitoring and planning programs for the conserva-
tion and breeding of horses of local breeds.

The results of the constructed phylogenetic tree show that
local horse breeds bred in the territories of neighboring regions
have the highest degree of genetic similarity. Cluster analysis
combined horse breeds into three groups according to the
genetic structure of DNA microsatellite loci, which confirmed
their suitability as markers of phylogenetic relationship of
populations. The obtained coefficients of genetic similarity
adequately reflect the relationships of local horse breeds in
accordance with the history of their formation.

The study of the features of the genetic structure and phy-
logenetic relationships of domestic aboriginal horse breeds by
17 STR markers is of undoubted interest both from a theoreti-
cal and a practical point of view. Genetic breeding methods
make it possible not only to assess the degree of genetic
diversity of breeds, but also to control the level of inbreeding,
and based on this to form a strategy for breeding programs.
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Association of two missense mutations
in the MSS51 and KAT6B genes with body weight
at different ages in cows of the Yaroslavl breed
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Abstract. The Yaroslavl cattle is a native Russian dairy breed developed in the 19th century from the Northern Great
Russian cattle, which were adapted to withstand harsh climates and poor forage conditions. Previous studies identified
two breed-specific missense mutations in the MSS57 (Ala415Glu) and KAT6B (Val105Met) genes that negatively impact
the body weight of the animals. This study aimed to confirm the association of these missense mutations in the MSS51
and KAT6B genes, along with the mutant haplotype containing both mutations, with live weight at various ages in the
Yaroslavl breed using an expanded sample set. We genotyped 113 cows for these missense variants and analyzed their
associations with live weight at birth, as well as at 6, 10, 12, 15, and 18 months in a combined sample of 143 animals,
which includes earlier data. We employed linear regression and one-way ANOVA for statistical analysis. The results
from linear regression indicated significant associations with live weight at 6, 12, and 18 months for the mutation in
the KAT6B gene. The MSS51 gene mutation was associated with live weight at 6, 12, 15, and 18 months. Notably, the
mutant haplotype was linked to live weight across all ages from 6 to 18 months. One-way ANOVA revealed significant
associations of live weight with KAT6B genotypes only at 6 months. For the MSS57 gene mutation and the mutant
haplotype, significant associations were found at 6, 12, 15, and 18 months. In both statistical tests, the most significant
association was observed for the mutant haplotype rather than for the individual variants. These findings could be
instrumental in enhancing the live weight of beef hybrids utilising the Yaroslavl cattle breed.

Key words: Yaroslavl breed; live weight; age; KAT6B gene; MSS51 gene; missense mutation; haplotype; selection.
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Accoumanusi JBYX MIUCCeHC-MyTaluii B reHax MSS51 n KAT6B
C MacCOi Tejia B pa3HOM BO3pacTe V KOPOB SIPOC/IaBCKOM MMOPObI

A.B. Viroumu (9! @, H.C. F0auu (D, A.M. Aapxun (2@

1 DepepanbHblii NCCNeROBATENbCKUI LeHTP VHCTUTYT ymtonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbupck, Poccus
2 KoponeBCKuit BeTeprHapHbIit Konnemx, JIoHaoH, BennkobputaHns

@ igoshin@bionet.nsc.ru; dmlarkin@gmail.com

AHHOTauuA. ApocnaBckasa NOpoAa KPYMNHOro poratoro CKoTa — OoTeyecTBeHHas NMOpoAa MOJIOYHOrO HarnpaBs/ieHuna
NPOAYKTUBHOCTY, BbiBeAeHHas B XIX B. Ha OCHOBe CeBepHOro BENMKOPYCCKOro CKOTa, aAanTUPOBaHHOIO K CypoOBOMY
KNMMaTy U CKyAHOMY paLuoHy. PaHee y XMBOTHbIX 3TO NOPOLbl Mbl OOHAPYKUIM [1BE BbICOKOYACTOTHbIE MOYTU NMOPO-
pocneunduryHble MrcceHc-myTaumm B reHax MSS51 (Ala415Glu) n KAT6B (Val105Met), KoTopble Menv OTpULaTENbHYHO
CBA3b C Maccol Tena Ha BblIbopke 13 30 KMBOTHbIX. Lieniblo paboTbl Obifio NOATBEPKAEHME accoLmaL MUCCEHC-MYyTa-
uniA B reHax MSS51 n KAT6B, a Takke MyTaHTHOrO ransiotuna, copepatlero obe mytaumm, € K1BOWN Maccoi B pasHOM
BO3pacTe Y KOPOB APOCIABCKON NOPObl Ha pacLUMPeHHON BbIbOpKe XMBOTHbIX. Mbl reHoTMnupoBanu 113 KopoB no
BbILLEYMNOMSHYTbIM MUCCEHC-BapaHTaM 1 Ha 06befUHEHHOW C NPeablAyLWMMIA faHHbIMU BbIOOpKe B 143 >KMBOTHbIX
NPOBEeSIN aHaNM3 accolmaL i C >KMBOW Maccoi B Bo3pacte 0,6, 10, 12, 15 1 18 mec. ¢ NCnosib3oBaHMEM NINHENHON pe-
rpeccumn n ogHOGaKTOPHOro ANCNEPCUOHHOMO aHanm3a. C MOMOLLbIO IMHENHOW perpeccumn Ana myTtaumm B reHe KAT6B
6blIN BbIABMEHbI 3HAaUMMblE acCoLMaLIMM C KNBOW Maccoi B Bo3pacTte 6, 12 1 18 mec. MyTaums B reHe MSS57 6bina
accouuMmnpoBaHa C »K1BOI Maccol B BozpacTe 6, 12, 15 n 18 mec. fannotun c o6enmm mytaumamm 6bin accoLMmpoBaH C
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Accoumauma myTtauui B reHax MSS51 n KAT6B
C Maccom Tena y KopoB APOCIaBCKON NOpoabl

JKMBOW Maccol BO BCex Bo3pacTax, oT 6 o 18 mec. BKNtounTenbHO. Mo pesynbtatam o4HOPpaKTOPHOrO ANCNepCrOHHO-
ro aHanM3a 3HauMMble acCOLMALMM >KMBOI MAcCbl C FeHOTUMaMU Mo MyTaLmm B reHe KAT6B 6binvi 06Hapy»KeHbl TONbKO
B BO3pacTe 6 mec. ina myTauum B reHe MSS571, Kak 1 gna MyTaHTHOTO ranjoTuna, accounaumny NMenncb B Bo3pacrte
6,12, 15 1 18 mec. B 060uUx CTaTUCTUYECKMX TECTAaX HAaMOONbLUEN 3HAUMMOCTIN AOCTUMIA aCCOLMALNA He C OTAeSbHbI-
MW BapuaHTaMu, a ¢ MyTaHTHbIM rannoTunom. MosyyeHHble AaHHble MOTYT ObITb MCMONb30BaHbl NPY cenekunn Ansa
NPOV3BOACTBA FOBAAMHbI 32 CYET OTKOPMOYHOIO KOHTUHIEeHTa MOJIOAHAKA, @ TakXKe Nomecer ApOoCnaBCKOW Nopoabl C

OblKamy MACHbIX nopoa.

KntoueBble cnoBa: ApociaBcKkasa NOpopaa; XKMBasa Macca; Bo3pacT; reH KAT6B; reH MSS51; MucceHC-MyTaums; rannoTun;

cenekuus.

Introduction

There are currently more than a thousand officially recognized
cattle breeds in the world (FAO, 2024). A significant part of
them can be attributed to the so-called local (indigenous,
native) breeds. Local breeds usually have lower productivity
compared to commercial breeds with a large breeding area,
but are well adapted to local climatic factors, pathogens and
farming conditions (Curone et al., 2019). Local breeds are
a valuable reservoir of genetic diversity that can be used to
improve the adaptive and productive traits of cattle in the face
of climate change around the world (Yudin, Larkin, 2019;
Colombi et al., 2024).

The Yaroslavl cattle is a native Russian dairy breed de-
veloped in the 19th century on the territory of the former
Yaroslavl province as the result of “folk selection”, by pure
breeding of the Northern Great Russian cattle, which were
short and had low productivity, but were adapted to withs-
tand harsh climates and poor forage conditions (Dmitriev,
Ernst, 1989).

Animals of the Yaroslavl breed are mainly black in
color. The head is white, with characteristic black markings
(“glasses”) around the eyes. The belly and the lower part of
the limbs, as well as the tip of the tail, are white (Monoenkov,
1974). Until the beginning of the 1880s, animals of the Dutch,
Tyrolean, Angeln, Simmental, Allgau, and Kholmogory breeds
were imported into the Yaroslavl province in small numbers.
However, it appears they did not significantly affect the Yaro-
slavl breed, as it retained its specific exterior (Dmitriev, Ernst,
1989). In the USSR, the Yaroslavl breed was crossed with the
Friesian and Dutch cattle (since 1937), as well as with the Hol-
stein breed (since 1978), in order to increase milk productivity
(Monoenkov, 1974; Tamarova, 2009). Nevertheless, studies
based on genome-wide SNP genotyping arrays (Iso-Touru et
al., 2016; Yurchenko et al., 2018) and microsatellite analysis
(Abdelmanova et al., 2020) have shown that the Yaroslavl
breed has mostly retained its unique genetics, which differs
from other Russian native and foreign breeds.

Previously, we conducted a study to search for signatures
of selection in the genomes of animals of the Yaroslavl breed,
in which two almost breed-specific high-frequency missense
mutations were identified on chromosome 28 in the MSS51
(Ala415Glu) and KAT6B (Vall05Met) genes, forming a single
haplotype (Ruvinskiy et al., 2022). Genotyping of these mu-
tations and subsequent association analysis carried out on a
sample of 30 cows showed a negative relationship between
the mutant haplotype and the live weight of animals, as well
as withers height and heart girth. We hypothesized that the
mutant haplotype, being associated with lower body weight
of animals, had advantages under cold climate conditions and

poor food supply. Therefore, it has undergone selection in the
ancestral populations of the Yaroslavl breed.

The aim of this study was to confirm the association of the
missense mutations in the MSS51 and KAT6B genes, as well
as the mutant haplotype containing both mutations, with live
weight at various ages in the Yaroslavl cows on an expanded
sample set.

Materials and methods

Blood samples from 113 Yaroslavl cows from two farms of
the Yaroslavl region were used in the study. Information on
live weight at the age of 0, 6, 10, 12, 15 and 18 months was
obtained from breeding records. DNA isolation was performed
using the standard phenol-chloroform extraction method with
preliminary proteolytic digestion (Sambrook, Russell, 2006).
Genotyping of the missense mutations in the MSS51 and
KAT6B genes was carried out by restriction fragment length
polymorphism (RFLP) analysis after polymerase chain reac-
tion (PCR) (Ota et al., 2007). Primers were designed using
the Vector NTI software package (Lu, Moriyama, 2004). The
specificity of each primer pair was evaluated using the primer-
BLAST web tool (Ye et al., 2012). The primers, PCR reac-
tion conditions and restriction enzymes are given in Table 1.
Information on 30 previously studied individuals (Ruvinskiy
etal., 2022) was added to the genotyping data of 113 animals.
Thus, the total sample consisted of 143 animals. The test for
deviation from the Hardy—Weinberg equilibrium (--hardy
option) and estimation of linkage disequilibrium between the
studied SNPs (--1d option) were carried out in PLINK v1.9
(Purcell et al., 2007). Preliminarily, the genotyping data were
converted to PED format recognized by the program.

Statistical analysis was performed using the linear regres-
sion and one-way analysis of variance (ANOVA) implemented
in the “Im” and “aov” R functions, respectively. When using
linear regression, the genotypes for each mutation were coded
as 0, 1, and 2 according to the dose of the mutant allele. In
addition to associations with genotypes, we also tested the
association of live weight with the dose of the haplotype
containing both mutations. Double homozygotes for mutant
alleles were considered as carriers of two doses of the mutant
haplotype. Animals homozygous for one gene mutation and
heterozygous for the other were considered carriers of one
dose. Double heterozygotes were also considered as carriers
of one dose of the haplotype. We believe this assumption is
justified, since, according to the genotyping results, mutations
in both genes were in strong linkage disequilibrium. This
means that the vast majority of double heterozygote carriers
have mutant alleles in Cis position, that is, on the same home-
ologous chromosome.
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Table 1. The primers, PCR reaction conditions and restriction enzymes for genotyping of missense mutations

in the MSS57 and KAT6B genes

Forward,
reverse primer

Gene,
substitution

PCR conditions

Restriction enzyme Fragment size

KAT6B, G>A ACTTGCAAACCCACTTTATACAGAGTGG, 1 cycle:95°C -3 min HpySE526 |, cleavage 613 bp,

(Val105Met) CTGATCTTTCTCGTGGGGTAGAAGG 35 cycles: 95 °C - 1 min; at the presence upon digestion:
60°C-1min;72°C-55s  of ancestral (G) allele 303 and 310 bp

MSS51,G>T CTTGGCTTTCTTATCCCTTCAAAGTGC, 1 cycle: 95 °C -3 min Hinfl, cleavage 390 bp,

(Ala415Glu) ATCCAGTCATGATCTGGCTCAGC 35 cycles: 95 °C - 1 min; at the presence upon digestion:
58°C-1min;72°C-45s  of mutant (T) allele 224 and 166 bp

Results a

The target fragments were amplified for both mutations and 1234567 891011121314151617

all the studied DNA samples were successfully genotyped (see

the Figure). The distributions of genotype frequencies for both

mutations did not deviate significantly from those expected

under the Hardy—Weinberg equilibrium. The mutant allele

frequencies for the KAT6B and MSS51 genes were 0.455 and

0.434, respectively (Table 2). The mutant allele carrier rates

were 0.72 and 0.699, respectively. The coefficient of linkage

disequilibrium between the two loci was r? = 0.891.

When using linear regression, significant (p < 0.05) asso- b 190345678 910111213 141516 17 18 19

ciations of the KAT6B gene mutation with live weight were
identified at 6, 12, and 18 months (Table 3). The MSS51 gene
mutation was associated with live weight at 6, 12, 15, and
18 months. Notably, the dose of the mutant haplotype was as-
sociated with live weight across all ages from 6 to 18 months,
inclusively. One-way ANOVA revealed significant associa-
tions of live weight with KAT6B genotypes only at 6 months.
For both the MSS51 gene mutation and the mutant haplotype,
significant associations were found at 6, 12, 15, and 18 months.
None of the statistical tests revealed an association with the
live weight at birth.

Discussion

The results obtained in this work confirm the previously
identified associations of mutations in the MSS51 and KAT6B
genes, as well as the mutant haplotype containing both vari-
ants, with the live weight of cows at different ages (Ruvinskiy
et al., 2022). More significant association at most ages was
achieved when using linear regression for both individual
mutations and haplotype, compared to one-way ANOVA.
This seems to indicate the additive effect of mutant alleles/

Examples of electropherograms of PCR-RFLP analysis for missense
mutations in the studied genes.

a - genotypes for the KAT6B gene: GG - lanes 1, 2,3,5,6,7,11,and 15; GA - 4,
8,9,12,13, 14, and 17; AA - 10, and 16; b — genotypes for the MSS51 gene:
GG -lanes 1,2,5,11,13,17,and 18; GT - 3,4, 7,10, 14, 16, and 19; TT - 6, 8,
9,12,and 15.

haplotype. Reduced live weight in carriers of two copies of
the mutant allele/haplotype compared to carriers of one copy
was indeed observed in animals aged from 6 to 18 months,
inclusively. At the same time, since both mutations are in

Table 2. Characteristics of genotyped missense mutations in the sample of Yaroslavl cows

Gene Position SNP Genotype Genotype Allele Allele
(ARS-UCD1.2) frequency frequency

KAT6B BTA28:30646253 G>A (Val105Met) GG 0.28 G 0.545

GA 0.531 A 0.455

AA 0.189
MSS51 BTA28:29414270 G>T (Ala415Glu) GG 0.301 G 0.566

GT 0.531 T 0.434

TT 0.168
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Table 3. Associations of the studied mutations and the mutant haplotype with the live weight of cows at different ageste
Gene/ Genotype / dose Live weight at the age of (kg):
haplotype of haplotype
(number of carriers) 0 months 6 months 10 months 12 months 15 months 18 months
KAT6B GG (40) 30.5+4.2 146.2+22.1 214.8+28.3 252.1+31.7 302.1+£37.7 352.7+343
GA (76) 294+4.4 136+18.3 209.3+25.8 246.3+289 300.7+36.9 3443+42.8
AA (27) 30.2+£3.9 1344+£139 2054+18.3 237+29.3 284.4+31.7 329.5+349
p-value (Im) 0.6081 0.0074 0.1241 0.0457 0.0734 0.021
p-value (aov) 0.3583 0.0113 0.302 0.1289 0.0972 0.0627
MSS51 GG (43) 30.6x4.4 146+£20.9 215.8+28.6 252.8+31.6 302.7+38.1 351.7+34
GT (76) 29.3+43 135.8+£18.5 208.8+24.9 246.2+28.4 300.9+36.1 345.1+42.6
TT (24) 30.2+4 134+14.5 203.9+18.7 234+29.5 280.3+31.1 325.7+349
p-value (Im) 0.5283 0.0051 0.0519 0.0161 0.0322 0.0145
p-value (aov) 0.3016 0.0084 0.1479 0.0482 0.0325 0.0324
Haplotype 0 (44) 30.7£45 146.8+£21.4 217.1+£29.5 254.3+32.8 304.2+38.9 352.9+34.5
1(75) 29.2+4.2 135.1+£17.9 208+24 2452+27.3 300+35.5 34431424
2(24) 30.2+4 134+£14.5 203.9+18.7 234+29.5 280.3+31.1 325.7+349
p-value (Im) 0.4048 0.0022 0.0251 0.007 0.0177 0.0089
p-value (aov) 0.1797 0.0024 0.0691 0.0261 0.0278 0.0248

Note. Data are presented as mean + standard deviation. Im - linear regression, aov — one-way ANOVA. p-values that reach statistical significance are highlighted

in bold.

strong linkage disequilibrium, it is difficult to determine which
of them is causative, that is, directly affects the phenotype.
In silico analysis of the effect of an amino acid substitution
in the previous study predicted a significant impairment of
function specifically for the mutation in KAT6B (Ruvinskiy
et al., 2022). However, associations with live weight for the
missense mutation in the MSS51 gene were more significant
than those for the KAT6B gene. Probably, the simultaneous
presence of both mutations is important for the manifestation
of'their effect on live weight. This assumption is supported by
the fact that associations were most significant with the dose
of the mutant haplotype.

The MSS51 gene encodes a mitochondrial translation acti-
vator predominantly expressed in muscle tissue and involved
in various metabolic processes, such as fatty acid oxidation,
oxidative phosphorylation, and glycolysis (Moyer, Wagner,
2015). MSS51 knockout mice have been shown to have re-
duced body weight compared to normal animals. However,
their weight loss was due to fat, not muscle tissue (Gonzalez
et al., 2019). Other authors have shown the involvement of
MSS51 in age-related muscle loss in mice. Moreover, adding
betaine, which suppresses the expression of MSS51 mRNA,
to the diet of animals slowed down the decline in muscle mass
and other functional parameters of skeletal muscles with age
(Chen et al., 2024).

The KAT6B gene encodes lysine acetyltransferase 6B
involved in histone modification, particularly the acetylation
of H3K9 and H3K23, which increases the accessibility of
chromatin in the regions of the target genes and, accordingly,

increases their expression (Bergamasco et al., 2024a). In this
regard, it can be assumed that the mutation in KAT6B has a
modifying effect on the activity of MSS51. Mutations in the
KAT6B gene cause growth and developmental delay in hu-
mans (Zhang et al., 2020; Zhu et al., 2020). Of note is a study
showing that mice heterozygous for a deletion in the KAT6B
gene exhibit a significant reduction in body weight, compared
to normal homozygotes. In this case, homozygotes for the
deletion were not viable (Bergamasco et al., 2024b). Taken
together, the biological functions of the two genes suggest that
both missense variants can be causative and, probably, their
effect on the live weight of animals is realized only when they
are combined in a haplotype.

A limitation of this work is the fact that the study sample
is represented by the animals of one sex. However, it can
be assumed that the association we identified between body
weight and mutations in the MSS51 and KAT6B genes will be
valid for bulls as well. For example, E.M.M. van der Heide
et al. showed for the Aberdeen-Angus cattle that the herita-
bility coefficients of body weight at different ages do not
differ considerably between the sexes (van der Heide et al.,
2016).

Also, it should be noted that the live weight of animals of
the Yaroslavl breed has increased significantly over the history
of its breeding. For example, in 1973, in the breeding farms
of the Yaroslavl region, the average weight of heifers at the
age of 0, 6, 12, and 18 months was 28, 134, 224, and 294 kg,
respectively (Monoenkov, 1974). These values in our sample
were 30, 139, 246, and 344 kg. Live weight was an important
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selection trait of Yaroslavl cattle in the USSR, along with milk
yield, since large animals capable of consuming more feed
and producing more products from one stall are more efficient
under industrial technology conditions (Monoenkov, 1974).

Selection to increase live weight was continued in the post-
Soviet period. Thus, in most farms in the Yaroslavl region,
during the period from 2000 to 2012, a significant increase
in the live weight of Yaroslavl cows was recorded (Korenev
et al., 2013). This can explain the fact that the frequency of
mutant alleles in the populations of Yaroslavl cattle is far from
fixation. It can be assumed that the selection in favor of the
mutant haplotype took place in the early period of the forma-
tion of the Yaroslavl breed during “folk selection”. However,
later, the frequency of this haplotype in the breed began to
decrease in the course of selection aimed, among other traits,
at increasing the live weight of animals.

The Yaroslavl is a dairy breed. However, as mentioned
above, live weight is also an important selection trait. In addi-
tion, beef production in Russia is mainly based on fattening of
young stock of dairy breeds, as well as their crosses with beef
breeds (Kochetkov, 2011). In particular, there is a successful
experience in creating hybrids of the Yaroslavl breed with
the Limousin (Kochetkov, 2011) and Galloway (Burmistrov,
2013) breeds. Our results can be used in marker-assisted and
genomic selection to increase the weight of animals of the
Yaroslavl breed and its hybrids.

Conclusion

In this study, we confirmed the previously identified associa-
tions of mutations in the MSS51 and KAT6B genes, as well
as the mutant haplotype, with live weight in Yaroslavl cows
at different ages. The obtained data can be used for selection
to increase the live weight of animals in cattle breeding for
beef production.
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Features of toll-like receptor genes (TLR-2, TLR-3, TLR-4
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Abstract. Modern research shows that innate immunity plays an important role in the pathogenesis of primary open-
angle glaucoma (POAG). An increase in the content of toll-like receptors (TLR) in the glaucomatous retina of the hu-
man eye was revealed. TLRs can modulate the immune response in glaucoma; provide early recognition of damag-
ing agents, activation of signaling pathways and effector mechanisms of the nonspecific immune defense system
aimed at restoring homeostasis. The TLR-encoding genes’ polymorphism alters the amino acid structure of the recep-
tors, which leads to changes in their immune functions: expression level, ligand-binding and coreceptor functions,
transport and signal transmission. The aim was to analyze the association of the TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791) and TLR6 (rs5743810) polymorphisms with primary open-angle glaucoma in patients
of Western Siberia. Methods: 99 patients (52 men and 47 women) with a diagnosis of primary open-angle glauco-
ma were examined. The comparison group consisted of 100 people (81 women and 19 men). TLR2 (rs5743708), TLR3
(rs3775291), TLR4 (rs4986790, rs4986791) and TLR6 (rs5743810) polymorphisms were analyzed by RT-PCR using test
systems with Syber Green (Lytex, Russia). Statistical analysis was performed using the software package SPSS 23.0 and
Arlequin 3.5.2.2. Results: the distribution of genotypes in the patient group and in the control group corresponded
to the Hardy-Weinberg equilibrium. The genotype frequencies did not significantly differ between the two analyzed
groups. The frequency of TLR2-753 ArgArg:TLR6-249 ProPro was increased in the group of patients with POAG. The
linkage disequilibrium between two polymorphic positions of the TLR4 gene was revealed. In addition, the linkage
disequilibrium between TLR2-TLR6 gene for the glaucoma group and the control group was revealed. Conclusion: an
increase in certain genotypes in the patient group relative to the control group may indirectly indicate the involve-
ment of infectious factors in the initiation of POAG. However, despite the proven importance of the participation of
their protein products in the pathogenesis of glaucoma, the relationship of TLR polymorphism requires additional
research taking into account the ethnic characteristics of patients and intergenic interactions for a better understand-
ing of the complex mechanisms of disease development. This will help carry out early diagnosis and develop the
necessary therapeutic strategy.

Key words: primary open-angle glaucoma; POAG; polymorphism of toll-like receptor genes; TLR; linkage dis-
equilibrium.
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Ocob6eHHOCTU rToIMMOp@r3Ma reHOB TOJIJI-JIaliK PelernTOPOB
(TLR-2, TLR-3, TLR-4 1 TLR-6) 1ipy1 OTKPBITOYT'OJILHOM IJIayKOMe
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AHHoTauuA. CoBpeMeHHble UCCefoBaHMA NOKa3biBAKOT, YTO B MaToreHese MepBUYHON OTKPbITOYrOfibHOM rnayko-
Mbl (MOYT) BaxHyl0 posib UrpaeT BPOXAEHHbI UMMYHUTET. BbiABNEHO MOBbILWEHVE COAepPXaHMA TOMI-Nark pelen-
TopoB (TLR) B rmaykomaTo3HOI ceTyaTKe rnasa yenoeka. TLR MoryT MoaynmpoBatb MMMYHHbI OTBET MPU rnaykome,
obecneurBaloOT paHHee pacrio3HaBaHWe MOBPEXAAOLWMX areHTOB, aKTMBALWMIO CUTHaNbHbIX NyTen 1 3$PpeKTopHbIX
MeXaH/N3MOB CMCTeMbI HecneLnduyeckorn MMMYHHON 3aLyMTbl, HanpaBAeHHbIX Ha BOCCTaHOBMIEHME romeocTasa. o-
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Monumopdusm reHos TLR-2, TLR-3, TLR-4 v TLR-6
NpW OTKPbLITOYroNbHON rnaykome

numopdram Koampyowmx TLR reHOB BANAET Ha aMUHOKNCIIOTHYIO CTPYKTYPY PeLenTopoB, MPUBOAA K U3MEHEHNIO
NUraHACBA3bIBaOWEN U KOPeLEenTopHON GyHKLMKW, TPaHCMOPTUPOBKY 1 nepeaady curHanos. Lienbio pabotbl 6bin
aHann3 accoumMmMpoBaHHOCTY Nonmopdusma reHos TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790, rs4986791),
TLR6 (rs5743810) C NepBUYHOI OTKPLITOYrONIbHOW rNaykomol y nauneHToB 3anagHon Cnbupun. ObcneposaHo 99 na-
LMEeHTOB (52 MyXXUMHbI 1 47 XeHLWWH) C ANarHOo30M MepPBUYHON OTKPbITOYrofibHOM rnaykombl. [pynny cpaBHeHUA
coctaBunn 100 yenoBek (81 xeHwwmHa 1 19 My»kumH). Monumopdusm reHos TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791), TLR6 (rs5743810) aHanu3umposanu metogom PT-MLP c ncnonb3oBaHrem KOMMepUYecKmx
TECT-CUCTEM C MHTEpKanupyowmm Kpacutenem Syber Green (Lytex, Poccun). CTaTcTyecKmnin aHanms npoBOAMIICS C
MCMoib30BaHMeM nporpammHoro naketa SPSS 23.0 n Arlequin 3.5.2.2. Moka3aHo, UTo pacnpegeneHme NoaMMophHbIX
MapKepoB B rpynre nauneHToB 1 B KOHTPOJIbHOW rpyrne COOTBETCTBOBANO paBHoBecuto Xapan-BaiiHbepra. Mx ua-
CTOTbl MeXAY ABYMA aHanM3npyembiMy rpynnammn JOCTOBEPHO He pasnuyanuck. Yactorta TLR2-753 ArgArg:TLR6-249
ProPro 6bina nosbiweHa B rpynne nauneHTos ¢ NOYT. BbifABNeHO HepaBHOBECHOE CLeMNeHNE MeX Ay ABYMA NONMMopd-
HbIMW No3mumnAam reHa TLR4. Kpome TOro, BbisiBEHO HapylleHne paBHOBeCMA Mexay napamu reHos TLR2-TLR6 pna
rPynMbl C rAayKOMOW 1 KOHTPOJbHOW rpynnbl. [oBblleHne onpeAeNieHHbIX reHOTUMOB B rpymnne nauyeHToB OTHOCK-
TeJIbHO KOHTPOJIbHOW FPYMbl MOXKET KOCBEHHO CBMAETENIbCTBOBATH 00 YUacTUM NHOEKLMOHHBIX GaKTOPOB B UHMLMA-
uun MOYT. OgHako cBA3b nonumopdrsma TLR reHOB, HECMOTPA Ha JOKa3aHHYI 3HAUMMOCTb Y4YacTA UX GENKOoBbIX
NPOAYKTOB B MaToreHese rnaykombl, TpebyeT AONONHUTENbHbIX NCCNeA0BaHUIA C YYETOM STHUYECKUX 0COBEHHOCTEN
NaLMEHTOB 1N MEXIeHHbIX B3aUMOAECTBMI ANA NyYLlero NOHMMaHNA COXHbIX MeXaHW3MOB Pa3BUTUA 3aboneBaHuA.
3TO NOMOXET NPOBOAWTL PaHHIOKO ANArHOCTUKY 1 pa3pabaTbiBaTb HEOOGXOAVMYIO TepaneBTUYECKYIo CTpaTeruio.

KnioueBble cnosa: nepBryHasa OTKPbITOyronbHasA rnaykoma; NMOYT; nonumopdursm reHos Tonn-nank peuentopos; TLR;
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HepaBHOBeCHOe cuenneHune.

Introduction

Primary open-angle glaucoma (POAG) is the multifactorial
disease leading to progressive and irreversible vision loss, is
currently a serious medical problem, including due to insuf-
ficiently studied mechanisms of damage to the optic nerve and
death of retinal ganglion cells (Baudouin et al., 2021; Tezel,
2022). Modern research shows that innate immunity plays
an important role in the pathogenesis of POAG. It has been
established that the inducers of inflammation at the cellular
level in glaucoma are the molecular structures of DAMPs
(damage associated molecular patterns) released from the tis-
sue membranes of the eye when they are damaged, including
those formed as a result of an increase in intraocular pres-
sure level (IOP) (Tezel, 2022). Excessive accumulation of
DAMPs is identified by cellular pattern-associated receptors
(PRRs), which are located on endosomal membranes and in
the cytoplasm. It has been shown that with the development of
POAG, PRRs provide early recognition of damaging agents,
activation of signaling pathways and effector mechanisms of
the nonspecific immune defense system aimed at restoring
homeostasis (Luo et al., 2010).

The most well-studied family of PRRs are Toll-like recep-
tors (TLRs), the expression of which has been detected in all
membranes of the human eye (Stewart et al., 2015). Proteomic
and immunohistochemical studies have shown an increase in
TLR expression in the human glaucomatous retina, indicating
that TLRs can modulate the immune response in glaucoma
(Luoetal., 2010; Titi-Lartey et al., 2022). To date, two groups
of functionally different TLRs have been identified in humans:
transmembrane, which include TLR1, TLR2, TLR4, TLR5,
TLR6 and TLR11, and intracellular — TLR3, TLR7, TLRS,
TLRO. It has been shown that polymorphism of TLR-encoding
genes affects the amino acid structure of receptors, leading to
changes in their expression level, ligand-binding and corecep-
tor functions, and signal transport and transmission. In addi-
tion, the features of the functions are related to the location of
the polymorphic TLR site. Polymorphism of loci encoding the
extracellular domain of the receptor may additionally lead to a

change in binding affinity and subsequent immune response,
whereas mutations in the cytoplasmic domain of TLR may lead
to a change in downstream signaling, despite normal binding
(Térmaénen et al., 2017; Macedo et al., 2019; Zhang et al.,
2021). The aim of our research is to analyze the association
of TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790,
rs4986791), TLR6 (rs5743810) gene polymorphisms with
primary open-angle glaucoma in patients of Western Siberia.

Materials and methods

Patients. 99 patients with diagnosed stage Il primary open-
angle glaucoma were examined — 52 (52.53 %) men and
47 (47.47 %) women. The average age of the patients was
62.8 + 4.3 years. The diagnosis was established on the ba-
sis ophthalmological examination (determination of visual
acuity, binocular ophthalmoscopy, spheroperimetry, echoph-
thalmography, optical coherence tomography, measurement
of intraocular pressure). The criteria for diagnosis were: a
pronounced change in the field of vision in the paracentral
region, a narrowing of the field of vision from the nose in
the upper or lower nasal segment by more than 10 degrees
relative to normal values, but not less than 15 degrees from
the fixation point; the marginal nature of the deepening of
the optic nerve. Patients of the main group had compensated
(<22 mmHg (against the background of drug therapy)) or
moderately elevated (<33 mmHg) intraocular pressure. The
comparison group consisted of 100 people — 81 women and
19 men. The average age was 63.5 + 0.4 years. The criterion
for inclusion in the comparison group was the absence of a
diagnosis of glaucoma in the subjects.

Both groups of patients did not significantly differ in age
characteristics. The patients of both groups were representa-
tives of the phenotypically Caucasian population of Russia,
who were born in this territory, identifying themselves and
their forebearers as “Russians”. The exclusion criteria for
both groups were: acute chronic inflammatory diseases of
the visual organ and their exacerbations, the presence of dia-
betic retinopathy, neovascular glaucoma, uveitis of various
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etiologies and localization, hemophthalmos, autoimmune and
tumor processes of any localization, diabetes mellitus without
ophthalmological manifestations. The study was approved
by the Committees on Biomedical Ethics of the Scientific
Research Institute of Clinical and Experimental Lymphology,
a branch of the Institute of Cytology and Genetics of the Si-
berian Branch of the Russian Academy of Sciences (Protocol
No. 177 dated 02.02.2003) and the Novosibirsk Branch of
FSAI “The academician S.N. Fyodorov Federal State Insti-
tution Intersectoral Research and Technology Complex ‘Eye
Microsurgery’” of the Ministry of Health of the Russian Fe-
deration (Protocol No. 2 dated 02.09.2018). Informed consent
was obtained from all patients for blood collection, as well as
for the use of research data for scientific purposes.

DNA isolation and genotyping. Genomic DNA was
obtained from whole blood samples taken for EDTA using
the phenol chloroform method. Single nucleotide polymor-
phism (SNP) of the TLR2 (rs5743708), TLR3 (rs3775291),
TLR4 (rs4986790, rs4986791), TLR6 (rs5743810) genes was
detected by real-time polymerase chain reaction (RT-PCR)
using commercial test systems with intercalating dye Syber
Green (Lytex, Russia) in accordance with the manufacturer’s
instructions.

Statistical analysis. The “case-control” scheme was used
in the study. The distribution of polymorphic markers in the
patient group and the control group was checked for com-
pliance with the Hardy—Weinberg equilibrium (HWE) using
the chi-square criterion. The frequency differences were de-
termined using a two-way Fisher precision test. A p < 0.05
was considered statistically significant. If the null hypotheses

TLR-2, TLR-3, TLR-4 and TLR-6 polymorphism
in open-angle glaucoma

were not confirmed at a given level of significance o = 0.05,
then in cases of multiple comparisons, the adjusted value of
p was determined using the Bonferroni correction calculated
by the one-step method (Narkevich et al., 2020). Odds ratios
(OR) were calculated with a 95 % confidence interval (CI).
The analysis of nonequilibrium coupling was carried out
by the maximum likelihood analysis method. All statistics
were carried out using the software package SPSS 23.0 and
Arlequin 3.5.2.2.

Results

We analyzed polymorphic variants of the coding regions of
the TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790,
rs4986791), TLR6 (rs5743810) genes in a group of patients
with primary open-angle glaucoma Il (advanced) stage relative
to the control group. The distribution of polymorphic markers
in the patient group and in the control group corresponded to
the Hardy—Weinberg equilibrium (Table 1).

The frequency distribution in the positions analyzed by us
did not significantly differ between the two groups (Table 2).
Assuming that the presence of features of complex network
interactions of protein products of the genes we study is the re-
flection of their genetic structure, we analyzed the differences
in the complexes of genotypes in two groups. We identified
a single TLR2-753 ArgArg:TLR6-249 ProPro complex, the
frequency of which was increased in the group of patients
with POAG (OR = 1.84, p = 0.0425, p_cor = 0.297).

Since the TLR4 polymorphic positions analyzed by us are
located in one exon of the gene, and the polymorphic loci of
the TLR2, TLR3, TLR6 genes are on the same chromosome,

Table 1. Correspondence of the frequencies of polymorphic markers to the Hardy-Weinberg equilibrium

in the group of glaucoma patients and the control group

The control group

X p Frequencies X p
observed expected
3.39 0.18 86.0 86.49 0.57 0.75
14.0 13.02
0.0 0.49
2.38 0.31 49.0 46.24 1.61 0.45
38.0 43.52
13.0 10.24
0.00 1.00 82.0 81.00 1.25 0.54
16.0 18.00
2.0 1.00
0.05 0.98 88.0 88.36 0.41 0.82
12.0 11.28
0.0 0.36
3.71 0.16 36.0 36.60 0.06 0.97
49.0 47.80
15.0 15.60

Polymorphic Amino acid Patients with glaucoma
position (genotype) .
Frequencies
observed expected

TLR2-753 ArgArg (GG) 91.92 90.20
(rs5743708)

ArgGln (GA) 7.07 8.59

GInGlIn (AA) 1.01 0.20
TLR3-412 LeuLeu (AA) 52.53 48.79
(rs3775291)

LeuPhe (AG) 35.35 41.42

PhePhe (GG) 1212 8.79
TLR4-299 AspAsp (AA) 80.81 80.01
(rs4986790)

AspGly (AG) 18.18 17.98

GlyGly (GG) 1.01 1.01
TLR4-399 ThrThr (CC) 82.83 81.82
(rs4986791)

Thrlle (CT) 16.16 16.36

llelle (CC) 1.01 0.82
TLR6-249 ProPro(CC) 47.47 42.68
(rs5743810)

ProSer (CT) 36.36 44.65

SerSer (TT) 16.17 11.68
130 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025+ 29 - 1
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Table 2. Analysis of polymorphic markers in the group of patients with primary open-angle glaucoma and in the control group

Polymorphic Amino acid Patients with glaucoma
marker (genotype) n (%)
TLR2-753 ArgArg (GG) 91 (91.9)
(rs5743708)

ArgGln (GA) 7(7.1)

GInGIn (AA) 1(1.0)
TLR3-412 LeulLeu (AA) 52(52.5)
(rs3775291)

LeuPhe (AG) 35(35.3)

PhePhe (GG) 12(12.1)
TLR4-299 AspAsp (AA) 80 (80.8)
(rs4986790)

AspGly (AG) 18(18.2)

GlyGly (GG) 1(1.0)
TLR4-399 ThrThr (CC) 82(82.8)
(rs4986791)

Thrlle (CT) 16 (16.2)

llelle (CO) 1(1.0)
TLR6-249 ProPro(CC) 47 (47.5)
(rs5743810)

ProSer (CT) 36 (36.4)

SerSer (TT) 16 (16.2)
TLR2-753:TLR6-249  ArgArg:ProPro 46 (46.5)

(GG:CQ)

The control group OR OR_CI95 p*
n (%)
86 (86.0) 1.85 0.74-4.63 0.258
14 (14.0) 0.47 0.18-1.21 0.165
0(0.0) 2.04 0.18-22.86 0.497
48 (48.5) 1.18 0.67-2.05 0.670
38(38.4) 0.88 0.49-1.56 0.768
13(13.1) 0.91 0.39-2.11 1.000
82(82.0) 0.92 0.45-1.89 0.857
16 (16.0) 1.17 0.56-2.44 0.710
2(2.0) 0.50 0.04-5.60 1.000
88(88.0) 0.66 0.30-1.46 0.322
12(12.0) 1.41 0.63-3.17 0.422
0(0.0) 2.04 0.18-22.86 0.497
36 (36.0) 1.61 0.91-2.83 0.115
49 (49.0) 0.59 0.34-1.05 0.086
15(15.0) 1.09 0.51-2.35 0.847
32(32.0) 1.84 1.04-3.28 0.042

Note. OR_CI95 is the 95 % confidence interval for OR, p* is the level of statistical significance of differences according to the exact Fisher method (twosided).

Table 3. Characteristics of single nucleotide positions

SNP Alleles of the analyzed gene Position on the
(main/minor) chromosome, bp
rs5743708 TLR2 (G/A) Chr4:153705165
rs3775291 TLR3 (A/G) Chr4:186082920
rs4986790 TLR4 (A/G) Chr9:117713024
rs4986791 TLR4 (C/T) Chr9:117713324
rs5743810 TLR6 (C/T) Chr4:38828729

The frequency of the minor allele p
Patients with glaucoma  Comparison group

0.045 0.071 0.39
0.298 0.323 0.66
0.101 0.100 1.00
0.091 0.060 0.26
0.343 0.395 0.30

Note. Position is the distance from the telomeres of the short arm of the chromosome, bp - base pair.

we analyzed the linkage disequilibrium (LD) of these posi-
tions. The characteristics of the analyzed single nucleotide
positions of TLR genes are given in Table 3. The frequency
of the minor allele in most of the loci analyzed by us was
more than 5 %, with the exception of rs5743708 of the
TLR2 gene.

We have revealed the linkage disequilibrium between
two polymorphic positions of the TLR4 gene (Table 4). The
analysis of multiple SNPs showed that the most common
haplotype for the TLR4 rs4986790 and rs4986791 SNPs is
AJC for both groups, the A/T haplotype is completely absent
in the comparison group. The Lewontin’s D’ coefficient be-
tween SNP rs4986790 and rs4986791 are 0.8146 in the patient
and 1.0000 in the comparison group. In addition, we found

the linkage disequilibrium between the TLR2-TLR6 genes
(D' = 0.6615 and D’ = 0.5277 for the glaucoma group and
the control group, respectively). For the TLR3-TLR6 genes,
D’"=0.1997 and D' = 0.2008 in the glaucoma group and the
control group, respectively. At the same time, the analysis of
haplotype frequencies between the groups did not reveal any
significant differences.

Discussion

Open-angle glaucoma is considered as a multifactorial disease
with convincing evidence of the involvement of the genetic
component in its development. To date, studies of genetic
associations have identified many loci that contribute to the
genetic risk of developing POAG. TLRs are important fac-
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Table 4. Haplotype frequencies and parameters of the linkage disequilibrium between the analyzed polymorphic loci

Analyzed positions Haplotypes Patients with POAG, n =99 The comparison group, n = 100 p
frequency parameters of linkage frequency parameters of linkage
disequilibrium disequilibrium
of polymorphic positions of polymorphic positions
TLR4 (rs4986790), A/C 0.884 > =116.94 0.900 x> =114.89 1.00
TLR4 (rs4986791) p =0.000 p =0.000
AT 0015 df=1 0.000 df=1 0.12
2 _ 2 _
G/C 0.025 r’=0591 0.040 r=0574 057
G/T 0.076 0.060 0.56
TLR2 (rs5743708)/ G/A 0.677 2 =097 0.641 =215 0.46
TLR3 (rs3775291) p=0325 p=0.142
G/G 0278 df=1 0.288 df=1 0.82
2_ 2_
A/A 0.025 r°=0.005 0.035 r7=0.011 0.58
A/G 0.020 0.035 0.38
TLR2 (rs5743708)/ A/C 0.646 =789 0.585 =642 0.22
TLR6 (rs5743810) p =0.005 p=0.011
A/T 0.308 _ 0.345 _ 0.46
df= df=
2_ 2_
G/C 0.010 r°=0.040 0.020 r°=0032 0.69
G/T 0.035 0.050 0.62
TLR3 (rs3775291)/ A/C 0.500 =641 0.449 ¥?=5.87 0.32
TLR6 (rs5743810) p=0.011 p=0.015
AT 0.202 df=1 0.227 df=1 0.54
2_ 2_
G/C 0.157 r=0032 0.157 r°=0.030 1.00
G/T 0.141 0.167 0.49

Note. df - degree of freedom, 2 - correlation coefficient.

tors of the innate immune system; however, the results of the
study concerning the association of TLR polymorphism with
the disease are quite contradictory.

It is known that TLR2 is a mediator of retinal degeneration
in response to oxidative stress, functions as a “bridge” between
oxidative damage and complement-mediated retinal patho-
logy and is associated with the development of a number of
ophthalmopathologies (Mulfaul at al 2020; Titi-Lartey et al.,
2022). 1t has been shown that the p.Arg753GIn missense muta-
tion leads to a deficiency in TLR2 signaling due to impaired
TLR2-TLR6 heterodimerization, tyrosine phosphorylation and
further cascade, without affecting TLR2 expression (Xiong
at al., 2012). However, we did not identify the association of
TLR2 and TLR6 polymorphisms in the analyzed positions with
the development of POAG. Similar results have been shown
by Japanese researchers for TLR2 (Nakamuraet al., 2009). We
did not find any data on the polymorphism of the TLR6 gene in
glaucoma in the literature. At the same time, the analysis of the
Pro249Ser marker and the construction of a three-dimensional
model for TLR6 revealed conformational changes in the struc-
ture of the mutant protein, presumably affecting the binding of
ligands and receptors: in the wild type, binding pockets near
proline (Pro) are larger in volume, whereas in the mutant one,
the walls of the pockets are located close to each other. This
significantly affects the ability of the mutant protein to enter
into significant interactions, since it is known that most bind-
ing regions and active sites are located in the largest pocket
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cavity. In addition, the wild-type protein, being more flexible,
has more possibilities for ligand-induced movements, whereas
in the mutant ligand, induced movement is limited only by
side chain rearrangements. In addition, the mutant protein is
less stable. All this confirms that TLR6 polymorphism affects
the structure and functionality of the protein (Hamann et al.,
2013; Semlali et al., 2018). Considering that TLR2 and TLR6
function during the formation of a heterodimer, we analyzed
their complex polymorphism during the development of
POAG and found that carriers of the homozygous wild-type
genotype TLR2-753 ArgArg:TLR6-249 ProPro have a higher
chance of developing the disease, which may be explained
precisely by the peculiarities of joint functioning during li-
gand recognition and stimulation of further immune cascade.
In addition, since the TLR2 and TLR6 genes are within the
same chromosome, we performed an analysis of the linkage
disequilibrium and showed a change of the LD positions of the
TLR2-TLR6 genes analyzed. This means that certain alleles of
two genes may appear in a single haplotype more often than
would be expected with a random combination. Previously,
the linkage disequilibrium for these polymorphic positions
has been shown in other studies (Stashkevich et al., 2022).
At the same time, we have not revealed any differences in the
frequencies of haplotypes.

The relationship of TLR3 gene polymorphism in the ana-
lyzed position is also shown for a number of ophthalmopatho-
logies (Titi-Party et al., 2022). But stratification analysis by
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ethnicity indicates that rs3775291 is associated, in particular,
with all forms of macular degeneration only in Caucasians,
but not in East Asians (Ma et al., 2016). The polymorphism of
Leu412Phe affects the normal dimerization of TLR3, which
leads to a change in protein activity necessary for proper sig-
naling (Ranjith-Kumar et al., 2007). In glaucoma, TLR3 and
TLR4 have been shown to initiate nephroptosis — the regulated
proinflammatory lytic form of necrotic cell death characterized
by cell swelling followed by rupture of the plasma membrane
with the release of cellular contents (Basavarajappa et al.,
2023). The activity of TLR3 involved in the recognition of
nucleic acids released from damaged cells is mainly asso-
ciated with the early stage of glaucoma (Soto, Howell, 2014).
However, the association of polymorphism of this gene with
glaucoma is controversial in the literature. Several studies of
the WDR36 locus of the TLR3 gene, including SNP rs3775291,
have demonstrated its role as a modifier gene in POAG due to
the clinical severity of the process (Hauser et al., 2006; Meer
et al., 2021). However, a meta-analysis of 122 publications
did not confirm the significant role of this polymorphic posi-
tion in the genetic predisposition to POAG or its subtypes. At
the same time, the authors are inclined to believe that further
research is needed in specific populations (Liu et al., 2017).

rs4986790 and rs4986791 polymorphisms in exon 3 of the
TLR4 gene are among the most well-known and frequent-
ly studied SNPs. Polymorphism in these positions leads to
changes in the polypeptide chains of the extracellular do-
main of the receptor and affects binding to the coreceptor,
which leads to hyperactivity of the receptor. This can cause
dysfunction of the TLR4 molecule and disrupt the host’s im-
mune system (Arbour et al., 2000; Jahantigh et al., 2013; Lin
et al., 2019). Currently, the results of meta-analyses of the
association of these SNPs with POAG by different research
groups indicate that the data differ in different ethnic groups
and further research is needed (Chaiwiang, Poyomtip, 2019;
Lin et al., 2019). At the same time, almost all studies have
shown linkage disequilibrium of TLR4 rs4986790 and TLR4
rs4986791 (Guimardesa et al., 2018; Kania et al., 2022), which
is confirmed in our study. This indicates that the recombina-
tion of the chromosome regions on which these polymorphic
markers are located is inherited as a single block. It is believed
that it is the analysis of haplotypes in the presence of a high
degree of multilocus LD that can significantly increase the sta-
tistical significance of the study (Jiang, et al., 2014); however,
we have not revealed significant differences in the analyzed
frequencies of the TLR4 gene haplotypes.

Since the receptors of TLR1, 2, 4, 5, 6 and 10 belong
to surface membrane receptors that recognize mainly lipid
components of bacterial structures, and TLR3, 7, 8 and 9
are expressed on the membranes of intracellular organelles,
ligands for which are components of nucleic acids of viruses
(Akira et al., 2001; Sameer, Nissar, 2021), an increase in the
frequency of a number of TLR gene genotypes in a group of
patients may indirectly indicate the involvement of infectious
factors in the initiation of POAG.

Conclusion

Thus, the relationship of TLR gene polymorphism, despite the
proven importance of the participation of their protein products
in the pathogenesis of glaucoma, requires additional research
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taking into account the ethnic characteristics of patients. In
addition, it is necessary to take into account gene-gene interac-
tions to better understand the complex mechanisms of disease
development, which will help to carry out early diagnosis and
develop the necessary therapeutic strategy.
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Abstract. Ischemic heart disease (IHD) is an important medical and social problem. ST-elevation myocardial infarction
(STEMI) is the most severe form of IHD, affecting all layers of the heart muscle. One of the diagnostic criteria for endothe-
lial dysfunction in myocardial infarction is the level of sE-selectin, a cell adhesion molecule that recruits neutrophils and
induces neutrophil inflammation. The aim of this study is to investigate intronic polymorphisms rs5353, rs3917412 and
rs1534904 of the E-selectin coding gene SELE in patients with STEMI. We have analyzed a group of patients with STEMI
(n = 74) and a population sample of Tomsk (n = 136) as the control group. The frequencies of the rs5353 genotypes
in the SELE gene have shown statistically significant differences between patients and the control sample (p = 0.004).
The CC genotype is a predisposing factor to STEMI (OR = 6.93, C1:95 % (1.84-26.04), x> = 8.69, p = 0.002). The analyzed
markers were not studied previously in cardiovascular diseases (CVDs) and were rarely involved in association studies
at all; there is no information on these SNPs in the leading databases. At the same time, all three variants, according to
the RegulomeDB classification, belong to the functional class 1f, and are highly likely to have regulatory potential rela-
tive not only to the SELE gene, but also to other genes in the nearby region. The analysis of the functional significance
of the studied markers has shown the presence of a region more extensive than one gene, which is co-regulated by
the studied nucleotide substitutions. The association of rs5353 with STEMI identified in this study once again confirms
the involvement of the SELE gene in the pathogenesis of CVDs. It is possible that this entire region of the genome
may be involved indirectly in the pathogenesis of CVD through the systems of inflammation, immune response and
DNA repair.
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Poccuminckon akapemnun Hayk, Tomck, Poccna
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AHHoTauuA. Mwemmnyeckaa 6onesHb cepaua NpeacTaBnaeT cobol BaxkHyl0 MeAnKo-coLmanbHyto npobnemy. Hanbo-
nee Taxenon ¢opmoin 3aboneBaHUA, C NOPaKeHNeM BCeX CJI0EB CEPAEYHON MbILLLbl, CYMTAETCA HGaPKT MUOKapAa
c nogbemoMm cermeHTa ST (MMnST). OgHUM 13 ANArHOCTUYECKNX KpuTepreB ANCOYyHKUMM SHAOTENNA nNpu nHdapKTte
MUOKapAa ABNAETCA ypoBeHb SE-cenekTuHa — MONeKysbl KNeTOYHOW aare3unn, oCcyLLecTBAALWEN PeKPYTUHT HENTPO-
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$UNOB 1 NHAYKLMIO HeNTPOodUNbHOro BocnaneHus. B HacToAwwem nccneaoBaHUM N3yYeH MHTPOHHDIN NOMMOPGU3M
(rs5353, rs3917412, rs1534904) rena SELE, kopmpyiowero E-cenekTuH, y nauymeHtos ¢ MMnST. MpoaHanusmpoBaHbl
ZBe Bblbopku: naumeHTbl ¢ UMnST (n = 74) n nonynaunoHHasa BbibopKa r. Tomcka (n = 136). Mo yacToTam reHoT!NnoB
rs5353 B reHe SELE 3apermcTpupoBaHbl CTaTUCTUYECKN 3HaUMMble Pasfinyma Mexay naunmeHTaMm 1 KOHTPOSIbHOW Bbl-
60pKoi (p = 0.004). feHoTun CC AaBnAeTCA PUCKOBbBIM MO OTHOWeHMI0 K UMnST (OR = 6.93, C1:95 % (1.84-26.04), 3 = 8.69,
p = 0.002). NMpoaHann3npoBaHHble MapKepbl He N3yYanncb paHee NpPU cepAeyHO-COCYANCTbIX 3aboneBaHNAX U BOOO-
e pefiko NPUBJIEKANNC K aCCOLMATUBHBIM NCCNeA0BaHNAM; B BefyLmx 6a3ax AaHHbIX OTCYTCTBYeT MHpopmauma oo
accoumaumax 3TUX Mapkepos ¢ 3aboneBaHuaMU. BMecTe ¢ Tem Bce Tpu BapuaHTa no Knaccudukauum RegulomeDB
OTHOCATCA K GYHKLMOHaNbHOMY Knaccy 1f 1, COOTBETCTBEHHO, C BbICOKOW BEPOATHOCTbIO 06M1alaloT PerynaTopHbIM No-
TeHUMaNoM OTHOCUTESIbHO He TOMNbKO reHa SELE, Ho 1 fpyrux reHoB 6nimsnexallero permoHa. AHanus GyHKLMOHaNbHOM
3HAUMMOCTY M3YUYeHHbIX MapKepOoB MoKasan Hannune 6onee oOWNPHOrO, YeM OAVH FeH, PErMoHa, KOperynmpyemoro
[aHHBIMN HYKNeoTMAHbIMM 3aMeHaMu. BbiABneHHan B HacToAleM ncciefoBaHny accoumnauma rs5353 ¢ IMnST ewwe
pa3 noATBepKOaeT BOBNEUYEHHOCTb reHa SELE B pa3BuTre cepaeyHO-COCyamnCTbiX 3aboneBaHuin. He ncknioyeHo, 4to
onocpeAoBaHHO (Yepes cucTeMbl BOCManeHns, MMMYHHOTO oTBeTa 1 penapauum [IHK) Becb 3TOT permoH reHoma MoxeT
ObITb BOBMEYEH B MaTOreHe3 cepAeyHO-COCYANCTbIX 3a001eBaHMN.

KntoueBble cnioBa: MHPapKT MroKapAaa ¢ noabemom cermeHTa ST; UMnST; reH SELE; SNP.

Introduction

Ischemic heart disease (IHD) is an important medical and
social problem, holding the leading place in the structure of
mortality from cardiovascular diseases. The most life-threat-
ening condition is the acute form of ischemia, myocardial
infarction. ST-elevation myocardial infarction (STEMI) is
the most severe form with damage to all layers of the heart
muscle (Clinical practice guidelines..., 2020). Inflammation
is one of the leading elements in the pathogenesis, course and
prognosis of myocardial infarction (Kachkovsky, Ragozina,
2013; Kalinin et al., 2022; Zhang N. et al., 2022). The in-
flammatory response is initiated by endothelial dysfunction
associated with an imbalance in the production of endothelial
mediators and leading to overexpression of adhesion mole-
cules (Kachkovsky, Ragozina, 2013; Habas, Shang, 2018;
Mathur et al., 2023).

E-selectin is a surface glycoprotein, that belongs to the class
of cell adhesion molecules. E-selectin is expressed only by
endothelial cells and exists in two forms: a transmembrane
glycoprotein and a serum sE-selectin. In endothelium that
is functioning normally, the amount of the protein is so low
as to be negligible. E-selectin plays a role in the adhesion of
neutrophils from circulating blood to the damaged vascular
wall, and also promotes the migration of monocytes into
the subendothelial space (Lorenzon et al., 1998; Vestweber,
Blanks, 1999; Cid et al., 2000; Blankenberg et al., 2003; Calder
et al., 2013; McEver, 2015)). In addition, the mechanism of
neutrophil inflammation activation induced by E-selectin
(through NLRP3 inflammasome activation) has been demon-
strated (Pruenster et al., 2023). Given that neutrophils are the
initial cells to infiltrate the site of damage during myocardial
infarction (Kalinin et al., 2022), the pathogenetic role of
E-selectin, which plays a dual role in the response to damage
(neutrophil recruitment and induction of neutrophil inflam-
mation), appears to be even more significant.

De novo synthesis of E-selectin is initiated in the endothe-
lium following stimulation with proinflammatory cytokines
(TNF-a, IL-1), endotoxin, or under conditions of shear stress.
Following initial exposure to the stimulus, the protein level
rises within four to six hours, subsequently declining after one
to two days. Therefore, E-selectin expression may reflect the

acute phase of inflammation (Kalinin et al., 2022; Uy et al.,
2024). Selectins in general, and E-selectin in particular, are
well-recognized markers of endothelial dysfunction (Silva et
al., 2018; Mangoni, Zinellu, 2024; Wang K. et al., 2024). The
measurement of sE-selectin levels is a diagnostic tool used to
diagnose endothelial dysfunction in patients with heart failure,
atherosclerosis, glaucoma, DM2, arterial hypertension, ACS,
an indicator of myocardial damage in children with respira-
tory mycoplasmosis (Mycoplasma pneumoniae), COVID-19,
and other conditions (Wang N. et al., 2001; Ueno, 2012; San-
doval-Pinto et al., 2014, Srivastava et al., 2018; Lampsas et
al., 2022; Mathur et al., 2023). There is evidence to support
the hypothesis that E-selectin levels are associated with the
presence of atherosclerotic vascular lesions, both coronary and
peripheral (Zhito et al., 2019; Kalinin et al., 2022; Mathur et
al., 2023). This is likely to reflect systemic inflammation as a
characteristic feature of atherosclerosis.

The role of selectins in the pathogenesis of IHD is contro-
versial. As is the case with numerous association studies, the
accumulated evidence is contradictory: in some cases, authors
have reported a statistically significant increase in E-selectin
levels in patients with sTable IHD, whereas in other cases, no
significant differences have been observed (see review (Zhito
et al., 2019)). These results are explained by small sample
sizes, heterogeneity in sex, age, presence of comorbidities,
and the treatment received by patients (Zhito et al., 2019).

It is noteworthy that, despite a considerable amount of
information dedicated to E-selectin, the focus is significantly
shifted towards biochemistry: the protein level is analyzed in
various pathological conditions and its role as a diagnostic
criterion is discussed in detail. Nevertheless, a number of
studies have shown associations of three polymorphic variants
(single nucleotide polymorphisms, SNPs) in the SELE gene
(G98T (rs1805193) in the 5'UTR, A561C (rs5361), C1880T
(rs5355) in exons 4 and 10, respectively) with severe and
subclinical atherosclerosis, coronary heart disease, ischemic
heart disease, myocardial infarction, ischemic stroke, Kawa-
saki disease, and arterial hypertension (Wenzel et al., 1994;
Zheng et al., 2001; Yoshida et al., 2003; Zak et al., 2008;
Mallik, Majumder, 2011; Shirakawa et al., 2012; Wang Z. et
al., 2012; Zhao et al., 2012; Wang X. et al., 2013; Qin et al.,
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2015; Liao B. et al., 2016; Deng et al., 2017; Vargas-Alarcon
etal., 2019; Ding etal., 2021). Thus, associations of exon and
promoter polymorphisms of the SELE gene with cardiovas-
cular pathology are shown.

The aim of our study was to investigate the associations of
intronic functionally significant polymorphic variants of the
SELE gene with the development of ST-elevation myocardial
infarction.

Material and methods
The study included 74 patients hospitalized in the Department
of Emergency Cardiology of the Cardiology Research Insti-
tute of the Tomsk NRMC from 2019 to 2021. The diagnosis
of primary STEMI was established in accordance with fourth
Universal Definition of Myocardial Infarction (Thygesen et
al., 2018). The inclusion criteria in the study were: a verified
diagnosis of primary STEMI, age over 18 years and a per-
manent residence in the Tomsk region. The exclusion criteria
were: cardiogenic shock, autoimmune, oncologic diseases,
terminal chronic kidney disease, atrial fibrillation/atrial flut-
ter, hemodynamically significant valve heart defects, marked
cognitive dysfunction. The study protocol adhered to the stan-
dards established by the Declaration of Helsinki and received
approval from the local ethical committee of the Cardiology
Research Institute. A population sample of Russians from
Tomsk (136 individuals), formed from DNA samples from
the “Biobank of the Population of Northern Eurasia” of the
Research Institute of Medical Genetics of the Tomsk NRMC,
was used as a control. The groups of patients and the control
sample were comparable in sex and age. All examined indi-
viduals were ethnically homogeneous and were represented
predominantly by Russians (>95 %) from Tomsk: all of them
gave informed consent.

Both study groups were predominantly comprised of men,
with a male-to-female ratio of 2.1 inthe STEMI group and 1.5

Table 1. The conditions for marker genotyping in the SELE gene
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in the control group; there were no statistically significant
differences between the groups. The mean age in the STEMI
group was 61 + 10 years (median 62.5; interquartile range
[55.0-69.0]), and in the control group, 62.1 + 7 years (median
63.0; interquartile range [57.0—68.0]); there were no statisti-
cally significant differences between the groups.

DNA from venous peripheral blood was isolated using the
standard phenol-chloroform method (Sambrook, Russell,
2006). Genotyping was performed using real-time polymerase
chain reaction (real-time PCR) with the BioMaster HS-gPCR
(2x) PCR kit (BioLabMix, Novosibirsk), region-specific pri-
mers and TagMan probes (manufactured by DNA-Synthesis,
Moscow) (Table 1).

We selected for analysis polymorphic variants in the
SELE gene that are eQTL variants for their own or nearby
genes (according to GTExPortal (https://www.gtexportal.org/
home/)), potentially having functional significance (according
to RegulomeDB (https://regulomedb.org/regulome-search/)),
are located in non-coding regions of the gene and have a
minor allele frequency of at least 25 % in Caucasians (data
from the 1000 Genomes Project, Ensemble (https://www.
ensembl.org/index.html)). As a result, three intronic markers
were analyzed (Table 1).

Association analysis was performed using standard me-
thods of statistical analysis (x2, OR with 95 % CI; differences
between the compared groups were considered statistically
significant at p < 0.05). The method of logistic regression
was used to study the inheritance model. Linkage analysis
(including calculation of the linkage disequilibrium coefficient
(D)) was performed in the Haploview 4.2 program (Barrett
et al., 2005).

The functional annotation of the variants was performed
using the VannoPortal resource (http://www.mulinlab.org/
vportal/index.html/). In particular, the PhyloP, GerpN, and
GerpS scores are provided to assess evolutionary conserva-

SNP Primers and TagMan probes*
rs3917412 F: TGTAATTCTGTGTCCCTGCG

R: GGCTCATAGGTACACACTGGAA

Annealing temperature, °C

55

5'-FAM-TCATTTCATTCAAGCGACTTGCTCCAT-BHQ1-3’

5-HEX-TCATTTCATTCAAGTGACTTGCTCCAT-BHQ1-3’

rs1534904 F: TACACTGAAGGCTCTGGGCTC

R: AGACCACTCAGCATAGGCAAAG

57

5'-FAM-AACCACTGAGGATTTGAAAGAGCACCAT-BHQ1-3’

5'-HEX-AACCACTGAGGATTTTAAAGAGCACCAT-BHQ1-3’

rs5353 F: AAGAAGGAAATCGTGGGTAGC

R: TTCCCAAAACGGTAAGTGC

60

5-FAM-TAAGACTTTCATCATTTAGGTCAAAGAGAAA-BHQ1-3'

5'-HEX-TAAGACTTTCATTATTTAGGTCAAAGAGAAA-BHQ1-3’

* Primers and samples were selected using the Vector NTI program (http://www.informaxinc.com).
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tism. The PhyloP score is used to estimate evolutionary con-
servatism based on interspecies comparisons, with humans
excluded from the analysis (the prefixes denote classification
ranks, in this case: pri — primates) (Pollard et al., 2010; Caron
etal., 2019). The GerpN and GerpS scores are based on single
nucleotide analysis, namely the analysis of the homology of
the locus across species (GerpN) and the analysis of the deficit
or surplus in substitutions at the locus (GerpS) (Zerbino et al.,
2018; Caron et al., 2019). The Phred Score is a measure of
the quality of the score obtained (if Phred assigns a quality
score of 20, the error probability is 1 %, score of 10 means an
error probability of 10 %). To evaluate the selection effect, we
use data from Neilsen’s CLR (Composite Likelihood Rate)
test — Composite Likelihood method to determine the strength
of positive selection (Vy, Kim, 2015).

Protein-protein interactions were evaluated using the
BioGRID resource (https://thebiogrid.org/) (Oughtred et
al., 2021). Functional enrichment analysis was performed
using WebGestalt (WEB-based GEne SeT AnaLysis Toolkit)
(https://www.webgestalt.org/) (Liao Y. et al., 2019).

Results

Genotyping of three intronic variants (rs5353, rs1534904,
rs3917412) in the SELE gene was performed in the popula-
tion sample of Tomsk and in the group of STEMI patients.

Linkage and association analysis

We revealed the complete linkage of the rs5353 marker with
two other SNPs studied (D' = 1 in both patients and control
sample). In turn, rs3917412 and rs1534904 are closely but not
completely linked (D' is 0.916 in the patient group and 0.976
in the population sample). The linkage analysis of the studied
markers indicates that the substitution in rs5353 occurred

The role of SELE gene polymorphism
in ST-elevation myocardial infarction

within the context of the haplotype comprising the reference
rs3917412 and rs1534904 alleles. As a result, we expect a
multidirectional effect of the studied nucleotide substitutions
(rs5353 on the one side, rs3917412 and rs1534904 on the other
side) on the manifestation of pathological features.

We found statistically significant differences in the frequen-
cies of rs5353 genotypes in the SELE gene between patients
and the control sample (p = 0.004) (Table 2). According to
logistic regression (Table 3), two models, codominant and
recessive, were statistically significant. However, the infor-
mation criteria (Akaike and Bayesian) are the lowest for the
recessive model, which defines it as the best model. Conse-
quently, the CC genotype was identified as a risk factor for
myocardial infarction, occurring six times more frequently in
the patient group (OR = 6.93; CI1:95 % (1.84-26.04); x* = 8.69;
p =0.002) (Tables 2 and 3).

The studied samples exhibited statistically significant dif-
ferences in the genotype combination (y* = 22.76; df = §;
p = 0.004). The observed differences can be attributed to
two distinct combinations of genotypes (rs5353/rs1534904/
rs3917412): CC/GG/CC predisposes to the development of
myocardial infarction (OR = 6.93, CI:95 % (1.68-32.98),
¥? = 8.69, p = 0.003), whereas the TC/GG/CC combination
is protective (OR = 0.38, CL:95 % (0.16-0.90), x2 = 5.01,
p = 0.02). So, the CGC haplotype is more prevalent in pa-
tients than in controls (27.7 % and 20.5 %, respectively) and
the TGC haplotype is more prevalent in controls (40.4 % in
patients and 49.2 % in controls), but these differences are not
statistically significant.

In the sample of patients, a deviation from Hardy—\Weinberg
equilibrium was identified (p = 0.012). There is a deficiency
in heterozygotes and frequent allele homozygotes, but an ex-
cess of rare homozygotes. The quality control of genotyping

Table 2. The frequencies of alleles and genotypes of markers in the SELE gene in the compared groups

SNP Genotypes
and rare allele ; )
in patients
rs5353 T/T 58.11 (43)
T/C 28.38 (21)
c/C 13.51(10)
Callele 27.27 (41)
rs1534904 G/G 45.95 (34)
G/T 47.30 (35)
/T 6.76 (5)
T allele 30.41 (45)
rs3917412 C/C 55.41 (41)
c/T 39.19 (29)
/T 541 (4)
T allele 25.00 (37)

Note. Statistically significant differences are highlighted in bold.

138

Frequencies of genotypes and rare allele, % (n)

xp

in control sample

61.76 (84) ¥2=10.85, p = 0.004
36.03 (49)

2.21(3)
20.22 (55) ¥?=2.630,p=0.105
50.74 (69) ¥>=1315p=0518
39.71 (54)

9.56 (13)
29.41 (80) ¥?=0.010,p=0.919
58.09 (79) %2 =0.196, p = 0.907
37.50 (51)

441 (6)
23.16 (63) ¥2=0.092, p = 0.762
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Table 3. Models of predisposing effect inheritance of rs5353 in the SELE gene
Model Genotype Control STEMI OR (95 % Cl) Statistical significance, AIC BIC
p-value
Codominant /T 84 (61.8 %) 43 (58.1 %) 1.00 0.006 268.1 278.2
T/C 49 (36 %) 21(28.4 %) 0.84 (0.45-1.57)
c/C 3(2.2%) 10 (13.5 %) 6.51(1.70-24.91)
Dominant T 84 (61.8 %) 43 (58.1 %) 1.00 0.610 276.3 283.0
T/C-C/C 52 (38.2 %) 31 (41.9 %) 1.16 (0.65-2.07)
Recessive T/T-T/C 133 (97.8 %) 64 (86.5 %) 1.00 0.002 266.5  273.2
Cc/C 3(2.2%) 10 (13.5 %) 6.93 (1.84-26.04)
Overdominant T/T-C/C 87 (64 %) 53(71.6 %) 1.00 0.206 2753 282.0
T/C 49 (36 %) 21 (28.4 %) 0.70(0.38-1.30)

Note. Statistically significant differences are highlighted in bold.

(100 % re-genotyping of the patient sample) confirmed the
correctness of the experiment. We can conclude that in this
case there is a biological reason for the deviation from the
Hardy—Weinberg equilibrium, given the a priori bias in the
patient sample and the prevalence of the pathology-associated
genotype. On the other hand, the studied sample of patients is
not large, and thus the results obtained require further valida-
tion on larger samples.

Functional analysis of the studied markers

The studied markers are located in introns 1 (rs5353),
4 (rs1534904) and 5 (rs3917412) of the SELE gene. Notably,
the degree of conservatism of the studied markers exhibits
considerable variability. So, rs5353 is conservative only in pri-
mates (Phred Score = 11.93 for priPhyloP), rs1534904 is prob-
ably conservative not only in primates (Phred Score = 16.10
for priPhyloP), but also in various species in general (Phred
Score =16.58 and 11.11 for GerpN and GerpS, respectively),
rs3917412 is not conservative (according to VannoPortal
resource). All the studied substitutions are under positive
selection (Neilsev’s CLR test), according to information from
the VannoPortal resource.

According to the RegulomeDB classification, all three of
the studied markers belong to functional class 1f, i. e. they are
eQTL variants in the transcription factor (TF) binding motif
or in the DNAase hypersensitivity region. Indeed, the studied
substitutions can theoretically (i. e. according to bioinformatic

analysis) alter the affinity of a number of TFs (according to
the VannoPortal resource). Thus, 24 TF binding sites have
been identified for rs5353, with 17 of them being lost in the
presence of an alternative allele. Nevertheless, according
to experimental studies, physical interactions of these TFs
with DNA in this region have not yet been detected in the
studied tissues. Further seven substitutions resulted in the
formation of novel transcription factor binding sites (ATF1,
CEBPA, HOXA1, JUND, REST, JUNB) (Table 4). In the
case of rs1534904, there are 11 theoretically variable sites, of
which four are lost (not actually detected) in the presence of
the alternative allele, but seven new sites emerge (PRDM1,
RORC, IRF5, ZNF143, NCOR1, ZEB1, POU2F2) (Table 4).
For rs3917412, theoretical calculations indicate the presence
of 16 TF binding sites; the alternative allele results in the
emergence of two novel sites (CHD2, PAX1) (Table 4), the
disappearance of ten sites, and a decrease in affinity of four
TFs. As in the previous cases, the list of theoretically variable
TFs does not include physically detected interactions (accord-
ing to the VannoPortal resource).

As eQTL variants, the studied markers are associated with
changes in the expression levels of SELE and nearby genes
(see the Figure); in addition, rs1534904 alters the splicing site
of the Clorf112 (FIRRM) gene (according to the GTEXx Portal
resource). The effect of the studied nucleotide substitutions
can therefore be realized not only through the biochemical
pathways involving E-selectin, but also through pathways

Table 4. Transcription factors for which binding sites emerge in the presence of rare alleles of the studied markers

SNP, allele
rs5353,C
rs1534904, T

rs3917412,T CHD2, PAX1

Transcription Factors
ATF1, CEBPA, HOXAT1, JUND, REST, JUNB
PRDMT1, RORC, IRF5, ZNF143, NCOR1, ZEB1, POU2F2

Note.TFs expressed in vascular walls are highlighted in bold (compiled according to the VannoPortal and GTEx Portal resources).
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The role of SELE gene polymorphism
in ST-elevation myocardial infarction

Common allele

rs5353 rs1534904 rs3917412
KIFAP3 SCvL3 SCyL3 Clorf112 RP1-206D15.6
METTL18 Clorf112 Clorf112 RN7SL333P KIFAP3 KIFAP3
METTL18 METTL18
RP1-117P20.3 SELE
SELL SELL
rs5353 rs1534904 rs3917412
Rare allele

Scheme of alterations in the expression levels of a number of genes depending on rs5353, rs1534904, rs3917412 in the SELE gene.

Compiled according to the GTEx Portal resource.

involving other regulated genes. To date, six regulated genes
have been identified for rs5353 and rs3917412 and five for
rs1534904; a total of nine genes (FIRRM, KIFAP3, METTL18,
RN7SL333P, RP1-206D15.6, RP1-117P20.3, SCYL3, SELE,
SELL) have been identified (GTEx Portal). The FIRRM and
KIFAP3 genes seem to be the most interesting, as the effect of
the examined substitutions in the SELE gene on their expres-
sion corresponds with the linkage outcomes: while KIFAP3
expression is reduced in homozygotes for the rare allele
rs5353, it is elevated in homozygotes for the rs1534904 and
rs3917412 derived alleles. Conversely, FIRRM expression
is lower in carriers of the rs1534904 and rs3917412 derived
alleles, but higher in carriers of the rare rs5353 allele (see
the Figure).

In light of these observations, three proteins appear to be
the most promising in terms of realizing the functional effect
of the studied substitutions. For E-selectin, a small number
of interactors are detected: there are only 19 interacting mol-
ecules including two chemical compounds and 17 proteins
(according to the BioGRID resource). The WebGestalt enrich-
ment analysis indicates that the most significant processes,
with the largest number of interactor proteins involved, are
hemostasis (10 proteins, p,q = 6.4E77), platelet activation,
signaling and aggregation (6 proteins, pygj = 3.6E™) and
cell surface interactions at the vascular wall (5 proteins,
Pagj = 3.6E7). The results are in complete alignment with
the known biochemical functions of E-selectin. For FIGNL1
Interacting Regulator of Recombination and Mitosis encoded
by the FIRRM (Clorfl12) gene, 60 interactor proteins are
identified (according to the BioGRID resource). The most
significant processes with the largest number of interactors
involved include serpentine receptor ligand binding (19 pro-
teins, p,g;= 3.8E71%) and various types of signaling through
these receptors (16-20 proteins each, pyg; = 4.5E12-4.2E7)
(according to WebGestalt). The protein product of the FIRRM
gene has not yet been sufficiently studied, but in addition to
its originally described role as a kinetochore protein (Xu et
al., 2021), it is also known to be involved in DNA repair
processes (Mazouzi et al., 2023; Pinedo-Carpio et al., 2023;
Tischler et al., 2024). A total of 105 interactor proteins have

140

been identified for the KIFAP3 gene product (kinesin-2 asso-
ciated protein) according to the BioGRID resource. The results
of the enrichment analysis indicate that the most significant
processes with the highest number of interactors involved (by
WebGestalt) are the adaptive immune response (16 proteins,
Pagj = 6.2E-3), different mRNA processing pathways (7-9 pro-
teins, p,qj= 6.2E-3-6.4E-3), and antigen presentation via major
histocompatibility complex class IT (7 proteins, p,qj=6.2E~3).
These processes have the highest number of interactors in-
volved, as determined by WebGestalt.

Discussion

Thus, all three proteins encoded by the SELE, FIRRM, and
KIFAP3 genes (co-regulated by the studied intronic variants)
are not directly involved in the development of cardiovascular
events but may be indirectly involved in the pathogenesis of
CVDs through the inflammation, immune response, and DNA
repair systems.

Of the nine genes co-regulated by the studied markers, four
genes showed no associations with pathologies or quantitative
traits identified by GWAS. Three of them do not encode pro-
teins: two genes of long non-coding RNAs (RP1-206D15.6,
RP1-117P20.3) and a pseudogene (RN7SL333P); and one gene
(METTL18) encodes a methyltransferase. For the remaining
five genes, GWAS demonstrated a multitude of associations
(Supplementary Material, compiled from GWAS catalog)?.
Three of them (FIRRM, KIFAP3, SELE) are discussed in detail
above; the SELL gene encodes L-selectin, which promotes leu-
kocyte rolling as well as E-selectin (GeneCard, https://www.
genecards.org/); the SCYL3 gene encodes a pseudokinase that
also plays a role in cell adhesion and migration (GeneCard,
https://www.genecards.org/). Markers in the region of location
of these five genes showed associations with various blood
biochemical parameters, cell composition of blood (FIRRM,
KIFAP3, SCYL3, SELE, SELL), as well as with amyotrophic
lateral sclerosis and venous thromboembolism (FIRRM,
KIFAP3), type 2 diabetes mellitus (FIRRM, SELL) (Supple-
mentary Material). We would like to emphasize that among

T Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Babush_Engl_29_1.pdf
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the 64 SNPs associated with various pathologies or quantita-
tive traits according to GWAS results, there are neither the
markers studied in the present study (rs5353, rs1534904 and
rs3917412), nor the SNPs associated with cardiovascular dis-
eases according to earlier studies (rs1805193, rs5361, rs5355).

It should be noted that the polymorphic variants analyzed
in this study had not been previously studied in the context
of CVDs and had seldom been included in associative studies
(there is no information on these markers in the PubMed,
DisGeNet, GWAS Catalog databases). Only one study has
been found in the available literature that has demonstrated
the risk effect of the GG rs3917412 genotype on the develop-
ment of colon cancer (Custodio et al., 2014). At the same
time, genomic estimates of pathogenicity (which reflect the
probability of marker involvement in the development of
multifactorial pathology, estimated by regBase (Zhang S. et
al., 2019)) indicate that the analyzed variants may be involved
in pathological processes. Additionally, the oncogenicity
estimates indicate the probability of a “driver” effect (likely
cancer driver) of these nucleotide substitutions for the de-
velopment of oncopathology (according to the VannoPortal
resource).

Conclusion

Thus, the mechanism of E-selectin involvement in the patho-
genesis of STEMI is not fully understood. On the one hand,
a sufficient amount of biochemical data indicates its involve-
ment in the development of CVDs (Liao B. et al., 2016; Deng
et al., 2017; Vargas-Alarcon et al., 2019; Ding et al., 2021),
and primarily in the development of such IHD risk factors as
atherosclerosis and DM2 (Roldéan et al., 2003; McEver, 2015;
Qiu et al., 2019; Mathur et al., 2023). On the other hand, the
involvement of this protein in the inflammatory response
suggests its involvement primarily in the recovery processes
after a cardiovascular event, and only indirectly in the develop-
ment of susceptibility to myocardial infarction (Ueno, 2012;
Sandoval-Pinto et al., 2014; Srivastava et al., 2018). The as-
sociation of rs5353 with STEMI revealed in the present study
provides further confirmation of the involvement of the SELE
gene in the development of CVDs. Additionally, the analysis
demonstrates the presence of a region more extensive than one
gene, which is co-regulated by the nucleotide substitutions
studied. It is possible that this entire genome region may be
involved in the pathogenesis of CVD indirectly, through the
inflammation, immune response, and DNA repair systems.
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Abstract. Pathogenic variants in the SLC26A4 gene (OMIM #605646), leading to non-syndromic recessive hearing loss
type 4 (DFNB4) and Pendred syndrome, significantly contribute to the etiology of hearing loss in many populations of
the world. The spectrum and prevalence of different pathogenic SLC26A4 variants are characterized by wide ethno-
geographical variability. A high frequency of some of them in certain regions of the world may indicate either their
independent origin or be a consequence of the founder effect. The proportion of SLC26A4-associated hearing loss in
Tuvinian patients (the Tyva Republic, Southern Siberia) is one of the highest in the world (28.2 %) and the vast majority
of mutant SLC26A4 alleles are represented by three pathogenic variants c.919-2A>G, ¢.2027T>A and c.1545T>G (69.3,
17.5 and 8.0 %, respectively). Their overall carrier frequency in the Tuvinian population reaches 7.1 %. The accumulation
of these variants in Tuvinian patients suggests a role of the founder effect in their prevalence in Tuva, which can be con-
firmed by the common genetic background (haplotypes) for each of them. For reconstruction of haplotypes in the car-
riers of variants c.1545T>G and c.2027T>A, the genotyping data of a panel of polymorphic genetic markers were used:
five STRs (four of them flank the SLC26A4 gene at different distances and one is intragenic) and nine intragenic SNPs.
Comparative analysis of the reconstructed haplotypes for c.1545T>G and c.2027T>A with previously obtained data on
haplotypes for the c.919-2A>G variant showed that each of the analyzed variants has a specific (similar for all carriers of
a particular variant) genetic background, apparently inherited from different “founder ancestors”. These data confirm
the cumulative founder effect in the prevalence of pathogenic variants ¢.1545T>G, c.2027T>A, and ¢.919-2A>G of the
SLC26A4 gene in the indigenous population of the Tyva Republic. The obtained data are relevant both for predicting
the prevalence of SLC26A4-caused hearing loss and for development of region-specific DNA diagnostics of inherited
hearing loss in the Tyva Republic.

Key words: hearing loss; SLC26A4; pathogenic variants; STRs; SNPs; haplotypes; founder effect; Siberian populations.

For citation: Danilchenko V.Yu., Zytsar M.V., Panina E.A., Orishchenko K.E., Posukh O.L. Comparative analysis of haplo-
types carrying pathogenic variants ¢.1545T>G, c.2027T>A and c.919-2A>G of the SLC26A4 gene in patients with hear-
ing loss from the Tyva Republic (Southern Siberia). Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov J Genet Breed. 2025;
29(1):144-152. doi 10.18699/vjgb-25-17

Funding. The study was carried out with the financial support of the budget project FWNR-2022-0021 of the Institute
of Cytology and Genetics SB RAS and the grant FSUS-2024-0018 of the Ministry of Science and Higher Education of the
Russian Federation.

CpaBHUTENbHBbIN aHa/IN3 ralJIOTUIIOB, HECYIIIUX
IIaTOreHHbIe BapmaHThI €.1545T>G, ¢.2027T>A 1 c.919-2A>G
reHa SLC26A4, y nmaliieHTOB C II0Tepei ciayxa
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[annoTunbl, HecyLwme NaToreHHble BapuaHTbl
c.1545T>G, ¢.2027T>A 1 c.919-2A>G reHa SLC26A4

AHHoTauusA. MNaToreHHble BapuaHTbl B reHe SLC26A4 (OMIM #605646), npuBogsaLLme K HeCMHAPOMAnbHOW peLeccrB-
HO Hacnepyemow notepe ciyxa 4-ro Tuna (DFNB4) n cnHppomy MeHppena, BHOCAT BECOMbIV BKNa B STUOMOIMIO MNO-
Tepu cayxa BO MHOTMX nonynAumax mupa. CnekTp u pacnpocTpaHeHHOCTb Pa3fiyHbIX MAaTOreHHbIX BapUaHTOB reHa
SLC26A4 xapaKTepu3ytoTca WNPOKOW STHoreorpadunyeckorn BaprmabenbHOCTbIO. BbicoKas YacToTa HEKOTOPbIX U3 HUX
B OTAENbHbIX PErvoHax Mrpa MOXeT CBUAETENbCTBOBaTb 06 MX HE3aBUCMMOM BO3HWKHOBEHUW UK Xe ObiTb cnep-
cTBuem 3dpdekTa ocHoBatens. [Jona SLC26A4-accoummnpoBaHHON NOTepU Clyxa Y TYBMHCKMUX naumeHToB (Pecnybnuka
ToiBa, IOxHaa Cnbunpb) ABNAETCA OQHON 13 CaMbiX BbICOKUX B MUpe (28.2 %). MopgaensioLiee 60MbWMHCTBO MyTaHTHbIX
SLC26A4-annenen npeAcTaBneHO TPeMA NaToreHHbIMK BapuanTamu — ¢.919-2A>G, ¢.2027T>A n ¢.1545T>G (69.3, 17.5
1 8.0 % cooTBeTcTBEHHO). CymMapHasa YacToTa UX reTepo3nroTHOro HOCUTENbCTBA B TYBUHCKOWM MNONYNALMN OCTUTaeT
7.1 %. HakonneHve 3TUX BaprMaHTOB Y TYBMHCKMX NaLYeHTOB NO3BOAET NPefnonoXnTb poib 3ddeKTa ocHoBaTenNs B 1X
pacnpoCcTpaHeHHOCTY Ha TeppUTOPUN TyBbl, UTO MOXET ObITb MOATBEPKAEHO OBLLHOCTBIO FeHETUYECKOrO OKPYXKeHMNA
(rannoTnnoB) ANA KaXKAoro n3 Hux. [Ana peKoHCTPYKLUUK ranioTUnoB y HocuTenen BapraHToB ¢.1545T>G n c.2027T>A
ObIIN NCNONb30BaHbl faHHbIE TEHOTUMPOBAHUA NAHENV NOAMMOPGHbIX FEHETNYECKUX MapKepoB: NATH STR-MapKepoB
(4eTblpe U3 HUX GNAHKMPYIOT Ha Pa3HOM paccTosHUY reH SLC26A4 v opgviH ABNSETCA BHYTPUTEHHbIM) U AEBATW BHYTPW-
reHHbiX SNP-mapkepoB. CpaBHUTENbHBIN aHann3 PeKOHCTPYMPOBaHHbIX rannotnnos ana c.1545T>G n ¢.2027T>A ¢
paHee nonyyYeHHbIMI JaHHbIMK O rannotnax ana c.919-2A>G nokasan, YTo Kaxzablil 13 aHann3npyemMbix BapuaHToB
1nmeeT 0coboe 1 CXOAHOEe AN BCeX HOCUTENEN TOro MM MHOFO BapuaHTa reHeTUYecKoe OKpYy»KeHue, No-B1ugnumomy,
yHacnefoBaHHOE OT PasfIyHbIX «NPejKOB-OCHOBaTeNe». TN AaHHble NOATBEPKAAIOT POb KyMYNATUBHOIO dbdek-
Ta OCHOBaTenNA B PacMpOCTPaHEHHOCTN NaTOreHHbIX BapuaHToB C.1545T>G, c.2027T>A n c.919-2A>G reHa SLC26A4 y
KOPeHHOro HaceneHusa Pecny6nukuy Toia. MonyyeHHble JaHHble akTyasibHbl Kak [/ MPOrHO3MpOBaHNA pacnpocTpa-
HeHHOCTU SLC26A4-06yCcnoBRneHHON NoTepn Cyxa, Tak U AnA co3aaHnsa permoH-cneundudHon JHK-gnarHoCcTukm Ha-
cnefyemoli notepu ciyxa B Pecny6nuke TbiBa.

KnioueBble cnosa: notepa cnyxa; SLC26A4; natoreHHble BapuaHTbl; STR; SNP; rannotunbl; 3¢pdekt ocHoBaTtens; nomny-
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Introduction

Currently, more than 5 % of the world’s population has se-
vere or profound hearing loss, caused by both environmental
and genetic factors (World Health Organization, https://
www.who.int/ru). Genetic factors underlie more than half
of all cases of congenital (or early manifestation) pathology
of auditory function. Hereditary hearing loss can be one of
the clinical features of many (about 400) syndromes, or an
isolated (non-syndromic) pathology, which is characterized
by unique genetic heterogeneity: about 200 loci have already
been mapped and at least 150 genes associated with hearing
loss have been identified (Hereditary Hearing Loss Homepage:
https://hereditaryhearingloss.org, April 2024).

Wide ethnogeographical variability is known in the preva-
lence of various forms of inherited hearing loss caused by
pathogenic variants in different “deafness genes”. The “accu-
mulation” of some forms of hereditary hearing loss in a certain
population, like a number of other monogenic diseases, can be
determined by the ethnic composition of the population, isola-
tion, marital structure, founder and bottleneck effects, as well
asapossible selective advantage of heterozygotes (Scottetal.,
1995; Ben Arab et al., 2004; Common et al., 2004; Zlotogora,
2007; Chong et al., 2012; Razdan et al., 2012). An important
role in the prevalence of hereditary forms of deafness was
probably also played by such a social factor as the long-term
tradition of assortative marriages between deaf people, based
on their linguistic homogamy (sign language), which led to an
increase in social adaptation and genetic fitness of deaf people
(Nance et al., 2000; Nance, Kearsey, 2004).

Identification of the most frequent (major) mutations in
genes involved in hearing loss is an urgent task for both
genetic risk assessment and medical and genetic counseling
of affected families, and for developing the most effective
methods of molecular diagnostics of this pathology. The high

frequency of some mutations in certain regions of the world
may either indicate their independent occurrence (mutational
“hot spot”) or be a consequence of the founder effect (founder
mutation). The founder effect in the prevalence of mutations
can be confirmed by the similarity of their genetic background
(haplotypes). Haplotype reconstruction is usually carried out
based on the analysis of highly polymorphic genetic markers:
STRs (Short Tandem Repeats) and SNPs (Single Nucleotide
Polymorphisms). Analysis of haplotypes carrying a particular
mutation can allow to estimate its “age” (time of occurrence)
using a “molecular clock” approach, and, in some cases,
identify potential regions of its origin using information about
population history.

The most significant contribution to the etiology of hearing
loss in many populations of the world is made by pathogenic
variants in the GJB2 gene (OMIM #121011). The SLC26A4
gene (solute carrier family 26, member 4, 7¢922.3, OMIM
#605646) is the second most significant gene, at least for
Asian populations. SLC26A4 encodes the transmembrane
transport protein pendrin, which is involved in the transport of
various ions and is mainly expressed in the inner ear, thyroid
gland and kidneys. Pathogenic variants in the SLC26A4 gene
lead to non-syndromic recessive hearing loss (type DFNB4)
and Pendred Syndrome (OMIM #274600), a recessive di-
sease characterized by hearing loss and goiter. Patients with
SLC26A4-associated hearing loss often have abnormalities of
the bony labyrinth of the inner ear (enlarged vestibular aque-
duct, Mondini dysplasia). Numerous studies have found that
the prevalence of SLC26A4-associated hearing loss and the
spectrum of pathogenic variants of this gene vary significantly
in different regions of the world. It has now become apparent
that the spectrum of pathogenic variants of the SLC26A4 gene
found in Asian populations is significantly different from that
in populations of European origin (Park et al., 2003; Albert
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et al., 2006; Du et al., 2013; Lu Y.J. et al., 2015; Tsukada et
al., 2015).

Analysis of the SLC26A4 gene, conducted during long-term
studies of inherited hearing loss in Tuvinians, the indigenous
population of the Tyva Republic (Southern Siberia), showed
that the proportion of SLC26A4-associated hearing loss in
Tuvinian patients is one of the highest in the world (28.2 %)
(Danilchenko et al., 2021). A specific spectrum of variations
in the SLC26A4 gene was identified in Tuvinian patients,
including both known pathogenic variants and a number of
new variants with still uncertain clinical significance. The
vast majority of mutant SLC26A4 alleles identified in patients
were represented by three pathogenic variants ¢.919-2A>G,
¢.2027T>A and ¢.1545T>G (69.3 %, 17.5 %, and 8.0 %, re-
spectively), and their overall carrier frequency reached 7.1 %
in the Tuvinian control sample (Danilchenko et al., 2021).
The predominance of variant ¢.919-2A>G suggested the role
of the founder effect in its accumulation in Tuvinians, and in
our recent study (Danilchenko et al., 2023), we identified a
similarity of STR and SNP haplotypes in all ¢.919-2A>G car-
riers, which convincingly indicates its origin from a common
ancestor, thereby confirming the decisive role of the founder
effect in the prevalence of this pathogenic SLC26A4 variant
in the indigenous population of the Tyva Republic.

The aim of'this study is a comparative analysis of the genetic
background of pathogenic variants ¢.1545T>G, ¢.2027T>A,
and ¢.919-2A>G of the SLC26A4 gene, identified with high
frequency in the indigenous population of the Tyva Republic.

Materials and methods

Analyzed samples. Genotyping of genetic markers (STRs
and SNPs) for the analysis of haplotypes of the chromosome 7
region including the SLC26A4 gene was performed on the
sample of Tuvinian patients having variant ¢.2027T>A in
a homozygous (n = 4) or compound heterozygous (n = 15)
state, or variant ¢.1545T>G in a compound heterozygous
state (n = 15). For comparative analysis, previously obtained
data on the structure of haplotypes in Tuvinian patients ho-
mozygous for the ¢.919-2A>G variant of the SLC26A4 gene
(n=23) and in individuals from the control sample represented
by unrelated Tuvinians (n = 63) were used (Danilchenko
et al., 2023). Written informed consent was obtained from
all individuals or their legal guardians before venous blood
sampling for DNA extraction. The study was approved by
the Bioethics Commission at the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy of
Sciences (Novosibirsk, Russia).

Historical information about the Tuvinian population.
Tuvinians (Tuvans), numbering about 300,000 people in
total (according to the 2021 All-Russian Census), currently
live mainly in the Tyva Republic, which borders Mongolia
to the south and east. In addition to the Tyva Republic and
several other regions of Russia, relatively small groups of
Tuvinians also live in northern Mongolia and in Xinjiang
Uyghur Autonomous Region of China (Mongush, 1996; Chen
etal., 2011).

Tuvinians are one of the oldest Turkic-speaking peoples
inhabiting Central Asia and the Sayan-Altai region. At dif-
ferent times, Tuva was at the periphery of a powerful state
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of Huns (2nd century BC — 1st century AD), was part of the
Ancient Turkic Khaganate (6—8th centuries), of the Uyghur
Khaganate (8-9th centuries), of the Yenisei Kyrgyz Khaganate
(9-12th centuries), and was also incorporated in the Mongol
Empire (13—14th centuries). These historical events, as well as
long-term contacts with the population of neighboring regions
(Turkic-, Mongolic-, Ket-, and Samoyedic-speaking tribes),
had a certain influence on the formation of the Tuvinian ethnic
group (Vainshtein, Mannay-Ool, 2001; Mannai-ool, 2004) and
the genetic structure of the Tuvinian population.

Experimental methods. To analyze the haplotypes car-
rying variants ¢.1545T>G and ¢.2027T>A of the SLC26A4
gene, we performed the genotyping of genetic markers (STRs
and SNPs), which we had previously used in our study to in-
vestigate the structure of haplotypes for variant ¢.919-2A>G
(Danilchenko et al., 2023): five STRs (D7S2420, D7S496,
D7S2456, D7S525, flanking the SLC26A4 gene at different
distances, and intragenic D752459), as well as nine intra-
genic SNPs (rs2248464, rs2248465, 1s3801943, rs2712212,
rs2395911, rs2712211, rs3801940, rs2072064, rs2072065)
(Fig. 1).

Genotyping of STRs (fragment analysis) and SNPs (Sanger
sequencing) was performed on an ABI 3130XL genetic ana-
lyzer (Applied Biosystems, USA) in the SB RAS Genomics
Core Facility (Institute of Chemical Biology and Fundamen-
tal Medicine SB RAS, Novosibirsk, Russia). Details of the
experimental genotyping methods are presented in the work
(Danilchenko et al., 2023).

Statistical methods. A one-sided Fisher’s exact test with a
significance level of p <0.05 was applied to compare the allele
and haplotype frequencies between the examined samples.

Linkage disequilibrium between the alleles of STR mar-
kers of chromosome 7 and alleles with variants ¢.1545T>G
or ¢.2027T>A of the SLC26A4 gene was calculated using
the formula & = (Pd — Pn)/(1 — Pn), where 6 is a measure of
linkage disequilibrium; Pd is the frequency of the associated
allele among chromosomes with variants ¢.1545T>G or
¢.2027T>A in the samples of patients; Pn is the frequency of
the same allele among chromosomes without these variants
in the control sample (Bengtsson, Thomson, 1981).

Reconstruction of haplotypes based on the detected alleles
of STR and SNP markers in samples of the carriers of variants
¢.1545T>G or ¢.2027T>A was carried out manually, using
data from the analysis of genetic markers in their relatives
(when it was possible). Reconstruction of haplotypes and
analysis of their frequency distribution in the control sample of
Tuvinans were performed by us using software package Arle-
quinv.3.5.1.2 (https://cmpg.unibe.ch/software/arlequin3512/,
Expectation-Maximization algorithm) (Danilchenko et al.,
2023).

Estimation of the “age” of variants of the SLC26A4
gene. Estimation of the “age” of a mutation is based on the
expected loss of linkage between the mutation and alleles of
surrounding genetic markers over time due to recombination
(the “molecular clock” concept). To estimate the “age” of the
analyzed variants, two methods were used: the “single marker
method” based on the allelic variation of one marker (Risch
et al., 1995; Slatkin, Rannala, 2000), and the second method
based on haplotype data implemented by the DMLE+ v.2.3
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Fig. 1. Schematic structure of the SLC26A4 gene and the location of genetic markers (five STRs and nine SNPs) which were used to

reconstruct the haplotypes.

Pathogenic variants ¢.919-2A>G, c.1545T>G and ¢.2027T>A of the SLC26A4 gene are highlighted in color. The distances between STRs (bp)
are given in megabases (Mb). * - four SNPs from (Wu et al., 2005) used for comparative analysis. cen. - centromere, tel. - telomere. The figure

was modified from (Danilchenko et al., 2023).

program (Disequilibrium Mapping and Likelihood Estima-
tion, DMLE+ v.2.3: http://dmle.org/) (details of the methods
used are given in Supplementary Material 1)!. The “age” of
a variant was determined by estimating the number of gene-
rations (g) and years (assuming that g = 25 years) that have
passed since its occurrence.

Results

In our recent study (Danilchenko et al., 2021), we analyzed
the SLC26A4 gene using Sanger sequencing in patients with
hearing loss belonging to the Tuvinians, an indigenous Sibe-
rian Turkic-speaking people (the Tyva Republic, Southern
Siberia). Biallelic pathogenic SLC26A4 variants were detected
in 28.2 % (62 out 0f 220) of the patients included in the study.
This rate of SLC26A4-associated hearing loss was one of the
highest among all populations in the world. The vast major-
ity of the detected mutant SLC26A4 alleles were represented
by three pathogenic variants ¢.919-2A>G, ¢.2027T>A, and
¢.1545T>G.

Variant c.919-2A>G

Most Tuvinian patients were homozygous or compound hete-
rozygous for pathogenic variant ¢.919-2A>G. The proportion
of ¢.919-2A>G was 69.3 % among all mutant SLC26A4 alleles
identified in Tuvinian patients, and its carrier frequency in the
Tuvinian population was 5.1 % (Danilchenko et al., 2021).
Variant ¢.919-2A>G is located in the canonical (-2) 3’ splice
acceptor site in the intronic region between exons 7 and 8 and

' Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Danil_Engl_29_1.pdf

leads to splicing abnormalities (Yang J.J. etal., 2005; Lu Y.C.
et al., 2011; Wasano et al., 2020).

Numerous studies have shown that the ¢.919-2A>G variant
is highly prevalent in patients from Asian regions (mainland
China, Taiwan, Mongolia, Korea, and Japan) and is found with
the highest frequency in China and Mongolia, while in other
regions of the world, this variant is extremely rare or absent
(Park et al., 2003; Wu et al., 2005; Albert et al., 2006; Dai et
al., 2008; Du et al., 2013; Yang X.L. et al., 2013; Lu Y.J. et
al., 2015; Tsukada et al., 2015; Erdenechuluun et al., 2018).

Variant c¢.2027T>A

Variant ¢.2027T>A (p.Leu676GlIn) of the SLC26A4 gene was
found in homozygous or compound heterozygous state in
19 Tuvinian patients and was the second most frequent patho-
genic variant (17.5 %) after ¢.919-2A>G (69.3 %) among all
mutant variants of the SLC26A4 gene identified in Tuvinian
patients (Danilchenko et al., 2021).

Variant ¢.2027T>A leads to the replacement of leucine with
glutamine at amino acid position 676 (p.Leu676Gln) in the
highly conserved region of the STAS domain in the COOH-
terminal part of the pendrin protein molecule. Experimental
studies have shown that this variant leads to retention of
the mutant protein in the intracellular space and disruption
of its function (Gillam et al., 2004; Yoon et al., 2008). The
¢.2027T>A variant was detected at low frequency (only in
isolated patients in compound heterozygous or heterozygous
state) in China, Korea, and Mongolia (Park et al., 2003; Choi
etal., 2009; Huang et al., 2011; Chai et al., 2013; Erdenechu-
luun et al., 2018).
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Variant c.1545T>G

Variant ¢.1545T>G is a new, previously undescribed missense
variant in exon 14 of the SLC26A4 gene, apparently resulting
in the substitution of phenylalanine with leucine at amino
acid position 515 (p.Phe515Leu), was found in a compound
heterozygous state in 15 Tuvinian patients originating from
ten unrelated families. The carrier frequency of ¢.1545T>G
in the Tuvinian control sample was 2.0 %. Segregation of
¢.1545T>G with hearing loss in the pedigrees of patients, a
significant excess of its frequency in the sample of patients
compared to the control sample (p = 0.03391), the results of
predictive computer programs and the absence of this variant
in the world’s human genomic databases support its pathogenic
significance (Danilchenko et al., 2021).

Reconstruction of STR haplotypes for variants

¢.1545T>G and ¢.2027T>A of the SLC26A4 gene

To reconstruct the haplotypes of the chromosome 7 region
carrying pathogenic variants ¢.1545T>G and ¢.2027T>A of
the SLC26A4 gene, five STRs (D7S2420, D7S496, D7S2459,
D7S2456, D7S525) were genotyped in unrelated carriers of
these variants (Fig. 1). These STRs were previously used
in the analysis of haplotypes carrying the pathogenic va-
riant ¢.919-2A>G (Danilchenko et al., 2023). The results
of genotyping of STR markers, in comparison with the data
obtained on the Tuvinian control sample, are presented in
Supplementary Material 2 (Tables S1 and S2). All STRs
in the control sample were previously found to be highly
polymorphic: D752420 — 10 alleles, D7S496 — 10 alleles,
D7S2459 —7 alleles, D7S2456 — 5 alleles, D7S525 — 8 alleles
(Danilchenko et al., 2023). All STRs in the carriers of variant
¢.1545T>G were monomorphic (only one allele for each STR
marker) (Table S1). In the carriers of variant ¢.2027T>A, four
STRs were monomorphic (D7S2420, D7S496, D7S2459, and
D7S2456), but for the distal marker D7S525, three different
alleles (221, 227, 231) were detected, with frequencies of
0.4000, 0.1333 and 0.4667, respectively (Table S2). Com-
parative analysis of the frequencies of D7S525 alleles in the
carriers of ¢.2027T>A and in the control sample revealed
statistically significant differences (p < 0.05) in the frequen-
cies of alleles 227 and 231 (Table S2).

Genotyping of STRs in the carriers of variant ¢.1545T>G
revealed complete linkage of this variant with alleles 286
(D7S2420), 118 (D7S496), 147 (D7S2459), 244 (D7S2456),
229 (D7S525); thus, variant ¢.1545T>G is characterized by a
single haplotype 286-118-147-¢.1545T>G-244-229, the size
of which, determined by distal markers D752420 and D7S525,
is ~ 2.75 Mb. STRs analysis in the carriers of ¢.2027T>A
revealed complete linkage of this variant with alleles 280
(D7S2420), 118 (D7S496), 141 (D7S2459), 244 (D7S2456),
but the presence of three different alleles (221, 227, 231) at the
distal marker D7S525 suggests the presence of three different
haplotypes for variant ¢.2027T>A.

STR haplotypes reconstructed for variants ¢.1545T>G and
¢.2027T>A, in comparison with STR haplotypes for variant
€.919-2A>G, are presented in Figure 2.

We compared the structure and frequency of the STR
haplotypes found for variants c.1545T>G and c.2027T>A
with the STR haplotypes that were previously identified for
variant ¢.919-2A>G (Danilchenko et al., 2023) (Table 1). It
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~0.26 Mb ~0.18 Mb  ~0.35 Mb ~1.96 Mb
D752420 D75496  D7S52459 D752456  D7S525
Haplotype
c.1545T>G frequency
286 118 147 244 229 100 %
c.2027T>A
280 118 141 244 231 46.7 %
280 118 141 244 221 40.0 %
280 118 141 244 227 133 %
c.919-2A>G
278 120 147 244 227 91.3%
278 120 147 244 229 43 %
278 120 147 244 221 22%
278 120 147 244 225 22%

Fig. 2. Schematic representation of the STR haplotypes in the carriers of
variants ¢.1545T>G and c.2027T>A in comparison with the STR haplo-
types for variant c.919-2A>G (Danilchenko et al., 2023).

The localization of each of the analyzed variants (c.1545T>G, c.2027T>A or
€.919-2A>@) is shown by an arrow.

should be noted that the STR haplotypes found for all three
variants ¢.1545T>G, ¢.2027T>A and ¢.919-2A>G differ in
allelic composition, which indicates a pronounced specifici-
ty of the genetic background for each of them. In addition,
a comparison of the frequency of the main STR haplotypes
in the samples of carriers of ¢.1545T>G, ¢.2027T>A and
€.919-2A>G (groups of Tuvinian patients with hearing loss)
and in the Tuvinian control sample revealed statistically sig-
nificant differences (Table 1).

Reconstruction of SNP haplotypes for variants
€.1545T>G and ¢.2027T>A of the SLC26A4 gene
To study the fine structure of haplotypes including variants
¢.1545T>G or ¢.2027T>A of the SLC26A4 gene, nine intra-
genic SNPs (152248464, 152248465, rs3801943, rs2712212,
rs2395911,rs2712211,1rs3801940, rs2072064, and rs2072065)
were genotyped in the carriers of these variants. These SNPs
were previously analyzed to reconstruct the genetic back-
ground (haplotypes) of variant ¢.919-2A>G in its homozygous
carriers (Danilchenko et al., 2023). Four of them (rs2712212,
rs2395911, rs2712211, and rs3801940) were included for
comparative analysis with the data from the study by C.C. Wu
et al. (2005), where they were used to establish the structure
of haplotypes carrying variant c.919-2A>G in Taiwanese
patients with hearing impairment (Fig. 1). The structure of
SNP haplotypes for variants ¢.1545T>G and ¢.2027T>A is
presented in Figure 3 in comparison with the SNP haplotype
for variant ¢.919-2A>G (Danilchenko et al., 2023).

All carriers of variant ¢.1545T>G had a single SNP hap-
lotype A-C-T-G-T-C-G-T-T (100 %), while the frequency
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Table 1. The frequencies of STR haplotypes found on the mutant chromosomes carrying pathogenic variants
€.919-2A>G, c.1545T>G or c.2027T>A of the SLC26A4 gene, compared with the normal chromosomes

STR-haplotypes Haplotype frequency, % a p References
D752420-D75496-D752459-D752456-D75525
(~2.75 Mb) Mutant Normal
chromosomes chromosomes
D752420-D75496-D752459-/c.1545T>G/-D752456-D75525
286-118-147-244-229 1.0 0.0079 110 <1073 This study
Other haplotypes 0.0 0.9921 - -
D752420-D75496-D752459-/c.2027T>A/-D752456-D75525
280-118-141-244-231 0.4667 0.0 52 <1077 This study
280-118-141-244-221 0.4000 0.0079 36 <107
280-118-141-244-227 0.1333 0.0159 3.1 0.0561
Other haplotypes 0.0 0.9762 - -
D752420-D75496-/c.919-2A>G/-D752459-D752456-D75525
278-120-147-244-227 0.9130 0.0 150 <1073% Danilchenko et al., 2023
278-120-147-244-229 0.0435 0.0 24 0.0704
278-120-147-244-221 0.0217 0.0 0.28 0.2674
278-120-147-244-225 0.0217 0.0 0.28 0.2674
Other haplotypes 0.0 1.0 - -

Note. Designations of the STR alleles included in haplotypes correspond to the size of the PCR products (in nucleotides). The most common haplotypes and
statistically significant (p < 0.05) differences in haplotype frequencies are shown in bold.

of this haplotype in the Tuvinian control sample was 3.8 %
(data not shown). All carriers of variant ¢.2027T>A also had
a single SNP haplotype T-C-T-A-T-C-C-T-C (100 %), the
frequency of which in the control sample was 1.7 % (data
not shown). Previously, a single haplotype A-C-T-A-G-G-
C-A-C (100 %) was also identified in all carriers of variant
¢.919-2A>G, and its frequency in the Tuvinian control sample
was 2.8 % (Danilchenko et al., 2023). In addition, we previ-
ously established the identity of a small (~4.5 kb) “internal”
SNP haplotype A-G-G-C formed by four SNPs (rs2712212,
rs2395911, rs2712211, and rs3801940) in the carriers of va-
riant ¢.919-2A>G — Tuvinians (Danilchenko et al., 2023) and
Han Chinese from Taiwan (Wu et al., 2005), which suggests
their common origin. However, this SNP haplotype was not
detected in the carriers of variants ¢.1545T>G and ¢.2027T>A
(Fig. 3). Thus, we can conclude that the haplotypes formed
by the alleles of SNP markers for each of the three analyzed
pathogenic variants of the SLC26A4 gene are highly specific.

Estimation of the “age” of variants

¢.1545T>G and ¢.2027T>A of the SLC26A4 gene

In our recent study (Danilchenko et al., 2023), two methods
were used to estimate the “age” of pathogenic variant c.919-
2A>G of the SLC26A4 gene: by the “single marker method”,
which is based on the analysis of alleles of the most distal
markers exhibiting significant linkage disequilibrium, and
by using the DMLE+ v.2.3 program, where the “age” of a
variant is estimated based on the reconstructed haplotypes. In
this study, we applied both of these methods to estimate the

c.1545T>G
A C T G T C G T T

c.2027T>A

T C T A T C @ T C

c.919-2A>G
A C T A G G C A C
— ~ n < n © ~ o o
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Fig. 3. Schematic representation of SNP haplotypes in the carriers of va-
riants ¢.1545T>G and c.2027T>A in comparison with SNP haplotypes for
variant ¢.919-2A>G (Danilchenko et al., 2023).

SNP marker designations: SNP1 - rs2248464, SNP2 — rs2248465, SNP3 -
rs3801943, SNP4 - rs2712212, SNP5 - rs2395911, SNP6 - rs2712211, SNP7 -
rs3801940, SNP8 - rs2072064, SNP9 - rs2072065. The red dotted lines high-
light the four SNP markers analyzed in the carriers of variant c¢.919-2A>G in
Taiwan (Wu et al.,, 2005). The localization of each of the analyzed variants
(c.1545T>G, c.2027T>A, or c.919-2A>G) is shown by an arrow.

“age” of variants ¢.1545T>G and ¢.2027T>A of the SLC26A4
gene (Table 2).

All carriers of variant ¢.1545T>G had an identical STR
haplotype 286-118-147-¢.1545T>G-244-229. Two haplo-
types, 280-118-141-¢.2027T>A-244-231 and 280-118-141-
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Haplotypes carrying pathogenic variants
¢.1545T>G, ¢.2027T>A and c.919-2A>G of the SLC26A4 gene

Table 2. Comparative assessment of the “age” of variants c.1545T>G, c.2027T>A, and c.919-2A>G of the SLC26A4 gene

based on the STR markers

Pathogenic d The single-marker method The DMLE+ calculation References
SLC26A4 variant
g “Age” (years) g (95 % Cl) “Age” (95 % Cl) (years)
c.1545T>G 0.05 - - 76-163 1,900-4,075 This study
0.10 48-95 1,200-2,375
0.20 27-52 675-1,300
c.2027T>A 0.05 51 1,275 65-140 1,625-3,500 This study
0.10 50 1,250 38-83 950-2,075
0.20 47 1,175 24-48 600-1,200
c.919-2A>G 0.05 22 550 103-198 2,575-4,950 Danilchenko et al., 2023
0.10 21 525 63-107 1,575-2,675
0.20 17 425 35-59 875-1,475

Note. To assess the “age” of variants c.2027T>A and ¢.919-2A>G by the “single marker method", the alleles of the distal STR marker D7S525 were used, and for
the assessment by the DMLE+ v.2.3 program, STR haplotypes were used. d - different (0.05, 0.10 or 0.20) population growth rates; g - number of generations;

“age” - g x 25 years; Cl - confidence interval.

¢.2027T>A-244-221, the structural differences of which are
determined by the presence of different alleles (231 and 221)
of the distal STR marker D7S525, were the most frequent for
variant ¢.2027T>A (0.4667 and 0.4000, respectively). The
obtained data allow us to tentatively estimate the time of oc-
currence of variants ¢.1545T>G and ¢.2027T>A in Tuvinians,
the indigenous population of the Tyva Republic. We were
unable to estimate the “age” of variant c.1545T>G using the
“single marker method” due to the lack of recombination in
all analyzed STR markers, but such estimates were obtained
by the DMLE+ v.2.3 program (Table 2). To estimate the
“age” of variant ¢.2027T>A by the “single marker method”,
allele 231 of the distal STR marker D7S525 (~2.32 Mb from
¢.2027T>A), found in significant linkage disequilibrium with
¢.2027T>A, was used (Table S2).

The methods used to estimate the “age” of mutations are
sensitive to the demographic parameters of the population,
in particular, to the population growth rates at different his-
torical stages of its development. Since there are no accurate
data on changes in the size of the indigenous population of
Tuva (Tuvinians) at the early stages of its formation, we used
three different population growth rates for our calculations
(d =0.05, 0.10, and 0.20) (Table 2). It should be noted that
the data on the “age” of variants ¢.2027T>A and ¢.919-2A>G
obtained by the “single marker method” differ from the time
ranges obtained by the DMLE+ v.2.3 program, apparently “un-
derestimating” it at all three population growth rates (d = 0.05,
0.10, 0.20). In addition, the observed overlapping of the time
intervals obtained by the DMLE+ v.2.3 program for each of
the analyzed variants at all population growth rates (d = 0.05,
0.10, 0.20) (Table 2) does not allow us to conclude which of
the analyzed variants is “older”.

Discussion

This work provides data on the haplotype structure for patho-
genic variants ¢.1545T>G and ¢.2027T>A of the SLC26A4
gene, identified in a study of hereditary deafness in Tuvinians,
the indigenous population of the Tyva Republic (Southern
Siberia) (Danilchenko et al., 2021). Variant c.1545T>G was
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discovered for the first time; this variant has not been recorded
in other regions of the world. All carriers of ¢.1545T>G were
found to have highly specific STR and SNP haplotypes: STR
haplotype 286-118-147-¢.1545T>G-244-229 (100 %) and
SNP haplotype A-C-T-G-T-C-G-T-T-¢.1545T>G (100 %); the
frequency of them in the Tuvinian control sample is less than 1
and 3.8 %, respectively. Thus, these data provide convincing
evidence of a single origin of variant ¢.1545T>G and the role
of the founder effect in its prevalence among the indigenous
population of Tuva. Variant ¢.2027T>A is second in frequency
among all pathogenic variants of the SLC26A4 gene identified
in Tuvinian patients; at the same time, this variant is found only
in isolated patients from China, Korea and Mongolia (Park et
al., 2003; Choi et al., 2009; Chai et al., 2013; Erdenechuluun
et al., 2018; Kun et al., 2024). In addition, we also found this
variant in several patients from the Altai Republic, which bor-
ders the Tyva Republic (Danilchenko et al., 2021). In contrast
to variant c.1545T>G, three STR haplotypes were identified
in the ¢.2027T>A carriers: 280-118-141-¢.2027T>A-244-231
(46.7 %), 280-118-141-¢.2027T>A-244-221 (40.0 %), and
280-118-141-¢.2027T>A-244-227 (13.3 %), that differ only
by alleles of the distal STR marker D7S525.

The use of a set of polymorphic genetic markers identical
to that previously used by us in the study of haplotypes of
pathogenic variant ¢.919-2A>G of the SLC26A4 gene, the
most common in Tuvinian patients (Danilchenko et al., 2023),
allowed us to conduct a correct comparison of the structure
of STR and SNP haplotypes for all three pathogenic variants
(c.1545T>G, ¢.2027T>A, and ¢.919-2A>G). Comparative
analysis showed that the composition of alleles of the genetic
markers included in the haplotypes is different and highly
specific for each of them. Thus, we can conclude that each of
the analyzed variants has a special (similar for all carriers of
a particular variant) genetic background, apparently inherited
from different “founder ancestors”.

We have roughly estimated the “age” of variants ¢.1545T>G,
¢.2027T>A and ¢.919-2A>G, but due to the limited informa-
tion on the demographic changes in the Tuvinian population
throughout its history, the obtained time intervals of the
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appearance of these variants in the indigenous population
of Tuva should be considered only as approximate ones.
Nevertheless, it can be cautiously assumed that variants
c.1545T>G, ¢.2027T>A and c.919-2A>G are not “young”
(recently emerged) mutations, and the wide time intervals of
their occurrence overlap at almost all population growth rates
(d=0.05, 0.10 and 0.20) (Table 2).

Data on the haplotype structure for variant ¢.1545T>G and
its prevalence, limited only to the territory of Tuva, as well
as historical information on ethnogenesis of the indigenous
population of Tuva, suggest that this variant could have arisen
as a result of a unique mutational event that occurred after the
main formation of the Tuvinian ethnic group at the end of the
13th—14th centuries. It is more difficult to draw conclusions
about the origin of variant ¢.2027T>A in Tuvinians. This va-
riant is found with low frequency in patients from neighboring
Mongolia and China, but, unfortunately, there are no data
on the structure of the genetic background of ¢.2027T>A in
its carriers from these regions, which excludes comparative
analysis. As for variant ¢.919-2A>G, which is the most fre-
quent in Tuvinians, we previously (Danilchenko et al., 2023)
found the identity of the “internal” SNP haplotype A-G-G-C
(Fig. 3), found in Tuvinian patients homozygous for ¢.919-
2A>G, and the haplotype formed by the same SNPs in the
¢.919-2A>G carriers from Taiwan (Han Chinese) (Wu et al.,
2005). These data support the presence of a common ances-
tor for the “Tuvinian” and “Chinese” founder chromosomes
with ¢.919-2A>G. Considering the obtained results, as well
as the territorial distribution of variant ¢.919-2A>G, with a
maximum frequency in Tuvinians (Southern Siberia) and in
Chinese and Mongols (East and Central Asia), we suggested
that variant ¢.919-2A>G could have arisen in geographically
close territories of these regions and subsequently spread to
other regions of Asia (Danilchenko et al., 2023).

Conclusion

We analyzed the haplotype structure for pathogenic variants
¢.1545T>G and ¢.2027T>A of the SLC26A4 gene, found with
high frequency in Tuvinian patients with hearing loss (the
Tyva Republic, Southern Siberia). Comparative analysis of
the reconstructed haplotypes for ¢.1545T>G and ¢.2027T>A
with previously obtained data on the haplotypes for variant
€.919-2A>G showed that each of the analyzed variants has a
specific genetic background which is similar for all carriers
of a particular variant, apparently inherited from different
“founder ancestors”. Thus, evidence was obtained for the role
of the cumulative founder effect in the prevalence of these
pathogenic variants of the SLC26A4 gene in the indigenous
population of the Tyva Republic. The obtained data are re-
levant both for predicting the prevalence of SLC26A4-asso-
ciated hearing loss and for developing region-specific DNA
diagnostics of inherited hearing loss in the Tyva Republic.
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Abstract. The fundamental understanding of many biological processes that unfold in a human body has become
possible due to experimental studies on animal models. The backbone of modern biomedical research is the use of
mouse models for studying important pathophysiological mechanisms, assessing new therapeutic approaches and
making decisions on acceptance or rejection of new candidate medicines in preclinical trials. The use of mice is ad-
vantageous because they have small size, are easy to keep and to genetically modify. Mice make up more than 90 %
of the rodents used for pharmaceutical research. We present the pilot version of MiceDEGdb, a knowledge base on
the genes that are differentially expressed in the mouse used as a model object in biomedical research. MiceDEGdb
is a collection of published data on gene expression in mouse strains used for studying age-related diseases, such as
hypertension, periodontal disease, bone fragility, renal fibrosis, smooth muscle remodeling, heart failure and circadian
rhythm disorder. The pilot release of MiceDEGdb contains 21,754 DEGs representing 9,769 unique Mus musculus genes
the transcription levels whereof were found as being changed in 25 RNA-seq experiments involving eight tissues —
gum, bone, kidney, right ventricle, aortic arch, hippocampus, skeletal muscle and uterus - in six genetic mouse strains
(C57BL/6J, Ren1cCre|ZsGreen, B6.12957(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J and Kunming) used as models of eight hu-
man diseases — all these data were based on information in 10 original articles. MiceDEGdb is novel in that it features
a curated annotation of changes in the expression levels of mouse DEGs using independent biomedical publications
about same-direction changes in the expression levels of human homologs in patients with one disease or the other.
In its pilot release, MiceDEGdb documented 85,092 such annotations for 318 human genes in 895 diseases, as suggest
to 912 scientific articles referenced by their PubMed ID. The information contained in MiceDEGdb may be of interest to
geneticists, molecular biologists, bioinformatics scientists, clinicians, pharmacologists and genetic advisors in personal-
ized medicine. MiceDEGdDb is freely available at https://www.sysbio.ru/MiceDEGdb.
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circadian rhythm; RNA-seq.

For citation: Podkolodnaya O.A., Chadaeva I.V,, Filonov S.V., Podkolodnyy N.L., Rasskazov D.A., Tverdokhleb N.N., Zolota-
reva K.A., Bogomolov A.G., Kondratyuk E.Yu., Oshchepkov D.Yu., Ponomarenko M.P. MiceDEGdb: a knowledge base on
differentially expressed mouse genes as a model object in biomedical research. Vavilovskii Zhurnal Genetiki i Selektsii=
Vavilov J Genet Breed. 2025;29(1):153-161. doi 10.18699/vjgb-25-18

Funding. The work was supported by State Budget Projects FWNR-2022-0020 and FWNM-2025-0005.

Acknowledgements. Authors express their gratitude to the multi-access center Bioinformatics for access to computa-
tional resources.

Basa sHaHui MiceDEGdb
110 g depeHInaaIbHO 3KCIIPECCUPVIOUIVIMCS TeHaM MbIIIN
KaK MOJeJIbHOTO 00beKTa OMoOMeaINIIMHCKIUX VCcC/IefOBaHMI

0O.A. ITopxoaoanas (91, VI.B. Yapaesa ()12, C.B. ®uaonos!, H.A. [ToAKOAOAHBIIT I’B,A.A. Pacckasos (9!, H.H. TBepAOXAe61,
K.A. 3oaorapesa (91, A.I. Boromoaos (D14, E.1O. Kouppariox (915, A JO. Omenxos (912 4, M.IT. [Tonomapenxo (91 2@

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT ymtonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbnpck, Poccus
2 KypuaToBCKMit reHOMHbIi LieHTp VLT CO PAH, Hosocn6umpck, Poccus

3 WHCTUTYT BBIYMCUTENBbHOM MaTeMaTUKK 1 MaTeMaTudeckoi reodpusmnku Cnbupckoro otaenenns Poccuiickon akagemmm Hayk, HoBocmbupck, Poccus

4 HOBOCMBMPCKMIT HALMOHaNbHbIN UCCIEAOBATENbCKUI FOCYAAPCTBEHHDIN yHuBepcuteT, HoBocmbupck, Poccna

5 Cunbupckunii depepanbHblii HayUHbI LLEHTP arpobuoTtexHonornii Poccniickoin akagemmn Hayk, p. n. KpacHoobck, HoBocnbupckas obnactb, Poccus

@ pon@bionet.nsc.ru

© Podkolodnaya O.A., Chadaeva L.V., Filonov S.V., Podkolodnyy N.L., Rasskazov D.A., Tverdokhleb N.N., Zolotareva K.A., Bogomolov A.G., Kondratyuk E.Yu.,
Oshchepkov D.Yu., Ponomarenko M.P, 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-3247-0114
https://orcid.org/0000-0002-2724-5441
https://orcid.org/0000-0001-9132-7997
https://orcid.org/0000-0003-4795-0954
https://orcid.org/0009-0006-3933-208X
https://orcid.org/0000-0003-4359-6089
https://orcid.org/0000-0001-8672-7216
https://orcid.org/0000-0002-6097-5155
https://orcid.org/0000-0003-1663-318X
https://orcid.org/0000-0003-3247-0114
https://orcid.org/0000-0002-2724-5441
https://orcid.org/0000-0001-9132-7997
https://orcid.org/0000-0003-4795-0954
https://orcid.org/0009-0006-3933-208X
https://orcid.org/0000-0003-4359-6089
https://orcid.org/0000-0001-8672-7216
https://orcid.org/0000-0002-6097-5155
https://orcid.org/0000-0003-1663-318X

O.A. Podkolodnaya, I.V. Chadaeva, S.V. Filonov ...
E.Yu. Kondratyuk, D.Yu. Oshchepkov, M.P. Ponomarenko

MiceDEGdb: a knowledge base on differentially expressed
mouse genes in biomedical research

AHHoTauusA. DyHAaMeHTanbHOe MOHMMAaHKE MHOTVIX 61MONOTMYeCKUX NMPOLIECCOB, MPONCXOAALMX B OPraH/3Me Yyenose-
Ka, CTano BO3MOXHbIM Giarofaps sKcneprMeHTanbHbIM CCIIEA0BAHNAM Ha XUBOTHbIX MoAensaX. OCHOBHbIM CTEPXKHEM
COBPEMEHHbIX G1IOMeANLNHCKUX UCCNE[0BaHNI ABAETCA NCNOb30BaHNE MbILVHbBIX MOAENEN AN1A U3YUYEHMNs BaXHbIX
naTodU3MONOrnyYeckmx MexaH3MoB, OLEHKIN HOBbIX TepaneBTUYEeCKMX NOAXOAO0B U NPUHATMA PeLleHnin o nepexoae
WV OTKa3e OT HOBbIX KaHAMAATOB Ha Npenapathbl B JOKINHUYECKUX UCMbITaHNAX. [IpenmyLLecTBO 3a4eCTBOBaHNA Mbl-
LLen 3aK/oyaeTca B X HeGONbLUMX pa3mepax, NPOCTbIX YCIOBUAX COAEPKAHMA 1 OTHOCUTENbHO NErkon reHeTYeCcKon
mopudurKauun. B HacToAwee Bpema 6onee 90 % rpbi3yHOB, NCNOMb3yeMblx ANA dpapmaLeBTUUYECKMX NCCNeAoBaHNN, —
Mblwn. B npepcTaBneHHo paboTte co3paHa NuIoTHas Bepcus 6a3bl 3HaHMI MiceDEGdb no auddepeHumanbHo sKc-
npeccupyowmca reHam (I30) Mblilwn Kak MOAENbHOTO 06beKTa B 6OMeANUMHCKIX nccnefoBaHuax. OHa npeacTtas-
nAeT cobo KONNEeKLMio ony6MKOBaHHbIX AaHHbIX MO SKCMPECCHM FeHOB Y Mblllel pa3HbIX IMHWIA, NpefHa3HauYeHHbIX
INA U3y4yeHUA BO3PacTHbIX 3a60neBaHunii: rMnepToOHNM, NapOJOHTHTa, XPYNKOCTM KOCTK, dpnbpo3sa nouku, pemoaenm-
POBaHVA MaAKMX MbiLLL, CepAeYHON HeAOCTaTOYHOCTY, HapYLUEHNA LMPKagHOro putma. MUnoTHbIN BbiMyck 6a3bl 3Ha-
Hun MiceDEGdb copepxut 21754 131, npepcraenaowmnx 9769 yHukanbHbix reHoB Mus musculus, y KOTOPbIX N3MeHs-
eTCA YpOBeHb TpaHCKpUNuun B 25 akcneprmeHTax no TexHonornu RNA-seq ¢ ncnonb3oBaHvem BOCbMU TKaHel (fecHa,
KOCTb, MOYKa, MPaBbl Xenyfouek cepaua, Ayra aopTbl, TMNMOKaMI, CKeleTHaA MbILWLA 1 MaTKa) B LUECTUN reHeTUYeCKNX
nrHWAX mbliwei, C57BL/6J, Ren1cCre|ZsGreen, B6.12957(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J n Kunming, B kauecTse Mo-
neneli BOCbMY 3aboneBaHUin YenioBeka cornacHo 10 opurimHanbHbiM ctatbaM. HoswectBom MiceDEGdb B cpaBHeHUn ¢
Apyrummn 6asamu faHHbIx o 31 Mbllwen ABnAeTca Kyprpyemas aHHOTaumA OTKIOHeHWI A3 Mbllwn OT COOTBETCTBY!O-
e HOPMbl C NMOMOLLbIO He3aBUCUMbIX OG1IOMeANLMHCKUX NMYONMKaLMin O COHaNPaBieHHbIX N3MEHEHUAX SKCNpeccum
rOMOJIOTMYHbIX FEHOB YesloBeKa Y NaLMeHToB C TEMU W UHBbIMW 3a60N1EBaHNAMUN OTHOCUTENBHO YCJIOBHO 3[40POBbIX
nobposonbLes. B nunotHom Bbinycke MiceDEGdb fokymeHTpoBaHo 85 092 Takux aHHOTauuii Ans 318 reHOB YenoBeka
npwu 895 3a6oneBaHNAX COrNAcHO 912 HayuYHbIM CTaTbAM, LUTUPYEMbIM C MOMOLLbIO UX naeHTudrKatopos PubMed ID.
NHdopmaumoHHoe conepxaHune MiceDEGdb MoxeT 6bITb MHTEPECHBIM AJIA FEHETUKOB, MONEKYNIAPHbIX 61onoros, 6uo-
MHGOPMATUKOB, KIUHMLNCTOB, GapMaLIEBTOB U reHeTUYECKNX KOHCY/IbTaHTOB MO NepCoHan3npoBaHHON MeanLMHe.
Ba3a 3HaHuin MiceDEGdb HaxoguTtcsa B cBO60AHOM JOCTyNe no runepccbinke: https://www.sysbio.ru/MiceDEGdb.

KntoueBble cnoBa: 6a3a 3HaHuit; 131 Mbiwb, Mus musculus; MblluMHbIE MOAeny 3aboneBaHNiA; BO3pacTHble paccTpoil-

CTBa; MHOEKLMOHHbIe 3aboneBaHuns; unpKagHblii putm; RNA-seq.

Introduction

The use of animals is absolute to biomedical research aimed
at studying biological processes (Lukacs et al., 1996), patho-
genesis of diseases (Conti et al., 2002) and therapeutic inter-
ventions (Chuang et al., 2002) as well as assessing the safety,
toxicity and carcinogenicity of candidate medicines (Segalat,
2007). At the same time, the relevance of animal disease
models is established according to strict criteria of consis-
tency between the animals’ conditions being studied and the
symptoms the patients of interest are experiencing (Gryksa et
al., 2023). To be able to interpret the results of observations
made using animal models of human diseases, one should
have not only knowledge of the processes being studied and
pathophysiology, but also the ability to recognize spontane-
ous, background and associated conditions that may bias the
results (White et al., 2016).

At present, more than 90 % of the pharmaceutical studies
involves laboratory mouse strains (Vandamme, 2014). They
are cheaper to keep than, for example, primates and can give
birth every two months — these two qualities make them so
popular among the researchers (Girard et al., 2009).

Although animal models still play an important role in as-
sessing the efficiency and safety of new interventions in anti-
cancer therapy, their use is often limited by genetic, molecular
and physiological factors. Despite successful preclinical
testing, 85 % of novel medicines fail during phase 1 of clini-
cal trials: only half of those that advance to phase 3 become
licensed. The use of mice as model organisms in biomedical
research is deemed to be the option of choice because of
their close genetic and physiological similarity with humans

(Swindell et al., 2012) and because their genome is rather easy
to manipulate (Monteiro et al., 2023). The latter advantage
becomes more and more relevant with the advancement of
genome editing methods (Bruter et al., 2024).

This inclines the researchers to move more actively to
the “humanized mouse” platform, which is a good setting to
use for studying the mechanisms of physiological processes
(YYong et al., 2018), for exploring the pathogenesis of infec-
tious diseases (Yajima et al., 2008; Frias-Staheli et al., 2014;
Amaladoss et al., 2015; Keng et al., 2016), autoimmune
diseases (Zayoud et al., 2013; Viehmann Milam et al., 2014;
Gunawan et al., 2017) and cancers (Chuprin etal., 2023; Liu L.
etal., 2024), and for developing anti-cancer therapies (Petro-
va et al., 2022). In some cases, for example, in microbiome
research, wild mice should be preferred to their laboratory
conspecifics, who have long been under artificial selection for
the ability to breed in cages and on an ad libitum diet, which
may bias the results (Hild et al., 2021).

Finally, the life sciences of the post-genome era increasingly
thrive on the so-called Big Data about the differential gene
expression in certain mouse tissues in the norm and patho-
logy. The multidimensionality of Big Data requires for them
to be systematized, analyzed and searched for patterns using
bioinformatics methods (Liu B et al., 2024). Two sources of
information become critically important for post-genome
medicine and pharmacology: 1) clinical data on patients vs.
unaffected volunteers and 2) experimental data on animals
used as models of human diseases (Krause et al., 2023), which
calls for the need of data processing resources to integrate data
coming from these sources.
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In one of our previous works (Chadaeva et al., 2023), we
reported RatDEGdDb, a freely available knowledge base on the
genes that are differentially expressed in the rat used as a model
object in biomedical research. As a logical step in expanding
the capabilities of this series of information resources, we
created MiceDEGdb, a knowledge base on DEGs in mouse
strains developed in a range of scientific organizations and
used as biomedical models. MiceDEGdb is freely available
at https://www.syshio.ru/MiceDEGdb.

Materials and methods
Searching PubMed for information on differentially ex-
pressed mouse genes. The experimentally identified genes
that are differentially expressed in several laboratory mouse
strains used as biomedical disease models were taken as
published in the original articles that we found by querying
[“mice” “RNA-Seq” “disease”] in PubMed (Lu, 2011).
MiceDEGdb. MiceDEGdb includes three tables (see the
schema in Figure 1). The mouse DEG information found
as described in the previous subsection was put into a rela-
tional table, MiceDEGs. Next, we copied the relational table
HumanDisorder from the one of our previous developments,

MiceDEGdb: 6a3a 3HaHuin 0 anddepeHumanbHO skcnpeccupytowmxca 2025
reHax Mbilu B 6GUOMEAULNHCKIX NCCNEeA0BaHNAX 29.1

Human_SNP_TATAdb database (Filonov et al., 2023); the
table is explained at the bottom right of Figure 1.

Further, we linked MiceDEGs and HumanDisorder using
the MiceDEGdb’s unique relational table HumanMiceHo-
molog based on the entries in the “Paralogs” section of
GeneCards, a freely available database (Stelzer et al., 2016).
Finally, we conversed MiceDEGs, HumanMiceHomolog,
HumanDisorder and the links between them (the links are
pointed to by arrows in Figure 1) into MiceDEGdb, which
is freely available at https://www.sysbio.ru/MiceDEGdb,
using MariaDB 10.2.12 (MariaDB Corp AB, Finland), a
freely available open-source database management system
(DBMS).

A model assessing the effect of circadian rhythm dis-
order on human health. Estimates of age-related changes
in the expression levels of mammalian core circadian genes
were obtained using a computational model explained and
validated elsewhere (Podkolodnyy et al., 2016). The outstand-
ing feature of this model is that the interactions between the
core circadian oscillator and the NAD+/SIRT1 pathway are
taken into account through the use of the following modules:
1) a pathway associated with SIRT1-promoted acetylation and

Fig. 1. MiceDEGdDb, a knowledge base on the genes that are differentially expressed in the mouse used as a model
object in biomedical research into human diseases.

a - flow chart; b - sample entries. Designations: MiceDEGs, HumanDisorder and HumanMiceHomologs are three unique
relational tables in MiceDEGdb. In each of these tables, the left column contains the name of fields, such as“mouse gene”,

"

“mouse strain

) “tissue’, “disease” and “the identifier of the article, to which the experimental data belong, in PubMed” (Lu,

2011); the right column is for the types of data, such as integer (int), real number (float), binary (enum) or string (text).
Arrows point to relational references (solid arrows) between experimental data on the DEGs in the mouse used as a
biomedical model of a particular human disease on the one hand and, on the other hand, the same-direction changes
(dotted arrows) in the expression levels of human genes homologous to the DEGs in people suffering from one disease
or the other - all these data were based on information in original articles found in PubMed (Lu, 2011) and referenced

accordingly.
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Fig. 2. Gene regulatory network associated with the effect of the deace-
tylase SIRT1 on activation of Bmall transcription and inhibition of the
CLOCK/BMALT1 function.

The oscillating feedback loop that increases BmalT expression and the expres-
sion of genes targeted by the transcription factor CLOCK/BMALT1 is factored
in by the computational model of age-related changes in the function of the
core circadian oscillator (Podkolodnyy et al., 2016): a point worth making.

degradation of the PER2 protein; 2) a gene regulatory net-
work associated with the effect of the deacetylase Sirtl on the
transcription of the mouse gene Bmall and inhibition of the
CLOCK/BMAL1 function associated with the E-BOX through
histone deacetylation (Fig. 2); 3) a pathway associated with the
effect of Sirtl on the rate at which CLOCK/BMALT1 unbinds
from the E-BOX; and 4) the Nampt/NAD+/Sirtl pathway.
In our model, the mechanism of transcriptional regulation
of the Nampt gene depends on the presence of three copies
of the E-BOX in its promoter, similarly to the mechanism of
regulation of the Per1, Per2 and Cry1 genes in a model of the
core circadian oscillator by J.K. Kim and D.B. Forger (2012).

Results

Mouse DEGs as biomedical models

of age-related diseases

Figure 3 shows the results for the in silico modeling of changes
in Bmall mRNA concentrations in mice using a computational
model by N.L. Podkolodnyy and the co-workers (2016): the
concentration levels decrease as the mice grow older.

To verify the results of the in silico modeling of age-related
changes to the core circadian oscillator, we searched PubMed
and found 10 original articles with relevance to the matter
(see the Table). They presented the results of 25 RNA-Seq
experiments with eight tissues (gum, bone, kidney, right ven-
tricle, aortic arch, hippocampus, skeletal muscle and uterus)
in six genetic mouse strains (C57BL/6J, Ren1cCre|ZsGreen,
B6.129S7(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J and Kun-
ming) used as models of eight human age-related diseases,
including arterial hypertension, periodontal disease, bone
fragility, renal fibrosis, smooth muscle remodeling, heart
failure and circadian rhythm disorder. The total number of
mouse DEGs was 21,754 representing 9,769 unique genes
from among 22,283 annotated protein-coding genes in the
reference genome GRCm38.p6 of the Mus musculus labora-
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Fig. 3. Results for the in silico modeling of changes in BmalT mRNA con-
centrations in mice using a computational model by Podkolodnyy and
the co-workers (2016): the concentration levels decrease as the mice
grow older.

tory strain C57BL/6J (Sarsani et al., 2019) (see the bottom
row of the Table).

MiceDEGdb

Figure 4 shows how MiceDEGdb can be worked with. As a
sample mouse gene, we took Clock. This gene was reported
as being expressed at lower levels in 30-month-old male mice
noted for bone fragility than in healthy males aged two months
(Kaya et al., 2022).

As can be seen from Figure 4, a decrease in expression
levels of a human CLOCK gene homologous to the mouse
Clock gene was observed in patients with intestinal inflam-
mation (Giebfried, Lorentz, 2023), circadian rhythm disorder
(Oishi etal., 2005; Roybal et al., 2007), obstructive pulmonary
disease and cellular senescence (Li L. et al., 2022), which are
age-related disorders (Jacenik et al., 2019; Li Z. et al., 2021;
Neba Ambe et al., 2022; Siniscalchi et al., 2024).

Additionally, the right half of Figure 4 contains the annota-
tion that resulted from our work with experimental data on an
age-related growth of bone fragility in mice concurrently with
a decrease in the expression levels of the mouse gene Clock
(Kaya et al., 2022) in terms of a decrease in the expression
levels of BMAL1, a human paralog to Clock, according to the
GeneCards database (Stelzer et al., 2016), in the following
age-related human diseases: cancer (Elshazley et al., 2012),
circadian rhythm disorder and Parkinson’s disease (Ding
et al., 2011). This information serves to verify our in silico
predictions (Fig. 3).

The pilot release of MiceDEGdb contains 85,092 such
annotations for 318 human genes, changes in the expression
levels of which have clinical manifestations in 895 diseases, as
suggest 912 original articles referenced by their PubMed ID.
The information contained in MiceDEGdb may be of interest
to geneticists, molecular biologists, bioinformatics scientists,
clinicians, pharmacologists and genetic advisors in personal-
ized medicine.

MiceDEGdb is freely available at URL=https://www.
syshio.ru/MiceDEGdb.
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DEGs in mice used as model animals in biomedicine: revealed by RNA-Seq and documented in MiceDEGdb

291

No. Strain Tissue Syndrome Model Norm Noeg Reference
1 C57BL/6) Gum Periodontitis Affected mice Healthy mice 43 ChenZ.etal., 2023
2 (C57BL/6) Bone Fragility 30 months 2 months 3,725 Kaya et al., 2022
3 (C57BL/6) Bone Fragility 23 months 2 months 1,151
4  (C57BL/6) Bone Fragility 11 months 2 months 1,011
5 RC|ZG Kidney Fibrosis 27 months, 28 2 months 43 Wang etal., 2018
6 RC|ZG Kidney Fibrosis 27 months, @ 2 months 100
7 RC|ZG Kidney Fibrosis 27 months, & 2 months 349
8 (C57BL/6J Kidney Aging 24 months, & 3 months 599 LiJ. etal, 2022
9  PolGMut RV HF PolG:D257A, ? C57BL/6J, @ 402 Gorr et al., 2022
10 C57BL/6J AASM Aging 26 months, 38 6 months, 33 23 Kiss et al., 2022
11 C57BL/6J Hippocampus CRD Biorhythm 8:8, @ Norm 12:12, @ 158 Fang et al., 2021
12 C57BL/6J Muscle Aging 20 weeks, WT, 60 % 20 weeks, WT, al 1,178 Myers et al., 2021
13 C57BL/6J Muscle Aging 80 weeks, WT, 60 % 80 weeks, WT, al 747
14 C57BL/6J Muscle Aging 20 weeks, KO, 60 % 20 weeks, KO, al 2,323
15 (C57BL/6J Muscle Aging 20 weeks, Kl, 60 % 20 weeks, KI, al 1,919
16 C57BL/6J Muscle Aging 80 weeks, KO, 60 % 20 weeks, KO, al 721
17 (C57BL/6J Muscle Aging 80 weeks, KI, 60 % 20 weeks, KI, al 2,641
18 (C57BL/6J Muscle Aging 80 weeks, KO, al 80 weeks, WT, al 1,976
19 (C57BL/6J Muscle Aging 80 weeks, WT, al 80 weeks, KI, al 445
20 C57BL/6J Muscle Aging 20 weeks, KO, al 20 weeks, WT, al 1,152
21 C57BL/6J Muscle Aging 20 weeks, WT, al 20 weeks, K, al 135
22 BPH/2J Kidney Hypertension BPH/2J, hypertension BPN/3J, norm 883 Puig et al,, 2010
23 Kunming Uterus Toxoplasmosis Infection, W/o infection 10 Zhou et al., 2020
before pregnancy
24  Kunming Uterus Toxoplasmosis Infection, W/o infection 10
before embryo implantation
25 Kunming Uterus Toxoplasmosis Infection, W/o infection 10
after embryo implantation
Y 6strains 8 tissues 8 diseases 25 models 17 models 21,754 10 articles

Note. Mouse strain: RC|ZG - Ren1cCre|ZsGreen; PolGMut - B6.12957(Cg)-Polgtm1Prol/J. Sex: Q - females; & - males; 38 - parabionts (surgically integrated
blood systems). Tissues: RV - right ventricle; AASM - aortic arch smooth muscle. Diseases: HF — heart failure; CRD - circadian rhythm disorder; WT — wild type;
KO - the Sirt1 gene knocked-out; KI - the SirtT gene knocked-in; al - food ad libitum.

Discussion
To show how MiceDEGdb, a knowledge base on the genes
that are differentially expressed in the mouse used as a model
object in biomedical research, works, we considered DEGs
associated with ageing-related bone fragility in C57BL/6 mice
aged from 2 to 23 and 30 months (Kaya et al., 2022).

Our attention was drawn to the differential expression levels
of the Clock and Bmall genes encoding the components of

the transcription factor Clock/Bmall, one of the central com-
ponents of the mammalian circadian oscillator, because the
circadian clock system is known to be a factor of bone health
(Swanson et al., 2018). Mice with the Clock gene knocked
out show a reduction in bone density (Yuan et al., 2017).
Mice with the Bmall gene knocked out are noticed to have a
reduction in bone weight and density (Chen G. et al., 2020,
Kikyo etal., 2024). Bmall regulates osteoclast differentiation
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Fig. 4. A session of MiceDEGdb, a knowledge base on the genes that are differentially expressed in the mouse used as
a model object in biomedical research, for verification of the results of in silico modeling against independent experi-

mental data.

and bone resorption through direct and indirect mechanisms
(Chen G. et al., 2020).

The measures of differential expression of the Clock and
Bmall genes in the C57BL/6 mice were significantly lower in
the older than the younger group (Kaya et al., 2022) (Fig. 4,
referenced by PubMed ID = 35094432).

As is known, aging is accompanied by circadian rhythm
disorder, which coordinates virtually every process in living
organisms, including bone tissue modeling and remodeling.
This received further support from the results of our com-
putational modeling which showed, in particular, that some
parameters of the circadian rhythm and the expression levels
of the circadian oscillator components substantially change
with age (Podkolodnyy et al., 2016).

We searched PubMed for publications about same-direction
changes in the expression levels of the mouse gene Clock and
the human gene Bmall in patients with various diseases. Note
that that the as-published decrease in the expression levels
of these genes is typical of age-related human pathologies,
such as cancer, inflammation, neurodegenerative diseases,
diabetes, circadian rhythm disorder and misregulated cellular
senescence (Fig. 4). The MiceDEGdb outputs of analysis of

158

DEGs associated with the aging-related bone fragility showed
that interpreting DEGs with the use of additional informa-
tion in scientific publications and the results of mathemati-
cal modeling gives quite a harmonized view of age-related
changes.

Finally, MiceDEGdb as a knowledge base on the mouse
used as a model of human diseases is a logical step in expand-
ing the family of databases on animal DEGs created and used
for biomedical and pharmaceutical purposes. MiceDEGdb
is, in a way, “sequel” to RatDEGdb (Chadaeva et al., 2023)
on the ISIAH and OXYS rats, unique strains that have been
developed at the Institute of Cytology and Genetics of the
Siberian Branch of the Russian Academy of Sciences (Novo-
sibirsk, Russia) and that represent genetic models of arterial
hypertension and premature aging, respectively, as well as
related diseases.

Conclusion

The MiceDEGdb knowledge base is a collection of experi-
mental data and a toolbox for interactive analysis as part of
the genomic studies in the mouse used as a model object in
biomedical research.
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The existing medical databases focus on the human genome
(Sun et al., 2022), and so MiceDEGdb, which holds data on
the mouse as the most frequently used laboratory animal in
biomedical and pharmaceutical research, should be a valuable
add-on to them.

We are planning to keep updating MiceDEGdb with the
main focus on the mouse gene expression data coming from
the Institute of Cytology and Genetics of the Siberian Branch
of the Russian Academy of Sciences (Novosibirsk, Russia).
The MiceDEGdb interface (Fig. 4) will be improved following
identification, accumulation and systematization of the most
trending search queries.

References

Amaladoss A., Chen Q., Liu M., Dummler S.K., Dao M., Suresh S.,
Chen J., Preiser P.R. De novo generated human red blood cells in hu-
manized mice support Plasmodium falciparum infection. PLoS One.
2015;10(6):e0129825. doi 10.1371/journal.pone.0129825

Bruter AV, Varlamova E.A., Okulova Y.D., Tatarskiy V.V., Si-
laeva Y.Y., Filatov M.A. Genetically modified mice as a tool for
the study of human diseases. Mol Biol Rep. 2024;51(1):135. doi
10.1007/s11033-023-09066-0

Chadaeva 1.V., Filonov S.V., Zolotareva K.A., Khandaev B.M., Er-
shov N.I., Podkolodnyy N.L., Kozhemyakina R.V., Rasskazov D.A.,
Bogomolov A.G., Kondratyuk E.Yu., Klimova N.V., Shikhevich S.G.,
Ryazanova M.A., Fedoseeva L.A., Redina O.E., Kozhevnikova O.S.,
Stefanova N.A., Kolosova N.G., Markel A.L., Ponomarenko M.P.,
Oshchepkov D.Yu. RatDEGdb: a knowledge base of differentially
expressed genes in the rat as a model object in biomedical research.
Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed.
2023;27(7):794-806. doi 10.18699/VJIGB-23-92

Chen G., Tang Q., Yu S., Xie Y., Sun J., Li S., Chen L. The biologi-
cal function of BMALL1 in skeleton development and disorders. Life
Sci. 2020;253:117636. doi 10.1016/j.1fs.2020.117636

Chen Z., Huang Z., Zhao X., Zhou Y., Zhang P., Li Y. Transcriptome
analysis of differentially expressed genes involved in the inflam-
mageing status of gingiva in aged mice. Oral Dis. 2023;29(4):1757-
1769. doi 10.1111/0di.14222

Chuang D.M., Chen R.W., Chalecka-Franaszek E., Ren M., Hashimo-
to R., Senatorov V., Kanai H., Hough C., Hiroi T., Leeds P. Neuro-
protective effects of lithium in cultured cells and animal models of
diseases. Bipolar Disord. 2002;4(2):129-136. doi 10.1034/j.1399-
5618.2002.01179.x

Chuprin J., Buettner H., Seedhom M.O., Greiner D.L., Keck J.G.,
Ishikawa F., Shultz L.D., Brehm M.A. Humanized mouse models
for immuno-oncology research. Nat Rev Clin Oncol. 2023;20(3):
192-206. doi 10.1038/s41571-022-00721-2

Conti L., Reitano E., Cattaneo E. Neural stem cell systems: diversities
and properties after transplantation in animal models of diseases.
Brain Pathol. 2006;16(2):143-154. doi 10.1111/j.1750-3639.2006.
00009.x

Ding H., Liu S., Yuan Y., Lin Q., Chan P., Cai Y. Decreased expres-
sion of Bmal2 in patients with Parkinson’s disease. Neurosci Lett.
2011;499(3):186-188. doi 10.1016/j.neulet.2011.05.058

Elshazley M., Sato M., Hase T., Yamashita R., Yoshida K., Toyokuni S.,
Ishiguro F., Osada H., Sekido Y., Yokoi K., Usami N., Shames D.S.,
Kondo M., Gazdar A.F., Minna J.D., Hasegawa Y. The circadian
clock gene BMALL1 is a novel therapeutic target for malignant pleural
mesothelioma. Int J Cancer. 2012;131(12):2820-2831. doi 10.1002/
ijc.27598

Fang K., Liu D., Pathak S.S., Yang B., Li J., Karthikeyan R., Chao O.Y.,
Yang Y.M., Jin V.X., Cao R. Disruption of circadian rhythms by am-

MiceDEGdb: 6a3a 3HaHuin 0 anddepeHumanbHO skcnpeccupytowmxca 2025
reHax Mbilu B 6GUOMEAULNHCKIX NCCNEeA0BaHNAX 29.1

bient light during neurodevelopment leads to autistic-like molecular
and behavioral alterations in adult mice. Cells. 2021;10(12):3314.
doi 10.3390/cells10123314

Filonov S.V., Podkolodnyy N.L., Podkolodnaya O.A., Tverdo-
khleb N.N., Ponomarenko P.M., Rasskazov D.A., Bogomolov A.G.,
Ponomarenko M.P. Human_SNP_TATAdb: a database of SNPs that
statistically significantly change the affinity of the TATA-binding
protein to human gene promoters: genome-wide analysis and use
cases. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet
Breed. 2023;27(7):728-736. doi 10.18699/VIGB-23-85

Frias-Staheli N., Dorner M., Marukian S., Billerbeck E., Labitt R.N.,
Rice C.M., Ploss A. Utility of humanized BLT mice for analysis
of dengue virus infection and antiviral drug testing. J Virol. 2014;
88(4):2205-2218. doi 10.1128/JV1.03085-13

Giebfried J., Lorentz A. Relationship between the biological clock and
inflammatory bowel disease. Clocks Sleep. 2023;5(2):260-275. doi
10.3390/clockssleep5020021

Girard C.A., Wunderlich F.T., Shimomura K., Collins S., Kaizik S.,
Proks P., Abdulkader F., Clark A., Ball V., Zubcevic L., Bentley L.,
Clark R., Church C., Hugill A., Galvanovskis J., Cox R., Rors-
man P., Bruning J.C., Ashcroft F.M. Expression of an activating
mutation in the gene encoding the K,rp channel subunit Kir6.2 in
mouse pancreatic beta cells recapitulates neonatal diabetes. J Clin
Invest. 2009;119(1):80-90. doi 10.1172/jci35772

Gorr M.W., Francois A., Marcho L.M., Saldana T., McGralil E., Sun N.,
Stratton M.S. Molecular signature of cardiac remodeling associated
with Polymerase Gamma mutation. Life Sci. 2022;298:120469. doi
10.1016/j.1fs.2022.120469

GryksaK., Schmidtner A.K., Masis-Calvo M., Rodriguez-Villagra O.A.,
Havasi A., Wirobski G., Maloumby R., Jagle H., Bosch O.J., Slat-
tery D.A., Neumann I.D. Selective breeding of rats for high (HAB)
and low (LAB) anxiety-related behaviour: A unique model for co-
morbid depression and social dysfunctions. Neurosci Biobehav Rev.
2023;152:105292. doi 10.1016/j.neubiorev.2023.105292

Gunawan M., Her Z., Liu M., Tan S.Y., Chan X.Y., Tan W.W.S., Dhar-
maraaja S., Fan Y., Ong C.B., Loh E., Chang K.T.E., Tan T.C,,
Chan J.K.Y., Chen Q. A novel human systemic lupus erythematosus
model in humanised mice. Sci Rep. 2017;7(1):16642. doi 10.1038/
s41598-017-16999-7

Hild B., Dreier M.S., Oh J.H., McCulloch J.A., Badger J.H., Guo J.,
Thefaine C.E., Umarova R., Hall K.D., Gavrilova O., Rosshart S.P.,
Trinchieri G., Rehermann B. Neonatal exposure to a wild-derived
microbiome protects mice against diet-induced obesity. Nat Metab.
2021;3(8):1042-1057. doi 10.1038/s42255-021-00439-y

Jacenik D., Cygankiewicz A.l., Mokrowiecka A., Malecka-Panas E.,
Fichna J., Krajewska W.M. Sex- and age-related estrogen signal-
ing alteration in inflammatory bowel diseases: modulatory role of
estrogen receptors. Int J Mol Sci. 2019;20(13):3175. doi 10.3390/
ijms20133175

Kaya S., Schurman C.A., Dole N.S., Evans D.S., Alliston T. Prioritiza-
tion of genes relevant to bone fragility through the unbiased integra-
tion of aging mouse bone transcriptomics and human GWAS analy-
ses. J Bone Miner Res. 2022;37(4):804-817. doi 10.1002/jbmr.4516

Keng C.T.,Sze C.W., Zheng D., Zheng Z., Yong K.S., Tan S.Q., Ong J.J.,
Tan S.Y., Loh E., Upadya M.H., Kuick C.H., Hotta H., Lim S.G.,
Tan T.C., Chang K.T., Hong W., Chen J., Tan Y.J., Chen Q. Charac-
terisation of liver pathogenesis, human immune responses and drug
testing in a humanised mouse model of HCV infection. Gut. 2016;
65(10):1744-1753. doi 10.1136/gutjnl-2014-307856

Kikyo N. Circadian regulation of bone remodeling. Int J Mol Sci.
2024;25(9):4717. doi 10.3390/ijms25094717

Kim J.K., Forger D.B. A mechanism for robust circadian timekeeping
via stoichiometric balance. Mol Syst Biol. 2012;8:630. doi 10.1038/
msb.2012.62

BUOMEANLMHA / BIOMEDICINE 159



O.A. Podkolodnaya, I.V. Chadaeva, S.V. Filonov ...
E.Yu. Kondratyuk, D.Yu. Oshchepkov, M.P. Ponomarenko

Kiss T., Nyul-Toth A., Gulej R., Tarantini S., Csipo T., Mukli P,
Ungvari A., Balasubramanian P., Yabluchanskiy A., Benyo Z.,
Conley S.M., Wren J.D., Garman L., Huffman D.M., Csiszar A.,
Ungvari Z. Old blood from heterochronic parabionts accelerates
vascular aging in young mice: transcriptomic signature of patholo-
gic smooth muscle remodeling. GeroScience. 2022;44(2):953-981.
doi 10.1007/s11357-022-00519-1

Krause C., Suwada K., Blomme E.A.G., Kowalkowski K., Liguo-
ri M.J., Mahalingaiah P.K., Mittelstadt S., Peterson R., Rendino L.,
Vo A., Van Vleet T.R. Preclinical species gene expression database:
development and meta-analysis. Front Genet. 2023;13:1078050. doi
10.3389/fgene.2022.1078050

Li J., Gao F., Wei L., Chen L., Qu N., Zeng L., Luo Y., Huang X.,
Jiang H. Predict the role of IncRNA in kidney aging based on RNA
sequencing. BMC Genomics. 2022;23(1):254. doi 10.1186/s12864-
022-08479-8

Li L., Zhang M., Zhao C., Cheng Y., Liu C., Shi M. Circadian clock
gene Clock-Bmall regulates cellular senescence in Chronic ob-
structive pulmonary disease. BMC Pulm Med. 2022;22(1):435. doi
10.1186/s12890-022-02237-y

Li Z., Zhang Z., Ren Y., Wang Y., Fang J., Yue H., Ma S., Guan F.
Aging and age-related diseases: from mechanisms to therapeu-
tic strategies. Biogerontology. 2021;22(2):165-187. doi 10.1007/
$10522-021-09910-5

Liu B., Cui D., Liu J., Shi J.S. Transcriptome analysis of the aged
SAMP8 mouse model of Alzheimer’s disease reveals novel molecu-
lar targets of formononetin protection. Front Pharmacol. 2024;15:
1440515. doi 10.3389/fphar.2024.1440515

Liu L., van Schaik T.A., Chen K.S., Rossignoli F., Borges P., Vrbanac V.,
Wakimoto H., Shah K. Establishment and immune phenotyping of
patient-derived glioblastoma models in humanized mice. Front Im-
munol. 2024;14:1324618. doi 10.3389/fimmu.2023.1324618

Lu Z. PubMed and beyond: a survey of web tools for searching bio-
medical literature. Database (Oxford). 2011;2011:baq036. doi
10.1093/database/baq036

Lukacs N.W., Strieter R.M., Standiford T.J., Kunkel S.L. Characteriza-
tion of chemokine function in animal models of diseases. Methods.
1996;10(1):158-165. doi 10.1006/meth.1996.0090

Monteiro C.J., Heery D.M., Whitchurch J.B. Modern approaches to
mouse genome editing using the CRISPR-Cas toolbox and their
applications in functional genomics and translational research.
Adv Exp Med Biol. 2023;1429:13-40. doi 10.1007/978-3-031-
33325-5_2

Myers M.J., Shaik F., Shaik F., Alway S.E., Mohamed J.S. Skeletal
muscle gene expression profile in response to caloric restriction and
aging: a role for Sirtl. Genes (Basel). 2021;12(5):691. doi 10.3390/
genes12050691

Neba Ambe G.N.N., Breda C., Bhambra A.S., Arroo R.R.J. Effect of
the citrus flavone nobiletin on circadian rhythms and metabolic
syndrome. Molecules. 2022;27(22):7727. doi 10.3390/molecules
27227727

Oishi K., Ohkura N., Amagai N., Ishida N. Involvement of circadian
clock gene Clock in diabetes-induced circadian augmentation of
plasminogen activator inhibitor-1 (PAI-1) expression in the mouse
heart. FEBS Lett. 2005;579(17):3555-3559. doi 10.1016/j.febslet.
2005.05.027

Petrova D.D., Dolgova E.V., Proskurina A.S., Ritter G.S., Ruzano-
va V.S., Efremov Y.R., Potter E.A., Kirikovich S.S., Levites E.V,,
Taranov O.S., Ostanin A.A., Chernykh E.R., Kolchanov N.A., Bo-
gachev S.S. The new general biological property of stem-like tu-
mor cells. Part I1: surface molecules, which belongs to distinctive
groups with particular functions, form a unique pattern charac-
teristic of a certain type of tumor stem-like cells. Int J Mol Sci.
2022;23(24):15800. doi 10.3390/ijms232415800

160

MiceDEGdb: a knowledge base on differentially expressed
mouse genes in biomedical research

Podkolodnyy N.L., Tverdokhleb N.N., Podkolodnaya O.A. Computa-
tional model for mammalian circadian oscillator: interacting with
NAD+/SIRT1 pathway and age-related changes in gene expres-
sion of circadian oscillator. Vavilovskii Zhurnal Genetiki i Selek-
tsii = Vavilov J Genet Breed. 2016;20(6):848-856. doi 10.18699/
VJ16.201

Puig O., Wang I.M., Cheng P., Zhou P., Roy S., Cully D., Peters M.,
Benita Y., Thompson J., Cai T.Q. Transcriptome profiling and net-
work analysis of genetically hypertensive mice identifies potential
pharmacological targets of hypertension. Physiol Genomics. 2010;
42A(1):24-32. doi 10.1152/physiolgenomics.00010.2010

Roybal K., Theobold D., Graham A., DiNieri J.A., Russo S.J., Krish-
nan V., Chakravarty S., Peevey J., Oehrlein N., Birnbaum S.,
Vitaterna M.H., Orsulak P., Takahashi J.S., Nestler E.J., Carle-
zon W.A. Jr., McClung C.A. Mania-like behavior induced by dis-
ruption of CLOCK. Proc Natl Acad Sci USA. 2007;104(15):6406-
6411. doi 10.1073/pnas.0609625104

Sarsani V.K., Raghupathy N., Fiddes I.T., Armstrong J., Thibaud-Nis-
sen F., Zinder O., Bolisetty M., Howe K., Hinerfeld D., Ruan X.,
Rowe L., Barter M., Ananda G., Paten B., Weinstock G.M., Chur-
chill G.A., Wiles M.V, Schneider V.A., SrivastavaA., Reinholdt L.G.
The genome of C57BL/6J “Eve”, the mother of the laboratory mouse
genome reference strain. G3 (Bethesda). 2019;9(6):1795-1805. doi
10.1534/93.119.400071

Segalat L. Invertebrate animal models of diseases as screening tools in
drug discovery. ACS Chem Biol. 2007;2(4):231-236. doi 10.1021/
ch700009m

Siniscalchi C., Nouvenne A., Cerundolo N., Meschi T., Ticinesi A.; on
behalf of the Parma Post-Graduate Specialization School in Emer-
gency-Urgency Medicine Interest Group on Thoracic Ultrasound.
Diaphragm ultrasound in different clinical scenarios: a review with
a focus on older patients. Geriatrics (Basel). 2024;9(3):70. doi
10.3390/geriatrics9030070

Stelzer G., Rosen N., Plaschkes 1., Zimmerman S., Twik M., Fishile-
vich S., Stein T.I., Nudel R., Lieder I., Mazor Y., Kaplan S., Da-
hary D., Warshawsky D., Guan-Golan Y., Kohn A., Rappaport N.,
Safran M., Lancet D. The GeneCards suite: from gene data mining
to disease genome sequence analyses. Curr Protoc Bioinformatics.
2016;54:1.30.1-1.30.33. doi 10.1002/cpbi.5

Sun S., Wang Y., Maslov A.Y., Dong X., Vijg J. SomaMutDB: a data-
base of somatic mutations in normal human tissues. Nucleic Acids
Res. 2022;50(D1):D1100-D1108. doi 10.1093/nar/gkab914

Swanson C.M., Kohrt W.M., Buxton O.M., Everson C.A., Wright K.P. Jr.,
Orwoll E.S., Shea S.A. The importance of the circadian system &
sleep for bone health. Metabolism. 2018;84:28-43. doi 10.1016/
j.metabol.2017.12.002

Swindell W.R., Johnston A., Sun L., Xing X., Fisher G.J., Bulyk M.L.,
Elder J.T., Gudjonsson J.E. Meta-profiles of gene expression during
aging: limited similarities between mouse and human and an un-
expectedly decreased inflammatory signature. PLoS One. 2012;
7(3):33204. doi 10.1371/journal.pone.0033204

Vandamme T.F. Use of rodents as models of human diseases. J Pharm
Bioallied Sci. 2014;6(1):2-9. doi 10.4103/0975-7406.124301

Viehmann Milam A.A., Maher S.E., Gibson J.A., Lebastchi J., Wen L.,
Ruddle N.H., Herold K.C., Bothwell A.L. A humanized mouse mo-
del of autoimmune insulitis. Diabetes. 2014;63(5):1712-1724. doi
10.2337/db13-1141

Wang Y., Eng D.G., Pippin J.W. Gharib S.A., McClelland A,
Gross K.W., Shankland S.J. Sex differences in transcriptomic pro-
files in aged kidney cells of renin lineage. Aging (Albany NY).
2018;10(4):606-621. doi 10.18632/aging.101416

White P.L., Wiederhold N.P., Loeffler J., Najvar L.K., Melchers W.,
Herrera M., Bretagne S., Wickes B., Kirkpatrick W.R., Bar-
nes R.A., Donnelly J.P., Patterson T.F. Comparison of nonculture

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529« 1



O.A. NMogkonopgHas, U.B. Yapaesa, C.B. ®unoHoB ...
E.tO0. Kongpariok, [.10. Owenkos, M.M. loHOMapeHKo

blood-based tests for diagnosing invasive aspergillosis in an animal
model. J Clin Microbiol. 2016;54(4):960-966. doi 10.1128/jcm.
03233-15

Yajima M., Imadome K., Nakagawa A., Watanabe S., Terashima K.,
Nakamura H., Ito M., Shimizu N., Honda M., Yamamoto N., Fuji-
wara S. A new humanized mouse model of Epstein—-Barr virus infec-
tion that reproduces persistent infection, lymphoproliferative disor-
der, and cell-mediated and humoral immune responses. J Infect Dis.
2008;198(5):673-682. doi 10.1086/590502

Yong K.S.M., Her Z., Chen Q. Humanized mice as unique tools for hu-
man-specific studies. Arch Immunol Ther Exp (Warsz). 2018;66(4):
245-266. doi 10.1007/s00005-018-0506-x

MiceDEGdb: 6a3a 3HaHuin 0 anddepeHumanbHO skcnpeccupytowmxca 2025
reHax Mbilu B 6GUOMEAULNHCKIX NCCNEeA0BaHNAX 29.1

Yuan G., HuaB., Yang Y., XuL.,Cai T, SunN., Yan Z,, Lu C., Qian R.
The circadian gene Clock regulates bone formation via PDIAS.
J Bone Miner Res. 2017;32(4):861-871. doi 10.1002/jbmr.3046

Zayoud M., El Malki K., Frauenknecht K., Trinschek B., Kloos L., Kar-
ram K., Wanke F., Georgescu J., Hartwig U.F., Sommer C., Jonu-
leit H., Waisman A., Kurschus F.C. Subclinical CNS inflammation
as response to a myelin antigen in humanized mice. J Neuroimmune
Pharmacol. 2013; 8(4):1037-1047. doi 10.1007/s11481-013-9466-4

Zhou X., Zhang X.X., Mahmmod Y.S., Hernandez J.A., Li G.F,
Huang W.Y., Wang Y.P., Zheng Y.X., Li X.M., Yuan Z.G. A tran-
scriptome analysis: various reasons of adverse pregnancy outcomes
caused by acute Toxoplasma gondii infection. Front Physiol. 2020;
11:115. doi 10.3389/fphys.2020.00115

Conflict of interest. The authors declare no conflict of interest.

Received November 13, 2024. Revised December 9, 2024. Accepted December 16, 2024.

BUOMEANLMHA / BIOMEDICINE 161



BIOMEDICINE Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2025;29(1):162-170

doi 10.18699/vjgb-25-19

Computer reconstruction of gene networks
controlling anxiety levels in humans and laboratory mice

E.G. Vergunov (D1 2 3@), V.A. Savostyanov (9%, A.A. Makarova ()}, E.I. Nikolaeva ()%, A.N. Savostyanov (923

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Scientific Research Institute of Neurosciences and Medicine, Novosibirsk, Russia

3 Novosibirsk State University, Novosibirsk, Russia

4Herzen University, St. Petersburg, Russia

vergounov@gmail.com

Abstract. Anxiety is a normotypic human condition, and like any other emotion has an adaptive value. But excessively
high or low anxiety has negative consequences for adaptation, which primarily determines the importance of study-
ing these two extreme conditions. At the same time, it is known that the perception of aversive stimuli associated with
anxiety leads to changes in the activity of the brain’s cingulate cortex. The advantage of animals as models in study-
ing the genetic bases of anxiety in humans is in the ability to subtly control the external conditions of formation of a
certain state, the availability of brain tissues, and the ability to create and study transgenic models, including through
the use of differentially expressed genes of small laboratory animals from the family Muridae with low and high
anxiety. Within the framework of the translational approach, a three-domain potential gene network, which is asso-
ciated with generalized anxiety in humans, was reconstructed using mouse models with different levels of anxiety by
automatically analyzing the texts of scientific articles. One domain is associated with reduced anxiety in humans, the
second with increased anxiety, and the third is a dispatcher who activates one of the two domains depending on the
status of the organism (genetic, epigenetic, physiological). Stages of work: (I) A list of genes expressed in the cingulate
cortex of the wild type CD-1 mouse line from the NCBI GEO database (experiment GSE29014). Using the tools of this
database, differences in gene expression levels were revealed in groups of mice with low and high (relatively normal)
anxiety. (Il) Search for orthologs of DEG in humans and mice associated with anxiety in the OMA Orthology database.
(Il) Computer reconstruction using the ANDSystem cognitive system based on (a) human orthologous genes from
stage (Ill), (b) human genes from the MalaCards database associated with human anxiety. The proven methods of
the translational approach for the reconstruction of gene networks for behavior regulation can be used to identify
molecular genetic markers of human personality traits, propensity to psychopathology.

Key words: differentially expressed genes; cingulate cortex; automatic text analysis; scientific publications; computer
reconstruction; gene networks; mouse model with high-normal-low anxiety behavior.
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KOMHbIOTepHaH PEKOHCTPVKIONA 1 dHAJIN3 I'€HHbIX CeTeﬁ,
KOHTPOIMNPVIOIINX YPOBEHDb TPEBOXXHOCTU
A\ ]Ia60paTOprIX MBIIIIEN 1 YejioBeKa

E.I. Beprynos (D12 3@, B.A. CaBoctbsanos ()%, A.A. Makaposa (D)1, E.VI. Hukoaaesa (9% A.H. CaBoctpsnos (D123

1 DepepanbHbIit cCnefoBaTeNbCKIIN LEHTP UHCTUTYT LMTONOTUM 1 reHeTnKn CUBMPCKOro OTAeneHns Poccuitckol akaaemnn Hayk, HoBocubupck, Poccus
2 HayuHo-nccnefoBatenbCKnin MIHCTUTYT HEMPOHayK 1 MefuLmMHbl, HoBocnbupck, Poccns

3 HoBoOCMBMPCKMI HALMOHaNbHBIN UCCNEOBATENbCKIIN FOCYAAPCTBEHHBIN YHUBepcUTeT, HoBOoCGMpCK, Poccusa

4Poccuickuin rocyfapCTBeHHbIN Nefarornyeckunii yHnsepcutet um. A.U. Tepuena, CankT-lNetepbypr, Poccus

@ vergounov@gmail.com

AHHOTauMA. TpeBON(HOCTb —3TO HOPMOTUMNMNYHOE COCTOAHKE YeJloBeKa, KOTOPOoe, Kak 1 nobas Apyraa smouuna, nmeet
ajanTuBHoe 3HaueHne. Ho coctoaHme ype3mMepHo BbICOKOW USIN HU3KOW TPEBOXHOCTW BNEYET 3a coboli HeraTuBHble
nocneacTenA AnA agantauumn, 4To B NepeByto ovepenb oﬁycnosnMBaeT BaXXHOCTb U3y4YeHNA 3TUX OBYX KpaIZHI/IX co-
CTOAHUN. I'Ipm 3TOM U3BECTHO, YTO B YCNIOBUAX BOCNPUATUA aBEPCUBHbBIX CTUMYJIOB, aCCOLMNPOBAHHbIX C TOEBOXKHO-
CTblO, U3MEHAETCA aKTUBHOCTb MOACHON KOpbl MO3ra. HpemmymeCTBo >KMBOTHBIX Kak moJenen npn N3y4eHNUN reHeTn-
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PeKOHCprKLl,I/IFI M aHaNWn3 reHHbIX ceTen,
aCcCcouMmMpPOBaHHbIX C Pa3NNYHbIMN YPOBHAMUN TPEBOXKHOCTN

YeCKNX OCHOBaHMI TPEBOXKHOCTY Y YesloBeKa CBA3aHO C BO3MOXKHOCTbIO TOHKO KOHTPONMPOBAaTb BHELLIHME YCJI0BUA
dopMUpoBaHUA onpefeneHHOro COCTOAHNA, AOCTYNMHOCTbIO TKaHel MO3ra Y BO3MOXKHOCTbIO CO3/aBaTb U U3y4yaTb
TPaHCreHHble MOAENM, B TOM YMCIIE C UCMONb30BaHNEM AnddepeHLManbHO SKCNPECCUPYIOLLMXCA FTEHOB MENTKMX Na-
60PaTOPHBIX >KUBOTHBIX 13 CEMENCTBA MbILUMHBIX C HA3KOW 1 BbICOKON TPEBOXHOCTbIO. B pamKax TpaHCIALMOHHOro
noaxopa 6bina PEKOHCTPYMpOBaHa TpeXAOMeHHasA NoTeHUManbHan reHHan ceTb, KOTopasa acCoLMMPOBaHa C reHepa-
NM30BaHHON TPEBOXXHOCTBIO Y YesloBeKa, Mo MOAENAM MbILIeNn C Pa3HbIM YPOBHEM TPEBOXHOCTM NMyTem aBTOMaTu-
YeCKoro aHasv3a TeKCTOB Hay4Hbix ctaten. OAnH AOMEH acCoLMMPOBaH C MOHVMXEHHON TPEBOXHOCTbIO Y YesloBekKa,
BTOPOW — C NMOBbILUIEHHOW, TPETUI CTYXKWUT ANCNETYEPOM, KOTOPbIV aKTUBUPYET OAUH 13 ABYX JOMEHOB B 3aBUCUMOCTH
OT CTaTyca opraHu3ma (reHeTUYeCcKoro, SNMreHeTMYeckoro, G1U3nMoNornyeckoro). Itanbl paboTbi: (1) 3 6asbl AaHHbIX
NCBI GEO B3AT CNNCOK reHoB, SKCNPeCCpPYIOLWMXCA B MOACHON KOpe rofloBHOMO MO3ra IMHUM MbllLelt AUKOro Tina
CD-1 (3kcneprmeHT GSE29014). C NOMOLLbIO MHCTPYMEHTOB 3TOW 6a3bl BbIABMIEHbI Pa3fiMumA B YPOBHAX IKCMpPeCccmm
reHOB B rpynmnax Mblllei C HU3KOM 1N BbICOKOWN (OTHOCUTENIbHO HOPMasibHOW) TPEBOXHOCTbLIO; () nonck optonoros
3Ty yenoBeKa 1 MbilLel, aCCOLMMPOBAHHBIX C TPEBOXHOCTBIO B 6a3e AaHHbiXx OMA Orthology; (Ill) komnbloTepHas
PEKOHCTPYKLMA C MOMOLLbIO KOTHUTUBHOW cucTembl ANDSystem Ha OCHOBe reHOB-OpPTONOroB Yenoeka v3 stana (1),
reHoB yenoseka 13 6a3bl AaHHbIx MalaCards, accoLMnpoBaHHbIX C TPEBOXHOCTbIO YenioBeKa. AMpobrpoBaHHble Me-
TOAbl TPAHCAALMOHHOIO NOAXOAA ANA PEKOHCTPYKLMM FreHHbIX CeTel perynauumn noBefeHna MoryT UCnosib30BaTbCA
[NA BbIABNEHNA MONEKYNAPHO-TEHETUYECKMX MaPKePOB YepT IMYHOCTI YeNloBeKa, CKNOHHOCTM K MCMXONATONOrNN.

KnioueBbie cnoBa: auddepeHumanbHO SKCNpeccupyoLwmecs reHbl; NOACHaA Kopa rofloBHOro MO3ra; aBTOMaTU4eCKuin
aHanM3 TEKCTOB; HayuHble Ny6MKaLym; KOMNbIOTEPHasA PEKOHCTPYKLNSA; TeHHbIE CETU; MOLENb MbILLEN C MOBEAEHNEM
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BbICOKON-HOPManbHOW-HN3KOW TPEBOXHOCTU.

Introduction

Anxiety is a normotypical human condition (Malezieux et al.,
2023), and like any other emotion has adaptive value (Stein,
Bouwer, 1997). However, a state of excessive anxiety or the
complete absence of it has negative consequences for adapta-
tion (Penninx et al., 2021). It is considered proven (Hettema
et al., 2001) that a combination of genetic and environmental
factors is the cause of extreme variations in the expression
of anxiety.

The advantage of animals as models in studying the genetic
basis of anxiety in humans is due to the ability to precisely
control the external conditions for the formation of a particu-
lar state, because of the availability of brain tissue, and the
ability to create and study transgenic models (Vandamme,
2014; Chadaeva et al., 2023; Krause et al., 2023), inclu-
ding using differentially expressed genes (DEGs) of small
laboratory animals from the low anxiety behavior (LAB)
and high anxiety behavior (HAB) mouse families (Gryksa
et al., 2023). When comparing animal and human models,
genetic studies of humans with generalized anxiety disorder
are compared with rodent models obtained by exposure to
stressful stimuli (Koskinen, Hovatta, 2023). The relevance of
such models for understanding the molecular basis of anxiety
is evident.

Currently, a large number of genes are considered in ex-
plaining anxiety in humans (Otowa et al., 2016; Koskinen, Ho-
vatta, 2023; Mucha et al., 2023). The molecular mechanisms of
anxiety in both humans and animals are related to differential
gene activity of neurotransmitter systems, predominantly
serotonin and dopamine, as well as the involvement of other
monoamines and GABA (Morris-Rosendahl, 2002; Nuss,
2015; Gottschalk, Domschke, 2017; Galyamina et al., 2018;
Moraes et al., 2024; Strom et al., 2024). At the same time,
the role of genetic polymorphisms in determining the level of
anxiety has been noted (Sen et al., 2004; Ivanov et al., 2019).

Genetic markers of anxiety in mice and humans are similar
in many ways, which allows the results obtained in animals to

be transferred to understanding the mechanisms of anxiety in
humans (Hovatta, Barlow, 2008; Hettema et al., 2011; Brasher
et al., 2023). It has been pointed out that the manifestation of
genetic polymorphisms is highly modified by sociocultural
factors and, in general, the relationship between anxiety and
genotype in humans is significantly modulated by environ-
mental conditions (Schinka et al., 2004; Ebstein, 2006; Meng
et al., 2024; Petrican et al., 2024).

Attempts to identify genetic markers of behavioral traits
based on the analysis of candidate genes are usually ineffective
due to the fact that there are no single genes that unambigu-
ously determine behavior (Duncan et al., 2014; Bruzzone et
al., 2024). This is explained by the fact that the formation of
organisms’ phenotypic characteristics is controlled not by in-
dividual genes, but by gene networks — groups of coordinately
functioning genes interacting with each other through their
products — RNA, proteins, and metabolites (Kolchanov et al.,
2000, 2013). It is gene networks, functioning on the basis of
information encoded in genomes, that ensure the formation
of all phenotypic traits of organisms (molecular, biochemi-
cal, cellular, physiological, morphological, etc.) (Kolchanov
etal., 2013).

We believe that the reconstruction and analysis of gene
networks are promising approaches to understanding the
molecular genetic mechanisms underlying the formation of
human personality characteristics, including those that, like
anxiety, are induced by environmental factors. Reconstruction
of gene networks and their functional modules is based on
molecular genetic data presented in scientific publications and
factographic databases, such as human and animal genome
sequencing data, information on differentially expressed
genes, allelic polymorphisms associated with target pheno-
typic characteristics of organisms, and others (Mostafavi et
al., 2008; Kramer et al., 2014; Szklarczyk et al., 2015; Chen
et al., 2016; Ivanisenko et al., 2022).

However, the reconstruction of human anxiety gene net-
works cannot be performed on the basis of in vivo experimental

BUOMEANLMHA / BIOMEDICINE 163



E.G. Vergunoy, V.A. Savostyanov, A.A. Makarova
E.l. Nikolaeva, A.N. Savostyanov

studies that would require sampling of biological brain tissues
to obtain molecular genetic data. Therefore, in this work, a
translational approach was used based on the analysis of data
obtained by L. Czibere et al. (2011) in experiments on mice, in
which they studied the differential expression of genes (DEGs)
in the cingulate cortex of a line of wild-type CD-1 mice with
different levels of anxiety.

This experiment showed that mice with high anxiety exhib-
ited a more passive coping strategy than mice with low anxiety,
which is reminiscent of the clinical comorbidity of anxiety
and depression (their co-occurrence) observed in psychiatric
patients (Czibere et al., 2011). This was the rationale for using
mouse DEG data to reconstruct human gene networks involved
in the control of different levels of anxiety. The details of this
translational approach are described below.

In the reconstructed potential human gene network, we iden-
tified three functional domains, one of which is responsible for
the reaction of reduced anxiety, another domain is responsible
for the reaction of increased anxiety, and the third plays the
role of a dispatcher that activates one of the other two domains
depending on the genetic, epigenetic, physiological status of
the organism and environmental conditions.

Materials and methods

Experimental data. In this study, we used the data from
the work of L. Czibere et al. (2011), in which 25 specimens
of wild-type mice of the CD-1 line of one generation (Mus
musculus Linnaeus, 1758; https://www.ncbi.nlm.nih.gov/
Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090)
were subjected to stress exposure (swimming in cold water
for 10 min). Afterward, using the MouseWG-6 v1.1 Expres-
sion BeadChip-system expression chip (46,132 samples),
L. Czibere etal. (2011) assessed gene expression levels in the
cingulate cortex of these mice. Experimental animals were
divided on the basis of behavioral tests in the sleeves of an
elevated cross-shaped maze into three groups: with low (low
anxiety behavior, LAB), normal (normal anxiety behavior,
NAB) and high (high anxiety behavior, HAB) anxiety (Czibere
et al., 2011). The results of the experiment are presented in
the NCBI GEO database with the index GSE29014 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29014).

Computer analysis methods. The list of genes expressed,
according to (Czibere et al., 2011), in the cingulate cortex
of mice (experiment GSE29014) was taken from the NCBI
GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE29014). Identification of differences in gene
expression levels between groups of mice with different lev-
els of anxiety was performed using the NCBI GEO toolkit
(https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE29014).
The OMA Orthology database (https://omabrowser.org/oma/
home/) was used to search for orthologs of DEGs in humans
and mice associated with anxiety.

Reconstruction of potential human gene networks associ-
ated with high- and low-level generalized anxiety states was
performed on the basis of human genes orthologous to mouse
genes differentially expressed in the cingulate cortex. For this
purpose, we used ANDSystem, a cognitive system developed
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Reconstruction and analysis of gene networks
associated with different levels of anxiety

at the Institute of Cytology and Genetics SB RAS (Ivanisenko
et al., 2019), which uses machine reading and artificial intel-
ligence methods to automatically extract knowledge and facts
from large genetic data sources — texts of tens of millions of
scientific articles and patents and thousands of factographic
databases. The ANDSystem knowledge base currently con-
tains information on 2 million genes and proteins, 46 thou-
sand diseases, tens of thousands metabolites and biological
processes, and tens of millions intermolecular interactions
(Ivanisenko et al., 2024).

Results

The basic framework for data analysis, starting with the gen-
eration of a list of DEGs in the cingulate cortex of mouse line
CD-1 for high (HAB) and low (LAB) anxiety groups, which
includes a search for orthologs of differentially expressed
genes in humans and mice associated with anxiety, and culmi-
nating in the reconstruction of potential human gene networks
associated with anxiety levels, is shown in Figure 1. Let us
review the main results of this approach.

Obtaining a list of DEGs

in the cingulate cortex of CD-1 line mice

for HAB and LAB anxiety groups

First of all, we searched for differentially expressed genes in
the cingulate cortex of CD-1 mice that distinguish (a) the high
anxiety group (HAB) from the normal anxiety group (NAB)
and (b) the low anxiety group (LAB) from the normal anxiety
group (NAB). When comparing the HAB and NAB groups,
185 DEGs were identified, and when comparing the LAB
and NAB groups, 193 DEGs were identified (Fig. 1). The
number of total DEGs in mice identified in the HAB/NAB and
LAB/NAB comparisons is 133. Assessing the significance
of such a strong overlap using a Bonferroni-corrected hyper-
geometric distribution for multiple comparisons yields
aPygj < 8.4-107° (Fig. 1).

It can be hypothesized that the stress responses of the two
compared pairs of groups of mice corresponding to increased
or decreased anxiety are parts of some large gene network that
determines the level of anxiety in the stress response.

Search for orthologs of DEGs

in humans and mice associated with anxiety
Identification of human genes orthologous to mouse
DEGs, identified by comparing gene networks responsible
for differences in anxiety levels between the LAB/NAB
and HAB/NAB groups of mice, was performed using the
OMA Orthology database (https://omabrowser.org/oma/
home/). For this purpose, a Python script was written that
compared mouse ID genes with human orthologs and produced
IDs for human genes. In total, such comparisons identified
8 human orthologous genes based on DEGs for LAB/NAB
mice and 16 based on DEGs for HAB/NAB mice. The num-
ber of human orthologous genes common to the two lists is 5.
Assessing the significance of the overlap using a Bonferroni-
corrected hypergeometric distribution for multiple compa-
risons yields a value of Pyq< 0.024 < 0.05 (Fig. 1).
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Obtaining a list of DEGs in the cingulate cortex of CD-1 line
mice for high (HAB) and low (LAB) anxiety groups (relative to normal, NAB)

DEGs in HAB mice:
185

DEGs in LAB mice:

Intersection of DEGs
193 HAB N LAB =133

Intersection significance:
Pagj < 8.4:107°

HAB mouse orthologs:
16 genes

LAB mouse orthologs:

Search for orthologs df DEGs in humans and mice

associated with different levels of anxiety

Gene intersection Intersection significance:

8 genes HAB N LAB=5 Pagj < 0.024 <0.05

Reconstruction of potential human gene networks associated
with high (HAGn) and low (LAGn) generalized anxiety states

HAGn gene network:
8 genes and 36 proteins

LAGn gene network:
3 genes and 26 proteins

Gene intersection =3
Protein intersection = 21

P_qj significance < 0.040
P.q; significance < 0.0001

Fig. 1. Basic steps in reconstructing a potential human gene network associated with high and low levels

of anxiety.

Reconstruction of potential human gene

networks associated with high- and low-level

generalized anxiety states

This task was solved using the cognitive system ANDSystem.
Two types of data were used. First of all, a sample contain-
ing the previously identified 19 different human orthologous
genes. And, in addition, 176 human genes associated with
anxiety and depressive spectrum disorders, which were ex-
tracted from the MalaCards database (https://www.malacards.
org/card/anxiety#Genes).

On this basis, two potential human gene networks associated
with (a) high anxiety (HAGn, High Anxiety Gene Network,
containing 8§ genes, 36 proteins), and (b) low anxiety (LAGn,
Low Anxiety Gene Network, containing 3 genes, 26 proteins)
were reconstructed using ANDSystem.

The LAGn gene network responsible for the state of low
anxiety level contains a large cluster of 10 interacting proteins
and genes and 5 isolated small-sized clusters (Fig. 2).

In the HAGn gene network responsible for the state of high
anxiety, first, a large cluster of 32 interacting proteins and
genes is distinguished, followed by a medium-sized cluster
of 7 proteins and genes, as well as 2 isolated smaller clusters
(Fig. 3).

Note that the large HAGn cluster (Fig. 3, I-1II) includes the
entire three LAGn clusters (Fig. 2, I-1II), and the medium-
sized HAGn cluster (Fig. 3, IV) includes the entire LAGn
cluster (Fig. 2, IV). Two HAGn clusters (Fig. 3, VII, VIII)
and two LAGn clusters (Fig. 2, V, VI) have no counterparts
among clusters of the other gene network. Although clusters
IV, VII, VIl may have overlapping proteins with other clusters
in the other gene network, even then their roles in linkages
in “their” clusters are different from their roles in clusters in
the other gene network.

Both networks (LAGn and HAGn) have 3 genes in com-
mon. Assessment of the significance of such intersection of
LAGn and HAGn according to the hypergeometric distribution

with Bonferroni correction for multiple comparisons gives
Pagi< 0.040 (<0.050) (Fig. 1). Both networks (LAGn and
HAGn) share 21 common proteins. Assessment of the sig-
nificance of such intersection of LAGn and HAGn according
to the hypergeometric distribution with Bonferroni correction
for multiple comparisons gives P,4;<0.0001 (Fig. 1).

Discussion

It can be assumed that the 3 identified genes common to the
two networks (LAGn and HAGn) form a special gene net-
work — Gnl (Gene Network Interface), which regulates the
interaction between the gene networks LAGn and HAGn,
which are responsible for the formation of low and high
anxiety states. Figure 4 shows a qualitative schematic of the
interaction between LAGn, HAGn and Gnl:

* Domain 1 (part of LAGn) is responsible for the low anxiety
response;

* Domain 2 (part of HAGn) is responsible for the higher
anxiety response;

* Domain 3 (Gnl, the common part for both LAGn and
HAGn) acts as an interface between domains 1 and 2. It
plays the role of a dispatcher that activates domain 1 or do-
main 2 depending on the genetic, epigenetic, physiological
status of the organism. A discussion of the approach based
on the existence of such a dispatcher is given in (Shin et
al., 2024).

As our DEG analysis based on the GSE29014 experi-
ment shows, a similar three-domain structure is evident for
the interactions between two sets of genes associated with low
(LAB) and high (HAB) anxiety in mice, as well as ortholo-
gous genes (Fig. 1). As Figure 4 shows, the interactions of
LAGn, HAGn, and Gnl are complex and need further dedi-
cated study.

We chose the cingulate cortex in our work to identify genes,
the expression of which after stress response is associated
with an increase or decrease in the level of anxiety in experi-
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Fig. 2. Visualization of the potential human LAGn gene network responsible for low anxiety state in humans.

Roman numerals indicate isolated clusters. Arabic numerals denote: 7 — gene, 2 - protein, 3 — suppression of protein activity,
4 - enhancement of protein activity, 5 — catalytic reaction, 6 — expression, 7 — suppression of gene expression, 8 — regulation of gene
expression, 9 — enhancement of gene expression, 710 - protein-protein interaction.
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Fig. 3. Visualization of the potential human HAGn gene network responsible for the state of high anxiety in humans.
The labeling is analogous to that presented in Figure 2.

166 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025+ 29 - 1



E.Il. BepryHos, B.A. CaBocTbAHOB, A.A. MakapoBa
E.W. Hukonaesa, A.H. CaBocTbAHOB

High anxiety HAGn

15 proteins in domain 2

A total 36 proteins, of which

2025
291

PeKOHCprKLl,I/Iﬂ M aHaNWn3 reHHbIX ceTen,
aCcCcouMmMpPOBaHHbIX C Pa3NNYHbIMN YPOBHAMUN TPEBOXKHOCTN

Low anxiety LAGn
3 genes in total,

overlap of domain 1
and domain 3 (Gnl)

Gnl,

dispatcher Low anxiety LAGn

26 proteins in total,
of which 5 proteins
in domain 1

21 proteins
in domain 3

Fig. 4. Qualitative scheme of interaction between LAGn (gene network of reduced anxiety), HAGn (gene network of
increased anxiety) and Gnl (dispatcher that activates domain 1 or domain 2).

A - distribution of genes, B - distribution of proteins encoded by the genes.

mental mice, because fMRI studies (de la Pena-Arteaga et al.,
2024) had shown altered activity of the cingulate cortex under
conditions of perception of aversive stimuli associated with
anxiety.

Let us draw attention to the fact that the experiments
conducted by L. Czibere et al. (2011) on a genetic line of
wild-type CD-1 mice revealed two opposite reactions to the
same stressor. This can be explained by the presence of latent
genomic variability in the population of the examined mice
(the presence of a spectrum of polymorphisms or epigenetic
modifications affecting a variety of genomic loci). Perhaps this
may explain the fact that the degree of anxiety is a continuum,
the scores of which continuously vary from low through me-
dium to high values (Friligkou et al., 2024).

Our analysis showed that the qualitative differences in mice
between low (LAB) and normal (NAB) levels of anxiety on
the one hand, and high (HAB) and normal (NAB) on the other
hand, revealed in the experiment of L. Czibere et al. (2011),
may lie in gene networks functioning in the cingulate cortex
that provide contrasting states of anxiety relative to normal.

Earlier genetic studies have shown the association of
anxiety with genes for brain monoamine systems (Lesch et
al., 1996; Murphy et al., 2013). Polymorphisms in serotonin
system genes, including genes encoding serotonin receptors
and serotonin transporters, are associated with different levels
of anxiety (Purves et al., 2020).

The set of human genes we have identified as part of the
reconstructed potential gene networks includes genes of
monoamine brain systems. These include, for example, sero-
tonin receptors 5SHT2A and 5SHT2C (a potential gene network
domain for high anxiety states). These receptors belong to the
G-protein-coupled receptor (GPCR) superfamily and, through
interaction with GPCRs, transmit extracellular signals to the

interior of cells. The receptors mediate the effects of a large
number of compounds affecting depression, schizophrenia,
anxiety, hallucinations, dysthymia, sleep patterns, eating
behavior, and neuroendocrine functions (Van Oekelen et
al., 2003). This is in good agreement with the monoamine
hypothesis of anxiety (Morris-Rosendahl, 2002; Gottschalk,
Domschke, 2017; Hirai et al., 2024).

Our reconstructed potential human gene networks also
include interactions with genes encoding proteins such as
COMT or APoE, which are not related to neurotransmitters but
are associated with anxiety and depression through involve-
ment in the regulation of a wide range of metabolic processes
(Koskinen, Hovatta, 2023).

It has been established (Gunthert et al., 2007) that there
is a functional relationship between genetic polymorphisms
and anxiety levels for groups of people living in different
environmental conditions. Environmental factors have been
shown to interact with genetic markers of anxiety in complex
ways, in some cases leading to inversion of allelic polymor-
phism effects when living conditions change (Schinka et al.,
2004; Sen et al., 2004; lvanov et al., 2019; Meng et al., 2024;
Petrican et al., 2024).

It can be hypothesized that the level and directionality of
anxiety as a stress response depends on: (a) genes directly
involved in neural signal processing; (b) genes regulating
other body functions (metabolic, physiological...); (c) the
presence of hidden genomic variability — epigenetic modi-
fications, polymorphisms, etc. in the above two groups of
genes (a) and (b).

It is known that the results obtained on animal models in
drug development cannot always be adequately extrapolated
to humans (Hackam, Redelmeier, 2006). There may also be a
concern that a study on 25 individuals from a single genera-
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tion of a wild mouse line may lead to simplistic conclusions
and limited understanding of the complex network of genes
involved in anxiety, and any errors or inaccuracies in the
original data may lead to incorrect conclusions about the role
of genes in anxiety.

In our approbation of the translational approach, such issues
were addressed as follows: human and mouse orthologous
genes obtained from a list of mouse cingulate cortex DEGs
were matched to a set from the MalaCards database (176 hu-
man genes that are associated with generalized anxiety and
anxiety and depressive spectrum disorders for humans). The
MalaCards database provides a set of references to papers
describing relevant experiments, allowing validation for each
case. After such a comparison, the reconstruction of potential
(i. e. assuming special further study) gene networks for hu-
mans was carried out with the help of the ANDSystem cogni-
tive system on the basis of automatic analysis (and resolution
of inaccuracies and contradictions found in them) of 6 million
texts of articles from leading publications on biological topics.
Thus, the impact of inaccuracy or insufficiency of the original
data in the LAB and NAB mouse groups was reduced to a
negligible level in our approbation.

Conclusion

Based on the software resources used in our work and the
generated algorithm for analyzing differential expression of
genes data, we developed a software module for computer
reconstruction of gene networks involved in the regulation of
stress response leading to anxiety of different levels.

Within the framework of the translational approach, a
three-domain potential gene network, which is associated
with generalized anxiety in humans, was reconstructed using
mouse models with different levels of anxiety by automati-
cally analyzing the texts of scientific articles. One domain is
associated with reduced anxiety in humans, the second with
increased anxiety, and the third is a dispatcher who activates
one of the two domains depending on the status of the or-
ganism (genetic, epigenetic, physiological).

We believe that this approach can be modified to reconstruct
gene networks controlling anxiety and other behavioral reac-
tions in stress responses of other types.

Limitations of the present study

The human multidomain gene network we reconstructed,
which is associated with generalized anxiety, is potential, that
is, it implies dedicated further study and refinement. Thus, this
paper takes an initial step in investigating the domains of the
gene network that is associated with human anxiety.
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