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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.
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Аннотация. В процессе жизнедеятельности в каждой клетке происходят синтез новых белков и удаление ста-
рых, денатурированных белков и нерастворимых белковых агрегатов. В поддержании протеостаза значитель-
ную роль играют шапероны, которые участвуют в придании правильной конформации (фолдинге) многих бел-
ков и способствуют деградации денатурированных или неправильно свернутых белков посредством про теаз 
или аутофагии. Несмотря на то что фолдинг белков – довольно точный процесс, с возрастом и под воздействием 
стресса накапливаются ошибки, приводящие к образованию нерастворимых белковых агрегатов, которые могут 
вызывать различные патологии. Воздействие стрессовых факторов, таких как повышенная температура и изме-
нение кислотности среды, также может способствовать изменению нативной конформации белков, в результате 
чего они могут не только терять выполняемые в норме функции, но и приобретать новые цитотоксические свой-
ства. В связи с увеличением средней продолжительности жизни человека в мире отмечается рост протеинопа-
тий – заболеваний, связанных с нарушением протеостаза, к которым относятся, например, болезни Альцгейме-
ра, Паркинсона, Хантингтона; поэтому выявление механизмов, препятствующих накоплению и способствующих 
удалению цитотоксичных агрегатов, стало актуальной задачей. Белки теплового шока (heat shock proteins, 
HSP) – молекулярные шапероны, принимающие участие как в придании правильной конформации вновь син-
тезированным белкам, так и в рефолдинге денатурированных белков с их последующей реактивацией. HSP раз-
нообразны по структуре и выполняемым функциям и встречаются у всех изученных про- и эукариотических 
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организмов. HSP синтезируются в клетке постоянно. Выработка множества из них многократно усиливается при 
стрессах, включая тепловой (за что они и получили свое название) и метаболический стресс, возникающий из-за 
повышения количества неправильно свернутых белков. В настоящем обзоре описаны механизмы действия и 
функции представителей пяти семейств HSP в фолдинге и реактивации белков.
Ключевые слова: белки теплового шока; молекулярные шапероны; фолдинг белков; контроль качества  
белков; 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 (Sørensen 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 
et al., 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 I with two nucleotide 
binding domains, and Class II with one nucleotide binding 
domain (Hodson et al., 2012; Mokry et al., 2015). Class I 
includes ClpA, ClpB (Hsp104), and ClpC; Class II 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 Å 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 ClpA, ClpC, 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 
(Hsp90α and Hsp90β) 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” (Li, 
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 

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 
et al., 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, α and β (Larburu 
et al., 2020). Subdomain β consists of β-sandwich folds and 
contains a hydrophobic substrate-binding pocket; subdomain 
α consists of α-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 (DnaJ 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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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 
et al., 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 
chape ronins are divided into two groups (Saibil, 2013; Bar-
Lavan et al., 2016). Group I 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 II 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 I) or 8–9 (Group II) 
60 kDa subunits each (Lopez et al., 2015). The Hsp60 sub-
units of both groups have three domains, namely, the apical, 

Fig. 1. The chaperoning cycle of Hsp70.
I – 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. II – co-chaperone Hsp40 delivers a client protein and stimulates ATP hydrolysis in the 
nucleotide-binding domain of Hsp70. III – 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.
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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 I 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 I chaperonins, closing their cavities like a lid (Saibil, 
2013). In Group II 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 
et al., 2016).

The reaction cycle of Group I chaperonins GroEL/GroES is 
described in Figure 2. The folding cycle performed by Group II 
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 II 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 Å3 (Bar-Lavan et al., 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 α-crystallin domain, named after 
the eye lens protein of vertebrates, α-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 

forming a β-sandwich consisting of 7–8 antiparallel β-strands 
(Mogk et al., 2019). The α-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 Ile-X-Ile/Val (IXI/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 α-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 (Żwirowski 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 
(Żwirowski 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) (Żwirowski 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 
(Żwirowski 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) (Żwirowski 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 (Żwirowski 
et al., 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 (Żwirowski et al., 2017).
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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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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).
I – 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). II – 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. 
III – 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. VII, VIII – 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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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 (Żwirowski 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 va riant 
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/β-
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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Аннотация. Болезнь Паркинсона – тяжелое нейродегенеративное заболевание, поражающее дофаминер-
гические нейроны компактной части черной субстанции головного мозга. Известные патологические 
генетические варианты, ассоциированные с болезнью Паркинсона, объясняют причину всего 5 % случа-
ев заболевания, поэтому исследования в этой области актуальны и активно продолжаются.  В данном ис-
следовании мы обнаружили двух пациентов с клиническим диагнозом «болезнь Паркинсона» с генетиче-
ским вариантом LGR4:с.1087G>T (p.Gly363Cys, rs117543292). Этот ген кодирует мембранный рецептор LGR4 
(leucine rich repeat соntаining G protein-coupled receptor 4), ассоциированный с G-белком, который участвует 
в регуляции функционирования сигнального пути WNT/β-катенин. Данный сигнальный путь необходим для 
пролиферации нейронов во время их дифференцировки, поэтому его дисфункция в результате гетерози-
готной мутации с.1087G>T в гене LGR4 нарушает дифференцировку дофаминергических нейронов, что мо-
жет приводить к болезни Паркинсона. Идеальным инструментом для изучения связи этого генетического 
варианта с болезнью Паркинсона является клеточная модель на основе индуцированных плюрипотентных 
стволовых клеток (ИПСК) и их дифференцированных производных – дофаминергических нейронов. В ре-
зультате репрограммирования эписомными векторами, экспрессирующими белки OCT4, SOX2, KLF4, LIN28, 
L-MYC и mp53DD, мононуклеарных клеток периферической крови двух пациентов с вариантом с.1087G>T 
гена LGR4 нами были получены и детально охарактеризованы семь линий ИПСК. Данные ИПСК отвечают 
всем требованиям плюрипотентных клеток, а именно: стабильно пролиферируют, образуют колонии с ха-
рактерной для плюрипотентных клеток человека морфологией, имеют нормальный диплоидный кариотип, 
экспрессируют щелочную фосфатазу и маркеры плюрипотентности (OCT4, NANOG, SSEA-4 и SOX2) и способ-
ны дифференцироваться в производные трех зародышевых листков – энто-, экто- и мезодерму. Полученные 
в работе линии ИПСК будут в дальнейшем использованы для создания релевантной модели, направленной 
на исследование эффекта варианта с.1087G>T гена LGR4 на развитие патологического фенотипа дофаминер-
гических нейронов.
Ключевые слова: болезнь Паркинсона; репрограммирование; индуцированные плюрипотентные стволо-
вые клетки; ген LGR4.

Introduction
Parkinson’s disease is the second most prevalent neu ro­
degenerative disorder after Alzheimer’s disease (Wang 
et al., 2020). It is characterised by the degeneration of 
dop aminergic 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 alpha­synuclein 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 GBA1, 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 non­monogenic 
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 c.1087G>T variant of the LGR4 gene (SRA databases, 
project PRJNA563295). There are currently 48 known single 
nucleotide substitutions in this gene, three of which are 
pathogenic missense mutations c.2531A>G (p.Asp844Gly), 
c.286A>G (p.Ile96Val) and c.1087G>T (p.Gly363Cys) 
(Mancini et al., 2023). 

LGR4 is a G­coupled receptor that plays a role in the 
function of the WNT/β-catenin and cAMP/protein kinase 
A signalling pathways (Shi et al., 2021). Previously, it was 
shown that the c.1087G>T variant of the LGR4 gene is 
pathogenic and leads to delayed puberty due to a violation 
of the WNT/β-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/β-catenin signalling pathway, leads 

https://www.zotero.org/google-docs/?lhoXR4
https://www.zotero.org/google-docs/?lhoXR4
https://www.zotero.org/google-docs/?lhoXR4
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us to speculate that the genetic variant LGR4:c.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 self­renewal of cells, various tests are performed 
(Grigor’eva et al., 2023), such as qualitative (immunofluo­
rescence staining) and quantitative (real­time PCR) analyses 
of the expression levels of various pluripotency factors 
(NANOG, SSEA­4, OCT4, SOX2, TRA1­81, TRA1­60, 
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 intra­laboratory 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:c.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 

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-MYС, 
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 cm2 wells previously coated with mouse 
embryonic fibroblasts (MEF) inactivated with mitomycin C 
(Sigma­Aldrich).

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

Histochemical detection of endogenous alkaline 
phos phatase. Alkaline phosphatase was detected using 
the SIGMAFAST™ BCIP®/NBT kit (Sigma­Aldrich). The 
result was analysed using a Nikon Eсlipse 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 Ti­E 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 cm2) 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 cm2) coated with 1 % agarose. After 
14 days, embryoid bodies obtained from the colonies were 
plated on 8­well 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 
(Yarkova et al., 2023).
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Table 1. List of antibodies used in the work

Antibodies Dilution Company, Cat No. RRID 

Primary antibodies

Markers of pluripotency

Mouse IgG2b аnti-OCT-3/4 1:100 Sаntа сruz Biоteсhnоlоgy,  
sc-5279

RRID:AB_628051

Mоuse IgG3 anti-SSEA-4 1:25 Abcam, ab16287 RRID:AB_778073

Mouse IgG1 anti-NANOG 1:50 Sаntа сruz Biоteсhnоlоgy,  
sc-293121

RRID:AB_2665475 

Rаbbit IgG аnti-SOX2 1:400 Cell Signаling, 3579 RRID:AB_2195767

Mesoderm markers

Mоuse IgG2а anti-αSMA 1:200 Dako, M0851 RRID:AB_2223500

Mouse IgG1 аnti-CD29 1:100 Thermo Fisher Scientific, 14-0299-82 RRID:AB_1210468

Endoderm markers

Mouse IgG2a anti-AFP 1:250 Sigma-Aldrich, A8452 RRID:AB_258392

Mouse IgG1 anti-Cytokeratin 18 (KRT18) 1:250 Abcam, ab668 RRID:AB_305647

Ectoderm markers

Mouse IgG2а anti TUBB3 1:1,000 BioLegend, 801201 RRID:AB_2313773

Chiсken IgY аnti-MAP2 1:1,000 Abcam, ab5392 RRID:AB_2138153

Secondary antibodies

Goat аnti-Rаbbit IgG (H + L) Alexа Fluоr 568 1:400 Thermо Fisher Sсientifiс, A11011 RRID:AB_143157

Goat аnti-Mоuse IgG2b Alexа Fluоr 568 1:400 Thermо Fisher Sсientifiс, A21144 RRID:AB_2535780

Goat аnti-Mоuse IgG3 Alexа Fluоr 488 1:400 Thermо Fisher Sсientifiс, A21151 RRID:AB_2535784

Goat аnti-Mоuse IgG (H + L) Alexа Fluоr 488 1:400 Thermо Fisher Sсientifiс, A11008 RRID:AB_143165

Goat anti-Mouse IgG2a Alexa Fluor 568 1:400 Thermо Fisher Sсientifiс, A21134 RRID:AB_2535773

Goat anti-Mouse IgG1 Alexa Fluor 488 1:400 Thermо Fisher Sсientifiс, A-21121 RRID:AB_2535764

Goat anti-Chicken IgY (H + L) Alexa Fluor 488 1:400 Abcam, ab150173 RRID:AB_2827653

Isolation of genomic DNA and 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 cm2, 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 (Blue­Ray Biotech). cDNA synthesis 
was performed using M­MuLV–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 

(800 ng) was used to prepare a library using the NEBNext®  
Ultra™ II 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 PRJNA563295, samples SAMN42050732, 
https://www.ncbi.nlm.nih.gov/biosample/42050732 
(PD58), SAMN42050755, https://www.ncbi.nlm.nih.gov/ 
biosample/42050755 (PD69)).

The presence of the c.1087G>T variant (rs117543292) of 
the LGR4 gene was determined by Sanger sequencing of the 
obtained iPSC lines and patient­derived 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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tions were performed on a T100 thermal cycler (Bio­Rad) 
using a BioMaster HS­Taq PCR­Color (2×) (Biolabmix) 
with the following program: 95 °C for 3 min; 35 cycles: 
95 °C for 30 s, 65 °C for 30 s, 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 HS­Taq PCR­Color (2×) (Biola­
bmix) on a T100 thermal cycler (Bio­Rad), 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 Myco­visor kit for detection of mycoplasma by 
RT­PCR (Biolabmix) were used as a positive control. Nega­
tive control was H2O. Primers are listed in Table 2. After 
electrophoresis, the result was visualised under ultraviolet 
light using the Gel Doc XR+ System (Bio­Rad).

Quantitative RT-PCR for pluripotency markers. Quan­
titative PCR (RT­qPCR) was performed on a LightCycler 
480 II system (Roche) using BioMaster HS­qPCR SYBR 
Blue 2× (Biolabmix) with the following programme: 95 °C 
for 5 min; 40 cycles: 95 °C for 10 s, 60 °C for 1 min. The em­
bryonic stem cell line HUES9 (HVRDe009­A) 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 ΔΔCT 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). 

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 37­year­old woman (PD58) and a 
66­year­old man (PD69)) with the variant LGR4:c.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, L­MYC, and the dominant­negative 
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 pre sence/absence of 
episomal vectors and karyotyping allowed us to select three 
lines from the first patient (ICGi053-A/PD58-4, ICGi053-B/
PD58­7 and ICGi053­C/PD58­14) and four lines from the 
second one (ICGi054­A/PD69­1/1, ICGi054­B/PD69­2/1, 
ICGi054­C/PD69­4 and ICGi054­ D/PD69­5). 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/cell­line/ICGi053­A, https://hpscreg.eu/cell­line/
ICGi053­B, https://hpscreg.eu/cell­line/ICGi053­C, https://
hpscreg.eu/cell­line/ICGi054­ A, https://hpscreg.eu/cell­line/
ICGi054-B, https://hpscreg.eu/cell-line/ICGi054-C и https://
hpscreg.eu/cell­line/ICGi054­D.

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 

Table 2. List of primers used in the work

Application Gene/locus Product size, 
bp

Forward/reverse primer (5’–3’)

Detection of episomal vectors oriP 544 TTCCACGAGGGTAGTGAACC/ 
TCGGGGGTGTTAGAGACAAC

Reference gene (RT-qPCR) B2M    90 TAGCTGTGCTCGCGCTACT/ 
TCTCTGCTGGATGACGTGAG

Markers of pluripotency (RT-qPCR)) NANOG 116 TTTGTGGGCCTGAAGAAAACT/ 
AGGGCTGTCCTGAATAAGCAG

OCT4    94 CTTCTGCTTCAGGAGCTTGG/ 
GAAGGAGAAGCTGGAGCAAA

SOX2 100 GCTTAGCCTCGTCGATGAAC/ 
AACCCCAAGATGCACAACTC

Mycoplasma detection Ribosomal  
16S RNA gene

280 GGGAGCAAACAGGATTAGATACCCT/
TGCACCATCTGTCACTCTGTTAACCTC

Confirmation of the mutation LGR4 366 GCGTTTCATGGGATGCCTGATAG/
TCTTAGCTCTGCTTTCAACGCTTC

http://www.niboch.nsc.ru/doku.php/sequest
http://www.niboch.nsc.ru/doku.php/sequest
https://www.zotero.org/google-docs/?I7svi7
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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; c – 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:g.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 (αSMA (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 µm. 
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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; c – 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 
LGR4 NC_000011.10:g.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 (αSMA (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 µm.
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Generation and characterisation of seven iPSC lines 
(LGR4:c.1087G>T) from Parkinson’s disease patients

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 
c.1087G>T (rs117543292) variant of the LGR4 gene in a 
heterozygous state in the obtained cell lines as well as in 
PBMCs (Fig. 1c, 2c, the genetic variant is indicated by a red 
arrow). Immunofluorescence analysis of lines ICGi053-A 
(passage 27), ICGi053­B (passage 26), ICGi053­C (pas­
sage 27), ICGi054­A (passage 26), ICGi054­B (passage 22), 
ICGi054­C (passage 25) and ICGi054­D (passage 24) for 
pluripotency markers revealed the presence of the SSEA­4 
surface antigen and the transcription factors NANOG, SOX2 
and OCT4 (Fig. 1d, 2d). Quantitative real­time PCR (RT­
PCR) of patient PBMCs, patient­derived 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 

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 β3 (TUBB3/TUJ1), microtubule-associated protein 2 
(MAP2)), entoderm (alpha­fetoprotein (AFP)), keratin 18 
(KRT18)) and mesoderm (α-smooth muscle actin (αSMA), 
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 a result of reprogramming PBMCs from two Parkinson’s 
disease patients carrying the c.1087G>T (rs117543292) 
variant of the LGR4 gene, seven iPSC lines – ICGi053­ A, 
 ICGi053­B, ICGi053­C, ICGi054­A, ICGi054­B, ICGi054­ C 
and ICGi054­D – 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:c.1087G>T as donor PBMCs. 
This work is the first and necessary step to study the effect 
of the LGR4:c.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. 

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

Number of metaphases  
analysed 

Karyotype  
of diploid cells 

42–44 45 46 47 48–50 80–92

ICGi053-A 4 3 40 8 2 4 58 46,XX

ICGi053-B 9 3 37 4 0 5 58 46,XX

ICGi053-C 5 4 37 3 1 8 58 46,XX

ICGi054-A 4 8 37 5 2 4 60 46,XY

ICGi054-B 7 4 41 3 1 1 57 46,XY

ICGi054-C 15 5 37 6 1 2 60 46,XY

ICGi054-D 8 10 31 4 1 1 56 46,XY
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Table 4. Passport of cell lines ICGi053-A, ICGi053-B, ICGi053-C

Unique identifier ICGi053-A, ICGi053-B, ICGi053-C

Alternative cell line names PD58-4, PD58-7, PD58-14

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

Ethical approval 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

Cell type iPSCs

Origin Human

Additional information  
on the origin of the cell line  

Age: 37
Gender: F
Ethnicity: Caucasian race

Original cell type Peripheral blood mononuclear cells (PBMCs)

Date of biomaterial collection 2022 

Reprogramming method Non-integrating episomal vectors

Reprogramming factors OCT4, SOX2, KLF4, LIN28, L-MYC and mp53DD

Clonality Clonal

Genetic modification No

Type of genetic modification N/A

Confirmation of elimination/
silencing of reprogramming transgenes

PCR, not detected

Disease Parkinson’s disease

Age of disease onset 36 

Gene/locus LGR4:c.1087G>T, rs117543292

Morphology Human pluripotent cell-like monolayer colonies

Pluripotency Confirmed in tests for the formation of embryoid bodies

Karyotype 46,XX 

Check for contamination Bacteria, fungi and mycoplasma not detected

Scope of application In vitro model of Parkinson’s disease

Cultivation method On the feeder layer of mitotically inactivated mouse embryonic fibroblasts

Growth medium 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)

Temperature, °C 37

CO2 concentration, % 5

O2 concentration, % 20

Passage method TrypLE Express

Split ratio 1:8–1:10

Cryopreservation 90 % FBS, 10 % DMSO

Storage conditions Liquid nitrogen

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

Date of certification/registration 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 ICGi054-A, ICGi054-B, ICGi054-C, ICGi054-D

Alternative cell line names PD69-1/1, PD69-2/1, PD69-4, PD69-5

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

Ethical approval 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

Cell type iPSCs

Origin Human

Additional information  
on the origin of the cell line

Age: 66
Gender: M
Ethnicity: Caucasian race

Original cell type Peripheral blood mononuclear cells (PBMCs)

Date of biomaterial collection 2022 

Reprogramming method Non-integrating episomal vectors

Reprogramming factors OCT4, SOX2, KLF4, LIN28, L-MYC и mp53DD

Clonality Clonal

Genetic modification No

Type of genetic modification N/A

Confirmation of elimination/
silencing of reprogramming transgenes

PCR, not detected

Disease Parkinson’s disease

Age of disease onset 41

Gene/locus LGR4:c.1087G>T, rs117543292

Morphology Human pluripotent cell-like monolayer colonies

Pluripotency Confirmed in tests for the formation of embryoid bodies

Karyotype 46,XY

Check for contamination Bacteria, fungi and mycoplasma not detected

Scope of application In vitro model of Parkinson’s disease

Cultivation method On the feeder layer of mitotically inactivated mouse embryonic fibroblasts

Growth medium 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)

Temperature, °C 37

CO2 concentration, % 5

O2 concentration, % 20

Passage method TrypLE Express

Split ratio 1:8–1:10

Cryopreservation 90 % FBS, 10 % DMSO

Storage conditions Liquid nitrogen

Registry ID 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

Date of certification/registration 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
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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.
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Аннотация. При пронуклеарной микроинъекции эндонуклеаза Cas9 используется для создания двуцепочеч-
ных разрывов ДНК in vivo в геномном целевом локусе или внутри донорского вектора для улучшения инте-
грации трансгена. Взаимодействие Cas9 с факторами репарации ДНК во время обработки концов трансгена и 
интеграции – актуальная тема. Ранее мы разработали генетическую систему на основе баркодов для анализа 
рекомбинации трансгенов после пронуклеарной микроинъекции у мышей. При этом подходе плазмидная 
библиотека линеаризуется ферментом рестрикции или комплексом Cas9:gRNA на участке между парой бар-
кодов. Пул баркодированных молекул вводится внутрь пронуклеуса, что приводит к образованию многоко-
пийных конкатемеров. В представленной статье мы сравнили эффекты разрезания Cas9 в условиях in vivo 
(эксперимент RNP+) или для трансгенов, линеаризованных in vitro и очищенных через агарозный гель (экс-
перимент RNP–). В эксперименте RNP+ было обнаружено два трансгенных однокопийных эмбриона. В экспе-
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рименте RNP– было идентифицировано шесть положительных эмбрионов, четыре из них имели низкокопий-
ные конкатемеры. Анализ баркодов методом NGS показал, что 53 % баркодированных концов поменяли свои 
исходные пары баркодов, что является признаком гомологичной рекомбинации между концами трансгенов. 
Из 20 слияний «трансген-трансген» 11 не имели мутаций и, по-видимому, были получены путем повторного 
лигирования тупых концов, полученных с помощью Cas9. Большинство мутировавших соединений содер-
жало асимметричные делеции 2–4 нуклеотидов из-за специфического тримминга концов Cas9. Эти данные 
указывают на то, что связанная с Cas9 ДНК создает препятствия для конкатенации. В то же время свободные 
концы ДНК соединяются таким же образом, как и концы, обработанные рестриктазами, но с характерной 
асимметрией. Будущие эксперименты с пронуклеарными микроинъекциями CRISPR/Cas помогут понять, как 
CRISPR-нуклеазы влияют на репарацию ДНК. 
Ключевые слова: CRISPR/Cas9; пронуклеарная микроинъекция; ДНК-баркодирование; трансгенные живот-
ные; репарация двуцепочечных разрывов ДНК; конкатемер; гомологичная рекомбинация; негомологичное 
соединение концов; эмбрионы мыши.

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 
et al., 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/MMEJ 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/NHEJ 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: RFMEFI62119X0023). 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 CO2 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 AAVS1 site, a PCR frag-
ment was amplified from the gRNA_AAVS1-T2 plasmid 
using a primer with a T7 overhang and treated with the 
 MEGAscript™ T7 Transcription Kit (Thermo Fisher, USA). 
The gRNA_AAVS1-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 µg 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 KCl, 1 mM EDTA, 1 mM DTT, 6 mM MgCl2, 
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/6J × 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 µM Cas9 (Alt- R® 
S.p. Cas9 Nuclease V3, IDT, USA), 1.65 µM gRNA against 
AAVS1, and 8 ng/µl plasmid library diluted in TE buffer 
(0.01 M Tris–HCl, 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/μl 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 % CO2 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 S1–S2)1.

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 KpnI-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 μl) 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, 
1 Supplementary Tables S1–S4 and Figures S1, S2 are available at: 
https://vavilovj-icg.ru/download/pict-2025-29/appx1.pdf

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 3ʹ and 5ʹ 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.

https://vavilovj-icg.ru/download/pict-2025-29/appx1.pdf
https://vavilovj-icg.ru/download/pict-2025-29/appx1.pdf
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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 pCAGGS-mCherry vector (Fig. 1a, 
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 

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 
(5ʹ-GGGGCCACTAGGGACAGGAT-3ʹ) 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 

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 prepare 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 the process of inverse PCR. The concatenated copies are then separated by KpnI 
(scissors) and re-ligated. PCR products from the newly formed junctions are then subjected to analysis by NGS; c – internal junctions 
between copies are subjected to PCR amplification and subsequent sequencing. 
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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 
con catenation 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 

the buffer precludes Cas9 endonuclease activity prior to pro-
nuclear microinjection. The concentration of Cas9/gRNA RNP 
was increased to 1.65 µM, 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 
trans gene-transgene junctions revealed the presence of se-

Fig. 3. Screening of the transgenic embryos. 
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. 3c–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 Illumina paired-end reads. Two types of PCR 
products were prepared for barcode sequencing, following 
the methodology described in our previous report (Fig. 1b–c) 
(Smirnov et al., 2020). In summary, barcode pairs at the ends 

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 
KpnI 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. 1c). 
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 

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 KpnI/Cas9 cut sites at the hypothetical transgene-transgene junction 
are shown. The empty vector is the original pCAGGS backbone devoid of the AAVS1 element; b – generation of PCR products for NGS. 
G: Untreated genomic DNA; R: Genomic DNA treated with KpnI; L: Genomic DNA after re-ligation for inverse PCR. Inverse PCR entails the 
digestion of genomic DNA with KpnI 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: H2O 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. 

PCR product size:
Full length – 699 bp
Kpnl re-ligation – 216 bp
Empty vector – 121 bp
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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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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 
a single 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 

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

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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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 

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 5ʹ-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.
Key words: narrowleaf lupine; alkaloids; protein; oil; seed moisture; weather conditions.
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Аннотация. Широкое использование люпина узколистного (ЛУ) в качестве кормовой и продовольственной куль-
туры возможно при наличии сортов с высоким качеством семян. Приоритетным признаком для отнесения сортов 
ЛУ к этой категории считается низкое содержание алкалоидов. Однако не менее важные показатели качества 
семян люпина – содержание белка, масла и влажность. Впервые в отечественном люпиноведении предпринята 
попытка изучения взаимосвязей между показателями всех перечисленных ингредиентов семян ЛУ в условиях 
Северо-Запада РФ (г. Пушкин). Шестьдесят два образца из коллекции ВИР были изучены в 2019, 2020 и 2022 гг. 
Изменчивость содержания белка составила 27.8–37.6 %, масла – 3.9–7.3 %, алкалоидов – 1.6–2017.4 мг/100 г сухо-

© Shelenga T.V., Salikova A.V., Popov V.S., Egorova G.P., Malyshev L.L., Vishnyakova M.A., 2025

This work is licensed under a Creative Commons Attribution 4.0 License

PLANT GENETICS AND BREEDING
Original article

Vavilovskii Zhurnal Genetiki i Selektsii
Vavilov Journal of Genetics and Breeding. 2025;29(1):35-43

doi 10.18699/vjgb-25-05

https://orcid.org/0000-0003-3992-5353
https://orcid.org/0000-0002-5709-7961
https://orcid.org/0000-0003-3274-7662
https://orcid.org/0000-0002-8645-3072
https://orcid.org/0000-0002-8595-1336
https://orcid.org/0000-0003-2808-7745
https://orcid.org/0000-0003-3992-5353
https://orcid.org/0000-0002-5709-7961
https://orcid.org/0000-0003-3274-7662
https://orcid.org/0000-0002-8645-3072
https://orcid.org/0000-0002-8595-1336
https://orcid.org/0000-0003-2808-7745


T.V. Shelenga, A.V. Salikova, V.S. Popov 
G.P. Egorova, L.L. Malyshev, M.A. Vishnyakova

36 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2025 • 29 • 1

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

го вещества (с. в.), влажности – 6.4–7.3 %. Достоверная отрицательная корреляция между содержанием масла и 
белка (–0.33) наблюдалась только в 2019 г. Значимых корреляций между содержанием белка и алкалоидов в изу-
ченной выборке не обнаружено. Достоверная отрицательная связь между содержанием масла и суммой алкало-
идов выявлена только в 2019 и 2020 гг. (–0.38 и –0.27 соответственно). В 2022 г. связь не обнаружена. Очевидно, 
что для выявления закономерностей, характеризующих эти связи, требуется проведение многолетних экспери-
ментов с учетом погодных условий. Доказано влияние погоды на концентрацию алкалоидов в семенах. Средняя 
по выборке сумма алкалоидов в 2019 г. составила 504.2 ± 77.7 мг/100 г с. в., в 2020 г. – 263.7 ± 38.6 мг/100 г с. в.  
и в 2022 г. – 319.8 ± 51.4 мг/100 г с. в. Подтверждены данные, полученные авторами ранее: содержание алка-
лоидов в семенах значительно возрастает при дефиците осадков. Температурный режим не оказал влияния на 
этот показатель. Повышенная температура воздуха способствовала накоплению масла, а увеличение осадков – 
накоп лению белка. Влажность семян оказалась наиболее стабильным показателем, не зависящим от условий 
среды. Выявлены образцы с оптимальным сочетанием основных биохимических показателей, определяющих 
качество семян, для региональной селекции сортов ЛУ кормового и продовольственного назначения, а также 
сидеральных сортов.
Ключевые слова: люпин узколистный; алкалоиды; белок; масло; влажность семян; погодные условия.

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 
(in the 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′45.5ʺN 30°25′05.8ʺE) 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)1. 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. S1a).

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. 
1 Supplementary Figure S1 and Tables S1–S4 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_Engl_29_1.pdf

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 

https://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_Engl_29_1.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_Engl_29_1.pdf
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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.
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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 
name*

Year L H S А I TA Protein Oil Moisture

Lupanine L 2019 1.000 0.968 0.958 0.973 0.945 1.000 –0.064 –0.370 0.199

13-Hydroxylupanine H 0.001 1.000 0.896 0.956 0.926 0.973 0.027 –0.422 0.193

Sparteine S 0.001 0.001 1.000 0.939 0.876 0.960 –0.061 –0.354 0.271

Angustifoline А 0.001 0.001 0.001 1.000 0.908 0.975 –0.057 –0.376 0.196

Isolupanine I 0.001 0.001 0.001 0.001 1.000 0.944 0.083 –0.421 0.137

Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 –0.051 –0.379 0.205

Protein 0.696 0.867 0.711 0.727 0.613 0.755 1.000 –0.335 –0.226

Oil 0.019 0.007 0.025 0.017 0.007 0.016 0.035 1.000 –0.154

Moisture 0.219 0.232 0.091 0.225 0.399 0.204 0.161 0.341 1.000

Lupanine L 2020 1.000 0.941 0.959 0.956 0.969 0.999 –0.118 –0.289 –0.177

13-Hydroxylupanine H 0.001 1.000 0.874 0.936 0.938 0.955 –0.152 –0.177 –0.160

Sparteine S 0.001 0.001 1.000 0.916 0.950 0.961 –0.055 –0.258 –0.183

Angustifoline А 0.001 0.001 0.001 1.000 0.960 0.962 –0.106 –0.152 –0.067

Isolupanine I 0.001 0.001 0.001 0.001 1.000 0.975 –0.083 –0.219 –0.130

Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 –0.118 –0.271 –0.175

Protein  0.430 0.307 0.713 0.480 0.581 0.428 1.000 –0.066 0.303

Oil 0.049 0.233 0.080 0.308 0.138 0.066 0.662 1.000 0.289

Moisture 0.235 0.282 0.219 0.653 0.384 0.241 0.038 0.049 1.000

Lupanine L 2022 1.000 0.940 0.935 0.958 0.931 0.998 0.108 –0.229 –0.290

13-Hydroxylupanine H 0.000 1.000 0.875 0.924 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 –0.338

Angustifoline А 0.000 0.000 0.000 1.000 0.936 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 –0.290

Protein 0.430 0.599 0.290 0.510 0.323 0.433 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 0.030 0.063 0.011 0.125 0.104 0.030 0.162 0.677 1.000

  Significant positive relationship

Close to significant negative relationship

  Significant negative relationship 

  Diagonal element

Notе. 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 

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. 3. Position of narrowleaf lupine accessions in the space of selected 
factors (2019, 2020, 2022).

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, I – isolupanine, H – 13-hydroxylupanine, 
S – spar teine, L – lupanine, A – angustifoline.

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 

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 7’, 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 (Vishnyakova et al., 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.

It is 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 (Maknickienė, Asakavičiūtė, 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 Sánchez 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; 
Szabó et al., 2003; Jaleel et al., 2007; Amirjani, 2013). They 

are purposefully exposed to drought stress to increase the yield 
of alkaloids (Kleinwächter, 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 



T.V. Shelenga, A.V. Salikova, V.S. Popov 
G.P. Egorova, L.L. Malyshev, M.A. Vishnyakova

42 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2025 • 29 • 1
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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), Da, Dg, S, V and shape indexes (φ, 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 PI in both European and Damson plums and S in 
Damson plums. Of the 15 examined parameters, European plum had significantly higher SW, L, T, Da, Dg, S, E, RO and 
PI values than Damson plum. In contrast, Damson plum had higher SI, RS and DE values, while W, V and φ were similar.
Key words: endocarp; European and Damson plums; morphological properties; size; shape indexes.
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Аннотация. Эндокарпий, или косточка, является наиболее стабильной морфологической особенностью рода 
Prunus. Однако идентификация типов, групп и/или генотипов сливы на основе эндокарпия осложнена из-за ши-
рокого спектра вариаций и морфологических переходных состояний. С этой точки зрения знание степени из-
менчивости внутри и между видами или сортами сливы является непременным условием для таксономистов и 
помологов. В нашем исследовании различные морфологические признаки эндокарпия, такие как SW, линейные 
размеры (L, W и T), Da, Dg, S, V и индексы формы (φ, SI, E, RS, RO, DE и PI), были определены с помощью дисперси-
онного анализа и многомерного анализа (корреляции и PCA). В результате обнаружены значительные различия 
между образцами по всем оцененным свойствам, но с высоким перекрытием значений. В большинстве случаев 
исследованные параметры положительно или отрицательно коррелировали друг с другом, что указывало на 
связи развития между ними. Действительно, положительные корреляции были зарегистрированы для боль-
шинства переменных, особенно связанных с SW и линейными размерами эндокарпия. Эти результаты показа-
ли, что вышеперечисленные свойства могут служить мощным индикатором для выбора адекватного размера 
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и формы эндокарпия образцов, которые могут быть использованы в таксономическом анализе. Выявленные 
корреляции были использованы для проведения анализа методом главных компонент (PCA), что позволило 
правильно оценить не только размеры и форму эндокарпия, но и диапазоны варьирования признаков, вклю-
чая дисперсию, а также распределение образцов по группам. Все линейные измерения и значения индекса 
показали нормальную или низкую изменчивость на индивидуальном уровне в большинстве случаев, за исклю-
чением SW, V и PI у европейской сливы и сливы Damson и S у сливы Damson. Из 15 исследованных параметров 
для европейской сливы были получены значительно более высокие значения SW, L, T, Da, Dg, S, E, RO и PI по 
сравнению со сливой Damson. Напротив, слива Damson отличалась более высокими значениями SI, RS и DE, 
тогда как значения W, V и φ были схожими.
Ключевые слова: эндокарпий; слива европейская и чернослива; морфологические свойства; размер; индексы 
формы.

Abbreviations

SW, stone (endocarp) weight
L, stone length
T, stone thickness
W, stone width
Da, arithmetic mean diameter
Dg, geometric mean diameter
S, surface area
V, stone volume
φ, sphericity
SI, shape index
E, elongation
RS, relative slenderness
RO, roundness
DE, Behre’s index
PI, Pollmann’s index
PCA, principal component analysis

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 (Milošević T., Milošević 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 (Milošević T., Milošević 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) (Milošević T., Milošević N., 2012). Their 
fruits are mainly used for the production of a traditional Ser-
bian alcoholic drink known as “Šljivovica” or “Prepečenica”, 
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) (Milošević T. et al., 2023). We have earlier 
described the properties of their trees and fruits (Milošević T., 
Milošević N., 2012; Milošević 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 (González-García 
et al., 2014; Plainfossé et al., 2019). Also, the seeds can be 
used to obtain generative rootstocks in horticultural practice 

and in breeding programs (Milošević T., Milošević 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-López, 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; Milošević T., Milošević 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°33ʹ N, 16°21ʹ E) near 
Čačak 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 

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

       Da = (L + T + W)/3,       (1)

             Dg = 
 3
√LWT.       (2)

The S (cm2) 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 = π 
    2 
Dg.       (3)

Table 1. Name and code of autochthonous plum accessions

Accession (local name) Accession code Accession (local name) Accession code

   1. Arapka ARP 29. Piskavica PIS
   2. Bela Požegača BPZ 30. Šarica SAR
   3. Belošljiva BEL 31. Trnošljiva TRS
   4. Cerovački Piskavac CPI 32. Turgonja TURa
   5. Crnošljiva CRN 33. Dronga DRO

   6. Crvena Ranka* CRB 34. Magareška Crna Šljiva MCS

   7. Crvena Ranka** CRD 35. Beluvra BEV

   8. Čokešinka COK 36. Trnošljiva – M TRA
   9. Kapavac KAP 37. Magareška MAG
10. Marićevka MAR 38. Crna Petrovka CPT
11. Metlaš MET 39. Panadjurka PAN
12. Mudara MUD 40. Zimna ZIM
13. Obični Piskavac OPI 41. Modra Šljiva MSI
14. Petrovača PET 42. Gurgutka GUR
15. Požegača POZ 43. Banska Šljiva BAS
16. Trnovača TRN 44. Korajka KOR
17. Turgulja TUR 45. Bosanka BOS
18. Moravka MOR 46. Bilska Rana BIR
19. Crnica CRI 47. Julka JUL
20. Plavoača PLA 48. Dobojska Rana DRA
21. Volujevača VOL 49. Banjalučka Bjelica BAB
22. Gorka Bula GBU 50. Sitnica SIT
23. Bjelica BJL 51. Slatkulja SLA
24. Bjelošljiva BJS 52. Miškovačka Rana MIR
25. Car Dušan CDU 53. Kaurka KAU
26. Durgulja DUR 54. Ružica RUZ
27. Mednica MED 55. Podsedlinka POD
28. Mudovalj MUV

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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The volume (V, mm3) 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 = LWTφ.       (4)

Sphericity (φ) 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 
et al., 2011):

   φ = Dg /L.       (5)

Shape index (SI) and elongation ratio (E) were calculated 
using Eqs. (6) (Mohsenin, 1986) and (7) (Fıratlıgil-Durmuş 
et al., 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 = 100 × T/ L,       (8)
       RO = 100 × T/ W,       (9)
       DE = 100 × W/ 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:

        PI = L2/(T + W).     (11)

Variation at different taxonomic levels was studied 
by analyzing the coefficients of variation (CV, %), which 
were interpreted following Rasch (1988, cited in Hübner 
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 
(α = 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 0.5 and 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 
(Milošević T., Milošević N., 2012). Considering this, a large 
number of researchers highlight data related to their biological, 
agronomic and pomological characteristics (Milošević T. et al., 
2023). Thus, Milošević N. et al. (2017) and Glišić 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 Čačak area (western Serbia). Drkenda, Kurtović (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, Jaćimović et 
al. (2011) and Šebek (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 Graças 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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Apex

Base

W

Lateral 
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Ventral 
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Dorsal 
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Fig. 1. Overview of basic linear endocarp measurements.
Left: lateral view; right: ventral view (Van Zeist, Woldring, 2000).
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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’, ‘BJL’, ‘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 Da 
and/ or Dg. In the present study (Table 2), both Da and Dg 
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 Da and Dg, 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 cm2, whereas nine accessions (16.36 %) had S 
between 5 and 6 cm2. Other accessions (80 %) had S < 5 cm2. 
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-Sánchez et al., 2010; 
Ganopoulos et al., 2015; Khadivi et al., 2022), peaches (das 
Graças Souza et al., 2016) and apricots (Gezer et al., 2002).

The fruit or stone (endocarp) shape is determined in terms 
of its φ. Moreover, φ 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 φ values, 
whereas the lowest was observed in ‘PAN’ (Table 2).

In general, φ is used for determining the similarity of a 
fruit or a stone to a sphere. Hence, higher values of φ indicate 
the tendency of endocarps towards sphericity (Sheikh et al., 
2021). The φ value more than 0.7 i. e. 70 % is assumed to be 
spherical (Garnayak et al., 2008). However, average φ 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’ 

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. 

PI 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, Da, Dg and somewhat φ had a low 
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variability (CV < 10 %) in P. domestica, and only φ and RO, 
in P. insititia (Table 3).

Parameters T, W, S, SI, E, RS, RO and DE in P. domestica 
and L, T, W, Da, Dg, SI, E, RS and DE in P. insititia had a low-
to-normal variability (10 % < CV < 20 %). Parameters SW, V 
and PI 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 φ. These three values were statisti-
cally similar for both plum types. Accessions belonging to 
P. domestica had higher mean values for SW, L, T, Da, Dg, 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, Da, Dg, S and V, 
whereas other correlations were weak, which shows that 
endo carps 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 
(Milošević T., Milošević 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 Da and between T and Da, Dg, 
S and V, indicating that endocarps with higher L and T tend 
to have a greater endocarp size. Both Da and Dg showed very 
strong mutual correlation, and also with endocarp S and V. 
However, relationships of Da and Dg with other indexes were 
small and not significant. φ 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 

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. P. insititia L.

CV, % Mean ± SE CV, % Mean ± SE

SW 36.61    0.84 ± 0.15 a 55.90    0.78 ± 0.22 b

L    9.88 20.48 ± 1.00 a 18.57 19.28 ± 1.79 b

T 12.88 11.49 ± 0.74 a 17.22 11.20 ± 0.96 b

W 13.80    6.92 ± 0.44 a 17.92    6.80 ± 0.50 a

Da    8.04 13.01 ± 0.52 a 15.83 12.42 ± 0.98 b

Dg    8.88 11.71 ± 0.51 a 15.79 11.31 ± 0.89 b

S 18.77    4.32 ± 0.41 a 30.53    4.14 ± 0.63 b

V 29.37    0.86 ± 0.13 a 45.43    0.82 ± 0.19 a 

φ 10.15    0.577 ± 0.03 a    9.22    0.571 ± 0.03 a

SI 13.64    0.45 ± 0.03 b 17.84    0.47 ± 0.04 a

E 16.18    3.03 ± 0.24 a 15.47    2.97 ± 0.23 b

RS 13.04 56.35 ± 3.67 b 16.82 59.09 ± 4.97 a

RO 13.14 167.87 ± 11.03 a    7.19 165.91 ± 5.96 b

DE 17.33 34.08 ± 2.95 b 20.20 35.88 ± 3.62 a

PI 25.99    5.56 ± 0.72 a 29.09    4.84 ± 0.70 b

Note. CV > 25 % indicates high variability; 10 % < CV < 20 % indicates normal variability; CV < 10 % indicates low variability (following Rasch, 1988; cited in  Hübner, 
Wissemann, 2004). Mean values with different letters in a row differ significantly at p ≤ 0.05 by LSD test.
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to have higher V values and vice versa. On 
the other hand, there were no significant cor-
relations between V and all shape indexes. 
SI was strongly negatively correlated with 
E and PI, and positively with RS and DE. 
Similar trends have been reported for Euro-
pean plum kernels (Sheikh et al., 2021). E vs 
RS and DE were negatively correlated, and 
positively correlated with RO and PI. RS 
showed negative correlations with PI, and 
positive with DE, whereas both RO and PI 
were negatively correlated with DE.

Principal component analysis (PCA), 
as a statistical tool, is performed to reduce 
the number of effective traits and to iden-
tify groups. In the current study,  using the 
15 analyzed parameters, the first three prin-
cipal components accounted for 96.67 % of 
the total variance. PC1 explained 47.71 % 
of the total variation, while PC2 explained 
37.57 % and PC3 explained 11.39 % (Fig. 3). 
According to the correspondence between 
the PCA and the original properties and 
eigenvectors, SW, T, Dg, φ, S, V, and SI 
made the largest contributions to PC1 with 
positive values, while PI 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, Dg, φ, 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, Da, 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, Da, 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. do mestica L. and P. insititia L. showed 
cha racteristic differences in size and shape 
features, which greatly facilitate the identi-
fication of genotypes or accessions. Each of 
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Fig. 2. Correlation matrix of Pearson’s correlation coefficients (r) between the mean values of 
the endocarp parameters evaluated. 
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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, Da, Dg, S, E, RO and PI were higher 
in P. domestica type compared to P. insititia, while the mean 
values of W, V and φ 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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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 TAI, 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 TAI, LIN6 and STP1 in S. lycopersicum cv. Micro-Tom 
showed the presence of mRNA of all three genes in all tissues. The TAI gene was expressed most strongly in ripe fruits, 
while the level of LIN6 and STP1 transcripts was extremely low. The level of TAI 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 TAI, 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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Циркадные колебания содержания растворимых сахаров  
и экспрессии генов инвертаз TAI, LIN6 и транспортера  
сахаров STP1 в листьях растения томата (Solanum lycopersicum L.)
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Аннотация. Содержание основных для плода томата (Solanum lycopersicum L.) гексоз (фруктозы, глюкозы) регули-
руется совместной активностью ферментов гидролиза сахарозы (включая инвертазы), ингибиторов инвертаз и 
транспортеров сахаров. Кроме вкусовых качеств, растворимые сахара тесно связаны со стрессоустойчивостью 
растений томата. В настоящей работе была определена суточная динамика содержания растворимых сахаров 
(сахарозы, фруктозы и глюкозы), а также экспрессия генов ферментов гидролиза сахарозы (вакуолярной ин-
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Diurnal fluctuations in sugar content  
and TAI, LIN6 and STP1 expression in tomato leaves

вертазы  TAI, инвертазы клеточной стенки LIN6) и транспортера гексоз (STP1) в листьях растений томата сорта 
Корнеевский. Было показано, что количество сахаров и уровень транскриптов генов TAI, LIN6 и STP1 зависят от 
циркадного ритма и соответствуют биологическим процессам, протекающим в растении в разное время суток. 
Содержание сахарозы и гексоз в течение суток изменяется сходным образом. В начале световой фазы концен-
трация сахаров минимальна, в конце – имеет наибольшие дневные значения; в начале темновой фазы демон-
стрирует остаточный рост и затем снижается к концу фазы. Анализ in silico органоспецифичной экспрессии TAI, 
LIN6 и STP1 у сорта Micro-Tom S. lycopersicum показал наличие их транскриптов во всех тканях. Ген TAI экспрес-
сировался наиболее активно в спелых плодах, тогда как уровень транскриптов LIN6 и STP1 в этих органах носил 
следовой характер. В листьях уровень мРНК TAI был выше, чем таковой LIN6 и STP1, в ~2 и ~27 раз соответствен-
но. Анализ с помощью ПЦР-РВ суточной динамики экспрессии генов TAI, LIN6 и STP1 в листьях растений сорта 
Корнеевский показал, что гены экспрессируются во всех проанализированных временных точках. Колебания 
уровня экспрессии генов происходят сходным образом: уровень мРНК достигает пиковых значений в середине 
световой и темновой фаз. Полученные результаты важны для понимания функций инвертаз и транспортеров 
сахаров в растении томата и могут быть использованы в селекции при прогнозировании стрессоустойчивости 
растений.
Ключевые слова: томат; Solanum lycopersicum L.; растворимые сахара; инвертазы; транспортер гексоз; экспрес-
сия генов; циркадный ритм.

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; 
González 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, González, 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, González, 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, González, 2004; González 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 
in flux 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 (González et al., 2005; Rol­
land et al., 2006).

Among tomato invertases, the most significant roles belong 
to the cell wall invertase LIN6 (Wiv­1) (Proels, Roitsch, 2009) 
and the vacuolar invertase TAI (other names AI, 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 
et al., 2017). No data on the possible dependence of TAI 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 (González et al., 2005).

Hexose transporters in tomato include the most well­known 
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 LIN6 
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.
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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 mid­season, 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 μM/(m2·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; LIN6, 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/D­Glucose and Enzy­
tec™ Liquid D­Glucose/D­Fructose tests (R­Biopharm AG, 
Germany).

A preliminary profiling of TAI, LIN6, and STP1 expression 
in different tomato plant organs was performed in silico using 
transcriptome data for the cv. Micro­Tom 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 real­time 
PCR (qRT­PCR), total RNA was isolated from 0.2–0.5 g of 
collected leaf material and purified from DNA impurities 
(RNeasy Plant Mini Kit, RNase­free 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 qRT­PCR 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 NCBI­BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) and MEGA 7.0 (https://www.megasoftware.net/). 
Primers for qRT­PCR were designed for the LIN6 (5′-ttcc 
gatgcctcaaggtcaag-3′, 5′-cacgtttttcctccagcacca-3′) and STP1 
(5′-tgctcagaatgttgctatgctc-3′, 5′-gtgctcctctgtatttgtatgg-3′) 
genes. For the TAI gene, we used the primers developed 
earlier (Slugina et al., 2017). The qRT­PCR reaction mixture 
included cDNA (3 ng), specific primers and “2.5 × Reaction 
mixture for qRT­PCR in the presence of SYBR Green I and 

ROX” (Synthol LLC, Russia). qRT­PCR was performed in a 
CFX96 Real­Time PCR Detection System (Bio­Rad 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 (SGN­U346908) 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 Two­way 
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, LIN6) 
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 day­neutral 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, LIN6, 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 

https://gossortrf.ru/registry/
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(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, TAI was expressed most intensely in these 
tissues. The peak of TAI 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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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).

Fig.  2. Graphical visualization (heat map) of TAI, 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 (1); 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 (10) and skin (11) of the fruit (38 dpa, 
BR); pulp (12) and skin (13) of the fruit (41  dpa, OR); pulp (14) and skin (15) 
of the fruit (44 dpa, RR); mature seeds (16). The rectangles show FPKM values 
rounded to the second decimal place.
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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 qRT­PCR) 
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 LIN6, 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 
(~1.2–2.5 times, 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 (LIN6), 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 LIN6 
and STP1 were significantly more pronounced than those of 
the TAI gene. Nevertheless, the pre­dawn 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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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).

In any 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 (González 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 (LIN6), 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 

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 TAI, 
LIN6, 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 TAI compared to LIN6 (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 
LIN6 in vegetative tissues indicates the known importance 
of LIN6 for plant vegetative growth (Proels, Roitsch, 2009; 
Zhang et al., 2013). Also, the presence of transcripts of the 
LIN6 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. Micro­Tom (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, LIN6, 
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 TAI expression is consistent with the 
previously demonstrated diurnal dynamics for the B. vulgaris 
vacuolar invertase gene (González 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 

Fig. 3. Expression patterns of the TAI, 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 TAI (6:00 vs. 8:00; 24:00 vs. 3:00), LIN6 
(6:00 vs. 8:00), and STP1 (6:00 vs. 8:00). 
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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 LIN6 
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 TAI and LIN6) 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.
Key words: chickpea; transposons; polymorphism; landraces; GWAS; adaptation.
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Аннотация. Нут – важная зернобобовая культура, которая используется народонаселением разных частей света 
в пищу в силу высокой ценности. Применение омиксных технологий позволило oхарактеризовать генетическое 
разнообразие нута, обусловленное однонуклеотидными полиморфизмами, тогда как структурные варианты и 
инсерции транспозонов выпали из поля зрения исследователей. Поэтому характеристика состава мобилома ин-
дивидуальных сортов нута и оценка его влияния на фенотипическую изменчивость и адаптацию актуальны. В фо-
кусе нашего внимания были староместные сорта, собранные до «зеленой революции», поскольку они являются 
ценным источником видового разнообразия и могут быть использованы для расширения генетической базы 
современных сортов. Проанализировав 190 геномов нута, мы обнаружили 42 324 сайта инсерции транспозонов 
83 семейств. Большинство инсерций (67 %) вызваны мобилизацией ретротранспозонов. Из ДНК-транспозонов 
наибольшее число инсерций найдено для суперсемейств MuDR, PIF, hAT, CMC и TcMar. Продемонстрирована не-
равномерность распределения сайтов инсерции вдоль хромосом. Анализ локализации сайтов инсерции транс-
позонов относительно генов показал, что наибольшее количество вставок у всех суперсемейств транспозонов 
приходится на интроны, наименьшее – на экзоны. Мы также показали, что сайты встройки транспозонов, кото-
рые до недавнего времени находились вне поля зрения популяционной геномики, являются важным фактором, 
диверсифицирующим фенотипы, что позволяет использовать их в полногеномном поиске ассоциаций в каче-
стве маркеров наряду с однонуклеотидными полиморфизмами. Сравнительный анализ мобиломов сортов из 
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Chickpea diversity driven  
by transposon insertion polymorpism

разных географических регионов выявил существенное отличие эфиопских образцов от образцов других групп, 
собранных в Индии, Узбекистане, Турции, Средиземноморье, на юге России и в Ливане. Совокупность получен-
ных нами данных и результатов – ценный ресурс, который может быть использован в качестве отправной точки 
для селекции улучшенных сортов нута, адаптированных к различным климатическим условиям.
Ключевые слова: нут; транспозоны; полиморфизм; староместные сорта; GWAS; адаптация.

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 Peña, 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 (Mhiri 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 
1 Supplementary Tables S1–S13 are available at:  
https://vavilovj-icg.ru/download/pict-2025-29/appx3.xlsx

https://vavilovj-icg.ru/download/pict-2025-29/appx3.xlsx
https://vavilovj-icg.ru/download/pict-2025-29/appx3.xlsx
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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  
co verage or about 37 Gbytes per sample. Reads were pro-
cessed and aligned to the chickpea genome reference assemb ly 
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 et al., 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 ge nerated. 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 
per formed 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 p­level 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 IIIVmrMLM program in Single_env mode with 
parameters svpal = 0.01 (Li M. et al., 2022a, b) was also used 
for association studies. The IIIVmrMLM 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, IIIVmrMLM estimates the effects of all genes 
and the effects of all interactions simultaneously. However, 
IIIVmrMLM 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 non­zero 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 1­kb 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). A total 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 mobilome. Most insertions are due to mobilization 
of Copia (41 %) and Gypsy (16 %) retrotransposons (Fig. 1b, 
Supplementary Figure S1a)2 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 transpo son 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 kb­flanking 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 gene­specific 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 
 IIIVmrMLM 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–S4 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_StaninF_Engl_29_1.pdf

https://www.pulsedb.org/Analysis/1869759
https://www.pulsedb.org/Analysis/1869759
https://vavilov.elpub.ru/jour/manager/files/Suppl_StaninF_Engl_29_1.pdf
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). 
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84 associations with Astrakhan station data and 114 as-
sociations with Kuban station data were found using the 
 IIIVmrMLM 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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Fig. 3. TE insertion sites as a source of phenotypic variability.
a – Manhattan plot showing associations of TE insertion sites with maturation time; b – Ca_15174 gene structure; c – 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 ) 
gene structure; g, h – height of the first pod in plants from accessions with and without TE insertion. See Figures S2–S4 for the results of transposon insertion 
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 
et al., 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 IIIVmrMLM 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 CV­error 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 χ2 criterion revealed 514 insertion sites, the 
frequency of which in the groups differed from the theoreti-

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 G­proteins of 
plant ROP and also interact with mitogen-activated protein 
kinase 1 (MPK1) from the auxin-responsive MPK cascade 
(Weiß 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 in all 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.
а – population structure of landraces; b – Upset plot of transposon insertion sites. IND, MED, TUR, RUS, UZB, LEB, ETH – groups of accessions of different origin.
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also prevalent in genomes of other plants (Domínguez 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 
fami ly 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 (Domínguez 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 gene­specific regions and their flanking regions with trans-
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Fig. 5. PIF-Harbinger transposon insertion in the Ethiopian group.
a – structure of the Ca_10390 gene with transposon insertion; b – principal 
component plot of bioclimatic variables from the collection sites. The decod-
ing of the bioclimatic variable labels is given in Table S1.
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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 gene­specific 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 IIIVmrMLM 
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 

studies has also been demonstrated in rice and tomato (Akakpo 
et al., 2020; Domínguez 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 5ʹ­flanking 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 (Weiß 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 
(Bour que 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, f ).

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.



V.A. Stanin, М.A. Duk, А.A. Kanapin 
А.A. Samsonova, S.Yu. Surkova, М.G. Samsonova

70 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2025 • 29 • 1

Chickpea diversity driven  
by transposon insertion polymorpism

References
Abbo S., Berger J., Turner N.C. Viewpoint: Evolution of cultivated 

chickpea: four bottlenecks limit diversity and constrain adaptation. 
Funct Plant Biol. 2003;30(10):1081­1087. doi 10.1071/fp03084

Aceituno­Valenzuela U., Micol­Ponce R., Ponce M.R. Genome­wide 
analysis of CCHC­type zinc finger (ZCCHC) proteins in yeast, Ara-
bidopsis, and humans. Cell Mol Life Sci. 2020;77(20):3991-4014. 
doi 10.1007/s00018­020­03518­7

Akakpo R., Carpentier M., Hsing Y.I., Panaud O. The impact of trans-
posable elements on the structure, evolution and function of the 
rice genome. New Phytol. 2020;226(1):44­49. doi 10.1111/nph. 
16356

Alexander D.H., Novembre J., Lange K. Fast model­based estimation 
of ancestry in unrelated individuals. Genome Res. 2009;19(9):1655-
1664. doi 10.1101/gr.094052.109

Alioto T., Alexiou K.G., Bardil A., Barteri F., Castanera R., Cruz F., 
Dhingra A., Duval H., Fernández i Martí Á., Frias L., Galán B., 
García J.L., Howad W., Gómez­Garrido J., Gut M., Julca I., Mo-
rata J., Puigdomènech P., Ribeca P., Rubio Cabetas M.J., Vlasova A., 
Wirthensohn M., Garcia­Mas J., Gabaldón T., Casacuberta J.M., 
Arús P. Transposons played a major role in the diversification be-
tween the closely related almond and peach genomes: results from 
the almond genome sequence. Plant J. 2020;101(2):455-472. doi 
10.1111/tpj.14538

Binder B.M. Ethylene signaling in plants. J Biol Chem. 2020;295(22): 
7710­7725. doi 10.1074/jbc.rev120.010854

Bourque G., Burns K.H., Gehring M., Gorbunova V., Seluanov A., 
Hammell M., Imbeault M., Izsvák Z., Levin H.L., Macfarlan T.S., 
Mager D.L., Feschotte C. Ten things you should know about trans-
posable elements. Genome Biol. 2018;19(1):199. doi 10.1186/
s13059-018-1577-z

Cai X., Lin R., Liang J., King G.J., Wu J., Wang X. Transposable ele-
ment insertion: a hidden major source of domesticated phenotypic 
variation in Brassica rapa. Plant Biotechnol J. 2022;20(7):1298-
1310. doi 10.1111/pbi.13807

Catlin N.S., Josephs E.B. The important contribution of transposable 
elements to phenotypic variation and evolution. Curr Opin Plant 
Biol. 2022;65:102140. doi 10.1016/j.pbi.2021.102140

de la Peña T.C., Pueyo J.J. Legumes in the reclamation of marginal 
soils, from cultivar and inoculant selection to transgenic approaches. 
Agron Sustain Dev. 2012;32:65­91. doi 10.1007/s13593­011­0024­2

Domínguez M., Dugas E., Benchouaia M., Leduque B., Jiménez­
Gómez J.M., Colot V., Quadrana L. The impact of transposable 
elements on tomato diversity. Nat Commun. 2020;11(1):4058. doi 
10.1038/s41467­020­17874­2

Duk M.A., Kanapin A.A., Bankin M.P., Samsonova M.G. Using the 
IIIVmrMLM method to confirm and search new genome­wide asso-
ciations in chickpea. Biofizika = Biophysics. 2024;69(6):1263-1278. 
doi 10.31857/S0006302924060126 (in Russian)

Hijmans R.J., Cameron S.E., Parra J.L., Jones P.G., Jarvis A. Very high 
resolution interpolated climate surfaces for global land areas. Int J 
Clim. 2005;25(15):1965­1978. doi 10.1002/joc.1276

Igolkina A.A., Noujdina N.V., Vishnyakova M., Longcore T., von 
Wett berg E., Nuzhdin S.V., Samsonova M.G. Historical routes for 
diversification of domesticated chickpea inferred from landrace 
geno mics. Mol Biol Evol. 2023;40:msad110. doi 10.1093/molbev/
msad110

Jain M., Misra G., Patel R.K., Priya P., Jhanwar S., Khan A.W., 
Shah N., Singh V.K., Garg R., Jeena G., Yadav M., Kant C., Shar-
ma P.,  Yadav G., Bhatia S., Tyagi A.K., Chattopadhyay D. A draft 
genome sequence of the pulse crop chickpea (Cicer arietinum L.). 
Plant J. 2013;74(5):715­729. doi 10.1111/tpj.12173

Jiang Z., Wang M., Nicolas M., Ogé L., Pérez­Garcia M.­D., Crespel L.,  
Li G., Ding Y., Le Gourrierec J., Grappin P., Sakr S. Glucose- 6-phos-
phate dehydrogenases: the hidden players of plant physiology. Int J 
Mol Sci. 2022;23(24):16128. doi 10.3390/ijms232416128

Kaloki P., Devasirvatham V., Tan D.K.Y. Chickpea abiotic stresses: 
combating drought, heat and cold. In: Abiotic and Biotic Stress in 
Plants. IntechOpen, 2019. doi 10.5772/intechopen.83404

Kang M., Wu H., Liu H., Liu W., Zhu M., Han Y., Liu W., Song C.C.Y., 
Tan L., Yin K., Zhao Y., Yan Z., Lou S., Zan Y., Liu J. The pan­
genome and local adaptation of Arabidopsis thaliana. Nat Commun. 
2023;14(1):6259. doi 10.1038/s41467­023­42029­4

Kofler R., Pandey R.V., Schlotterer C. PoPoolation2: identifying dif-
ferentiation between populations using sequencing of pooled DNA 
samples (Pool-Seq). Bioinformatics. 2011;27(24):3435-3436. doi 
10.1093/bioinformatics/btr589

Kofler R., Gómez­Sánchez D., Schlötterer C. PoPoolationTE2: com-
parative population genomics of transposable elements using Pool-
Seq. Mol Biol Evol. 2016;33(10):2759­2764. doi 10.1093/molbev/
msw137

Li H., Durbin R. Fast and accurate short read alignment with Burrows–
Wheeler transform. Bioinformatics. 2009;25(14):1754-1760. doi 
10.1093/bioinformatics/btp324

Li M., Zhang Y.­W., Xiang Y., Liu M.­H., Zhang Y.­M. IIIVmrMLM: 
the R and C++ tools associated with 3VmrMLM, a comprehensive 
GWAS method for dissecting quantitative traits. Mol Plant. 2022a; 
15(8):1251­1253. doi 10.1016/j.molp.2022.06.002

Li M., Zhang Y.­W., Zhang Z.­C., Xiang Y., Liu M.­H., Zhou Y.­H., 
Zuo J.­F., Zhang H.­Q., Chen Y., Zhang Y.­M. A compressed vari-
ance component mixed model for detecting QTNs and QTN­by­
environment and QTN­by­QTN interactions in genome­wide as-
sociation studies. Mol Plant. 2022b;15(4):630­650. doi 10.1016/ 
j.molp.2022.02.012

Mann H.B., Whitney D.R. On a test of whether one of two random 
variables is stochastically larger than the other. Ann Math Statistics. 
1947;18(1):50­60. doi 10.1214/aoms/1177730491

Mhiri C., Borges F., Grandbastien M.­A. Specificities and dynamics of 
transposable elements in land plants. Biology. 2022;11(4):488. doi 
10.3390/biology11040488

Mokhtar M.M., Alsamman A.M., Abd-Elhalim H.M., Allali A.E. 
 CicerSpTEdb: a web-based database for high-resolution ge-
nome­wide identification of transposable elements in Cicer spe-
cies. PLoS One. 2021;16(11):e0259540. doi 10.1371/journal.pone. 
0259540

Niu X.­M., Xu Y.­C., Li Z.­W., Bian Y.­T., Hou X.­H., Chen J.­F., 
Zou Y.­P., Jiang J., Wu Q., Ge S., Balasubramanian S., Guo Y.­L. 
Transposable elements drive rapid phenotypic variation in Capsella 
rubella. Proc Natl Acad Sci USA. 2019;116(14):6908-6913. doi 
10.1073/pnas.1811498116

Pulido M., Casacuberta J.M. Transposable element evolution in plant 
genome ecosystems. Curr Opin Plant Biol. 2023;75:102418. doi 
10.1016/j.pbi.2023.102418

Qiu Y., O’Connor C.H., Della Coletta R., Renk J.S., Monnahan P.J., 
Noshay J.M., Liang Z., Gilbert A., Anderson S.N., McGaugh S.E., 
Springer N.M., Hirsch C.N. Whole-genome variation of transpos-
able element insertions in a maize diversity panel. G3 (Bethesda). 
2021;11(10):jkab238. doi 10.1093/g3journal/jkab238

Quesneville H. Twenty years of transposable element analysis in the 
Arabidopsis thaliana genome. Mob DNA. 2020;11:28. doi 10.1186/
s13100-020-00223-x

Radkova M., Revalska M., Kertikova D., Iantcheva A. Zinc finger 
CCHC-type protein related with seed size in model legume species 
Medicago truncatula. Biotechnol Biotechnol Equip. 2019;33(1):278-
285. doi 10.1080/13102818.2019.1568914

Schrader L., Schmitz J. The impact of transposable elements in adap-
tive evolution. Mol Ecol. 2019;28(6):1537­1549. doi 10.1111/mec. 
14794

Sokolkova A., Bulyntsev S.V., Chang P.L., Carrasquilla-Garcia N., 
Igolkina A.A., Noujdina N.V., von Wettberg E., Vishnyakova M.A., 
Cook D.R., Nuzhdin S.V., Samsonova M.G. Genomic analysis of 
Vavilov’s historic chickpea landraces reveals footprints of environ-

https://www.scopus.com/authid/detail.uri?authorId=27267862700
https://www.scopus.com/authid/detail.uri?authorId=23008052400
https://www.scopus.com/authid/detail.uri?authorId=6507232365
https://www.scopus.com/authid/detail.uri?authorId=6603304056
https://www.scopus.com/authid/detail.uri?authorId=35608505100


Разнообразие нута, обусловленноe  
полиморфизмом вставок транспозонов

B.A. Станин, М.A. Дук, А.A. Канапин 
А.А. Самсонова, С.Ю. Суркова, М.Г. Самсонова

2025
29 • 1

71ГЕНЕТИКА И СЕЛЕКЦИЯ РАСТЕНИЙ / PLANT GENETICS AND BREEDING

Conflict of interest. The authors declare no conflict of interest.
Received July 28, 2024. Revised November 19, 2024. Accepted November 26, 2024. 

mental and human selection. Int J Mol Sci. 2020;21(11):3952. doi 
10.3390/ijms21113952

Sultana T., Zamborlini A., Cristofari G., Lesage P. Integration site se-
lection by retroviruses and transposable elements in eukaryotes. Nat 
Rev Genet. 2017;18(5):292­308. doi 10.1038/nrg.2017.7

Varshney R., Song C., Saxena R., Azam S., Yu S., Sharpe A.G., Can-
non S., … Singh K.B., Datta S.K., Jackson S.A., Wang J., Cook D.R. 
Draft genome sequence of chickpea (Cicer arietinum) provides a re-
source for trait improvement. Nat Biotechnol. 2013;31(3):240-246. 
doi 10.1038/nbt.2491

Varshney R., Thudi M., Roorkiwal M., He W., Upadhyaya H.D., 
Yang W., Bajaj P., … Sutton T., von Wettberg E., Vigouroux Y., 
Xu X., Liu X. Resequencing of 429 chickpea accessions from 
45 countries provides insights into genome diversity, domestication 
and agronomic traits. Nat Genet. 2019;51(5):857­864. doi 10.1038/
s41588-019-0401-3

Vourlaki I.-T., Castanera R., Ramos-Onsins S.E., Casacuberta J.M., 
Pérez­Enciso M. Transposable element polymorphisms improve 
prediction of complex agronomic traits in rice. Theor Appl Genet. 
2022;135(9):3211­3222. doi 10.1007/s00122­022­04180­2

Weiß L., Gaelings L., Reiner T., Mergner J., Kuster B., Fehér A., 
Hensel G., Gahrtz M., Kumlehn J., Engelhardt S., Hückelhoven R. 
Posttranslational modification of the RHO of plants protein RACB 
by phosphorylation and cross-kingdom conserved ubiquitina-
tion. PLoS One. 2022;17(3):e0258924. doi 10.1371/journal.pone. 
0258924

Wuriyanghan H., Zhang B., Cao W.­H., Ma B., Lei G., Liu Y.­F., Wei W., 
Wu H.­J., Chen L.­J., Chen H.­W., Cao Y.­R., He S.­J., Zhang W.­K., 
Wang X.­J., Chen S.­Y., Zhang J.­S. The ethylene receptor ETR2 
delays floral transition and affects starch accumulation in rice. Plant 
Cell. 2009;21(5):1473­1494. doi 10.1105/tpc.108.065391

Yan H., Haak D.C., Li S., Huang L., Bombarely A. Exploring transpos-
able element-based markers to identify allelic variations underly-
ing agronomic traits in rice. Plant Commun. 2022;3(3):100270. doi 
10.1016/j.xplc.2021.100270

Zhao Y., Li X., Xie J., Xu W., Chen S., Zhang X., Liu S., Wu J., El­
Kassaby Y.A., Zhang D. Transposable elements: distribution, poly-
morphism, and climate adaptation in populus. Front Plant Sci. 2022; 
13:814718. doi 10.3389/fpls.2022.814718



Evaluation of the biodiversity of arbuscular mycorrhizal fungi 
during regenerative succession in quarries
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Аннотация. Грибы арбускулярной микоризы (АМГ) играют ключевую роль в восстановительных сукцессиях 
растительных сообществ после антропогенных нарушений, в частности на песчаных карьерах. АМГ помога-
ют растениям в водном и минеральном питании, ускоряя восстановление растительного покрова. Целью ис-
следования было изучить биоразнообразие АМГ молекулярно-генетическими методами на разных стадиях 
зараста ния двух карьеров Ленинградской области. Молекулярно-генетическая идентификация грибов про-
водилась с использованием анализа Illumina MiSeq по регионам ITS1 и ITS2 в качестве баркода для поиска 
операционных таксономических единиц с идентификацией микроорганизмов до вида. Референсом служила 
адаптированная и проверенная на ошибки база генетических последовательностей АМГ из NCBI. В исследо-
вании использовалась оптимизированная для песчаных почв методика выделения нуклеиновых кислот. Мак-
симальное биоразнообразие АМГ наблюдалось на начальных стадиях зарастания – пионерной и злаковой. На 
кустарниковой стадии разнообразие снижалось в пять раз, а затем на лесной стадии восстанавливалось почти 
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до уровня злаковой. Биоразнообразие и видовой состав АМГ могут значительно меняться между стадиями 
восстановительной сукцессии, что может в первую очередь зависеть от биоразнообразия трав, с которым АМГ 
вступают в симбиотические отношения наиболее эффективно. Показана достоверная отрицательная корреля-
ция между числом видов АМГ и числом видов древесных растений. Проведенное исследование может помочь 
в понимании того, как развивается растительно-грибной симбиоз в восстановительных сукцессиях и какие 
АМГ наиболее эффективно помогают в восстановлении растительного покрова.
Ключевые слова: грибы арбускулярной микоризы; биоразнообразие; восстановительная сукцессия; песчаный 
карьер; Illumina.

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 MiSeq. 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 (Öpik 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 × 5 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 Illumina 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 μL of CTAB buffer (2 % CTAB; 1.4 M NaCl; 20 mM 
EDTA; 100 mM Tris-HCl 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 μL 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 NaCl, 
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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 AMРure XP magnetic particles (Beck-
man Coulter, USA).

The purified DNA was used for a separate PCR of the ITS1 
and ITS2 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 Illumina 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 × 300 n.) (Illumina, Inc., USA). The identified sequences 
were then processed with the Illumina software (Illumina, 
Inc., USA). Illumina 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/
PRJNA997898/, BioProject ID: PRJNA997898).

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.

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 
(Glomeromycotina)) 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, DMg

Shannon diversity  
ndex, HN

Williams polydominance 
index, D–1

1 Pioneer Kalelovo 1.33ab 1.59c 2.06c

2a Grass 0.89c 0.92d 1.46d

2b Grass Kuzmolovo 1.18b 2.97a 6.95a

3 Shrub 0.26d 0.26e 1.09d

4 Forest 1.51a 2.07b 3.58b

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.

1 2a 2b 3 4

Ascomycota 124 78 126 86 118

Zoopagomycota 1 0 2 2 1

Basidiomycota 106 52 82 68 96

Chytridiomycota 4 0 2 0 2

Mucoromycota (Glomeromycotina) 10 7 11 2 8

Mucoromycota (Mortierellomycotina) 6 1 11 7 15

Mucoromycota (Mucoromycotina) 3 1 11 1 9

Cryptomycota 4 2 5 1 17
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Entrophospora claroideum 
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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-
mycota 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, 
Schüßler, 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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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; this is 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 

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. Öpik (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, Öpik, 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 

Fig. 2. Read proportion based on the Illumina MiSeq sequencing results for the fungal kingdom divisions.
Succession numbers correspond to Table 1.
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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).

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 α-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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Симбиоз внутриклеточных бактерий Wolbachia с насекомыми: 
некоторые итоги ста лет изучения
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Аннотация. Wolbachia pipientis – α-протеобактерия, широко распространенный внутриклеточный симбионт у ряда 
видов Arthropoda и некоторых видов Nematoda. Вместе с насекомыми W. pipientis образует систему «симбионт–хо-
зяин», характеризующуюся очень тесными взаимодействиями между ее компонентами. Влияния в обоих направле-
ниях, которые оказывает как вольбахия на хозяина, так и хозяин на вольбахию, являются важными биотическими 
факторами для обеих составляющих этой симбиотической системы. Вольбахия способна оказывать воздействие как 
на размножение хозяина, так и на работу соматических органов. Благодаря своей распространенности среди насе-
комых и большому разнообразию как отрицательных (среди самых известных примеров – цитоплазматическая не-
совместимость и андроцид), так и положительных эффектов (повышение устойчивости к биотическим и абиотиче-
ским факторам, обеспечение витаминами и метаболитами), оказываемых на организм хозяина, вольбахия вызывает 
огромный интерес у энтомологов и микробиологов. Разнообразие вызываемых вольбахией фенотипов хозяина 
обеспечивает широкий выбор эволюционных стратегий, таких как репродуктивный паразитизм или взаимовыгод-
ные отношения между симбионтом и хозяином, которыми она пользуется. Влияние вольбахии необходимо учиты-
вать при постановке любого эксперимента, проводимого на насекомых. Применение технологий секвенирования 
привело к появлению новых подходов для изучения существующих связей внутри системы «Wolbachia–насекомое», 
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однако интерпретация полученных данных представляет определенную сложность. Тем не менее перспективы 
использования данных полногеномного анализа для изучения коэволюции Wolbachia и хозяина не вызывают со-
мнений. Активно осуществляются проекты по внедрению в популяции насекомых штаммов вольбахии, обеспечи-
вающих противовирусную защиту хозяина, для контроля распространения РНК-вирусов, что может способствовать 
спасению многих человеческих жизней. Целью этого обзора стало обобщение данных, полученных учеными за про-
шедшие сто лет изучения Wolbachia, и современных представлений о ее генетическом разнообразии и механизмах 
взаимодействия с хозяином, в том числе основанных на данных транскриптомного анализа. 
Ключевые слова: Wolbachia; насекомые; Drosophila melanogaster

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 α-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 
α-pro teobacteria (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 
et al., 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 µm) 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). 
Never theless, 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 

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.

Wolbachia­induced 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. 
а – 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 
et al., 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 
et al., 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 

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 et al., 2013; Gu et al., 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 fbpA 
(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 
et al., 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 

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 re ferred 
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 
WD0516/7 – 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; Ilinsky, 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).
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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 
et al., 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, 2006).

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).

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.

It is 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. melano gas­
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 

indicated strain was introduced by artificial transinfec-
tion of Wolbachia (Detcharoen et al., 2021). The detected 
diff erences 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 
et al., 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 
wMelCS112 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.
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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 
cholangio fibrosis, 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-1β, IL-6, and TNF) and in mRNA expression of genes Aif1, Il1b, Il6, 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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Ось «печень-мозг» при хронической инфекции  
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Аннотация. Описторхоз – паразитарное заболевание, вызываемое трематодами семейства Opisthorchiidae, к 
которому относится вид Opisthorchis felineus, максимально представленный у жителей Обь-Иртышского речного 
бассейна Западной Сибири. Хроническое употребление алкоголя влечет за собой неизлечимые заболевания пе-
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чени, которые могут быть усугублены привнесением гельминтной инфекции. Хроническое воспаление на фоне 
двух воздействий может вызывать нарушения в других органах и системах, в том числе в центральной нерв-
ной системе. Сочетание длительного потребления 20 % этанола и инфекции O. felineus моделировали у мышей 
C57BL/6 с целью исследования изменений в мозге таких животных. Были сформированы четыре группы мышей: 
OF – мыши, инфицированные O. felineus в течение 6 мес; Eth – мыши, потребляющие 20 % этанол; Eth+OF – мыши 
с сочетанным действием двух факторов; CON – контрольные мыши, не испытывающие эти воздействия. Оба фак-
тора вызывали у мышей, особенно в группе Eth+OF, выраженные перидуктальный фиброз и холангиофиброз, 
пролиферацию желчных протоков и увеличение участков воспалительной инфильтрации в паренхиме печени. 
Одновременно с нарушениями в печени, во фронтальной коре мозга инфекционный фактор обусловливал уси-
ление перицеллюлярного отека (мыши OF), сдерживаемого введением этанола (мыши Eth+OF). Также обнаруже-
ны колебания уровней белка (Iba1, IL-1β, IL-6, TNF) и экспрессии генов Aif1, Il1b, Il6 и Tnf в гиппокампе и особенно 
во фронтальной коре, предполагающие регион-специфическое нейровоспаление. Поведенческое тестирование 
мышей показало, что потребление этанола влияло на поведение мышей Eth and Eth+OF в тесте принудительного 
плавания и на Startle-рефлекс. В тесте открытого поля более выраженные изменения происходили у мышей OF. 
У животных всех трех экспериментальных групп, но особенно у OF, выявлена аномалия обоняния (на свежие 
листья мяты перечной). Полученные данные могут отражать нарушение регуляторных механизмов в головном 
мозге вследствие системного воспаления при сочетанном действии длительного употребления алкоголя и гель-
минтной инфекции. 
Ключевые слова: мыши; инфекция Opisthorchis felineus; хроническое потребление этанола; печень; мозг; микро-
глия; провоспалительные цитокины; поведение.

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; Akh medov, 
Kritevich, 2009; Bychkov et al., 2011), including the central 
nervous system (CNS) (Lvova et al., 2020; Avgustino vich 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-1β), 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  IL-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-1β, 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, Mormède, 
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 °С 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 

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 × 14 × 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 (qPCR). 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, Mormède, 1998). When animals are first 
exposed to an unfamiliar open space, behavioral responses 
are believed to be mediated by anxiety, whereas repeated 

START

CON

OF

Eth

Eth+OF
END

Month 1 Month 2 Month 3

O. felineus      infection

O. felineus      infection

20 % ethanol consumption

20 % ethanol consumption

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

St – startle reflex,  
182–185 days post infection

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

BS – biomaterial samples,  
198–199 days post infection

Month 4 Month 5

OpFi St FST BS

Month 6

Fig. 1. Design of the experiment.
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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 × 40 cm 
field made of white plastic material was utilized, which was 
visibly subdivided into squares (4 × 4) with a side of 10 cm. 
The illumination at the field level was 320 lx. 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 Р 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 qPCR. 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 

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 qPCR. 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 Hprt1 (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: Aif1 (a marker of microglial 
activity) and Il1b, Il6, and Tnf (markers of inflammation).

Sequences of the chosen primers were as follows:
1 Actb (F)   5′-TATTGGCAACGAGCGGTTCC

(R)   5′-TGGCATAGAGGTCTTTACGG
2 Aif1 (F)   5′-GGATTTGCAGGGAGGAAAA

(R)   5′-TGGGATCATCGAGGAATTG
3 B2m (F)   5′-CTGCTACGTAACACAGTTCCACCC

(R)   5′-CATGATGCTTGATCACATGTCTCG
4 Hprt1 (F)   5′-GAGGAGTCCTGTTGATGTTGCCAG

(R)   5′-GGCTGGCCTATAGGCTCATAGTGC
5 Il1b (F)   5′-ACACTCCTTAGTCCTCGGCCA

(R)   5′-CCATCAGAGGCAAGGAGGAA
6 Il6 (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 × 150 × 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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station (Thermo Scientific, USA). Sections with a thickness 
of 3.5‒4.0 µm were prepared on a Microm HM 355S 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 × 105 µm2. 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 (Iba1) (Abcam, 
cat. # ab5076, dilution 1:300), IL-6 (Abcam, ab6672, 1:100), 
TNF (Abcam, ab6671, 1:100), and IL-1β (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 % H2O2. 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 anti bodies 
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 

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). 
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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

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 Iba1-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-1β-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 

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; 
ooo p < 0.001; (o) 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.
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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-1β, 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; o p < 0.05 and ooo p < 0.001 in comparison with 
group OF; e p < 0.05 and eee 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. 

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 

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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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.

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 Aif1 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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FOF(1,31) = 15.61 p < 0.001
FEth(1,31) = 23.52 p < 0.001
FEth+OF(1,31) = 25.94 p < 0.001

FOF(1,32) = 0.00 p = 0.963
FEth(1,32) = 0.68 p = 0.415
FEth+OF(1,32) = 13.18 p = 0.001

FOF(1,31) = 0.41 p = 0.529
FEth(1,31) = 2.41 p = 0.130
FEth+OF(1,31) = 1.10 p = 0.302

FOF(1,25) = 2.82 p = 0.106
FEth(1,25) = 2.13 p = 0.157
FEth+OF(1,25) = 8.28 p = 0.008

FOF(1,34) = 4.98 p = 0.032
FEth(1,34) = 10.22 p = 0.003
FEth+OF(1,34) = 5.27 p = 0.028

FOF(1,34) = 0.55 p = 0.463
FEth(1,34) = 0.32 p = 0.576
FEth+OF(1,34) = 11.65 p = 0.002

FOF(1,34) = 7.64 p = 0.009
FEth(1,34) = 0.54 p = 0.467
FEth+OF(1,34) = 1.50 p = 0.229
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Fig. 5. Relative levels of mRNA expression of genes Aif1, Il1b, Il6, 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; o p < 0.05, oo  p < 0.01, ooo p < 0.001, (o) 0.05 < p < 0.1 in com-
parison with group OF; e p < 0.05, ee p < 0.01, eee p < 0.001 in comparison with group Eth.
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the factors was noted to cause underexpression of the Aif1 
gene in Eth+OF mice. In the frontal cortex, on the contrary, 
ethanol consumption contributed to Aif1 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 Il1b 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 Il6 gene in the 
hippocampus (Fig. 5E). The infection factor had a significant 
effect on the Il6 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. 5H); 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 [FEth(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 

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 

Fig. 6. Prepulse inhibition (PPI) (A) of the startle response to an acous-
tic stimulus and startle amplitude  (B) in response to the first  (Р1) and 
10th (Р10) 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; oo  p < 0.01 in comparison 
with OF  mice; e  p < 0.05 in comparison with group Eth; #  p < 0.05 and  
(#)  0.05  <  p  <  0.1 in comparison with the Р1  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).
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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. o p < 0.05 and (o) 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. 
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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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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-κB 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-1β, 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.

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, 
edema is 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-1β, IL-6, and IFN-γ) 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 
micro glial cells, without a loss of neurons (Korbo, 1999). 
Apparent ly, 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 

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. oo  p < 0.01 
and (o) 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.
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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 Aif1 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., 2022а). It is important that when the 
two factors acted together, Aif1 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 
(Fu et al., 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 Aif1 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 Iba1-
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 Aif1 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 Aif1 
gene and of a protein (Iba1) 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 Aif1 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 Iba1 protein. 

It has been reported that peripheral insults (an LPS or 
bacterial challenge or ethanol) that cause microglial activa-

tion induce upregulation of proinflammatory cytokines (TNF, 
IL-1β, 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-1β, 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-1β, IL-6, 
and TNF) in response to the adverse factors.

The expression of the Il1b 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 
Il6 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 Il6 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-1β, 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). А 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).

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 
et al., 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-1β, IL-6, 
TNF, 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-
teris tics of microglia and on proinflammatory cytokines, and 
these effects are brain region-specific. For instance, in the 
hippocampus, the infectious factor attenuated ethanol-induced 
Aif1 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 Il1b 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-1β, 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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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.
Key words: Hymenoptera; Pteromalidae; parasitoids; chromosomes; karyotype; DNA barcoding; endosymbionts.
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Наименьшее число хромосом в семействе Pteromalidae 
(Hymenoptera: Chalcidoidea): кариотип и другие генетические 
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Аннотация. Изучены различные генетические особенности культуры hitman широко распространенного пара-
зитоида Drosophilidae (Diptera) Pachycrepoideus vindemmiae (Rondani, 1875) (Pteromalidae, Pachyneurinae), создан-
ной и поддерживаемой в Институте цитологии и генетики Сибирского отделения Российской академии наук 
(Новосибирск, Россия). Анализ высушенных на воздухе хромосомных препаратов, полученных из предкуколок, 
показывает, что число хромосом для самцов и самок этого наездника составляет n = 4 и 2n = 8 соответственно; 
это наименьшее из известных для семейства Pteromalidae. Все хромосомы в кариотипе данного вида являются 
метацентриками. Первая и вторая хромосомы близки по размерам, остальные существенно короче. Такие же ре-
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зультаты получены еще для одной культуры этого вида, содержавшейся в Московском государственном универ-
ситете (Россия). Сравнение последовательности ДНК баркодинг-участка, т. е. митохондриального гена цитохром 
c-оксидазы (COI) культуры hitman P. vindemmiae, с информацией, доступной в базах данных GenBank и BoLD, пока-
зало, что эта культура кластеризуется с конспецифичными особями, происходящими из Китая, Турции и Италии. 
Хотя некоторые эндосимбионты ранее указывались как для рода Pachycrepoideus Ashmead, 1904, так и для само-
го P. vindemmiae, оказалось, что культура hitman свободна от эндосимбиотических бактерий, принадлежащих к 
родам Arsenophonus Gherna et al., 1991, Cardinium Zchori-Fein et al., 2004, Rickettsia da Rocha-Lima, 1916, Spiroplasma 
Saglio et al., 1973 и Wolbachia Hertig, 1936. Вышеприведенные данные пополняют наши знания о различных гене-
тических особенностях наездников семейства Pteromalidae, и в частности P. vindemmiae. 
Ключевые слова: Hymenoptera; Pteromalidae; наездники; хромосомы; кариотип; ДНК-баркодинг; эндосимбионты.

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. l. have been studied up to 
now (Gokhman, 2024), as opposed to about 230 members of 
other Chalcidoidea (Gokhman, 2009, 2020). Among other 
Pte romalidae 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 c 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 
et al., 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 I (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 II (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 III (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 
mito tic 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 µl extrac-
tion buffer (0.1M NaCl, 10 mM Tris HCl (pH 8.0), 25 mM 
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EDTA, 0.5 % SDS) and incubated at 56 °C for an hour. DNA 
was then salted out with 100 µl 5M potassium acetate/3M 
acetic acid with further precipitation and dissolution in 100 µl 
double-distilled water. All PCRs were carried out in 20 μl 
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 μl 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 (ExoI) (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 
COI 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.ncbi.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 MEGA6 software 
(Tamura et al., 2013) under the General Time Reversible model 
as the best fit and bootstrapping at 1,000 iterations.

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-

Table 1. Primers used in this study

Primers Target genes Sequences (5’–3’) References

LCO1490 COI 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

glt1 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 et al., 2002

ftsZunif2 ATCRATRCCAGTTGCAAG

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

ftsZ_R1 TCRAGYAATGGATTRGATAT

Fig.  1.  Karyograms of P. vindemmiae: a  – male (haploid), b  – female 
(diploid).
Bar = 10 μm.

Table 2. Relative lengths (RLs) and centromeric indices (CIs)  
of P. vindemmiae chro mosomes (mean ± SD)

Chromosome no. RL CI

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 ± 2.81

a

b
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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. l., 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 
et al., 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 

Fig. 2. The maximum likelihood (ML) phylogenetic tree of Pachycrepoideus COI 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.
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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), Buryat skaya (n = 30), 
Vyatskaya (n = 220), Zabaikalskaya (n = 34), Kyrgyzskaya (n = 100), Mezenskaya (n = 148), Mugalzhar skaya  (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, HMS1O, 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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Генетическая характеристика лошадей местных пород  
по локусам микросателлитов ДНК
Н.В. Блохина  , Л.А. Храброва 

Всероссийский научно-исследовательский институт коневодства, пос. Дивово, Рыбновский район, Рязанская область, Россия
 nbloh16@yandex.ru

Аннотация. Россия обладает значительным породным разнообразием конских пород с уникальными генофон-
дами, которые хорошо адаптированы к самым разнообразным суровым природно-климатическим условиям, 
характеризуются универсальной работоспособностью, высокими продуктивными качествами и представляют 
существенный интерес для мирового коневодства. Генетические исследования популяционного разнообразия 
в коневодстве являются весьма актуальными, так как многие отечественные породы лошадей находятся под 
угрозой исчезновения. Для исследований были отобраны биоматериалы (волосы, кровь, сперма) от лошадей 
15 местных пород, разводимых в России и сопредельных странах. Выборка включала 2193 лошади алтайской 
(n = 48), башкирской (n = 130), бурятской (n = 30), вятской (n = 220), забайкальской (n = 34), кыргызской (n = 100), 
мезенской (n  =  148), мугалжарской (n  =  109), новоалтайской (n  =  514), печорской (n  =  31), шетлендских пони 
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(n = 47), приобской (n = 85), тувинской (n = 600), хакасской (n = 47) и якутской (n = 50) пород. При проведении 
генетико-популяционного анализа использовали следующие показатели: общее количество вариантов аллелей 
(Na) в 17 микросателлитных локусах, уровень полиморфности (Ae), среднее число аллелей на локус (Nv), наблю-
даемая (Ho) и ожидаемая (He) гетерозиготность, коэффициенты генетического сходства и генетических дистан-
ций, коэффициент внутрипопуляционного инбридинга (Fis). Современные местные породы лошадей даже при 
сравнительно небольшой численности имеют высокий уровень биоразнообразия и своеобразную генетиче-
скую структуру, часто с наличием приватных аллелей, которая сохраняется несмотря на периодическое скрещи-
вание с заводскими породами разной специализации. Установлено, что лошади местных пород обладают рядом 
уникальных аллелей, включая ASB2T, HMS7S, HMS6J, HMS6H, HMS2T, HMS1O, HTG7L, HTG6L, HTG6H, VHL20S, ASB17Z, 
ASB17X, ASB17U, LEX3S, LEX3R и CA425E, которые не выявлены у представителей заводских пород в изученных 
европейских популяциях. Для большинства изученных пород было характерно отрицательное значение Fis и 
отсутствие внутрипородного инбридинга. Коэффициенты генетического сходства местных пород менялись в 
сравнительно широком диапазоне (0.828–0.973) и свидетельствовали об уникальности генофондов большин-
ства местных конских пород в России, а также подтверждали общность происхождения кыргызской лошади с 
популяциями лошадей Южной Сибири.
Ключевые слова: Equus caballus; генетическое разнообразие; микросателлиты ДНК; местные породы; лошадь.

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, Vyatskaya, 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
sei skaya 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 Vyatskaya, Mezenskaya, Pechorskaya and 
Priobskaya breeds, which are in urgent need of conservation 
measures. Therefore, comprehensive programs are needed to 
preserve small­numbered 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 
et al., 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  
of samples taken

Total number  
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).

Endangered breeds
Modern breeds

Кабардинская/ 
Kabardinskaya

Карачаевская/ 
Karachaevskaya

Якутская/Yakutskaya  
Коренной (аборигенный) тип

Якутская/Yakutskaya  
Янский тип

Якутская/Yakutskaya  
Колымский тип

Забайкальская/
Zabaikalskaya

Тувинская/
TuvinskayaАлтайская/

Altayskaya

Новоалтайская/
Novoaltayskaya

Вятская/Vyatskaya
Приобская/Priobskaya

Тавдинская/Tavdinskaya

Казахская/Kazakhskaya

Печорская/Pechorskaya

Мезенская/Mezenskaya

Мегеджекская/Megezhekskaya

Ульдургинская/Uldurginskaya

Бурятская/Buryatskaya

Хакасская/Khakasskaya
Верхнеенисейская/Verhneeniseiskaya

Чумышская/Chumyshskaya

Кузнецкая/Kuznetskaya

Нарымская/Narumskaya
Кушумская/Kushumskaya

Калмыцкая/Kalmutskaya
Башкирская/Bashkirskaya

Татарская/Tatarskaya

RANGES OF LOCAL HORSE BREEDS IN THE RUSSIAN FEDERATION

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), 
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), 
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 
All­Russian Research Institute for Horse Breeding for 17 STR 
DNA loci: HMS2, HMS3, HMS1, AHT4, VHL20, AHT5, 
HTG7, HTG6, HTG4, HTG10, HMS7, HMS6, ASB23, ASB2, 
ASB17, LEX3 and CA425, using standardized techniques 
recommended by ISAG.
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Table 2. Characteristics of horses of native breeds (n = 2,193) according to 17 STR DNA markers

Breed n Na Nv Ае Ho He Fis HWE

Altaiskaya 48 134 7.880 4.761 0.784 ± 0.025 0.759 ± 0.024 –0.038 ***

Bashkirskaya 130 153 9.001 4.837 0.778 ± 0.023 0.774 ± 0.018 –0.005 ns

Buryatskaya 30 117 6.883 4.420 0.740 ± 0.025 0.750 ± 0.017 0.012 ***

Vyatskaya 220 129 7.588 4.101 0.738 ± 0.028 0.723 ± 0.027 –0.022 ns

Zabaikalskaya 34 129 7.588 4.579 0.747 ± 0.024 0.763 ± 0.020 0.015 **

Kyrgyzskaya 100 153 9.000 5.080 0.766 ± 0.020 0.781 ± 0.019 0.016 **

Mezenskaya 148 132 7.764 4.197 0.736 ± 0.033 0.723 ± 0.032 –0.021 ns

Mugalzharskaya 109 154 9.060 5.051 0.801 ± 0.022 0.781 ± 0.019 –0.025 ns

Novoaltaiskaya 514 158 9.294 4.923 0.752 ± 0.031 0.757 ± 0.029 0.006 ns

Pechorskaya 31 121 7.117 4.580 0.755 ± 0.035 0.755 ± 0.023 –0.006 **

Shetland pony 47 131 7.705 4.337 0.714 ± 0.024 0.748 ± 0.020 0.046 ***

Priobskaya 85 147 8.647 4.661 0.702 ± 0.026 0.752 ± 0.027 0.058 **

Tuvinskaya 600 170 10.000 5.186 0.754 ± 0.025 0.782 ± 0.021 0.028 ns

Khakasskaya 47 123 7.235 4.299 0.729 ± 0.031 0.745 ± 0.020 0.025 ns

Yakutskaya 50 128 7.529 4.307 0.693 ± 0.032 0.740 ± 0.025 0.055 **

Russian Heavy Draft* 615 138 8.117 3.667 0.674 ± 0.030 0.689 ± 0.030 0.015 ns

Soviet Heavy Draft* 286 129 7.587 3.871 0.694 ± 0.043 0.697 ± 0.042 0.004 ns

Notе. 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.

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 
17­plex 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 4­capillary 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 
soft­statistica.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 Neighbor­Net algorithm using the SplitsTree4 4.14.5 

program (https://www.advanceduninstaller.com/SplitsTree4­
4_14_5­72c0418345e4a971ba5b353bfae970d6­application.
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 Buryat skaya 
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 
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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, Vyatskaya, 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, Vyatskaya, 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 et al., 2010), namely alleles: HMS7S, HMS6J, HMS6H, 
HMS2T, HMS1O, 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), AHT4O 
(0.417), HTG7O (0.437), HTG7K (0.425), HTG6O (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 (HTG10O – 
0.447, HTG6O – 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 
Vyatskaya 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), HTG6O (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: HTG6O (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 
LEX3I (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 HTG6R allele was detected only in horses of four 
breeds: Kyrgyzskaya (0.005), Mugalzharskaya (0.007), Pri­

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 (I, 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 Vyatskaya 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 
Kyr gyzskaya 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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Fig. 2. Histogram of allele frequencies at the LEX3 locus in horses of local breeds.
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Table 3. Coefficients of genetic kinship and genetic distances in horses of local breeds
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Altaiskaya х 0.886 0.862 0.911 0.938 0.805 0.878 0.872 0.901 0.866 0.852 0.777 0.924 0.870 0.844 0.829

Bashkirskaya 0.114 х 0.869 0.903 0.939 0.840 0.890 0.817 0.886 0.856 0.841 0.814 0.945 0.915 0.864 0.800

Buryatskaya 0.138 0.131 х 0.872 0.914 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 х 0.934 0.816 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 х 0.850 0.909 0.864 0.916 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 х 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 х 0.782 0.885 0.787 0.819 0.768 0.913 0.867 0.855 0.788

Vyatskaya 0.128 0.183 0.179 0.158 0.136 0.219 0.218 х 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 х 0.879 0.888 0.775 0.911 0.914 0.846 0.820

Pechorskaya 0.134 0.144 0.169 0.142 0.112 0.169 0.213 0.184 0.121 х 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 х 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 х 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 х 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 х 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 х 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 х
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Fig. 3. Dendrogram of genetic distances between native horse breeds, constructed using the Neighbor-Net method.
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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 forest­steppe 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 Vyatskaya 
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 (Van 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, 
HMS1O, 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; 
Bash kirskaya – ASB17U; Altaiskaya – HMS2T; Buryat­
skaya – HTG6L, HTG6H; Vyatskaya – AHT5P, HTG6L; 
Mezenskaya – ASB17Y, ASB17X, HMS6J, LEX3R, LEX3S. 
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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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 MSS51 (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 MSS51 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.

For citation: Igoshin A.V., Yudin N.S., Larkin D.M. Association of two missense mutations in the MSS51 and KAT6B genes 
with body weight at different ages in cows of the Yaroslavl breed. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet 
Breed. 2025;29(1):122-127. doi 10.18699/vjgb-25-14

Funding. This work was supported by State Budget Project No. FWNR-2024-0012.

Ассоциация двух миссенс-мутаций в генах MSS51 и KAT6B 
с массой тела в разном возрасте у коров ярославской породы 
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Аннотация. Ярославская порода крупного рогатого скота – отечественная порода молочного направления 
продуктивности, выведенная в XIX в. на основе северного великорусского скота, адаптированного к суровому 
климату и скудному рациону. Ранее у животных этой породы мы обнаружили две высокочастотные почти поро-
доспецифичные миссенс-мутации в генах MSS51 (Ala415Glu) и KAT6B (Val105Met), которые имели отрицательную 
связь с массой тела на выборке из 30 животных. Целью работы было подтверждение ассоциации миссенс-мута-
ций в генах MSS51 и KAT6B, а также мутантного гаплотипа, содержащего обе мутации, с живой массой в разном 
возрасте у коров ярославской породы на расширенной выборке животных. Мы генотипировали 113 коров по 
вышеупомянутым миссенс-вариантам и на объединенной с предыдущими данными выборке в 143 животных 
провели анализ ассоциаций с живой массой в возрасте 0, 6, 10, 12, 15 и 18 мес. с использованием линейной ре-
грессии и однофакторного дисперсионного анализа. С помощью линейной регрессии для мутации в гене KAT6B 
были выявлены значимые ассоциации с живой массой в возрасте 6, 12 и 18 мес. Мутация в гене MSS51 была 
ассоциирована с живой массой в возрасте 6, 12, 15 и 18 мес. Гаплотип с обеими мутациями был ассоциирован с 
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живой массой во всех возрастах, от 6 до 18 мес. включительно. По результатам однофакторного дисперсионно-
го анализа значимые ассоциации живой массы с генотипами по мутации в гене KAT6B были обнаружены только 
в возрасте 6 мес. Для мутации в гене MSS51, как и для мутантного гаплотипа, ассоциации имелись в возрасте 
6, 12, 15 и 18 мес. В обоих статистических тестах наибольшей значимости достигла ассоциация не с отдельны-
ми вариантами, а с мутантным гаплотипом. Полученные данные могут быть использованы при селекции для 
производства говядины за счет откормочного контингента молодняка, а также помесей ярославской породы с 
быками мясных пород.
Ключевые слова: ярославская порода; живая масса; возраст; ген KAT6B; ген MSS51; миссенс-мутация; гаплотип; 
селекция.

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 
Ya roslavl 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 (Val105Met) 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 
et al., 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 (--ld 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 “lm” 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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Results
The target fragments were amplified for both mutations and 
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 r2 = 0.891.

When using linear regression, significant (p < 0.05) asso-
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/

Table 1. The primers, PCR reaction conditions and restriction enzymes for genotyping of missense mutations  
in the MSS51 and KAT6B genes

Gene,  
substitution

Forward,  
reverse primer

PCR conditions Restriction enzyme Fragment size

KAT6B, G>A 
(Val105Met)

ACTTGCAAACCCACTTTATACAGAGTGG, 
CTGATCTTTCTCGTGGGGTAGAAGG

1 cycle: 95 °C – 3 min 
35 cycles: 95 °C – 1 min; 
60 °C – 1 min; 72 °C – 55 s

HpySE526 I, cleavage  
at the presence  
of ancestral (G) allele

613 bp,  
upon digestion:  
303 and 310 bp

MSS51, G>T 
(Ala415Glu)

CTTGGCTTTCTTATCCCTTCAAAGTGC, 
ATCCAGTCATGATCTGGCTCAGC

1 cycle: 95 °C – 3 min 
35 cycles: 95 °C – 1 min; 
58 °C – 1 min; 72 °C – 45 s

HinfI, cleavage  
at the presence  
of mutant (T) allele

390 bp,  
upon digestion:  
224 and 166 bp

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.

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

Gene Position 
(ARS-UCD1.2)

SNP Genotype Genotype 
frequency

Allele Allele  
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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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 
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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 

Table 3. Associations of the studied mutations and the mutant haplotype with the live weight of cows at different agesте

Gene / 
haplotype

Genotype / dose  
of haplotype  
(number of carriers)

Live weight at the age of (kg):

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 ± 34.3

GA (76) 29.4 ± 4.4 136 ± 18.3 209.3 ± 25.8 246.3 ± 28.9 300.7 ± 36.9 344.3 ± 42.8

AA (27) 30.2 ± 3.9 134.4 ± 13.9 205.4 ± 18.3 237 ± 29.3 284.4 ± 31.7 329.5 ± 34.9

p-value (lm) 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) 30.6 ± 4.4 146 ± 20.9 215.8 ± 28.6 252.8 ± 31.6 302.7 ± 38.1 351.7 ± 34

GT (76) 29.3 ± 4.3 135.8 ± 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 ± 34.9

p-value (lm) 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 ± 4.5 146.8 ± 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 ± 24 245.2 ± 27.3 300 ± 35.5 344.3 ± 42.4

2 (24) 30.2 ± 4 134 ± 14.5 203.9 ± 18.7 234 ± 29.5 280.3 ± 31.1 325.7 ± 34.9

p-value (lm) 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. lm – linear regression, aov – one-way ANOVA. p-values that reach statistical significance are highlighted 
in bold.
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Association of mutations in the MSS51 and KAT6B genes  
with body weight in Yaroslavl breed cows

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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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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Особенности полиморфизма генов толл-лайк рецепторов 
(TLR-2, TLR-3, TLR-4 и TLR-6) при открытоугольной глаукоме
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Аннотация. Современные исследования показывают, что в патогенезе первичной открытоугольной глауко-
мы  (ПОУГ) важную роль играет врожденный иммунитет. Выявлено повышение содержания толл-лайк рецеп-
торов (TLR) в глаукоматозной сетчатке глаза человека. TLR могут модулировать иммунный ответ при глаукоме, 
обеспечивают раннее распознавание повреждающих агентов, активацию сигнальных путей и эффекторных 
механизмов системы неспецифической иммунной защиты, направленных на восстановление гомеостаза. По-

© Shevchenko A.V., Prokofiev V.F., Konenkov V.I., Chernykh V.V., Trunov A.N., 2025

This work is licensed under a Creative Commons Attribution 4.0 License

MEDICAL GENETICS
Original article

Vavilovskii Zhurnal Genetiki i Selektsii
Vavilov Journal of Genetics and Breeding. 2025;29(1):128-134

doi 10.18699/vjgb-25-15

https://orcid.org/0000-0001-5898-950X
https://orcid.org/0000-0001-7290-1631

https://orcid.org/0000-0001-7385-6270
https://orcid.org/0000-0002-7623-3359
https://orcid.org/0000-0002-7592-8984
https://orcid.org/0000-0001-5898-950X
https://orcid.org/0000-0001-7290-1631

https://orcid.org/0000-0001-7385-6270
https://orcid.org/0000-0002-7623-3359
https://orcid.org/0000-0002-7592-8984


Полиморфизм генов TLR-2, TLR-3, TLR-4 и TLR-6  
при открытоугольной глаукоме

А.В. Шевченко, В.Ф. Прокофьев 
В.И. Коненков, В.В. Черных, А.Н. Трунов

2025
29 • 1

129МЕДИЦИНСКАЯ ГЕНЕТИКА / MEDICAL GENETICS

лиморфизм кодирующих TLR генов влияет на аминокислотную структуру рецепторов, приводя к изменению 
лигандсвязывающей и корецепторной функции, транспортировку и передачу сигналов. Целью работы был 
анализ ассоциированности полиморфизма генов TLR2 (rs5743708), TLR3 (rs3775291), TLR4 (rs4986790, rs4986791), 
TLR6 (rs5743810) с первичной открытоугольной глаукомой у пациентов Западной Сибири. Обследовано 99 па-
циентов (52 мужчины и 47 женщин) с диагнозом первичной открытоугольной глаукомы. Группу сравнения 
составили 100 человек (81  женщина и 19 мужчин). Полиморфизм генов TLR2 (rs5743708), TLR3 (rs3775291), 
TLR4 (rs4986790, rs4986791), TLR6 (rs5743810) анализировали методом РТ-ПЦР с использованием коммерческих 
тест-систем с интеркалирующим красителем Syber Green (Lytex, Россия). Статистический анализ проводился с 
использованием программного пакета SPSS 23.0 и Arlequin 3.5.2.2. Показано, что распределение полиморфных 
маркеров в группе пациентов и в контрольной группе соответствовало равновесию Харди–Вайнберга. Их ча-
стоты между двумя анализируемыми группами достоверно не различались. Частота TLR2-753 ArgArg:TLR6-249 
ProPro была повышена в группе пациентов с ПОУГ. Выявлено неравновесное сцепление между двумя полиморф-
ными позициям гена TLR4. Кроме того, выявлено нарушение равновесия между парами генов TLR2-TLR6 для 
группы с глаукомой и контрольной группы. Повышение определенных генотипов в группе пациентов относи-
тельно контрольной группы может косвенно свидетельствовать об участии инфекционных факторов в инициа-
ции ПОУГ. Однако связь полиморфизма TLR генов, несмотря на доказанную значимость участия их белковых 
продуктов в патогенезе глаукомы, требует дополнительных исследований с учетом этнических особенностей 
пациентов и межгенных взаимодействий для лучшего понимания сложных механизмов развития заболевания. 
Это поможет проводить раннюю диагностику и разрабатывать необходимую терапевтическую стратегию.
Ключевые слова: первичная открытоугольная глаукома; ПОУГ; полиморфизм генов толл-лайк рецепторов; TLR; 
неравновесное сцепление.

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 
(Luo et al., 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, TLR8, 
TLR9. 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 
(Törmänen 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 II 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 
acui ty, 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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Table 1. Correspondence of the frequencies of polymorphic markers to the Hardy–Weinberg equilibrium  
in the group of glaucoma patients and the control group

Polymorphic 
position

Amino acid 
(genotype)

Patients with glaucoma The control group

Frequencies χ2 p Frequencies χ2 p

observed expected observed expected 

TLR2-753
(rs5743708)

ArgArg (GG) 91.92 90.20 3.39 0.18 86.0 86.49 0.57 0.75

ArgGln (GA)    7.07    8.59 14.0 13.02

GlnGln (AA)    1.01    0.20    0.0    0.49

TLR3-412
(rs3775291)

LeuLeu (AA) 52.53 48.79 2.38 0.31 49.0 46.24 1.61 0.45

LeuPhe (AG) 35.35 41.42 38.0 43.52

PhePhe (GG) 12.12    8.79 13.0 10.24

TLR4-299
(rs4986790)

AspAsp (AA) 80.81 80.01 0.00 1.00 82.0 81.00 1.25 0.54

AspGly (AG) 18.18 17.98 16.0 18.00

GlyGly (GG)    1.01    1.01    2.0    1.00

TLR4-399
(rs4986791)

ThrThr (CC) 82.83 81.82 0.05 0.98 88.0 88.36 0.41 0.82

ThrIle (CT) 16.16 16.36 12.0 11.28

IleIle (CC)    1.01    0.82    0.0    0.36

TLR6-249
(rs5743810)

ProPro(CC) 47.47 42.68 3.71 0.16 36.0 36.60 0.06 0.97

ProSer (CT) 36.36 44.65 49.0 47.80

SerSer (TT) 16.17 11.68 15.0 15.60

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 Lympho logy, 
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 In sti-
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 

were not confirmed at a given level of significance α = 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 II (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, 
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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 
marker

Amino acid  
(genotype)

Patients with glaucoma
n (%)

The control group
n (%)

OR OR_CI95 p*

TLR2-753
(rs5743708)

ArgArg (GG) 91 (91.9) 86 (86.0) 1.85 0.74–4.63 0.258

ArgGln (GA)    7 (7.1) 14 (14.0) 0.47 0.18–1.21 0.165

GlnGln (AA)    1 (1.0)    0 (0.0) 2.04 0.18–22.86 0.497

TLR3-412
(rs3775291)

LeuLeu (AA) 52 (52.5) 48 (48.5) 1.18 0.67–2.05 0.670

LeuPhe (AG) 35 (35.3) 38 (38.4) 0.88 0.49–1.56 0.768

PhePhe (GG) 12 (12.1) 13 (13.1) 0.91 0.39–2.11 1.000

TLR4-299
(rs4986790)

AspAsp (AA) 80 (80.8) 82 (82.0) 0.92 0.45–1.89 0.857

AspGly (AG) 18 (18.2) 16 (16.0) 1.17 0.56–2.44 0.710

GlyGly (GG)    1 (1.0)    2 (2.0) 0.50 0.04–5.60 1.000

TLR4-399
(rs4986791)

ThrThr (CC) 82 (82.8) 88 (88.0) 0.66 0.30–1.46 0.322

ThrIle (CT) 16 (16.2) 12 (12.0) 1.41 0.63–3.17 0.422

IleIle (CC)    1 (1.0)    0 (0.0) 2.04 0.18–22.86 0.497

TLR6-249
(rs5743810)

ProPro(CC) 47 (47.5) 36 (36.0) 1.61 0.91–2.83 0.115

ProSer (CT) 36 (36.4) 49 (49.0) 0.59 0.34–1.05 0.086

SerSer (TT) 16 (16.2) 15 (15.0) 1.09 0.51–2.35 0.847

TLR2-753:TLR6-249 ArgArg:ProPro 
(GG:CC)

46 (46.5) 32 (32.0) 1.84 1.04–3.28 0.042

Notе. 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 
(main/minor)

Position on the 
chromosome, bp

The frequency of the minor allele p

Patients with glaucoma Comparison group 

rs5743708 TLR2 (G/A) Chr4:153705165 0.045 0.071 0.39

rs3775291 TLR3 (A/G) Chr4:186082920 0.298 0.323 0.66

rs4986790 TLR4 (A/G) Chr9:117713024 0.101 0.100 1.00

rs4986791 TLR4 (C/T) Chr9:117713324 0.091 0.060 0.26

rs5743810 TLR6 (C/T) Chr4:38828729 0.343 0.395 0.30

Notе. 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 
A/C 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 
disequilibrium  
of polymorphic positions

frequency parameters of linkage 
disequilibrium  
of polymorphic positions

TLR4 (rs4986790),
TLR4 (rs4986791)

A/С 0.884 χ2 = 116.94
p = 0.000 
df = 1
r2 = 0.591

0.900 χ2 = 114.89
p = 0.000
df = 1
r2 = 0.574

1.00

A/T 0.015 0.000 0.12

G/C 0.025 0.040 0.57

G/Т 0.076 0.060 0.56

TLR2 (rs5743708)/
TLR3 (rs3775291)

G/A 0.677 χ2 = 0.97
p = 0.325
df = 1
r2 = 0.005

0.641 χ2 = 2.15
p = 0.142
df = 1
r2 = 0.011

0.46

G/G 0.278 0.288 0.82

A/A 0.025 0.035 0.58

A/G 0.020 0.035 0.38

TLR2 (rs5743708)/
TLR6 (rs5743810)

A/С 0.646 χ2 = 7.89
p = 0.005
df = 1
r2 = 0.040

0.585 χ2 = 6.42
p = 0.011
df = 1
r2 = 0.032

0.22

A/T 0.308 0.345 0.46

G/C 0.010 0.020 0.69

G/Т 0.035 0.050 0.62

TLR3 (rs3775291)/
TLR6 (rs5743810)

A/С 0.500 χ2 = 6.41
p = 0.011
df = 1
r2 = 0.032

0.449 χ2 = 5.87
p = 0.015
df = 1
r2 = 0.030

0.32

A/T 0.202 0.227 0.54

G/C 0.157 0.157 1.00

G/Т 0.141 0.167 0.49 

Notе. df – degree of freedom, r2 – 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). It has been shown that the p.Arg753Gln 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 (Nakamura et 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 

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 (Guimarãesa 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 

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, CI:95 % (1.84–26.04), χ2 = 8.69, p = 0.002). The analyzed 
mar kers 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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Аннотация. Ишемическая болезнь сердца представляет собой важную медико-социальную проблему. Наибо-
лее тяжелой формой заболевания, с поражением всех слоев сердечной мышцы, считается инфаркт миокарда 
с подъемом сегмента ST (ИМпST). Одним из диагностических критериев дисфункции эндотелия при инфаркте 
миокарда является уровень sE-селектина – молекулы клеточной адгезии, осуществляющей рекрутинг нейтро-
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филов и индукцию нейтрофильного воспаления. В настоящем исследовании изучен интронный полиморфизм 
(rs5353, rs3917412, rs1534904) гена SELE, кодирующего Е-селектин, у пациентов с ИМпST. Проанализированы 
две выборки: пациенты с ИМпST (n = 74) и популяционная выборка г. Томска (n = 136). По частотам генотипов 
rs5353 в гене SELE зарегистрированы статистически значимые различия между пациентами и контрольной вы-
боркой (p = 0.004). Генотип СС является рисковым по отношению к ИМпST (OR = 6.93, CI:95 % (1.84–26.04), χ2 = 8.69, 
p = 0.002). Проанализированные маркеры не изучались ранее при сердечно-сосудистых заболеваниях и вооб-
ще редко привлекались к ассоциативным исследованиям; в ведущих базах данных отсутствует информация об 
ассоциациях этих маркеров с заболеваниями. Вместе с тем все три варианта по классификации RegulomeDB 
относятся к функциональному классу 1f и, соответственно, с высокой вероятностью обладают регуляторным по-
тенциалом относительно не только гена SELE, но и других генов близлежащего региона. Анализ функциональной 
значимости изученных маркеров показал наличие более обширного, чем один ген, региона, корегулируемого 
данными нуклеотидными заменами. Выявленная в настоящем исследовании ассоциация rs5353 с ИМпST еще 
раз подтверждает вовлеченность гена SELE в развитие сердечно-сосудистых заболеваний. Не исключено, что 
опосредованно (через системы воспаления, иммунного ответа и репарации ДНК) весь этот регион генома может 
быть вовлечен в патогенез сердечно-сосудистых заболеваний.
Ключевые слова: инфаркт миокарда с подъемом сегмента ST; ИМпST; ген 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-α, 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 5ʹUTR, 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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Table 1. The conditions for marker genotyping in the SELE gene

SNP Primers and TaqMan probes* Annealing temperature, °С

rs3917412 F: TGTAATTCTGTGTCCCTGCG 55

R: GGCTCATAGGTACACACTGGAA

5’-FAM-TCATTTCATTCAAGCGACTTGCTCCAT-BHQ1-3’

5’-HEX-TCATTTCATTCAAGTGACTTGCTCCAT-BHQ1-3’

rs1534904 F: TACACTGAAGGCTCTGGGCTC 57

R: AGACCACTCAGCATAGGCAAAG

5’-FAM-AACCACTGAGGATTTGAAAGAGCACCAT-BHQ1-3’

5’-HEX-AACCACTGAGGATTTTAAAGAGCACCAT-BHQ1-3’

rs5353 F: AAGAAGGAAATCGTGGGTAGC 60

R: TTCCCAAAACGGTAAGTGC

5’-FAM-TAAGACTTTCATCATTTAGGTCAAAGAGAAA-BHQ1-3’

5’-HEX-TAAGACTTTCATTATTTAGGTCAAAGAGAAA-BHQ1-3’

* Primers and samples were selected using the Vector NTI program (http://www.informaxinc.com).

2015; Liao B. et al., 2016; Deng et al., 2017; Vargas-Alarcon 
et al., 2019; Ding et al., 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 cri te ria 
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 in the STEMI group and 1.5 

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-qPCR 
(2×) PCR kit (BioLabMix, Novosibirsk), region-specific pri-
mers and TaqMan 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 (ac cording 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 (χ2, 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 
(Dʹ)) 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-
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Table 2. The frequencies of alleles and genotypes of markers in the SELE gene in the compared groups

SNP Genotypes  
and rare allele

Frequencies of genotypes and rare allele, % (n) χ2, p

in patients in control sample

rs5353 T/T 58.11 (43) 61.76 (84) χ2 = 10.85, p = 0.004 

T/C 28.38 (21) 36.03 (49)

C/C 13.51 (10)    2.21 (3)

C allele 27.27 (41) 20.22 (55) χ2 = 2.630, p = 0.105

rs1534904 G/G 45.95 (34) 50.74 (69) χ2 = 1.315, p = 0.518

G/T 47.30 (35) 39.71 (54)

T/T    6.76 (5)    9.56 (13)

T allele 30.41 (45) 29.41 (80) χ2 = 0.010, p = 0.919

rs3917412 C/C 55.41 (41) 58.09 (79) χ2 = 0.196, p = 0.907

C/T 39.19 (29) 37.50 (51)

T/T    5.41 (4)    4.41 (6)

T allele 25.00 (37) 23.16 (63) χ2 = 0.092, p = 0.762

Notе. Statistically significant differences are highlighted in bold.

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 
et al., 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 (Dʹ = 1 in both patients and control 
sample). In turn, rs3917412 and rs1534904 are closely but not 
completely linked (Dʹ 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 

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; CI:95 % (1.84–26.04); χ2 = 8.69; 
p = 0.002) (Tables 2 and 3).

The studied samples exhibited statistically significant dif-
ferences in the genotype combination (χ2 = 22.76; df = 8; 
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), 
χ2 = 8.69, p = 0.003), whereas the TC/GG/CC combination 
is protective (OR = 0.38, CI:95 % (0.16–0.90), χ2 = 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 
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Table 3. Models of predisposing effect inheritance of rs5353 in the SELE gene

Model Genotype Control STEMI OR (95 % CI) Statistical significance, 
p-value

AIC BIC

Codominant T/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/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

C/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 0.206 275.3 282.0

T/C 49 (36 %) 21 (28.4 %) 0.70 (0.38–1.30)

Notе. Statistically significant differences are highlighted in bold.

Table 4. Transcription factors for which binding sites emerge in the presence of rare alleles of the studied markers

SNP, allele Transcription Factors

rs5353, C ATF1, CEBPA, HOXA1, JUND, REST, JUNB

rs1534904, T PRDM1, RORC, IRF5, ZNF143, NCOR1, ZEB1, POU2F2

rs3917412, T CHD2, PAX1

Notе. TFs expressed in vascular walls are highlighted in bold (compiled according to the VannoPortal and GTEx Portal resources).

(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 
con siderable 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 C1orf112 (FIRRM) gene (according to the GTEx 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 
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rs1534904

rs3917412
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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, padj = 6.4E–7), platelet activation, 
signaling and aggregation (6 proteins, padj = 3.6E–4) and 
cell surface interactions at the vascular wall (5 proteins, 
padj = 3.6E–4). 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 (C1orf112) 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, padj = 3.8E–13) and various types of signaling through 
these receptors (16–20 proteins each, padj = 4.5E–12–4.2E–7) 
(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 

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, 
padj = 6.2E–3), different mRNA processing pathways (7–9 pro-
teins, padj = 6.2E–3–6.4E–3), and antigen presentation via major 
histocompatibility complex class II (7 proteins, padj = 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)1. 
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 
1 Supplementary Material is available at:  
https://vavilov.elpub.ru/jour/manager/files/Suppl_Babush_Engl_29_1.pdf

https://vavilov.elpub.ru/jour/manager/files/Suppl_Babush_Engl_29_1.pdf
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 (Roldán 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, c.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 c.1545T>G, c.2027T>A, and c.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.
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Аннотация. Патогенные варианты в гене SLC26A4 (OMIM #605646), приводящие к несиндромальной рецессив-
но наследуемой потере слуха 4-го типа (DFNB4) и синдрому Пендреда, вносят весомый вклад в этиологию по-
тери слуха во многих популяциях мира. Спектр и распространенность различных патогенных вариантов гена 
SLC26A4 характеризуются широкой этногеографической вариабельностью. Высокая частота некоторых из них 
в отдельных регионах мира может свидетельствовать об их независимом возникновении или же быть след-
ствием эффекта основателя. Доля SLC26A4-ассоциированной потери слуха у тувинских пациентов (Республика 
Тыва, Южная Сибирь) является одной из самых высоких в мире (28.2 %). Подавляющее большинство мутантных 
SLC26A4-аллелей представлено тремя патогенными вариантами – c.919-2A>G, c.2027T>A и c.1545T>G (69.3, 17.5 
и 8.0 % соответственно). Суммарная частота их гетерозиготного носительства в тувинской популяции достигает 
7.1 %. Накопление этих вариантов у тувинских пациентов позволяет предположить роль эффекта основателя в их 
распространенности на территории Тувы, что может быть подтверждено общностью генетического окружения 
(гаплотипов) для каждого из них. Для реконструкции гаплотипов у носителей вариантов c.1545T>G и c.2027T>A 
были использованы данные генотипирования панели полиморфных генетических маркеров: пяти STR-маркеров 
(четыре из них фланкируют на разном расстоянии ген SLC26A4 и один является внутригенным) и девяти внутри-
генных SNP-маркеров. Сравнительный анализ реконструированных гаплотипов для c.1545T>G и c.2027T>A с 
ранее полученными данными о гаплотипах для c.919-2A>G показал, что каждый из анализируемых вариантов 
имеет особое и сходное для всех носителей того или иного варианта генетическое окружение, по-видимому, 
унаследованное от различных «предков-основателей». Эти данные подтверждают роль кумулятивного эффек-
та основателя в распространенности патогенных вариантов с.1545T>G, c.2027T>A и c.919-2A>G гена SLC26A4 у 
коренного населения Республики Тыва. Полученные данные актуальны как для прогнозирования распростра-
ненности SLC26A4-обусловленной потери слуха, так и для создания регион-специфичной ДНК-диагностики на-
следуемой потери слуха в Республике Тыва.
Ключевые слова: потеря слуха; SLC26A4; патогенные варианты; STR; SNP; гаплотипы; эффект основателя; попу-
ляции Сибири.

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 
as a possible selective advantage of heterozygotes (Scott et al., 
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, 7q22.3, 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 c.919-2A>G, 
c.2027T>A and c.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 c.919­2A>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 c.919­2A>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 c.1545T>G, c.2027T>A, 
and c.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 c.2027T>A in 
a homozygous (n = 4) or compound heterozygous (n = 15) 
state, or variant c.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 c.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 
et al., 2011).

Tuvinians are one of the oldest Turkic­speaking peoples 
inhabiting Central Asia and the Sayan-Altai region. At dif-
ferent times, Tuva was at the periphery of a powerful state 

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 Samoyedic­speaking tribes), 
had a certain influence on the formation of the Tu vinian 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 c.1545T>G and c.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 c.919-2A>G 
(Danilchenko et al., 2023): five STRs (D7S2420, D7S496, 
D7S2456, D7S525, flanking the SLC26A4 gene at different 
distances, and intragenic D7S2459), as well as nine intra-
genic SNPs (rs2248464, rs2248465, rs3801943, 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 c.1545T>G 
or c.2027T>A of the SLC26A4 gene was calculated using 
the formula δ = (Pd – Pn) / (1 – Pn), where δ is a measure of  
 linkage disequilibrium; Pd is the frequency of the asso ciated 
allele among chromosomes with variants c.1545T>G or 
c.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 
c.1545T>G or c.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-
quin v.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 c.919-2A>G, c.1545T>G and c.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).
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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)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 Turkic­speaking people (the Tyva Republic, Southern 
Siberia). Biallelic pathogenic SLC26A4 variants were detected 
in 28.2 % (62 out of 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 c.919­2A>G, c.2027T>A, and 
c.1545T>G.

Variant c.919-2A>G
Most Tuvinian patients were homozygous or compound hete­
rozygous for pathogenic variant c.919­2A>G. The proportion 
of c.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 c.919­2A>G is located in the canonical (­2) 3′ splice 
acceptor site in the intronic region between exons 7 and 8 and 
1 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. et al., 2005; Lu Y.C. 
et al., 2011; Wasano et al., 2020). 

Numerous studies have shown that the c.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 c.2027T>A (p.Leu676Gln) 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 c.919-2A>G (69.3 %) among all 
mutant variants of the SLC26A4 gene identified in Tuvinian 
patients (Danilchenko et al., 2021).

Variant c.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 
c.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 
et al., 2009; Huang et al., 2011; Chai et al., 2013; Erdenechu-
luun et al., 2018).

https://vavilov.elpub.ru/jour/manager/files/Suppl_Danil_Engl_29_1.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Danil_Engl_29_1.pdf
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Haplotypes carrying pathogenic variants  
c.1545T>G, c.2027T>A and c.919-2A>G of the SLC26A4 gene

Fig. 2. Schematic representation of the STR haplotypes in the carriers of 
variants c.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 
c.919-2A>G) is shown by an arrow.
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Variant c.1545T>G
Variant c.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 c.1545T>G 
in the Tuvinian control sample was 2.0 %. Segregation of 
c.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  
c.1545T>G and c.2027T>A of the SLC26A4 gene
To reconstruct the haplotypes of the chromosome 7 region 
carrying pathogenic variants c.1545T>G and c.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 c.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: D7S2420 – 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 
c.1545T>G were monomorphic (only one allele for each STR 
marker) ( Table S1). In the carriers of variant c.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 c.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 c.1545T>G 
revealed complete linkage of this variant with alleles 286 
(D7S2420), 118 (D7S496), 147 (D7S2459), 244 (D7S2456), 
229 (D7S525); thus, variant c.1545T>G is characterized by a 
single haplotype 286-118-147-с.1545T>G-244-229, the size 
of which, determined by distal markers D7S2420 and D7S525, 
is ~ 2.75 Mb. STRs analysis in the carriers of c.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 c.2027T>A. 

STR haplotypes reconstructed for variants c.1545T>G and 
c.2027T>A, in comparison with STR haplotypes for variant 
c.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 c.919­2A>G (Danilchenko et al., 2023) (Table 1). It 

should be noted that the STR haplotypes found for all three 
variants c.1545T>G, c.2027T>A and c.919­2A>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 c.1545T>G, c.2027T>A and 
c.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  
c.1545T>G and c.2027T>A of the SLC26A4 gene
To study the fine structure of haplotypes including variants 
c.1545T>G or c.2027T>A of the SLC26A4 gene, nine intra-
genic SNPs (rs2248464, rs2248465, rs3801943, rs2712212, 
rs2395911, rs2712211, rs3801940, 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 c.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.919­2A>G in Taiwanese 
patients with hearing impairment (Fig. 1). The structure of 
SNP haplotypes for variants c.1545T>G and c.2027T>A is 
presented in Figure 3 in comparison with the SNP haplotype 
for variant c.919-2A>G (Danilchenko et al., 2023).

All carriers of variant c.1545T>G had a single SNP hap-
lotype A­C­T­G­T­C­G­T­T (100 %), while the frequency 
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Table 1. The frequencies of STR haplotypes found on the mutant chromosomes carrying pathogenic variants  
c.919-2A>G, c.1545T>G or c.2027T>A of the SLC26A4 gene, compared with the normal chromosomes

STR-haplotypes 
D7S2420-D7S496-D7S2459-D7S2456-D7S525 
(~2.75 Mb)

Haplotype frequency, % χ2 p References

Mutant 
chromosomes

Normal 
chromosomes

D7S2420-D7S496-D7S2459-/c.1545T>G/-D7S2456-D7S525

286-118-147-244-229 1.0 0.0079 110 <10–13 This study

Other haplotypes 0.0 0.9921 – –

D7S2420-D7S496-D7S2459-/c.2027T>A/-D7S2456-D7S525

280-118-141-244-231 0.4667 0.0 52 <10–7 This study

280-118-141-244-221 0.4000 0.0079 36 <10–5

280-118-141-244-227 0.1333 0.0159 3.1 0.0561

Other haplotypes 0.0 0.9762 – –

D7S2420-D7S496-/c.919-2A>G/-D7S2459-D7S2456-D7S525

278-120-147-244-227 0.9130 0.0 150 <10–35 Danilchenko et al., 2023

278-120-147-244-229 0.0435 0.0 2.4 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 – –

Notе. 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. 

Fig. 3. Schematic representation of SNP haplotypes in the carriers of va-
riants c.1545T>G and c.2027T>A in comparison with SNP haplotypes for 
variant c.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.

c.919-2A>G

SN
P1

SN
P2

SN
P3

SN
P4

SN
P5

SN
P6

SN
P7

SN
P8

SN
P9

c.1545T>G

A

A

T

C

C

C

C

G

C

T

T

T

T

G

T

T

A

T

T

C

C

G

A

A

G

C

C

c.2027T>A

of this haplotype in the Tuvinian control sample was 3.8 % 
(data not shown). All carriers of variant c.2027T>A also had 
a single SNP haplotype T­C­T­A­T­C­С­T­C (100 %), the 
frequency of which in the control sample was 1.7 % (data 
not shown). Previously, a single haplotype A­C­T­A­G­G­
C­A­C (100 %) was also identified in all carriers of variant 
c.919­2A>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 A­G­G­C formed by four SNPs (rs2712212, 
rs2395911, rs2712211, and rs3801940) in the carriers of va­
riant c.919­2A>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 c.1545T>G and c.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  
c.1545T>G and c.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 

“age” of variants c.1545T>G and c.2027T>A of the SLC26A4 
gene (Table 2).

All carriers of variant c.1545T>G had an identical STR 
haplotype 286-118-147-c.1545T>G-244-229. Two haplo-
types, 280-118-141-c.2027T>A-244-231 and 280-118-141- 
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Haplotypes carrying pathogenic variants  
c.1545T>G, c.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 
SLC26A4 variant

d The single-marker method The DMLE+ calculation References

g “Age” (years) g (95 % CI) “Age” (95 % CI) (years)

c.1545T>G 0.05
0.10
0.20

– –    76–163
   48–95
   27–52

1,900–4,075
1,200–2,375
     675–1,300

This study

c.2027T>A 0.05
0.10
0.20

51
50
47

1,275
1,250
1,175

   65–140
   38–83
   24–48

1,625–3,500
     950–2,075
     600–1,200

This study

c.919-2A>G 0.05
0.10
0.20

22
21
17

    550
    525
    425

103–198
   63–107
   35–59

2,575–4,950
1,575–2,675
     875–1,475

Danilchenko et al., 2023

Notе. To assess the “age” of variants c.2027T>A and c.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 × 25 years; CI – confidence interval.

c.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 c.2027T>A (0.4667 and 0.4000, respectively). The 
obtained data allow us to tentatively estimate the time of oc-
currence of variants c.1545T>G and c.2027T>A in Tu vinians, 
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 c.2027T>A by the “single marker method”, 
allele 231 of the distal STR marker D7S525 (~2.32 Mb from 
c.2027T>A), found in significant linkage disequilibrium with 
c.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 c.2027T>A and c.919­2A>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 c.1545T>G and c.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 

discovered for the first time; this variant has not been recorded 
in other regions of the world. All carriers of c.1545T>G were 
found to have highly specific STR and SNP haplotypes: STR 
haplotype 286-118-147-c.1545T>G-244-229 (100 %) and 
SNP haplotype A­C­T­G­T­C­G­T­T­c.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 c.1545T>G and the role 
of the founder effect in its prevalence among the indigenous 
population of Tuva. Variant c.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 c.2027T>A carriers: 280-118-141-c.2027T>A-244-231 
(46.7 %), 280-118-141-c.2027T>A-244-221 (40.0 %), and 
280-118-141-c.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 c.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, c.2027T>A, and c.919­2A>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 c.1545T>G, 
c.2027T>A and c.919­2A>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, c.2027T>A and c.919­2A>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 c.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 c.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 c.2027T>A in 
its carriers from these regions, which excludes comparative 
analysis. As for variant c.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 A­G­G­C 
(Fig. 3), found in Tuvinian patients homozygous for c.919­
2A>G, and the haplotype formed by the same SNPs in the 
c.919­2A>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 c.919-2A>G. Considering the obtained results, as well 
as the territorial distribution of variant c.919-2A>G, with a 
maximum frequency in Tuvinians (Southern Siberia) and in 
Chinese and Mongols (East and Central Asia), we suggested 
that variant c.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 
c.1545T>G and c.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 c.1545T>G and c.2027T>A 
with previously obtained data on the haplotypes for variant 
c.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 region­specific 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, pe rio dontal 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, B6.129S7(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.  MiceDEGdb is freely available at https://www.sysbio.ru/MiceDEGdb.
Key words: knowledge base; DEG; mouse Mus musculus; mouse models of disease; age frustration; infectious diseases; 
circadian rhythm; RNA-seq.
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MiceDEGdb: a knowledge base on differentially expressed 
mouse genes in biomedical research

Аннотация. Фундаментальное понимание многих биологических процессов, происходящих в организме челове-
ка, стало возможным благодаря экспериментальным исследованиям на животных моделях. Основным стержнем 
современных биомедицинских исследований является использование мышиных моделей для изучения важных 
патофизиологических механизмов, оценки новых терапевтических подходов и принятия решений о переходе 
или отказе от новых кандидатов на препараты в доклинических испытаниях. Преимущество задействования мы-
шей заключается в их небольших размерах, простых условиях содержания и относительно легкой генетической 
модификации. В настоящее время более 90 % грызунов, используемых для фармацевтических исследований, – 
мыши. В представленной работе создана пилотная версия базы знаний MiceDEGdb по дифференциально экс-
прессирующимся генам (ДЭГ) мыши как модельного объекта в биомедицинских исследованиях. Она представ-
ляет собой коллекцию опубликованных данных по экспрессии генов у мышей разных линий, предназначенных 
для изучения возрастных заболеваний: гипертонии, пародонтита, хрупкости кости, фиброза почки, ремодели-
рования гладких мышц, сердечной недостаточности, нарушения циркадного ритма. Пилотный выпуск базы зна-
ний MiceDEGdb содержит 21 754 ДЭГ, представляющих 9769 уникальных генов Mus musculus, у которых изменя-
ется уровень транскрипции в 25 экспериментах по технологии RNA-seq с использованием восьми тканей (десна, 
кость, почка, правый желудочек сердца, дуга аорты, гиппокамп, скелетная мышца и матка) в шести генетических 
линиях мышей, C57BL/6J, Ren1cCre|ZsGreen, B6.129S7(Cg)-Polgtm1Prol/J, BPN/3J, BPH/2J и Kunming, в качестве мо-
делей восьми заболеваний человека согласно 10 оригинальным статьям. Новшеством MiceDEGdb в сравнении с 
другими базами данных о ДЭГ мышей является курируемая аннотация отклонений ДЭГ мыши от соответствую-
щей нормы с помощью независимых биомедицинских публикаций о сонаправленных изменениях экспрессии 
гомологичных генов человека у пациентов с теми или иными заболеваниями относительно условно здоровых 
добровольцев. В пилотном выпуске MiceDEGdb документировано 85 092 таких аннотаций для 318 генов человека 
при 895 заболеваниях согласно 912 научным статьям, цитируемым с помощью их идентификаторов PubMed ID. 
Информационное содержание MiceDEGdb может быть интересным для генетиков, молекулярных биологов, био-
информатиков, клиницистов, фармацевтов и генетических консультантов по персонализированной медицине. 
База знаний MiceDEGdb находится в свободном доступе по гиперссылке: https://www.sysbio.ru/MiceDEGdb.
Ключевые слова: база знаний; ДЭГ; мышь, Mus musculus; мышиные модели заболеваний; возрастные расстрой-
ства; инфекционные заболевания; циркадный ритм; 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 
(Yong et al., 2018), for exploring the pathogenesis of infec­
tious diseases (Yajima et al., 2008; Frias­Staheli 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 et al., 2023; Liu L. 
et al., 2024), and for developing anti­cancer 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 post­genome 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 post­genome 
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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a

b

Fig. 1. MiceDEGdb, 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.

In one of our previous works (Chadaeva et al., 2023), we 
reported RatDEGdb, 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.sysbio.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” “RNA­Seq” “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, 

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 open­source database management system  
(DBMS).

A model assessing the effect of circadian rhythm dis­
order on human health. Estimates of age­related 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 SIRT1­promoted acetylation and 
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Fig. 2. Gene regulatory network associated with the effect of the deace-
tylase SIRT1 on activation of Bmal1 transcription and inhibition of the 
CLOCK/ BMAL1 function. 
The oscillating feedback loop that increases Bmal1 expression and the expres-
sion of genes targeted by the transcription factor CLOCK/BMAL1 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.

Fig. 3. Results for the in silico modeling of changes in Bmal1 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. 
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degradation of the PER2 protein; 2) a gene regulatory net­
work associated with the effect of the deacetylase Sirt1 on the 
transcription of the mouse gene Bmal1 and inhibition of the 
CLOCK/BMAL1 function associated with the E­BOX through 
histone deacetylation (Fig. 2); 3) a pathway associated with the 
effect of Sirt1 on the rate at which CLOCK/BMAL1 unbinds 
from the E­BOX; and 4) the Nampt/NAD+/Sirt1 pathway. 

In our model, the mechanism of transcriptional regulation 
of the Nampt gene depends on the presence of three copies 
of the E­BOX 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 Bmal1 mRNA concentrations in mice using a computational 
model by N.L. Podkolodnyy and the co­workers (2016): the 
concentration levels decrease as the mice grow older. 

To verify the results of the in silico modeling of age­related 
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 RNA­Seq 
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 age­related 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 protein­coding genes in the 
reference genome GRCm38.p6 of the Mus musculus labora­

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 30­month­old 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 et al., 2005; Roybal et al., 2007), obstructive pulmonary 
disease and cellular senescence (Li L. et al., 2022), which are 
age­related 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 
age­related 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 
age­related 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 in terest 
to geneticists, molecular biologists, bioinformatics scientists, 
clinicians, pharmacologists and genetic advisors in personal­
ized medicine.

MiceDEGdb is freely available at URL=https://www. 
sysbio.ru/MiceDEGdb.
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DEGs in mice used as model animals in biomedicine: revealed by RNA-Seq and documented in MiceDEGdb

No. Strain Tissue Syndrome Model Norm NDEG Reference

1 C57BL/6J Gum Periodontitis Affected mice Healthy mice 43 Chen Z. et al., 2023

2 C57BL/6J Bone Fragility 30 months 2 months 3,725 Kaya et al., 2022

3 C57BL/6J Bone Fragility 23 months 2 months 1,151

4 C57BL/6J Bone Fragility 11 months 2 months 1,011

5 RC|ZG Kidney Fibrosis 27 months, ♀♂ 2 months 43 Wang et al., 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 Li J. et al., 2022

9 PolGMut RV HF PolG:D257A, ♀ C57BL/6J, ♀ 402 Gorr et al., 2022

10 C57BL/6J AASM Aging 26 months, ♂♂ 6 months, ♂♂ 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, KI, 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, KI, al 135

22 BPH/2J Kidney Hypertension BPH/2J, hypertension BPN/3J, norm 883 Puig et al., 2010

23 Kunming Uterus Toxoplasmosis Infection,  
before pregnancy

W/o infection 10 Zhou et al., 2020

24 Kunming Uterus Toxoplasmosis Infection,  
before embryo implantation

W/o infection 10

25 Kunming Uterus Toxoplasmosis Infection,  
after embryo implantation

W/o infection 10

Σ 6 strains 8 tissues 8 diseases 25 models 17 models 21,754 10 articles

Notе. Mouse strain: RC|ZG – Ren1cCre|ZsGreen; PolGMut – B6.129S7(Cg)-Polgtm1Prol/J. Sex: ♀ – females; ♂ – males; ♂♂ – 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 Sirt1 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 ageing­related 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 Bmal1 genes encoding the components of 

the transcription factor Clock/Bmal1, 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 Bmal1 gene knocked out are noticed to have a 
reduction in bone weight and density (Chen G. et al., 2020, 
Kikyo et al., 2024). Bmal1 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 
Bmal1 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 same­direction 
changes in the expression levels of the mouse gene Clock and 
the human gene Bmal1 in patients with various diseases. Note 
that that the as­published decrease in the expression levels 
of these genes is typical of age­related human pathologies, 
such as cancer, inflammation, neurodegenerative diseases, 
diabetes, circadian rhythm disorder and misregulated cellular 
senescence (Fig. 4). The MiceDEGdb outputs of analysis of 

DEGs associated with the aging­related bone fragility showed 
that interpreting DEGs with the use of additional informa­
tion in scientific publications and the results of mathemati­
cal mo deling gives quite a harmonized view of age­related  
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 
add­on 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. 
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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. (II) Search for orthologs of DEG in humans and mice associated with anxiety in the OMA Orthology database. 
(III) Computer reconstruction using the ANDSystem cognitive system based on (a) human orthologous genes from 
stage (III), (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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Компьютерная реконструкция и анализ генных сетей, 
контролирующих уровень тревожности  
у лабораторных мышей и человека
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Аннотация. Тревожность – это нормотипичное состояние человека, которое, как и любая другая эмоция, имеет 
адаптивное значение. Но состояние чрезмерно высокой или низкой тревожности влечет за собой негативные 
последствия для адаптации, что в первую очередь обусловливает важность изучения этих двух крайних со-
стоя ний. При этом известно, что в условиях восприятия аверсивных стимулов, ассоциированных с тревожно-
стью, изменяется активность поясной коры мозга. Преимущество животных как моделей при изучении генети-
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ческих оснований тревожности у человека связано с возможностью тонко контролировать внешние условия 
формирования определенного состояния, доступностью тканей мозга и возможностью создавать и изучать 
трансгенные модели, в том числе с использованием дифференциально экспрессирующихся генов мелких ла-
бораторных животных из семейства мышиных с низкой и высокой тревожностью. В рамках трансляционного 
подхода была реконструирована трехдоменная потенциальная генная сеть, которая ассоциирована с генера-
лизованной тревожностью у человека, по моделям мышей с разным уровнем тревожности путем автомати-
ческого анализа текстов научных статей. Один домен ассоциирован с пониженной тревожностью у человека, 
второй – с повышенной, третий служит диспетчером, который активирует один из двух доменов в зависимости 
от статуса организма (генетического, эпигенетического, физиологического). Этапы работы: (I) из базы данных 
NCBI GEO взят список генов, экспрессирующихся в поясной коре головного мозга линии мышей дикого типа 
CD-1 (эксперимент GSE29014). С помощью инструментов этой базы выявлены различия в уровнях экспрессии 
генов в группах мышей с низкой и высокой (относительно нормальной) тревожностью; (II) поиск ортологов 
ДЭГ у человека и мышей, ассоциированных с тревожностью в базе данных OMA Orthology; (III) компьютерная 
реконструкция с помощью когнитивной системы ANDSystem на основе генов-ортологов человека из этапа (II), 
генов человека из базы данных MalaCards, ассоциированных с тревожностью человека. Апробированные ме-
тоды трансляционного подхода для реконструкции генных сетей регуляции поведения могут использоваться 
для выявления молекулярно-генетических маркеров черт личности человека, склонности к психопатологии.
Ключевые слова: дифференциально экспрессирующиеся гены; поясная кора головного мозга; автоматический 
анализ текстов; научные публикации; компьютерная реконструкция; генные сети; модель мышей с поведением 
высокой-нормальной-низкой тревожности.

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 
labo ratory 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 
et al., 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; Krämer 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 
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Reconstruction and analysis of gene networks 
associated with different levels of anxiety

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 co­occurrence) 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 BeadChip­system expression chip (46,132 samples), 
L. Czibere et al. (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 low­level 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 

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 Bonferroni­corrected hyper­
geometric distribution for multiple comparisons yields  
a Padj < 8.4·10–5 (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 identi fied 
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 Padj < 0.024 < 0.05 (Fig. 1).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29014
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29014
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29014
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29014
https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE29014
https://omabrowser.org/oma/home/
https://omabrowser.org/oma/home/
https://omabrowser.org/oma/home/
https://omabrowser.org/oma/home/
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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 medium­sized cluster 
of 7 proteins and genes, as well as 2 isolated smaller clusters 
(Fig. 3).

Note that the large HAGn cluster (Fig. 3, I–III) includes the 
entire three LAGn clusters (Fig. 2, I–III), 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, VIII 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 
Padj < 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 Padj < 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 – GnI (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 GnI:
 • 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 (GnI, 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, physio logical 
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 three­domain 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 GnI 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

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

HAB mouse orthologs: 
16 genes

HAGn gene network:  
8 genes and 36 proteins

DEGs in LAB mice:  
193

LAB mouse orthologs: 
8 genes

LAGn gene network:  
3 genes and 26 proteins

Intersection of DEGs 
HAB ∩ LAB = 133

Gene intersection 
HAB ∩ LAB = 5

Gene intersection = 3 
Protein intersection = 21

Intersection significance: 
 Padj < 8.4 · 10–5

Intersection significance: 
Padj < 0.024 < 0.05

Padj significance < 0.040 
Padj significance < 0.0001

Reconstruction of potential human gene networks associated  
with high (HAGn) and low (LAGn) generalized anxiety states

Search for orthologs of DEGs in humans and mice  
associated with different levels of anxiety

Fig. 1. Basic steps in reconstructing a potential human gene network associated with high and low levels  
of anxiety.

https://www.malacards.org/card/anxiety#Genes
https://www.malacards.org/card/anxiety#Genes
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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: 1  – 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, 10 – protein-protein interaction.

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.

1

2

3

4

5

6

7

8

9

10

V
VI

III

II I

IV

VII

VIII

IV

I–III

1 2 3 4 5 6 7 8 9 10



Реконструкция и анализ генных сетей,  
ассоциированных с различными уровнями тревожности

Е.Г. Вергунов, В.А. Савостьянов, А.А. Макарова 
Е.И. Николаева, А.Н. Савостьянов

2025
29 • 1

167БИОМЕДИЦИНА / BIOMEDICINE

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 5HT2A and 5HT2C (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; Ivanov 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

Fig. 4. Qualitative scheme of interaction between LAGn (gene network of reduced anxiety), HAGn (gene network of 
increased anxiety) and GnI (dispatcher that activates domain 1 or domain 2).
A – distribution of genes, B – distribution of proteins encoded by the genes.

High anxiety HAGn
8 genes in total, of which 
5 genes in domain 2

High anxiety HAGn
A total 36 proteins, of which  
15 proteins in domain 2

Low anxiety LAGn  
3 genes in total, 
overlap of domain 1  
and domain 3 (Gnl)

Low anxiety LAGn 
26 proteins in total,  
of which 5 proteins  
in domain 1

Gnl,  
dispatcher

21 proteins 
in domain 3
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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 
three­domain 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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