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3D cell culture models:
how to obtain and characterize the main models

M.M. Abdurakhmanova (9, A.A. Leonteva (521, N.S. Vasilieva (2 1, E.V. Kuligina ()}, A.A. Nushtaeva (9% 1 @
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Abstract. For many years, the gold standard in the study of malignant tumors has been the in vitro culture of tumor
cells, in vivo xenografts or genetically modified animal models. Meanwhile, three-dimensional cell models (3D cul-
tures) have been added to the arsenal of modern biomedical research. 3D cultures reproduce tissue-specific fea-
tures of tissue topology. This makes them relevant tissue models in terms of cell differentiation, metabolism and
the development of drug resistance. Such models are already being used by many research groups for both basic
and translational research, and may substantially reduce the number of animal studies, for example in the field of
oncological research. In the current literature, 3D cultures are classified according to the technique of their forma-
tion (with or without a scaffold), cultivation conditions (static or dynamic), as well as their cellular organization and
function. In terms of cellular organization, 3D cultures are divided into “spheroid models”, “organoids”, “organs-on-
a-chip” and “microtissues”. Each of these models has its own unique features, which should be taken into account
when using a particular model in an experiment. The simplest 3D cultures are spheroid models which are floating
spherical cell aggregates. An organoid is a more complex 3D model, in which a self-organizing 3D structure is
formed from stem cells (SCs) capable of self-renewal and differentiation within the model. Organ-on-a-chip models
are chips of microfluidic systems that simulate dynamic physical and biological processes found in organs and tis-
sues in vitro. By combining different cell types into a single structure, spheroids and organoids can act as a basis
for the formation of a microtissue - a hybrid 3D model imitating a specific tissue phenotype and containing tissue-
specific extracellular matrix (ECM) components. This review presents a brief history of 3D cell culture. It describes
the main characteristics and perspectives of the use of “spheroid models’, “organoids’, “organ-on-a-chip” models
and “microtissues” in immune oncology research of solid tumors.

Key words: cell aggregation; 3D cell cultures; spheroids; organoids; organ-on-a-chip; microtissue; 3D cell model
culturing

For citation: Abdurakhmanova M.M., Leonteva A.A,, Vasilieva N.S., Kuligina E.V., Nushtaeva A.A. 3D cell culture
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3D cell culture models: how to obtain
and characterize the main models

AHHOTaLuA. B TeueHrie MHOTUX NeT 30510TbIM CTaHAAPTOM B UCCNIE[OBaHMAX 3/10KaueCTBEHHbIX HOBOOOPa30BaHWI AiB-
NANNCH KYNbTYPbl OMYXONEBbIX KNETOK in vitro, KCEHOTPAHCMNIAHTATbI in Vivo AN reHeTnyeckn MoandrLmMpoBaHHble
mMoaenn XNBOTHbIX. K HacToAlWweMy BpeMeHN apceHan MHCTPYMEHTOB COBPEMEHHbIX MED,VIKO-6VIOJ'IOFVNGCKVIX mnccneno-
BaHWI MOMONHUNCA TPEXMEPHbIMU KNeToYHbIMU mogenamu (3D-KynbTypbl). 3D-KynbTypbl BOCNPOU3BOAAT TKaHecne-
UM UUHbIE XapaKTePUCTUKIN TOMOMOrMUN TKaHW, YTO JeNaeT NX PefieBaHTHbIMY TKaHEBbIMU MOAENAMU C TOUKW 3peHns
KnetouHow anddepeHUMPOBKN, MeTabonm3ma 1 pa3BUTUA NeKapCcTBEHHON ycTonumBocTy. bnarogapsa ceoemy notex-
umany Takme MOAENN yxe MPUMEHAITCA MHOTMMW NCCIeA0BaTENIbCKUMM FPpyNnamMm Kak ana GyHAamMmeHTanbHbIX, Tak 1
ANA TPAHCNALMOHHBIX UCCNeA0BaHUN, N NX UCMOJIb30BaHMe MO3BOMAET 3HAYNTENbHO COKPATUTb KOIMYECTBO SKCre-
PUMEHTOB Ha XXMBOTHbIX, HaNpUmMep, B 061acTy oHKonoruu. B nutepatype 3D-KynbTypbl KNaccMPrLMPYOT MO TEXHUKE
dopmmpoBaHMA (C Kapkacom/6e3 KapKaca), yCNnoBUAM KynbTYBUPOBaHUA (CTaTUYecKne/auHaMmnyeckre), a TakxKe no
KneTouHoW opraHusauum 1 GyHKUMAM. Mo KneToyHow opraHusaumm 3D-KynbTypbl pa3genatoT Ha «chepompHble Mo-
fenun», «OpraHounfbl», «OpraHbl-Ha-ymne» n «<MUKPOTKaHw». MNpn 3TOM Kaxkaaa 13 mofenen MeeT CBOU XapaKTepHble
0CO6EHHOCTH, KOTOpble HEOOXOAMMO YUMTbIBaTb MPU NCMOSIb30BaHMN MOAENMN B SKCNepumeHTe. Hanbonee npoctble
3D-KynbTypbl — 3T0 «chepounaHble Mogenu», NpefcTaBaaoLmne coboli nnasawLme chepuyeckne arperatbl KneTok. bo-
nee cnoxHow 3D-mopenbio ABNAETCA «OpraHoMA» — CAaMOOPraHM3YLAACA TPEXMEPHan CTPYKTYpa, cbopMupoBaHHasn
13 CTBOJOBbIX KJIETOK, CMOCOOHBIX K CaMOO6HOBREHMI0 U AnddepeHUMpoBKe B cocTaBe moaenu. MukpodnionaHble
CUCTEMbI «OpraH-Ha-uuMne» — 3To Ymrbl, UMUTPYIOLLME in Vitro OCHOBHble dusnyeckune 1 bronornyeckne NpoLeccsl B
opraHax 1 TKaHsx B AnHamuke. «Chepounaibl» U «OpraHouAbl» 3a cyeT 0ObeJMHEHUA Pa3NIMYHbIX TUMOB KIETOK B efu-
HYIO CTPYKTYPY MOTYT ObiTb OCHOBOW 4151 GOPMUPOBAHUSA «MUKPOTKaHW» — rmbpuaHon 3D-mogenu, BOCNpon3Boas-
e cneunduyeckinii TKaHeBbI GeHOTHN 1 CopepKaLlell TKaHecneLMdUUHbie KOMMOHEHTbI BHEKETOYHOO MaTpUKCa.
B naHHOM 0630pe npeAcTaBneHa KpaTkasa NCTOPUA Pa3BUTUA METOLA KYNbTUBMPOBaHWA KNeToK in vitro B 3D-popmare,
OnMCaHbl OCHOBHbIE XapaKTePUCTUKY 1 NepCneKTVBbI NPUMeHeHWsA «cheponHbIX MOAeNel», <opraHoNA0B», <KOPraHoB-
Ha-yumne» 1 «<MMKPOTKaHe» ANA NccnefoBaHnil B 061aCcT UMMYHOOHKOSIOTUW COMTMAHbIX OMyXOnei.

KnioueBble cnoBa: arperauya knetok; 3D-KynbTypbl KneTok; chepomnabl; OpraHouabl; opraH-Ha-umne; MUKPOTKaHb;

KyNnbTVBMPOBaHue KneTouHbix 3D-mopenen

Introduction

In the middle of the 20th century, the basic principles of
in vitro cultivation of plant and animal cells were formed and
diploid human cell lines were created (Jedrzejczak-Silicka,
2017). Inthe late 20th and early 21st century, 3D cell cultur-
ing methods were developed to construct cell models that
more accurately reproduce the microenvironment in which
cells reside in body tissues (Edmondson et al., 2014). 3D tu-
mor cell culture techniques have been actively developing
in recent decades. Compared to 2D cultures, modern 3D cell
models are as close as possible to animal models and in vivo
primary tumors in terms of the following characteristics: the
apical-basal polarity of cells within the 3D model; expression
level of cell genes responsible for physiological function-
ing of cells; heterogeneity of cellular composition; ability
to secrete extracellular matrix (ECM) proteins and growth
factors; drug resistance of the model and etc.

Researchers classify 3D cell cultures according to their
spatial structure (Maliszewska-Olejniczak et al., 2019) and
distinguish “spheroidal models”, “organoids”, “organ-on-
a-chip” models and “microtissues”. In published works,
the terms “spheroid”, “organoid” and “microtissue” may
be mistakenly used as synonyms (Simian, Bissell, 2017).
However, it should be kept in mind that all of the above
models have different or only partially overlapping cell
sources, construction protocols and applications and as
such are not interchangeable. The reasons why the terms
“spheroid model”, “organoid” and “microtissue” need to
be separated are described in this review. The review also
presents a brief history of the development of in vitro 3D cell
culturing methods with a focus on the key features of 3D cel-

lular models, which will allow researchers to determine the
most physiologically relevant model for cancer immunology
studies of solid tumors.

Preservation of tissue-specific
characterization of cells in vitro
The first attempts to obtain a 3D cell model were made in
1956: Aron Arthur Moscona obtained 3D structures in the
form of cell aggregates (Moscona, 1956). Moscona was the
first to show that dissociated cells of different histological
origin, when cultured together, are able to aggregate with
each other and form a three-dimensional structure.

Radiobiologists Robert Sutherland et al. first introduced
the term “spheroid” for the structures described by Aron
Moscona. Sutherland and colleagues obtained multicellular
spheroids from Chinese hamster lung cells (line V79). The
structure of the resulting spherical cell aggregates resembled
the nodules observed in animal and human carcinomas. The
growth curve of cell aggregates in vitro was similar to the
growth curve of grafts in mice. Morphological analysis of
the obtained structures showed that spheroids have an outer
zone containing many dividing cells, an intermediate zone,
which is poorly saturated with oxygen and nutrients and
contains a small number of cells in the state of mitosis, and
a zone of necrotized cells. Based on the results obtained, the
authors concluded that the multicellular spheroids obtained
during the experiment can be used as an in vitro model to
assess tumor growth (Sutherland, 1988).

The term “organoid” began to be used in the literature
in the 1950s, but, at that time, the structures denoted by
the term had nothing to do with “3D cell cultures”. For
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example, William Duryee and Josephine Doherty, in their
1954 study “Nuclear and Cytoplasmic Organoids in the
Living Cell”, used the term “organoid” to refer to intracel-
lular structures, namely cell organelles (Duryee, Doherty,
1954). The term “organoid” was also used to refer to tumors
or abnormal cellular growths as a synonym for “teratoma”
(Wolter, 1967). The development of methods for culturing
organoids as 3D cellular structures dates back to 1975.
James G. Reinwald and Howard Green described the first
3D model that contained normal human keratinocytes and
mouse fibroblasts of the 3T3 line. In the stratified epidermis,
cell division was restricted to the basal layer of growing
clones, while the superficial layers consisted of terminally
differentiating keratinocytes that gradually formed the kera-
tinizing layer. Further culturing of these structures yielded
“epidermal sheets” grown from small numbers of primary
keratinocytes (Rheinwatd and Green, 1975). Although the
term *“organoid” was not used in this study, Rheinwatd and
Green were the first to reconstruct a 3D tissue structure
in vitro, and since 1980, the term “organoid” has appeared
in studies on 3D cultures.

In addition, in the 1980s, the work of a group led by Mina
Jahan Bissel demonstrated the important role of ECM in
tumor development. Primary culture mouse mammary gland
cells were cultured on a substrate of basal membrane (BM)
proteins derived from Engelbreth-Holm-Swarm (EHS)
mouse sarcoma. It was shown that in this conditions mam-
mary cells formed ducts and lumen resembling secretory
alveoli, and -casein expression was detected in 90 % of the
cells (Lietal., 1987). This study stimulated the development
of methods to create 3D models with the consideration of
the ECM. The combination of the words “3D cell culture
models” was first used by Mary Helen Barcellos-Hoff et al.
(Barcellos-Hoff et al., 1989) and Ole Petersen and colleagues
(Petersen et al., 1992) when analyzing mammary gland cells
on EHS BM substrate. Using this human mammary gland

Adherent
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Fragments of tissues
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model, the group led by Barcellos-Hoff investigated alveolar
morphogenesis, and the group led by Petersen was able to
describe the growth pattern and differentiation of normal
and malignant epithelial cells.

Until 2005, the term “organoid” was used to refer to
small organ fragments consisting mainly of epithelial cells
separated mechanically and/or enzymatically from stromal
tissue and grown in various gels (Fata et al., 2007). However,
in the last decade, the term has often been used to refer to a
wider variety of 3D structures (Nikonorova et al., 2023). In
2012, The Gastrointestinal Stem Cell Consortium approved
the following nomenclature for cell models of the large and
small intestine: “organoid” — a 3D culture consisting of se-
veral cell types, such as cells of epithelial and mesenchymal
origin; “spheroid” — a spherical 3D culture containing cells
of only one cell type (Guryanov, 2016).

To clarify the nomenclature of cellular models for other
tissues, the European Molecular Biology Organization or-
ganized the “Organoids” meeting in October 2016, where
it was decided to apply the term *“organoid” to a range of
different structures, depending on the organ system (Simian,
Bissell, 2017). For example, in the field of mammary gland
biology, an “organoid” is a primary explant of epithelial
ducts placed in ECM gels. Conversely, in intestine biology
research, “organoids” may include clonal derivatives of pri-
mary epithelial stem cells (SCs) grown without mesenchyme
or epithelial-mesenchymal cultures derived from embryonic
stem cells (ESCs) or induced pluripotent stem cells (iPSCs)
(Shamir, Ewald, 2014).

Thus, the methods of tissue fragment cultivation deve-
loped and described in the 19th and 20th centuries laid the
foundation for the development of cell culture technology
outside the body. The formulated principles of cell cultiva-
tion allowed to make important discoveries in the field of
regenerative medicine, transplantology, biotechnology and
biopharmaceutics (Simian, Bissell, 2017) (Fig. 1).

The result:

a distinction
between the terms
“organoid”
and “spheroid”
for intestinal
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Fig. 1. Chronology of key developments in cell culturing: from tissue fragments to 2D and 3D cell models.
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The smallest functional unit
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Physical and biological
processes of the organ in vitro

Fig. 2. Methods of obtaining and characteristic features of 3D cellular structures: “spheroid model”, “organoid”, “organ-on-a-chip” and “microtissue”.

The specific features of 3D tumor cell cultures:
“spheroid model”, “organoid’, “organ-on-a-chip”
and “microtissue”
With the development of 3D culturing approaches, terms
such as “aggregates”, “spheroids”, “sphere”, “tumorsphere”,
“oncosphere”, “organoid” or “organotypic spheroid” appear.
They are often mistakenly used as synonyms. However,
these models differ in the composition of the medium used,
the cell culture surface, the cell density, the time required
for formation, and the types of cells used (Rodrigues et al.,
2024). That said, the ambiguity of the terminology can lead
to confusion about the specific model used in a given study
(Nikonorova et al., 2023). For example, Seyed Ali Karimi-
fard et al. use the terms “organoid” and “mammosphere”
in reference to a 3D cellular structure from MCF-7 breast
adenocarcinoma tumor cells (Karimifard et al., 2024). Ac-
cording to the nomenclature of cellular 3D structures, “or-
ganoid” and “mammosphere” refer to different 3D models
(Ponti etal., 2005; Gilazieva et al., 2020). The authors of this
study refer to the publication by Sahar Moradi-Mehr et al.
who describe engineered “mammospheres” as an organoid
model (Moradi-Mehr et al., 2023). However, the authors
of this work do not describe the model they obtained as an
“organoid”, but use the terms “3D MCF-7 cell culture” or
“mammosphere”.

We assume that the confusion in terminology is related to
the novelty and speed of development of the field of 3D cell
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culture, as well as the desire to follow scientific trends. The
importance of using appropriate terminological nomencla-
ture was also discussed in a scientific review by V.G. Niko-
norova et al. (Nikonorova et al., 2023). Despite numerous
attempts to introduce nomenclature, the use of terminology
is rather inconsistent among researchers; therefore, it is
necessary to introduce nomenclature of cell models in the
scientific community, including among Russian researchers
(Kang et al., 2021; Pasca et al., 2022) (Fig. 2).

Spheroid models

Among spheroidal models, “spheres” and “spheroids”
are the most common (Maliszewska-Olejniczak et al.,
2019). “Spheres” include tumorospheres and tissue tumor
“spheres”. Tumorospheres are described as tumor cells
forming 3D clusters of cell suspension growing under
non-adhesive conditions. Tumor stem cells (CSC), which
are associated with tumor initiation, have the potential
for self-renewal and proliferation, as well as the ability to
form 3D structures when cultured in vitro (Weiswald et al.,
2015). Since sphere-forming cells are SCs, they are able to
differentiate into all non-stem cell subpopulations present
in the original cell culture, and thus, a tumorosphere is a
mixture of CSC and differentiated cells (Maliszewska-
Olejniczak et al., 2019). By contrast, tissue tumor “spheres”
are derived from a patient’s tumor tissue sample. The tissue
sample is dissociated, allowing tumor cells to migrate from
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fragments as clusters of cells and/or individual cells to form
dense, compact clusters or aggregates of cells. However, this
spheroid model is limited to the study of the CSC region, as
it cannot reproduce the multiplicity of other cell types in a
tumor, and is also poorly reproducible as some CSC remain
undifferentiated (Valent et al., 2012).

“Spheroids” are aggregates of cells of a spherical shape
formed in a suspension of single cells of homo- or hetero-
geneous cell type. The formation of such a model occurs
due to homotypic intercellular adhesion, complemented by
the lack of cell adhesion to the plastic of the culture vial
(Sakalem et al., 2021). Such a 3D model can be formed from
cells of the same lineage as well as from cells of different
lineages cultured together, and allows us to assess the abil-
ity of cells to spontaneously self-organize, synthesize ECM
proteins and form a specific microenvironment (Verjans
et al., 2018). The spheroid resembles a non-vascularized
tumor nodule — it mimics the central zone of hypoxia, the
inner zone of quiescent cells and the outer zone of actively
proliferating cells and is convenient as a model in the study
of malignant neoplasms.

The main application area of spheroid models: in
biological research as an in vitro tumor model, for drug
testing, as a basis for tissue engineering (Daly et al., 2021;
Hsu et al., 2021; Corgnac et al., 2022; George et al., 2022;
Nushtaeva et al., 2022; Vasileva et al., 2022).

Advantages and disadvantages of the spheroidal model
One of the advantages of spheroid models is that they do not
require an exogenous ECM (Nushtaeva et al., 2022). Such
models reproduce the biochemical reactions of the original
parental tumor (George et al., 2022) and intercellular inter-
actions (Corgnac et al., 2022). In addition, spheroid models
can be used as building blocks for organ-on-a-chip models
and microtissues (Corgnac et al., 2022).

However, it is important to consider that depending on the
method of derivation, the duration of cultivation and the size
of the spheroid, the necrotic area may also increase, limiting
researchers, for example in studies related to drug testing
(Verjans et al., 2018). Also, not all cell lines are able to form
spheroid models (Ivascu, Kubbies, 2007) and there is limited
availability of cell lines derived from normal or minimally
transformed tissues (Gunti et al., 2021; Han et al., 2021). In
addition, a detailed selection of growth factors is required
for the formation and maintenance of the spheroid model.

Prospects for the application of “spheroid models”
in immunologic and cancer research
Over the last decade, immunotherapy has become a promis-
ing tool in oncotherapy (Bandara et al., 2024). Despite this,
the efficacy of immunotherapy often depends on tumor
histogenesis and patient characteristics. This suggests the
need for improved preclinical screening models that more
accurately reproduce tumor biology in vivo.

Spheroid models can be grown either from tumor cells
alone or co-cultured with different cell types such as fibro-
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blasts, endothelial cells, and immune cells to mimic crosstalk
between different cellular compartments of patients’ tumors
(Abdurakhmanova et al., 2022; Heinrich et al., 2024). Al-
though spheroids lack the vasculature and cellular hetero-
geneity of the primary tumor, their gene expression profiles
and necrotic core formation make them similar to patients’
tumors (Heinrich et al., 2024). It is currently the most used
model to evaluate immunotherapeutic strategies due to its
relatively low cost and high reproducibility (Boucherit et
al., 2020).

Spheroid models can be used to test immunotherapy ap-
proaches, particularly to assess the efficacy of therapeutic
antibodies and carry out drug screening to enhance immune
cell infiltration and antitumor effects against solid tumors.
For example, in the study by Melanie Grotz and colleagues,
a heterotypic spheroid model of breast cancer was used to
evaluate the effect of a high-affinity ligand of fibroblast ac-
tivation protein on naive T-cell behavior (Grotz et al., 2024).
This study showed that targeting the fibroblast activation
protein is relevant for immunotherapy and effective activa-
tion of T cells in the tumor microenvironment. Spheroid
models can also be used to test the efficacy of the chimeric
antigen receptor (CAR) therapy approach. Veronica Bandara
et al. tested their CAR-T cells targeting the non-functional
purinergic receptor P2X7 and found that this approach
enhanced the anti-tumor response in a spheroid model of
ovarian cancer (Bandara et al., 2024). Spheroid models
can also be used to investigate the role and functions of
nanoscale biomolecules. In the study by Lilita Sadovska and
colleagues, a 3D cellular model was developed to evaluate
the effects of extracellular vesicles (EVs) in prostate cancer
on human immune cells (Sadovska et al., 2018). The study
showed that the majority of EVs remain bound on the sur-
face of B cells, while a part of EVs penetrate into T cells
via macropinocytosis.

In addition to generating spheroids derived from tumor
cells, another approach is to develop spheroids derived
from immune cells. Macrophages form spheroids and can
remain viable in 3D culture for at least 16 days (Burchett
et al., 2024). Y. Tanaka et al. were able to demonstrate
that macrophages tend to polarize towards the anti-tumor
M1 phenotype, opposing its pro-tumor M2 phenotype in the
spheroid state (Tanaka et al., 2018).

However, in order to accurately mimic tumor composition
and investigate the functional properties of immune cells,
it is necessary to improve existing spheroid models. For
example, by introducing new cell types into the spheroid
in a quantitatively accurate manner. In addition, the cell
ratios in the model must match what the tumor exhibits. This
requires extensive study of the cellular composition of the
tumor before creating the model. The most comprehensive
heterotypic spheroid model was created in a study by Mar-
cel Heinrich et al. (Heinrich et al., 2024). The authors of
this study determined the number and ratio of glioblastoma
tumor cells, microglia, and astrocytes to recreate a realistic
brain tumor model. The inclusion of both astrocytes and
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microglia in the heterotypic model significantly increased
the growth of the model, and demonstrated that astrocytes
play a crucial role in glioblastoma cell invasion. In addi-
tion, astrocytes and microglia contribute to a dense physical
barrier that protects the tumor model from infiltration by
macromolecules or immune cells.

Organoids

A significant part of 3D cell cultures is called “organoids”
because, under the conditions of mimicking the 3D environ-
ment of an organism in vitro, cells can spontaneously self-
organize, forming complex histological structures similar
to the structures in the organs from which they originated.
For example, mammary gland cells cultured in 3D are able
to form structures similar to branched ducts (Lee et al.,
2007). Currently, the term “organoid” refers to an artificial
3D structure derived from SCs and composed of organ-
specific cells capable of self-organization and reflecting the
structure and function of an organ in vivo. Such a model can
be derived from ESCs, iPSCs or neonatal SCs (Sakalem et
al., 2021; George et al., 2022) and provides relevant insights
into tissue functionality and differentiation. Typically, “or-
ganoids” are composed of different cell types originating
from different germ sheets and tend to have a higher order
of self-organization compared to spheroids (Nikonorova et
al., 2023).

When describing “organoids”, the term “assembloids” is
also used — uniting organoids formed from cells of different
organs or different regions of an organ (Eke et al., 2022).
Such a model should mimic the morphofunctional units of
the corresponding tissues in vivo.

The main application area of organoids: biomedical
research, drug testing, tissue engineering and transplantation
therapy (Kassis et al., 2019; Hofer, Lutolf, 2021; Mesci et
al., 2022; Miao et al., 2022).

Advantages and disadvantages of organoids

By altering the cell isolation procedure and varying the com-
bination of growth factors during culturing, researchers can
create organoids composed of both normal and transformed
cells (Ilvascu, Kubbies, 2007; Daly et al., 2021; Hsu et al.,
2021; Corgnac et al., 2022), which is a powerful tool in
antitumor drug screening studies. Cellular models of “or-
ganoids” can be cultured for long periods of time, genetically
modified and cryopreserved, preserving their phenotypic
and functional characteristics. However, it should be taken
into account that the formation of a complex structure in
the “organoid” model usually takes two to three months
depending on the tissue type and requires a certain set of
growth factors (Gunti et al., 2021).

Prospects for the application of “organoids”

in immunologic and cancer research

The use of patient-derived organoids in personalized cancer
immunotherapy has shown great potential. Such organoids
retain the genetic and functional characteristics of the
original tumors, allowing immunotherapeutic strategies to
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be tailored to each patient’s unique cancer profile (Noorintan
etal., 2024).

A study by S.D. Forsythe et al. used personalized orga-
noid models to preclinically investigate the use of immu-
notherapy in the treatment of appendix cancer (Forsythe et
al., 2021). Patient tumor organoids were generated using
unsorted tumor cells with and without enrichment of patient
immune cells derived from peripheral blood, the spleen,
or lymph nodes for therapy with PD-1 (programmed cell
death protein 1) inhibitors and T-cell activators. The authors
demonstrated cytotoxic efficacy in a subset of immune-
enhanced appendix cancer organoids from both low and
high malignancy primary tumors. This study demonstrates
the potential of immunotherapy for appendix cancer and the
utility of immunocompetent organoids in selecting patients
for clinical trials in rare cancers.

Incorporation of 3D models to predict clinical responses
to screening drugs turned out to be more effective than use
of traditional adherent cultures, as 3D models reproduce the
features of the primary tumor to a greater extent. Z. Zhou et
al. developed a standardized protocol to establish a tumor-
organoid-T-cell system with breast tumor organoids and
primary tumor-specific CD8+ T cells. This system facilitates
high-throughput drug screening using mouse mammary tu-
mor organoids and also allows for more accurate prediction
of therapeutic responses to anticancer drugs using perso-
nalized organoids (Zhou et al., 2021). The authors showed
that current epigenetic inhibitors enhance antigen presenta-
tion mediated by major histocompatibility complex class |
(MHC I) on breast tumor cells. Furthermore, treatment with
the histone deacetylase inhibitor BML-210 significantly
sensitized breast tumor cells to the PD-1 inhibitor.

Developing co-culture systems for primary tumor epithe-
lium that include additional cellular components without
artificial addition is challenging. J.T. Neal et al. successfully
created organoids derived from patient tumor epithelium
that retain their own immune cells, reflecting the diversity
of the tumor microenvironment (Neal et al., 2018). Popula-
tions of infiltrating CD3+ T cells expressing PD-1, cytotoxic
T cells, T helper cells, T cells, B cells, NK cells and varying
numbers of macrophages were observed in the personalized
organoids. This method holds great promise for modeling
personalized immunotherapy in vitro by organoids that retain
their immune structure.

T.E. Schnalzger et al. developed organoids from patient-
derived colon cells to study the cytotoxicity of CAR-NK
cells targeting the EpCAM (cell adhesion molecule) antigen
(Schnalzger et al., 2019). CAR-NK-EpCAM effectively
lysed tumor cells on the first day of co-culture. The authors
claim that the organoids they obtained represent a sensitive,
personalized in vitro platform for evaluating the efficacy of
CAR-based immunotherapy.

However, no matter how sophisticated organoid models
are, they do not provide a physiological representation of tis-
sue organization in vivo. In these models, there is no vascular
system, and consequently, the diffusion of drugs, cellular
products and their penetration inside the organoid is limited.
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Organ-on-a-chip

Organ-on-a-chip technology has revolutionized biomedi-
cal research by providing advanced platforms for in vitro
modeling of complex organ systems. “Organ-on-a-chip”
is a technology for culturing cells in a fluid flow to mimic
an artificial organ or their system, allowing the structural
and functional characteristics of organs and their interac-
tions to be reproduced. This technology is applicable to the
study of disease mechanisms, responses of body systems
to therapeutic agents and their toxicity profiles (Doost,
Srivastava, 2024).

The organ-on-a-chip model is a small microfluidic device
in the form of chips made of biocompatible materials that,
through a network of microchambers, microchannels, and
laminar flow, allow cells to be cultured under conditions
similar to in vivo environments (Doost, Srivastava, 2024).
Such a model can be derived from ESCs, iPSCs or neona-
tal SCs, as well as immortalized and primary cell cultures
(Singh et al., 2022). In addition, microfluidic technologies
can be combined with a “spheroid model” and/or “orga-
noids” to form a hybrid model (Wei et al., 2023).

The main application area of organ-on-a-chip: bio-
medical research, drug testing, tissue engineering (Azizgol-
shani et al., 2021; Lohasz et al., 2021).

Advantages and disadvantages
of the organ-on-a-chip model
“Organ-on-a-chip” allows full control of microfluidic
systems and regulation of cellular processes in a study,
mimicking dynamic human physiological processes such as
respiration, peristalsis, and blood flow (Alver et al., 2024).
One of the limitations of organ-on-chip technology is the
need for a material that does not affect the components of
the cellular microenvironment and maintains a stable flui-
dic connection. Since the volume of laminar fluid is small,
surface effects dominate over volume effects. In addition,
laminar flow is present at the intersection of multiple fluids,
and consequently the fluids may not mix properly (Danku
etal., 2022).

Prospects for organ-on-a-chip application

in immunologic and cancer research

Blood and lymphatic vessels play an important role in
immunologic processes, moving immune cells between
organs, tissues, and the lymphatic system. Microfluidic chip
technology can replicate key complex and dynamic tumor
characteristics such as vascularization and extravasation,
improving preclinical models in the development of cancer
immunotherapy (Doost, Srivastava, 2024). Most organ-
on-a-chip models contain parallel channels to incorporate
tumor cells into hydrogels and immune cells embedded in
the hydrogel or perfused from the side channel. The specific
choice of microfluidic model design is usually determined
by the purpose of investigation, as throughput, dynamic
characteristics (e. g., flow), and molecular sensing capabili-
ties vary widely between models (Chernyavska et al., 2023).
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Shabnam Jeibouei et al. used spheroids formed from breast
cancer cells in a microfluidic chip to assess patient tumor
heterogeneity and analyze migration and invasive potential
(Jeibouei et al., 2024). The authors found that increased
expression levels of HER2 and the macrophage marker M2a
as well as the stiffness of VSMC proteins are important fac-
tors affecting tumor cell migration and invasion. M. Nguyen
and colleagues reconstructed a heterotypic HER2+ breast
tumor model to evaluate the effect of monoclonal antibodies.
The authors cultured tumor cells, endothelial cells, blood
mononuclear cells, and tumor-associated fibroblasts in a
multichamber chip. This model allowed testing of monoclo-
nal antibodies in a complex 3D system that allows perfusion
of soluble molecules given the heterogeneity of the tumor
(Nguyen M. et al., 2018).

Unlike adaptive immune cells, innate immune cells do not
need MHC for their activation. The complexity increases
significantly when adaptive immune cells have to be used
in an experiment, given MHC molecules, in the presence of
other MHC-mismatched cell types (Magenau et al., 2016).
It is therefore crucial to develop immunocompetent organ-
on-a-chip models to help us better understand how immune
cells interact with organs in health and disease. Research by
Irina Veith and colleagues created personalized organ-on-a-
chip models of lung cancer with their autologous primary tu-
mor, stromal, and immune cells isolated from tumor samples
and measured the response to anti-PD-1 treatment (Veith et
al., 2024). The microfluidic model was able to reproduce
stroma-dependent mechanisms of resistance to immuno-
therapy, and integration of autologous immunosuppressive
tumor-associated fibroblasts into the model impaired the
response to anti-PD-1 therapy.

Although organ-on-a-chip models can reproduce most
characteristics of individual organs and physiological flow
conditions, it is unable to capture dynamic interactions be-
tween multiple organs (Kumar et al., 2024). In addition, an
organ-on-a-chip still does not include all organ-specific cells
and requires further refinement of the model, for example
via integration of organoids into the model. Tengku Maulana
created a model for infusion, recruitment and infiltration
of CAR-T cells into solid tumors by integrating organ-
on-a-chip approaches and patient-derived organoids. The
model was used to investigate different treatment regimens
with dasatinib as a pharmacologic safety switch to control
CAR-T cells during therapy. The approach allowed in vitro
evaluation of safety and efficacy in a patient-specific manner
(Maulana et al., 2024).

Microtissue

A “microtissue” is a hybrid cellular 3D model that has a
tissue-specific phenotype and contains tissue-specific ECM
components. “Microtissues” are formed when cells in a
suspension aggregate with each other and/or bind to the
surrounding ECM and compactify, increasing the density of
the 3D structure (Eyckmans, Chen, 2017). It is possible to
form a “microtissue” by obtaining a model of “spheroids”
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or “organoids” from both a single cell type and histologi-
cally different cell types (Eke et al., 2022), as well as by
integrating into an organ-on-a-chip model. In this approach,
“microtissues” can be spherical multicellular aggregates
designed to replicate the smallest functional unit of a tissue
or organ. During self-organization, cells synthesize their
own ECM, re-establish cellular contacts, and thus reproduce
tissue-specific functions and integrated cellular responses to
environmental stimuli. Although the microtissue forms an
environment that allows certain cell types to mimic their
native in vivo behavior as closely as possible, many tissues
in the body experience significant mechanical loading that
alters matrix structure and cell function, which is difficult to
reproduce in a 3D model (Eyckmans, Chen, 2017).

The main application area of microtissues: biomedical
research, drug testing, tissue engineering and transplantation
therapy (Wang Y. et al., 2020; Zhang et al., 2022).

Advantages and disadvantages of microtissue
Microtissues allow recreating complex native tissue archi-
tecture in vivo, including simulation of vascular network,
cell-cell and cell-ECM interactions (Eke et al., 2022). Patho-
logical processes are being modeled using microtissue for
personalized screening and drug development. However,
the low assembly speed for macroscale tissue simulation,
building a scenario of cellular evolution in 3D dimension
leading to the emergence of function rather than the forma-
tion of the final functional structure should be considered.
In addition, the sources of initial cells can affect model
fidelity and reproducibility (Eke et al., 2022; Schot et al.,
2023; Wang O. et al., 2023).

Prospects for the application of “microtissues”
in immunologic and cancer research
A microtissue is an in vitro biomimetic model formed from
spheroids and/or organoids as biological building blocks
for tissue and organ development, both through simple
3D culturing approaches and innovative engineering systems
(Burdis et al., 2022). The advantage of a microtissue model
is that the tissue organization can be fully engineered and
the assembly of the model can be adjusted chemically or
mechanically to obtain the desired tissue structure.
Claudia Martins and colleagues developed a spheroid-
based heterotypic glioblastoma microtissue model to
evaluate the effect of nanodrugs (Martins et al., 2023). The
resulting model mimicked tumor organization, extracellu-
lar matrix production, and exhibited a cytokine signature.
Macrophages within the microtissue were polarized into an
M1/M2 phenotype consistent with docetaxel nanotherapy.
In the study by Kazuaki Ninomiya and Tatsuhiko Taniuchi,
a bio-3D printer with spheroid stacking on Kensan (micro-
needle matrix) was used and a microtissue was assembled
by precisely stacking spheroids from normal and cancer
cells. The resulting model allowed to non-invasively observe
the dynamic invasion behavior of cancer cells for the first
time (Ninomiya, Taniuchi, 2024). Inya Waldhauer et al.
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developed heterotypic 3D microtissue models to study the
activity of novel IL-2-based anti-tumor immunotherapeutic
drugs (Waldhauer et al., 2013). The resulting tumor cell/
fibroblast/lymphocyte-based microtissue model allows us
to control the penetration of antibodies and their targeting
of tumor and stroma components, to study the interaction of
tumor cells with immune cells in a system that more closely
resembles the tumor microenvironment in vivo. Using bio-
printing and microfluidic emulsification systems, Gyusik
Hong and colleagues obtained a microtissue spheroid model
with a lobular structure and realization of liver functions
(Hong et al., 2021). Structured microtissue spheroids with
pronounced vascularization showed improved albumin and
urea secretion.

Thus, the use of the microtissue approach involves the
combination of already existing 3D models to enhance the
reproduction of realistic tissue features in the field of tumor
immunology, and remains a promising model in the develop-
ment of immunotherapy strategies.

Cell culturing in 3D models

Cultivation conditions in 3D systems should provide cells

with all physical and chemical conditions necessary to

mimic the in vivo environment. At present, there are many

methods for culturing cells as part of 3D structures (Fig. 3).

The following criteria should be considered when selecting

a method for obtaining a 3D cell structure:

1) cell composition: a mono- (Troitskaya et al., 2021) or
heterogeneous cell model (Arora et al., 2022; Nushtaeva
et al., 2022);

2) method of 3D model formation: using special carrier
matrices (Sulaiman et al., 2020) or without their use
(Nushtaeva et al., 2022);

3) cultivation conditions: static (Arora et al., 2022) or dy-
namic (Coluccio et al., 2019).

Some advantages and disadvantages of methods for
obtaining basic 3D models are summarized in the Table.

Conclusion

Compared to cells in adherent cultures, cells in 3D structures
simulate intercellular interactions organized in space and
cellular heterogeneity, which together more fully reflect
tissue organization in vivo (Eke et al., 2022). This review
discusses the nuances of terminology in 3D cell modeling,
the main approaches to obtaining models, and the prospects
for their use in biomedical research.

Three-dimensional “spheroid models” and “organoids”
provide an opportunity to approximate the architecture and
functionality of the tissue from which they originate. How-
ever, despite the advantages of these models to account for
part of the microenvironment, such as stromal and immune
cells, they still lack the environmental dynamics inherent
to in vivo conditions. Organ-on-a-chip microfluidic tech-
nologies in the field of oncology combine the advantages
of 3D culture in a controlled and dynamic environment. In
addition, “spheroids” and “organoids” act as building blocks
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Advantages and disadvantages of methods of cultivation of basic 3D models
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Approach 3D model
The“hanging  Spheroid
drop”method model,
microtissue
Spontaneous  Spheroid
spheroid model
formation
Using plastic ~ Spheroid
with low model,
adhesion organoid,
properties microtissue
Magnet-based Spheroid
methods model,
organoid,
microtissue
Using Spheroid
a hydrogel model,
matrix organoid,
microtissue
Bioprinting Microtissue
Bioreactor Spheroid
model,
organoid

Essence of the method

A drop of cell suspension

is placed on the lid

of the culture plate,

the lid is inverted,

causing cells to accumulate
at the air-liquid interface
and form a 3D structure

Spontaneous spheroid
formation of stem-like cells
when cells are cultured

in 2D format

Forced aggregation

of cells into a 3D model
when cultured in plates
with the bottom of the wells
coated with biopolymers
that prevent cell adhesion
to the plastic surface

The cell monolayer

is incubated with

a suspension of magnetic
nanoparticles.

Cell aggregation with further
formation of a 3D model
occurs under the influence
of magnetic force

The hydrogel is used

as a substrate to prevent cells
from adhering to the surface,
or the cells are mixed

with the hydrogel

The spatial organization

of cells, imitating the
architecture of a tissue

or organ, is formed

via layer-by-layer application
of the material used

for bioprinting.

Cell printing methods:
extrusion, inkjet, laser,
pressurized bioprinting

The cell suspension, placed
in a special chamber,

is subjected to continuous
agitation to prevent cell
adhesion to the surface.
Inside the bioreactor, there is
a constant circulation

of nutrients and removal

of cell metabolic products

Advantages

«The ability to work
with a small number
of cells without the use
of expensive reagents

« Obtaining a large number
of 3D cultures

« Model size control
is possible

« Obtaining a 3D model
without special equipment,
materials and growth
factors

« Selective cultivation of SCs

« Inexpensive method

« It is possible to obtain
single models

« Co-culture of different
cell types is possible

» Model size control
is possible

- Generally inexpensive
method

- Rapid cell aggregation
» Model size control
is possible
- Different cell types
can be co-cultured

+ Non-toxicity
of the substrate

- Ease of manipulation

« Possibility of long-term
cultivation

+ Model size control
is possible

« The process
can be automated
» Model size control
is possible

+ Obtaining a large number
of 3D models
at the industrial level

Disadvantages

« The volume of the drop
is limited by the need to
preserve surface tension
« Heterogeneity in the size
of the resulting spheroids
« Not suitable for long-term
cultivation
- Expensive when using
specialized plates

- Heterogeneity
of 3D model sizes
« Lack of possibility

to obtain single 3D models

« No possibility to control
the model size

« Expensive when using
specialized plates

« No possibility to control
the uniformity
of the model

« Heterogeneity of cell
aggregates in shape
and size

« Expensive method

- Heterogeneous
composition and size
of 3D models

« Not suitable for cells with
high invasive potential

« Low stability and possible
immunogenicity
of the hydrogel matrix

+ Expensive
and technologically
complex method

« Expensive method

« No possibility to control
the homogeneity
of the model

- Vessel rotation speed
may affect physiological
responses of cells

« No possibility to control
model size
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Table (end)
Approach 3D model Essence of the method Advantages Disadvantages References
Microfluidics  Spheroid model, A chip with channels + Use of a minimum number -« Difficulty in collecting cells Bircsak et al., 2021;
technology  organoid, in which a constant laminar of cells and reagents for analysis Nair et al., 2021
organ-on-a-chip, flow is maintained + Model size control - Expensive equipment
microtissue and transport is carried out is possible is required
by diffusion « Fast model formation
due to constant perfusion
- Cells are minimally
exposed to hypoxia due
to the oxygen-permeable
materials and growth
factors used in the chip
Directional Organ-on-a-chip, Formation of the modelinto - Control of the composition -« Low reproducibility Kim et al., 2018;
assembly microtissue the desired structure occurs and size of the model - Difficulty in reconstructing Eke et al., 2022
through chemical bonding, is possible the complete tissue
physical interactions, - Suitable for matrix-rich architecture
or biological adhesion tissues (bone, cartilage)
between cells in spheroids
or organoids
Static cultivation conditions
Without carrier matrix Based on carrier matrix
B-27 bFGF
EGF etc.
The “hanging
drop” method Polymer rigid
- : Magnet-based frames Bioprinting
Biological method .
molecules Spheroid
model
Non-adhesion Spontaneous ;
coated plates spheroid formation Hydrogel matrix
One type of cell
Dynamic cultivation conditions Organoid
Histologically
different DAS
cell types DAS

Collagen Agarose
Matrigel  etc.

Microtissue

Bioreactor
Biological
materials
Microfluidics
technology

Fig. 3. Methods of obtaining 3D structures.

and form a “microtissue” that recreates the complexities of
native tissue architecture in vivo (Eke et al., 2022).
Three-dimensional cellular models are an informative
tool for investigating mechanisms of disease development
and progression, as well as identifying novel biomarkers,

Organ-on-a-chip

DAS - directional assembly

since they are as close as possible to the primary tumor at
the cellular and molecular genetic level. In addition, such
models are a relevant preclinical in vitro platform for drug
development and realization of the potential of personalized
medicine.
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Isogenic induced pluripotent stem cell line ICGi036-A-1
from a patient with familial hypercholesterolaemia, derived by
correcting a pathogenic variant of the gene LDLR ¢.530C>T
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Abstract. Familial hypercholesterolaemia is a common monogenic disorder characterized by high plasma choles-
terol levels leading to chronic cardiovascular disease with high risk and often early manifestation due to atheroscle-
rotic lesions of the blood vessels. The atherosclerotic lesions in familial hypercholesterolaemia are mainly caused by
pathogenic variants of the low-density lipoprotein receptor (LDLR) gene, which plays an important role in cholesterol
metabolism. Normally, cholesterol-laden low-density lipoproteins bind to the LDLR receptor on the surface of liver
cells to be removed from the bloodstream by internalisation with hepatocytes. In familial hypercholesterolaemia, the
function of the receptor is impaired and the uptake of low-density lipoproteins is significantly reduced. As a result,
cholesterol accumulates in the subendothelial space on the inner wall of blood vessels, triggering atherogenesis, the
formation of atherosclerotic plaques. At present, there are no effective and universal approaches to the diagnosis and
treatment of familial hypercholesterolaemia. A relevant approach to study the molecular genetic mechanisms of the
disease and to obtain systems for screening chemical compounds as potential drugs is the generation of cellular mod-
els based on patient-specific induced pluripotent stem cells. The aim of our work was to derive an isogenic genetically
modified induced pluripotent stem cell line by correcting the pathogenic allelic variant c.530C of the LDLR gene in
the original iPSC previously obtained from a compound heterozygote patient with familial hypercholesterolaemia.
The resulting isogenic iPSC line differs from the original by only one corrected nucleotide substitution, allowing us
to study the direct effect of this pathogenic genetic variant on physiological changes in relevant differentiated cells.
CRISPR/Cas-mediated base editing was used to correct the single nucleotide substitution. The resulting genetically
modified iPSC line has pluripotency traits, a normal karyotype, a set of short tandem repeats identical to that in the
original line and can be used to obtain differentiated derivatives necessary for the elaboration of relevant cell models.
Key words: familial hypercholesterolaemia; LDLR; induced pluripotent stem cells; genome editing; isogenic cell lines
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Creation of an isogenic iPSC line
from a patient with familial hypercholesterolaemia
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AHHoTauusA. CemeliHas runepxonecTepriHeMmns ABAETCA PacnpoCTPaHeHHbIM MOHOTeHHbIM 3ab0eBaHneM, KOTopoe
XapaKTepur3yeTcs NOBbILWEHHbIM COAEPXKAHVEM XOMNeCTeprHa B Nla3Me KPpoBU, MPUBOLALLMM K XPOHUYECKM 3abone-
BaHVAM CepeyYHO-COCYANCTON CUCTEMbI C BbICOKMM PUCKOM U PAHHUM NPOABIIEHNEM Pa3BUTMA NAaTONOMIA, Bbl3BaH-
HbIX aTepPOCKNePOTNYECKMMIY MOPAKEHNAMU KPOBEHOCHBIX cocyaoB. Obpa3oBaHme aTepoCKNepoTMyecknx bnawek
npy ceMenHon rmnepxonecTtepmHemMrn B OCHOBHOM OOYC/IOB/IEHO NaTOreHHbIMY BapraHTamy reHa pelentopa nn-
nonpoTenHoB HK3Kon nnoTHocTn LDLR (low-density lipoprotein receptor), urpatoLlero Ba>kHyto posb B MeTabonmsme
xonectepurHa. B Hopme nMnonpoTenHbl HU3KOM NAOTHOCTY, MePEHOCALLNE XOeCTePMH, CBA3bIBAIOTCA C PeLienTopom
LDLR Ha noBepxHOCTM KNETOK MeYyeHn 1 BbIBOAATCA M3 KPOBOTOKa MyTeM MHTepHanu3auuun renatoumtamm. Mpwu ce-
MENHON rMnepxonecTepuHeMUN NPOUCXOANT HapyLleHre GYHKLMOHUPOBAHUA peLenTopa 1 3HaYNTENbHOE CHIXeE-
HMe VHTepHanu3auny IMNoNPOTENHOB HU3KOM MAIOTHOCTU. TO MPUBOAUT K MX HAKOMEHMIO B Cy63HAOTENMaNbHOM
NPOCTPaHCTBE BHYTPEHHEN CTEHKN KPOBEHOCHbIX COCYL0B U BbI3blBaeT aTeporeHes — 06pa3oBaHme aTepoCcKnepoT-
yeckux bnsawek. Ha cerogHAWHMA AeHb He cylecTByeT 3$dEKTNBHBIX U YHUBEPCANIbHbIX MOAXOAOB K ANArHOCTHKe
1 NIeYEHNIO CEMENHON runepxonectepuHeMun. AKTyanbHbIM NOAXOAOM ANA UCCNE[0BAaHUA MONEKYNAPHO-TEHETU-
YyecKmx ocobeHHOCTel 3aboneBaHNA 1 Pa3paboTKM CUCTEM CKPUHMHIA XUMUYECKUX COEAUHEHMI — NOTEHLMaNbHbIX
NeKapCTBEHHbIX MPenapaToB — ABNAETCA CO3AaHNE KNETOYHbIX MOAESe Ha OCHOBE MHAYLMPOBAHHbIX NIOPUMNOTEHT-
HbIX cTBONOBbIX KneTok (UMCK) nauneHTos. Lienbto Hawen paboTbl Oblno co3haHre N30reHHOW reHeTuyeckn Moau-
GULMPOBAHHON NMHUN NHAYLMPOBAHHBIX MOPUMOTEHTHBIX CTBOJSIOBbLIX KNETOK NyTeM KOpPpPeKLMM NaTOreHHOro as-
nenbHoro BapuaHTa ¢.530C reHa LDLR B nuHumn UMNCK, nonyyeHHoOM paHee OT NayneHTa-KoMnayHAHON reTepo3nroTbl
C cemeltHoM runepxonecteprHemmneit. CosgaHHasn n3oreHHasa knetouHaa nmHma UMNCK otnnyaetca oT MCXoaHOM ToSb-
KO OfHOV CKOPPEKTMPOBAHHOW HYKNIEOTMAHOWN 3aMEHOW, YTO NMO3BONAET UCCef0BaTb HEMOCPEACTBEHHOE BAUAHME
[aHHOrO NaTOreHHOro FreHeTNYECKOro BapuaHTa Ha GU3MOoNornyeckre USMeHeH s B penieBaHTHbIX auddepeHumpo-
BaHHbIX KneTkax. [nAa Koppekunn ofHOHYKNeoTUAHbIX 3ameH ncrnonb3osaH CRISPR/Cas9-onocpefoBaHHbI MeToA,
pPenaKkTMpoBaHMs OCHOBaHWIA. MonyyeHHas reHeTnyeckn mogudurunposaHHas nuHna UMCK obnagaeT cBoicTBamu
NIIOPUMNOTEHTHOCTU, UMEET HOPMATbHBbIV KAPUOTUM, AEHTUYHBIN MCXOAHOW NUHN HABOP KOPOTKUX TaHAEMHBIX MO-
BTOPOB 1 MOXET ObITb MCMONb30BaHa ANA GopmmpoBaHusa AnddepeHLMPOBaHHbIX MPOU3BOAHbBIX, HEOGXOAVMbIX MPU
pa3paboTKe peneBaHTHbIX KIIETOUYHbIX MOAENEN.

KnioueBble cnoBa: cemeliHas runepxonectepviHemus; LDLR; HAYLMPOBaHHbIE NMOPUINOTEHTHbIE CTBONOBbIE KNETKY;
reHOMHOe peflaKTVPOBaHMNE; N30TeHHbIE IMHUN KNEeTOK

FH is an autosomal dominant disorder associated with
elevated low-density lipoprotein (LDL) cholesterol levels

Introduction
Despite advances in medical technology and revolutionary

discoveries in biology, cardiovascular disease, caused mainly
by atherosclerotic lesions, remains the leading cause of death
worldwide, according to the World Health Organisation.
The most common inherited disease leading to atheroscle-
rosis is familial hypercholesterolaemia (FH) (Zakharovaetal.,
2024b). According to the European Atherosclerosis Society,
this disease occurs with a high frequency, namely one in
250 people for the heterozygous form, one in 300 thousand
to one in 1 million people for the homozygous form (Ezhov et
al., 2019). Nevertheless, the disease can have a latent course
with difficult diagnosis and manifest acute vascular catastro-
phes in the form of heart attacks, strokes and other ischaemic
lesions, often leading to death (Hopkins et al., 2011; Talmud
et al., 2014; Ference et al., 2017). Currently, up to 70 % of
suspected heterozygous carriers remain undiagnosed?! (Rau
etal., 2023).
" Information portal for patients with familial hypercholesterolaemia https://
familyheart.org/familial-hypercholesterolemia; Information portal of the bio-
tech genetic testing company “23andMe” https://www.23andme.com/topics/

health-predispositions/fh/?srsltid=AfmBOooDFqM2USz3G0j9PZg-ng-15q__
dvPbcQL6ggCzJOQodQhsLil7
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and a high risk of premature cardiovascular disease (CVD)
(Harada-Shiba, 2023). FH can be heterozygous or homozy-
gous. Patients with the homozygous FH form usually show
early CVD manifestations, and without serious comprehensive
therapy, their life expectancy does not exceed 30 years (Hop-
kins et al., 2011). FH is caused by pathogenic allelic variants
in genes encoding key proteins involved in LDL clearance
mediated by the LDLR (low-density lipoprotein receptor) (Gu
et al., 2024). In 85 % of diagnosed FH patients, pathological
conditions are caused by a disruption of the LDLR gene, which
encodes the low-density lipoprotein receptor on the surface
of hepatocytes (Hendricks-Sturrup et al., 2020). FH is rarely
associated with de novo pathogenic allelic variants (Fularski
et al., 2024). In this context, cascade genetic screening of
relatives and prevention of atherosclerosis in diagnosed car-
riers is important.

Despite the high prevalence of FH, there are no effective
treatments. According to data published by the European
Atherosclerosis Society in 2022, less than 3 % of patients
worldwide achieve cholesterol-lowering goals with medica-
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tions (Ray et al., 2022; Harada-Shiba, 2023). The lack of
effective treatment for FH is linked to the lack of relevant
models for both drug trials and the study of FH pathogenesis.

A promising approach to investigate the molecular genetic
basis of the disease is the generation of isogenic iPSC lines
from patients with FH. Previously, we obtained the ICGi036-A
iPSC line from a compound heterozygous patient with familial
hypercholesterolemia. This line is registered in the Human
Pluripotent Stem Cell Registry (hPSCreg) with the identifier
RRID:CVCL_B5EJ (Zakharovaetal., 2022a). The initial iPSC
line ICGi036-A contains two allelic variants of the LDLR gene,
which are missense mutations ¢.530C>T (p.Serl77Leu) and
€.1054T>C (p.Cys352Arg).

The ¢.530C>T substitution, rs121908026 (p.Ser177Leu), is
located in exon 4 of the LDLR gene (Semenova et al., 2020;
Meshkov et al., 2021). This missense mutation results in the
substitution of serine for leucine at codon 177 in the highly
conserved SerAspGlu sequence in the ligand-binding do-
main of LDLR (Suidhof et al., 1985). This substitution slows
the transport of LDLR protein to the cell surface, resulting
in defective receptors being unable to bind cholesterol-
laden LDLRs, which leads to a reduction in LDL capture
to approximately 6-31 % (Thormaehlen et al., 2015). The
LDLR(NM_000527.5):c.530C>T allelic variant is reported
in databases as a pathogenic variant causing FH (ClinVar 1D
3686; OMIM:606945.0004; UniProt variants VAR _005327;
VarSome http://varso.me/1dmA).

The ¢.1054T>C substitution, rs879254769 (p.Cys352Arg),
is located in exon 7 of the LDLR gene and encodes cysteine
instead of arginine at codon 352 in an epidermal growth
factor-like domain (Semenova et al., 2020; Meshkov et al.,
2021). The allelic variant LDLR(NM_000527.5):¢.1054T>A
is reported in databases as pathogenic/likely pathogenic, caus-
ing FH (ClinVar ID 251618; VVarSome http://varso.me/0J8J).

There is evidence that the ¢.530C>T and ¢.1054T>C LDLR
allelic variants can independently cause FH. For example, the
heterozygous ¢.530C>T substitution in LDLR is associated
with FH in several countries including the Czech Republic,
India, Portugal, Poland and Spain (Bourbon et al., 2008; Pala-
cios et al., 2012; Tichy et al., 2012; Setia et al., 2016; Sharifi
et al., 2016). In addition, this allelic variant in compound
heterozygosity with EX7_EX10del (c.941-?_1186+?del) in
the LDLR gene has been reported in Brazil, and together with
€.55G>C (p.Asp19His) within the ABCG8 gene in FH patients
in Malaysia (Jannes et al., 2015; Mohd Nor et al., 2019).

The ¢.1054T>C LDLR allelic variant has been found in
heterozygous form in FH patients in Taiwan and Russia,
and as a compound heterozygote together with ¢.796G>A
(p-Asp266Asn) in an FH patient in Western Siberia (Meshkov
et al., 2021; Shakhtshneider et al., 2021; Huang et al., 2022).
In addition, our previous study confirmed positioning in trans
between the ¢.530C>T and ¢.1054T>C allelic variants in FH
patient-specific ICGi036-A iPSCs (Nazarenko et al., 2023).

In the present work, we derive and perform a detailed
characterisation of the isogenic genetically modified iPSC
line ICGi036-A-1 by base editing correction of LDLR allelic
variants in the original iPSC line previously obtained from
a compound heterozygous FH patient carrying pathogenic
€.530C>T (p.Serl77Leu) and likely pathogenic ¢.1054T>C
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(p.Cys352Arg) LDLR alleles. The genetically modified iPSC
line with the corrected allelic variant ¢.530C>T (p.Ser177Leu)
can be used to obtain relevant cell types for FH modelling and
drug development.

Materials and methods

Cell lines. The human PSC lines used in the present work

are listed below:

* iPSC line ICGi036-A (RRID: CVCL_BS5EJ) from a com-
pound heterozygous FH patient with two LDLR allelic
variants, namely pathogenic ¢.530C>T (p.Serl77Leu),
rs121908026, ClinVar ID 3686, OMIM:606945.0004 and
likely pathogenic ¢.1054T>C (p.Cys352Arg), rs879254769,
ClinVar ID 251618. The previously obtained iPSC line
(Zakharova et al., 2022a) was used to derive an isogenic
genetically modified iPSC;

¢ healthy donor iPSC line ICGi022-A (RRID: CVCL_ZE02)
(Malakhova et al., 2020), for pluripotency marker control;

* healthy donor embryonic stem cells (ESCs) HuES9
(HVRDe009-A) (RRID: CVCL_0057) (Cowan et al.,
2004), for pluripotency marker control.

IPSCs and ESCs cultivation. IPSCs and ESCs were
incubated in DMEM/F12 growth medium containing 15 %
KnockOut SR (Thermo Fisher Scientific), 1 mM GlutaMax
(Thermo Fisher Scientific), 1 % NEAA (Thermo Fisher Scien-
tific), 0.25 mM 2-mercaptoethanol (Thermo Fisher Scientific)
and 10 ng/ml bFGF (Sci-store). Cells were grown on a layer
of mitotically inactivated mouse embryonic fibroblasts. IPSCs
were cultured in an incubator at 37 °C and 5 % CO,. IPSC and
ESC colonies were enzymatically dissociated using TrypLE
(Thermo Fisher Scientific) and plated in fresh medium with the
addition of 2 uM ROCK inhibitor thiazovivin (STEMCELL
Technologies) every 5 days.

Vectors for genetic correction of iPSCs. To insert the
spacer sequence for the guide RNA, we created a universal
plasmid pC9-sgRNA-mCherry (Fig. 1), allowing its delivery
into cells to be detected by the mCherry fluorescence signal.

Target DNA fragments were obtained by digestion with Pcil
and AciGlI endonucleases (SibEnzyme) and combined using
phage T4 DNA ligase. One 1,244 bp fragment, isolated from
plasmid pX458 (addgene #48138), contains the U6 promoter
sequence and a site for spacer cloning. Another 3,778 bp frag-
ment, derived from plasmid pTE4560 (addgene #107526),
includes the kanamycin antibiotic resistance gene and the
mCherry fluorescent protein sequence. The final assembly of
plasmid pC9-sgRNA-mCherry was confirmed by restriction
analysis and Sanger sequencing at the Genomics Collective
Use Centre of the Siberian Branch of the Russian Academy
of Sciences (http://www.niboch.nsc.ru/doku.php/sequest).

Oligonucleotides for guide RNAs were selected using PnB
Designer (https://fgcz-shiny.uzh.ch/PnBDesigner/) (Siegner
etal., 2021).

Guide RNA expression from the U6 promoter is en-
hanced when nucleotide G is located immediately after the
5'-CACC-3' sequence and before the spacer sequence (Bauer
et al., 2015). Based on this, we added nucleotide G to the
5" end of the selected oligonucleotides and then generated a
complementary oligonucleotide sequence. Next, the sequence
5'-CACC-3" was added to the 5’ end of the upper DNA strand
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Pcil

Agel

pC9-sgRNA-mCherry

5,022 bp

Pcil (1) - Agel (1107)

Pcil

Agel

pTE4560
4,885 bp
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Pcil (9283) — Agel (1238)

Pcil

Agel

pX458
9,288 bp

Fig. 1. Design of pC9-sgRNA-mCherry plasmid assembly from plasmids pTE4560 and pX458 in SnapGene

software.

and 5-AAAC-3" was added to the 5’ end of the complemen-
tary oligonucleotide sequence for subsequent integration into
the pC9-sgRNA-mCherry vector through Bpil endonuclease
restriction sites (see the Table).

Oligonucleotides were synthesised by Biosset (https://
www.biosset.com/). Single-stranded oligonucleotides were
phosphorylated at the 5" end using phage T4 polynucleotide
kinase (New England Biolabs) and annealed to form double-
stranded molecules. Using phage T4 ligase, the resulting

double-stranded molecules with sticky ends were inserted
into the guide RNA spacer sites of the Bpil endonuclease pre-
linearised pC9-sgRNA-mCherrys plasmid. Sanger sequencing
was used to confirm that the resulting plasmids contained
integrated target sequences.

Two two-component plasmid systems were used for cor-
rection of targeted single-nucleotide substitutions. System 1
for correction of the ¢.530C>T substitution consists of the
plasmid vector xCas9(3.7)-ABE(7.10) (addgene #108382),

Oligonucleotide sequences for guide RNAs modified for insertion into the plasmid vector

Number Name 5'-3'sequence Length, bp PAM
1 €.530C>T_1 caccGATCCAAGCCATCTTCGCAGT 25 CGG
2 c.530C>T 1r 2aacACTGCGAAGATGGCTTGGATC 25 CGG
3 c.1054T>C_2 caccGAAGATGCGAAGGTGATTTCC 25 GGG
4 c.1054T>C_2r 2aacGGAAATCACCTTCGCATCTTC 25 GGG

Note. Capital letters indicate oligonucleotides for guide RNAs selected using PnB Designer (https://fgcz-shiny.uzh.ch/PnBDesigner/) (Siegner et al., 2021), bold
letters indicate nucleotides added to increase the expression level from the U6 promoter, lowercase letters indicate added sticky ends, and “r" indicates generated

complementary oligonucleotide sequences).
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encoding adenine deaminase and xCas9n nickase (adenine
base editor), and the plasmid pC9-sgRNA-mCherry with an
integrated guide RNA spacer sequence. System 2 for correc-
tion of the ¢.1054T>C substitution consists of the plasmid vec-
tor xCas9(3.7)-BE4 (addgene #108381) encoding a cytidine
deaminase, xCas9n nickase (cytidine base editor), and also
the plasmid pC9-sgRNA-mCherry with an integrated guide
RNA spacer sequence.

Plasmid DNA isolation for subsequent lipofection was
performed using the HiPure Plasmid EF Midi Kit (Magen).

Delivery of vectors to correct the ¢.530C>T and
€.1054T>C substitutions of the LDLR gene sequence. De-
livery of plasmids encoding base editors and guide RNAs into
iPSCs was performed by lipofection using the Lipofectamine
3000 Transfection Reagent Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol with modifications.
Twenty-four hours before lipofection, iPSCs cultured on
mitotically inactivated mouse embryonic fibroblasts were
plated into three wells of a 12-well plate coated with Matrigel
matrix (Corning) in medium containing 15 % koSR (Thermo
Fisher Scientific) and 2 uM ROCK inhibitor thiazovivine
(STEMCELL Technologies). To increase the efficiency of
upcoming lipofection, iPSCs were disaggregated to a single
cell state during passaging using TrypLE. 4-5 hours after
re-plating, when the cells had attached to the culture surface,
the medium was changed to a serum-free medium containing
thiazovivine and a 3-fold increased bFGF amount (30 ng/ml).
2 hours before lipofection, the medium was changed to an
equivalent fresh medium without thiazovivine.

Lipofection was performed in medium without koSR and
thiazovivine and with 30 ng/ml bFGF. The ratio between
the amount of base-editor plasmids and plasmids with guide
RNA was 3:1 in ng. Prior to lipofection, 150 pL Opti-MEM
medium (Thermo Fisher Scientific) and 9 uL Lipofectamine
3000 were mixed in tube 1. In tube 2, 150 pl Opti-MEM
medium, 6 pl P 3000 reagent, 125 ng each of plasmid DNA
pC9-1054_2-mCherry and pC9-530-mCherry, 375 ng each
of plasmid DNAxCas9(3.7)-ABE(7.10) and xCas9(3.7)-BE4
were added. The contents of tubes 1 and 2 were mixed and
incubated for 15 minutes at room temperature. We added
100 wl of the mixture to 1x 10 iPSCs growing in one well of
a 12-well plate in 1 ml of medium. 26 hours after lipofection,
the growth medium was removed and fresh medium contain-
ing 15 % koSR, 30 ng/ml bFGF and thiazovivin was added.
The red signal of mCherry protein was detected between
24 and 48 hours after lipofection using a Nikon TiE inverted
fluorescence microscope.

Selection and subcloning of the resulting iPSC clones.
48 hours after delivery of the base editing system to iPSCs,
cells were disaggregated and selected by flow cytometry
using the red signal of the fluorescent protein mCherry on a
Sony MA900 instrument. The resulting single cell suspension
of iPSCs was seeded onto culture surfaces with mitotically
inactivated mouse embryonic fibroblasts. For subsequent
subcloning and analysis, individual iPSC colonies grown
from isolated selected cells were mechanically harvested
using glass capillaries and transferred to individual tissue
culture wells pre-seeded with mitotically inactivated mouse
embryonic fibroblasts.
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Analysis of LDLR gene editing results in selected iPSC
clones. The editing results of the ¢.530C>T and ¢.1054T>C
substitutions in the LDLR sequence in selected iPSC clones
were analysed by PCR with subsequent Sanger sequencing.
Genomic DNA was isolated from iPSCs using QuickExtract
DNA Extraction Solution reagent (Lucigen) according to the
manufacturer’s instructions. PCR was performed using the
BioMaster HS-Taq PCR-Color (2%) kit (Biolabmix) on a T100
thermal cycler amplifier (Bio-Rad). Programme parameters
were as follows: 98 °C — 30 seconds; 98 °C — 15 seconds,
60 °C — 15 seconds, 72 °C — 30 seconds, 35 cycles; 72 °C —
5 minutes. Primer sequences are given in Table S1 in Supple-
mentary Material2.

Oligonucleotides were synthesised in Biosset (https://www.
biosset.com/). Sanger sequencing reactions were performed
using Big Dye Terminator V.3.1 Cycle Sequencing Kit (Ap-
plied Biosystems) and analysed at the Genomics Collective
Use Centre of the Siberian Branch of the Russian Academy
of Sciences (http://www.niboch.nsc.ru/doku.php/sequest) on
an ABI3130XL genetic analyser.

Mycoplasma and episome detection. Testing for myco-
plasma and episome contamination was performed by PCR as
previously described (Choppa et al., 1998; Okita et al., 2013).
Primer sequences are provided in Table S1. Program param-
eters for episome detection were as follows: 95 °C — 5 minutes;
95 °C - 15 seconds, 58 °C — 15 seconds, 72 °C — 20 seconds,
35 cycles; 72 °C — 5 minutes; for mycoplasma detection:
95 °C - 3 minutes; 95 °C - 15 seconds, 67 °C — 15 seconds,
72 °C - 20 seconds, 35 cycles; 72 °C — 5 minutes.

Karyotyping. Genetically modified iPSCs were karyotyped
at passage 15 according to the previously described protocol
using DAPI banding according to the International System of
Human Cytogenetic Nomenclature (Grigor’eva et al., 2024).

STR analysis. Short tandem repeat (STR) analysis was
performed with Genoanalytica (https://www.genoanalytica.
ru). iPSC DNA samples were genotyped by PCR using
COrDIS EXPERT 26 direct amplification reagent kit (Rus-
sia) according to the manufacturer’s protocol with subsequent
separation of amplicons on a 3130 Genetic Analyzer capillary
electrophoresis instrument (HITACHI, Applied Biosystems
Group of The Applera Corporation, Japan, USA, Registra-
tion Certificate No. FSZ 2004/1586). Electropherograms with
amplicon patterns are available on request from the authors.

Quantitative RT-PCR. To analyse pluripotency gene ex-
pression, RNA was isolated from cells using Trizol reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. DNAase | treatment was performed using DNA-free
kit (Thermo Fisher Scientific). RNA reverse transcription was
performed using M-MuLV reverse transcriptase kit (Biolab-
mix) and random hexamer primers (Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Real-time PCR was used to analyse the relative expres-
sion levels of pluripotency genes (OCT4, NANOG, SOX2)
in genetically modified and initial isogenic iPSC lines with
normalisation to two housekeeping genes: ACTB and B2M.
Primer sequences are given in Table S1. Reactions were per-
formed using the BioMaster HS-qPCR SYBR Blue (2x) kit

2 Tables S1-54 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zueva_Engl_29_2.pdf
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(Biolabmix) on a T100 thermal cycler amplifier (Bio-Rad).
Program parameters were as follows: 98 °C — 30 seconds;
98 °C - 15 seconds, 60 °C — 15 seconds, 72 °C — 30 seconds,
35 cycles; 72 °C — 5 minutes. For each sample, three biological
and two technical replicates were analysed.

The results were evaluated with gBase+ software (CellCarta
https://cellcarta.com/genomic-data-analysis/) using the gener-
alised AACt method, taking into account the reaction efficiency
calculated from the results of a six-point calibration curve.

Immunofluorescence staining. Cell preparation and anti-
body precipitation were performed according to the previously
described protocol (Vaskova et al., 2015). Briefly, cells were
fixed in 4 % formaldehyde for 10 minutes, permeabilised
with 0.5 % Triton X-100 for 30 minutes (this step was omit-
ted for surface antigens) and blocked with 1 % bovine serum
albumin solution in 1X PBS. All procedures were carried out
at room temperature. Incubation with primary antibodies was
performed overnight at 4 °C. Secondary antibodies were in-
cubated with cells for 1 hour in the dark at room temperature.
Cell nuclei were counterstained with DAPI. Visualisation and
imaging of samples were performed on a Ti-E inverted fluo-
rescence microscope (Nikon) using NIS Advanced Research
software. The list of primary and secondary antibodies is
given in Table S2.

Spontaneous differentiation in vitro. To confirm pluripo-
tency of genetically modified iPSCs, they were induced to dif-
ferentiate into embryoid bodies within 14 days. The resulting
embryoid bodies were seeded onto Matrigel (Corning)-coated
Chambered Coverglass plates (Thermo Fisher Scientific) and
cultured until the 21st day.

Results

In this study, we obtained a genetically modified iPSC line
ICGi036-A-1 with a corrected pathogenic allelic variant
€.530C>T of the LDLR gene, originally derived from a com-
pound heterozygous patient associated with FH. To correct
this pathogenic variant, we used the base editing technique,
for which we constructed an episomal vector pC9-sgRNA-
mCherry containing a universal site for cloning any guide
RNA spacers of the CRISPR/Cas systems and the gene encod-
ing mCherry red fluorescent protein. The constructed plasmid
allows visualisation of transfection results within 24-48 hours
and selection of cells by flow cytometry upon delivery of the
editing system into the cell.

Guide RNA spacer sequences were inserted into the univer-
sal vector containing mCherry. This resulted in two plasmids:
pC9-530-mCherry to correct the ¢.530C>T substitution and
pC9-1054_2-mCherry to correct the ¢.1054T>C substitution in
the LDLR gene. The resulting guide RNA plasmids, together
with plasmids encoding adenine and cytidine base editor
sequences, were lipofected into the 1CGi036-A iPSC line
(Zakharova et al., 2022a). After 24 and 48 hours, cells with
red mCherry protein fluorescence were detected, indicating
successful delivery and function of the plasmids (Fig. 2a). We
selected cells with mCherry fluorescence by flow cytometry
and obtained 96 clones.

We examined selected clones by Sanger sequencing and
identified the subclone 130S5, in which the ¢.530C>T position
of the pathogenic allelic variant of the LDLR gene was cor-
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rected to the ¢.530C position corresponding to the reference
sequence of the gene (Fig. 2c). The ¢.1054T>C substitution
was not corrected.

Short tandem repeat (STR) analysis showed that the result-
ing iPSC line ICGi036-A-1 matched the original isogenic line
ICGi036-A and patient mononuclear cells at 26 polymorphic
loci (Zakharova et al., 2022a) (Table S3).

To confirm that the resulting genetically modified ICGi036-
A-1iPSCs retained self-renewal and pluripotency properties,
we examined their pluripotency markers and ability to form
three germ layer derivatives. Immunofluorescence stain-
ing with antibodies against the transcription factors OCT4,
NANOG, SOX2 and the surface antigen SSEA4 showed that
all colonies of 130S5 iPSCs were positive for these markers
(Fig. 2d). Analysis of the relative expression of the pluripo-
tency genes OCT4, NANOG, SOX2 by real-time PCR showed
that their expression levels did not differ significantly from the
isogenic control, the original line ICGi036-A (Fig. 2e). At the
same time, the genetically modified ICGi036-A-1 iPSC line
displayed a significantly higher expression level of pluripoten-
cy genes compared to mononuclear cells (MNCs) from which
the original isogenic ICGi036-A iPSC line was derived. Analy-
sis of spontaneous differentiation of the ICGi036-A-1 line
revealed a heterogeneous population of cells, among which
immunofluorescence staining revealed derivatives positive for
markers attributable to ectoderm (PAX6, NF200), mesoderm
(CDY0, aSMA) and entoderm (CK18, AFP) (Fig. 2f). Thus,
the genetically modified iPSC line demonstrates the ability to
give rise to derivatives of three primary germ layers, which is
a key property of pluripotent stem cells.

Genetically modified ICGi036-A-1 iPSCs have a normal
diploid karyotype: 46,XX (Fig. 2b). Analysis of 23 poly-
morphic short tandem repeat loci validated the identity of
ICGi036-A-1 iPSCs and the original isogenic 1CGi036-A
iPSCs. The obtained iPSCs lacked episomal vectors at pas-
sage 10 and mycoplasma contamination at passage 25
(Fig. 29).

The passport of the cell line obtained is shown in Table S4.

Discussion
Advances in the technologies associated with the generation
and application of induced pluripotent stem cells (iPSCs) have
opened up new avenues for biological research and biomedical
innovations. iPSCs are being used for human disease model-
ling, high-throughput drug screening and the development
of advanced biomedical cell therapy products due to their
available minimally invasive derivation method, unlimited
proliferative potential and the ability to direct differentiation
into all adult cell types (Cerneckis et al., 2024).
Patient-specific cell models derived from differentiated
iPSCs help to understand the molecular genetic basis of
disease and to develop more effective targeted therapies
(Brooks et al., 2022). For example, our group has previously
obtained iPSCs from patients with familial hypercholeste-
rolaemia carrying pathogenic allelic variants in the LDLR gene
(Zakharova et al., 2022a—c). Using directed iPSC differentia-
tion, we first derived endothelial cells with LDLR pathology,
modelling FH (Zakharova et al., 2024a). We found that endo-
theliocytes derived from FH patient-specific iPSCs, although

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding « 2025 < 29 - 2


https://cellcarta.com/genomic-data-analysis/

A.C. 3yeBa, AW. WWesueHko, C.N. MexBepes ...
H.A. TmosiH, C.M. 3aknsaH, U.C. 3axapoBa

M3oreHHasa nuHma UMCK ICGi036-A-1
OT NaumeHTa C CEMeNHOM rmnepxonectepuHemmen

2025
29.2

a 24h 48h d
mCherry
b 46,XX
1 2 3 4 5
6 7 8 9 10 11 12
1314 15 16 17 18 e p=0.002334
p=0.001543
19 20 21 22 X Y
S 120
c &
p.Cys352Arg 5 80
<
p.Ser177 Arg  Arg Glu E 40 p=0.143000
U —
Gly Ser Asp Arg Cys Glu S ol = =
p=0.000060
U U s p=0.00003
z R 2 & 40
. 1 < %)
Q2 [§] Q0 G 30
p = S p=0.143000
O g S 20
2 8\ L T=
s
p=0.000001
:F) O p =0.0000006
L = v s 100
& ¢ = Q 80 1
[ wn )
Y & o = 60
N — O
U 8] < 40 p=0.120000
Q20 T o =
Gly Ser Asp Arg Cys Glu S o
U o < <
Gly Leu Asp Arg  Arg Glu £ 8 & g <
B} O
p.Ser177Leu p.Cys352Arg T 5 8§ 2
v L g
Y
f Ectoderm Mesoderm Endoderm N \
0 o
g o™ o™
\{\qe '\’(.\‘je
903 \)05
300 bp
200 bp
200 bp
100 bp
Episomes Mycoplasma

Fig. 2. Characteristics of the isogenic genetically modified iPSC line ICGi036-A-1 with the corrected pathogenic allelic variant

c.530CT.

a-mCherry protein fluorescence in iPSCs 24 and 48 h after transfection; b - karyotype in the resulting iPSC line; ¢ - chromatograms dem-
onstrating the corrected ¢.530C position in the ICGi036-A-1 line; d - colony morphology and staining with antibodies against pluripotency
markers OCT4, NANOG, SOX2 and SSEA4 in the ICGi036-A-1 line; e — quantification of pluripotency gene expression of OCT4, NANOG and
SOX2 by real-time PCR; f- 1CGi036-A-1 line retains the ability to differentiate into three germ layer derivatives; g - absence of episomal vec-
tors and mycoplasma contamination in the ICGi036-A-1 line. NTC — no template control. The scale bar for all images is 100 um.

not exposed to oxidative stress, have impaired LDLR receptor
function and show signs of endothelial dysfunction. The data
obtained contribute to the understanding of the molecular-
genetic mechanisms underlying FH-related atherosclerosis.
The combination of iPSC technologies and genome editing
methods provides isogenic cell models with similar genetic
backgrounds, allowing physiological changes to be reliably

studied in relevant differentiated cells (Niemitz, 2014; Omer
etal., 2017; Kawatani et al., 2021; Liang et al., 2022; Wang et
al., 2022; Chai et al., 2023; Bonnycastle et al., 2024). Isogenic
iPSC systems can be generated either by altering the DNA
sequence of healthy donor cells or by correcting a pathogenic
allelic variant in patient-specific iPSCs (Nandy et al., 2023;
Pavlova et al., 2023). In this work, we used CRISPR/Cas9-
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mediated base editing to generate a genetically modified line
ICGi036-A-1, an isogenic line of ICGi036-A iPSCs from a
patient heterozygous for the pathogenic and likely pathogenic
allelic variants of the LDLR gene with FH (Zakharova et al.,
2022a). In the resulting genetically modified line ICGi036-
A-1, the pathogenic allelic variant ¢.530C>T was corrected to
the reference ¢.530C. The iPSC line retains pluripotency, has
a normal karyotype and is identical to the original isogenic
iPSC line ICGi036-A by the set of short tandem repeats.

In the resulting isogenic iPSC line ICGi036-A-1, the second
position, ¢.1054T>C, remained uncorrected. The status of
this allelic variant is currently defined as “pathogenic/likely
pathogenic”. The study of differentiated derivatives from he-
terozygous iPSCs with a corrected ¢.530C position will help
to clarify the status of the ¢.1054T>C position.

We used the base editing method to correct single nucleo-
tide substitutions in the LDLR gene. This method is more
accurate than the classical CRISPR-Cas9 technology and
allows targeted point substitutions in the DNA sequence by
hydrolytic deamination, avoiding double-strand breaks (Hu
etal., 2018; Porto et al., 2020). This method has already been
successfully used to generate isogenic cell lines to model a
number of diseases, namely Alzheimer’s disease (APOE4
gene sequence correction), sickle cell anaemia (B-globin
gene), Hutchinson—Gilford progeria (lamin Agene), hereditary
haemochromatosis (HFE gene) and some cancers (TP53 gene)
(Komor etal., 2016; Gaudellietal., 2017; Koblan et al., 2021;
Newby et al., 2021).

Verve Therapeutics is conducting the first clinical trial
using base editing for FH therapy with the drug VERVE-101
starting from 2022 (ClinicalTrials.gov ID NCT05398029).
PCSK9 is the target gene for VERVE-101. Base editing of the
gene disrupts PCSKQ9 protein synthesis, which in turn disrupts
LDLR receptor degradation and leads to a reduction in plasma
LDL concentrations (Rothgangl et al., 2021). However, this
drug is not effective in FH patients with pathogenic allelic
variants in LDLR that disrupt receptor synthesis or release
to the cell surface, such as ¢.530C>T and ¢.1054T>C. In this
context, the development of new FH cell models using safer
cell genome editing systems remains a priority.

The isogenic iPSC cell lines of an FH patient we have
obtained can be used to study dysfunction of relevant differen-
tiated derivatives, such as endotheliocytes and hepatocytes,
involved in FH manifestation, as well as to develop approaches
for screening pharmacological compounds that are potential
drugs for effective FH therapy.

There are known examples of clinical trials for some drugs
selected using iPSC-based cell models, namely amyotrophic
lateral sclerosis, progressive ossifying fibrodysplasia, Pendred
syndrome and Alzheimer’s disease (Okano, Morimoto, 2022).
This approach appears to make economic sense as it allows
first-line screening of compounds without the need for less
relevant and more expensive animal models.

Despite the many advantages of using iPSCs for disease
modelling, there are a number of limitations and challenges
that need to be overcome in further research. A major draw-
back is that many of the differentiated derivatives obtained
from iPSCs are functionally immature (Brooks et al., 2022).
To address this problem, approaches are being developed to
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profile differentiated iPSC derivatives at the transcriptomic
level at different stages and to identify robust criteria to assess
the maturity of cell models (Subramanian et al., 2019; Kan-
nan et al., 2021). Another challenge is to create reproducible,
relevant models that integrate multiple iPSC-derived cell types
and reflect disease pathogenesis under cell-cell interactions.
Overcoming this involves using cellular organoids or assem-
bloids (Brooks et al., 2022). However, this does not solve the
problem of efficiency and reproducibility due to fluctuations
caused by self-organisation within organoid systems. Bioprint-
ing technology with a defined number of viable cells and their
interaction pattern is currently being considered as a promising
approach to improve the reproducibility of complex integrated
cell models (Renner et al., 2020; Hofer, Lutolf, 2021; Lawlor
etal., 2021).

We hope that using our cell models based on isogenic iPSC
lines from patients with FH will help to better understand the
mechanisms of disease progression and to develop effective
drugs, increasing treatment efficacy and improving the quality
and duration of patients’ lives.

Conclusion

In the present study, we obtained and characterised in detail
the genetically modified iPSC line ICGi036-A-1, which was
derived from an isogenic line of an FH patient with compound
heterozygosity for pathogenic and likely pathogenic allelic
variants of the LDLR gene, namely ¢.530C>T (p.Ser177Leu)
and ¢.1054T>C (p.Cys352Arg). The resulting line had a cor-
rected ¢.530C>T position to the reference ¢.530C. The new
iPSC line will be used to generate relevant differentiated
derivatives to study FH manifestations and to develop FH-tar-
geted therapeutic approaches.
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Vitamin C content and profile of ascorbate metabolism
gene expression in green leaves and bleached parts
of the pseudostem of leek (Allium porrum L.) F; hybrids
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Abstract. Leek (Allium porrum L.) is an economically important vegetable crop of the family Amaryllidaceae with
a wide range of medicinal and nutritional properties, in part due to the accumulation of vitamin C (L-ascorbic
acid, ascorbate). Ascorbate is an organic water-soluble compound, which performs many functions in plant cell
metabolism, including as one of an effective antioxidant in plant cell responses to biotic and abiotic stress factors.
Ascorbate metabolism includes biosynthesis (mainly the L-galactose pathway) and recycling (reduction of oxidized
forms to ascorbate). The gene networks that determine ascorbate metabolism in leek plants are poorly understood.
In this work, crosses of leek varieties/lines were carried out. Accessions of F; hybrids were characterized for seed
germination rate, ascorbate content and expression of ascorbate biosynthesis (PGI, PMI, PMM, VTC1b, GME1, GME?2,
VTC2, GPP, GalDH, GalLDH) and recycling (APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) genes in seedlings,
as well as green leaves and bleached stem parts of the adult plant. A search for correlations between the level
of expression of ascorbate metabolism genes and the amount of vitamin C in leeks was also carried out. It was
shown that the studied hybrids are characterized by high (89-100 %) seed germination, with the exception of the
hybrid from the 74 x Alligator cross (55 %). An increased level of expression of the VTC2, MDHAR1, MDHAR4 and/or
MDHAR5 genes was detected in the seedlings and green leaves of nine F, hybrids, which allowed us to consider
these samples promising in terms of possible stress resistance. Four hybrids that were characterized by the lowest
(33x30, 74 x Alligator) and highest (81 x 95, 36 x 38) ascorbate content in seedlings were selected for a further de-
tailed analysis of adult plants for the content of soluble sugars and ascorbate, gene expression and morphological
characteristics (length, thickness and weight of the false stem). It was confirmed that green leaves of the 36 x38 and
81 %95 hybrids contain significantly more ascorbate than the 3330 and 74 x Alligator hybrids. In all four hybrids,
the ascorbate content was significantly lower in the bleached stems than in the green leaves. Accessions 3638
and 81 x 95 were also characterized by the highest amount of soluble sugars in the bleached part of the false stem
used for food. In addition, the false stem formed by the 81 x 95 hybrid was larger and heavier than the stems of the
other three hybrids. A direct dependence of ascorbate content on the transcript level of ascorbate recycling genes
(APX2, MDHAR1, MDHAR4) in green leaves was revealed, which can be used in the breeding of stress-resistant leek
hybrids with a high content of vitamin C.

Key words: leek; Allium porrum L.; vitamin C; ascorbate biosynthesis genes; ascorbate recycling genes; soluble
sugars; gene expression
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CopepykaHue sBuTaMuHa C 1 rpo@uiib 3KCIIpecCum reHoB
MeTabo0/IM3Ma ackopobaTa B 3eJIEHBIX JIMCThSIX U OTOeJIeHHOII 4acTu
JIOKHOTO cTebis1 rmopuaoB F, nyka-miopest (Allium porrum L.)
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CopepaHue ButamviHa C v npodunb 3KCNpeccun reHos
meTabonmsma ackopbata y rmbpuaos nyka-nopes

AHHoTauus. Jlyk-nopei (Allium porrum L.) - 5KOHOMMYeECKM BaykHas OBOLLHasA KynbTypa cemeiicta Amaryllidaceae c wpo-
KM CMeKTPOM neyebHbIX U MUTaTeNbHbIX KauecTB, B TOM Yncie bnarogapsa HakonneHuto ButamiHa C (L-ackopbrHoBas Knc-
nota, ackopbart). AckopbaT — opraHnyeckoe BOJOPACTBOPMMOE COEUHEHME, KOTOPOE BbIMONTHAET MHOXECTBO GYHKLNIA B
MeTabonm3me KNETOK pacTeHN s, B TOM YMCSIe YYacTBYeT B KauecTBe 3G PeKTUBHOrO aHTVOKCUAAHTA B OTBETE PAaCTUTESTbHbIX
KNeToK Ha brnotnyeckre n abrnotuuyeckmne ctpeccoBble dpaktopbl. MeTabonmsm ackopbata BKtoyaeT buocmHTes (npenmy-
LeCTBEHHO L-ranakTo3HbIN NyTb) U PeLUKANHT (BOCCTAaHOBMIEHME OKUCIEHHbIX GopM 0 ackopbarta). leHHble ceTu, onpeae-
naLye metabonram ackopbata B pacTeHUAX JyKa-Nopes, ManounsyyeHHbl. B HacTosAweln paboTte rubpurabl F, nonyyeHHble
oT 13 cKpelyrBaHuii 06pa3LoB NyKa-nopes oTeYeCTBEHHON 1 3apyBeXXHON ceneKkLrmn, OXapaKkTepu3oBaHbl MO BCXOXKECT
cemsH, cogepaHuio ackopbata 1 sKcnpeccun reHos buocnHTtesa (PGI, PMI, PMM, VTC1b, GMET, GME2, VTC2, GPP, GalDH v
GalLDH) v peunknuura (APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) ackop6aTa B NpOpOCTKax, 3eMeHbIX INCTbAX
1 oT6eneHHoM YacTn cTebna B3pOC/bIX pacTeHnin. Takxke NpoBefeH NOVCK KOppenaLuunin Mexay YpoBHEM 3KCnpeccuu re-
HOB MeTabonm3ama ackopbata 1 konmyecTsom ButamuHa C y nyka-nopes. MokasaHo, 4To M3yyaembiM rmbpugam npucyia
BblcoKan (89-100 %) BCXOXeCTb CeMsAH, 3a UCKoUYeHem rmbpraa ot ckpelymBaHma 74 x Annuratop (55 %). B npopocTtkax
1 3e/IeHbIX NNCTbAX 06pa3LoB AeBATY rmbpuaos F, BbifABNEH NOBbILLEHHbIN YPOBEHb dKCnpeccun reHos VTC2, MDHART,
MDHAR4 w/wnn MDHARS, 4TO NO3BONIMNO CYMTATb 3TV 06Pa3Lbl MEPCMNEKTUBHBIMU C TOUKU 3PEHUA BO3MOXKHOW CTPeCco-
yCTONUMBOCTMW. YeTbipe rmbpuga, KoTopble XapakTepusoBanucb HaumeHbwuM (33X 30, 74X Annvratop) U HambosbLMM
(81x95, 36 X 38) cofepx*aHnem ackopbaTta B MPpOpOoCTKax, 6bl1v BbiOpaHbl AnA fanbHeLWero 4eTalbHOro aHanmsa B3poc-
NbIX PacTeHWIN Ha CofiepXKaHme PacTBOPUMbIX CaxapoB 1 ackopbaTa, ypoBeHb SKCnpeccun reHoB Metabonmnsma ackopbara
1 Mmopdonormyeckme xapakTepUCTNKM (ANNHA, TOMNLWMHA 1 Macca JIOXKHOro cTebnA). BbiABNeHO, YTO 3eneHble IMCTbA rmépu-
oB 3638 1 81X95 cofepaT CyLlecTBEHHO 6onblie ackopbata, yuem 33 x 30 u 74 X Annuratop. B otbeneHHbix ctebnax
BCEX YEeTbIpex rmbpuraoB cojepkaHne ackopbaTa OblI0 3HAUMTENIBHO HIKE, YEM B 3eNeHbIX MNCTbAX. Obpasubl 36 X38 1
81 %95 oTNnYanuchb Takke HanbobLLNM KONMYECTBOM PAaCcTBOPUMbIX CaXapoB B OTOENIEHHON YacTy IOXKHOro cTebnsa, yno-
Tpebnaemoii B nuwy. Mmbpma 81X 95 GopmMmnpoBan NOXHbI cTebernb, MPeBbILWAOLWMIA N0 pa3Mepy 1 Macce ctebenb ocTanb-
HbIX TPeX rmbpuaoB. B 3eneHbIx NUCTbAX copeprkaHrie ackopbaTa NONOXUTENIbHO KOPPENNPOBao C yPOBHEM SKCNpeccum
reHoB peunKvHra ackopbata (APX2, MDHAR1, MDHAR4), 4To MOXeT ObITb NCNONb30BaHO B CENEKL MM CTPECCOYCTONUYMNBDIX
rmépuaoB nyKa-nopes ¢ NOBbILEHHbIM cofepKaHnem BrutaMmmuHa C.

KnioueBble cnosa: nyk-nopeit; Allium porrum L.; ButamuH C; reHbl 6rocrHTe3a ackopbaTa; reHbl peLuKnMHra ackopbata;

pacTBOpUMbIe CaxXapa; SKCnpeccna reHos

Introduction

Onion species, including leek (Allium porrum L.), have awide
range of nutritional and medicinal properties. Leek, which
is also known as A. ampeloprasum var. porrum (L.) Gay, is
considered an economically important vegeTable crop valued
not only for its nutritional qualities but also for its antibacte-
rial, anticancer, cardioprotective, and antioxidant properties
(Celebi-Toprak, Alan, 2021).

Leek breeding is aimed at increasing the length, thickness,
density and weight of the edible white (blanched) stem, im-
proving its taste and dietary qualities, as well as increasing
seed germination and resistance to stress factors and bolting
(Swamy, Gowda, 2006; Celebi-Toprak, Alan, 2021). Soluble
sugars (5.0-11.2 g/100 g raw weight) and vitamin C (L-as-
corbic acid, ascorbate, AA) (0.9-3.6 mg/g dry weight) give
leeks a delicate and sweet taste. During storage, the amount
of AAin the blanched part of the false stem increases by more
than 1.5 times (Lundegardh et al., 2008; Grzelak-Btaszczyk
etal., 2011; Bernaertetal., 2012; Bernaert, 2013). Both types
of metabolites play significant roles in the plant’s defense
responses to stress factors (Yamada, Osakabe, 2018; Broad
et al., 2020; Qi et al., 2020), and vitamin C is also important
for human health (Hemila, 2017).

The presence of ascorbate is also positively associated
with the post-harvest shelf life of the blanched stem, since,
unlike onions, the cut stem of leeks is not in a state of phy-
siological dormancy and quickly deteriorates (Bernaert, 2013).
Furthermore, ascorbate and soluble sugar-dependent signal-
ing pathways largely determine plant ontogeny (Considine,

Foyer, 2014; Yoon et al., 2021) and may therefore positively
influence leek pseudostem size.

A comparison of oil extracts of leeks and another equally
popular onion crop, garlic (A. sativum L..), showed the superio-
rity of leeks in antioxidant activity, largely due to higher ac-
cumulations of vitamin C (Lemma et al., 2022). According to
several studies, the amount of vitamin C in green leaves and
the edible blanched part of the stem (false stem) of leeks can
vary within 2.8-8.5 and 0.9-3.6 mg/g dry weight, respectively
(Lundegardh et al., 2008; Bernaert et al., 2012).

Vitamin C is an organic water-soluble compound that is not
synthesized by humans, but is a necessary part of human diet
and comes from plant foods, where the amount of ascorbate
depends on the species/variety, tissue/organ, and plant grow-
ing/storage conditions (Bulley, Laing, 2016). In addition to
its benefits to humans, ascorbate is involved in many aspects
of plant development, including the regulation of cellular
metabolism, and is also an effective antioxidant, since it is
present in the cell in sufficient quantities and carries out fine
regulation of the presence of various free radicals, reacting
with them (Arrigoni, De Tullio, 2002).

The importance of ascorbate for the plant is emphasized
by the fact that its synthesis occurs through several unique
pathways, the dominant of which is the Smirnov—Wheeler
L-galactose pathway, which undergoes eight stages of conver-
sion of the initial substrate (D-fructose-6-P) into L-ascorbic
acid (Bulley, Laing, 2016). The biosynthetic pathway includes
reactions catalyzed sequentially by glucose-6-phosphate
isomerase (PGI), mannose-6-phosphate isomerase (PMI),
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phosphomannomutase (PMM), GDP-mannose pyrophos-
phorylase (VTC1), GDP-mannose 3’,5'-epimerase (GME),
GDP-L-galactose phosphorylase (VTC2, VTC5), L-galacto-
se-1-phosphate phosphatase (GPP), L-galactose dehydroge-
nase (GalDH), and L-galactono-1,4-lactone dehydrogenase
(GalLDH) (Bulley, Laing, 2016).

Ascorbate recycling occurs as follows. When interacting
with active forms of oxygen, as well as under the action of
ascorbate peroxidases (APX) and ascorbate oxidases (AO),
ascorbate is oxidized and converted into monodehydroascor-
bic acid (MDHA), which can be broken down into dehydro-
ascorbic acid (DHA) and ascorbate (Bulley, Laing, 2016).
Both oxidized forms (MDHA and DHA) can be reduced to
ascorbate by monodehydroascorbate reductase (MDHAR)
and dehydroascorbate reductase (DHAR), respectively (Bul-
ley, Laing, 2016). Thus, the concentration of ascorbate in
plant tissue is determined by the balance between the synthesis
of vitamin C, its recycling and the catabolism of oxidized
forms.

Gene networks of ascorbate metabolism are studied in vari-
ous plant species, including cultivated species. For example,
the expression level of the VTC2 gene has been shown to be
positively associated with the amount of ascorbate in plant
tissue and with plant resistance to abiotic stress factors; this
fact is used in breeding aimed at increasing the vitamin C
content (Ali et al., 2019; Broad et al., 2020). In the model
species Arabidopsis thaliana L., a paralog of VTC2, the VTC5
gene, was found, but the rate of the L-galactose pathway is
determined predominantly by the activity of VTC2 (Dowdle
et al., 2007).

Ascorbate recycling genes are studied more in terms of
their role in determining plant stress tolerance. Exposure to
various stress factors (both abiotic and biotic) leads to changes
in the expression level of MDHAR genes and the activity of

Table 1. List of crosses of leek accessions

Vitamin C content and ascorbate metabolism
gene expression profile in leek hybrids

the enzymes they encode (Leterrier et al., 2005; Dowdle et
al., 2007; Gill, Tuteja, 2010; Feng et al., 2014; Lanubile etal.,
2015; Zhang et al., 2015; Garcia et al., 2020). Overexpression
of MDHAR genes has a positive effect on salt stress toler-
ance (Sultana et al., 2012; Qi et al., 2020). However, in ripe
tomato fruits, this significantly reduces the ascorbate content
(Haroldsen et al., 2011).

Gene networks determining ascorbate metabolism in leek
plants (A. porrum) are poorly studied. The polymorphism and
expression profile of the VTC2 gene have been characterized,
including in response to cold stress, and a correlation between
the VTC2 expression level and the ascorbate content in green
leaves (positive) and the white part (negative) has been shown
(Anisimova et al., 2021a, b). Three MDHAR genes have been
identified and characterized; the level of transcripts of one
of them, MDHARA4, positively correlates with the content of
AA in the white part and green leaves of the plant (Filyushin
etal., 2021). No other publications on the characterization of
AA metabolism genes in leeks have been found.

The aim of this work was to obtain F, leek hybrids from
13 crosses of leek accessions of domestic and foreign selection
and compare them by vitamin C content and the expression
level of genes of AA biosynthesis (PGI, PMI, PMM, VTC1b,
GMEL, GME2, VTC2, GPP, GalDH, GalLDH) and recycling
(APX1, APX2, MDHAR1, MDHAR4, MDHAR5, DHAR2, GR)
in sprouts, green leaves and the blanched part of the stem of
adult plants. A possible correlation between the expression
level of the analyzed genes and the amount of vitamin C in
leek tissues was assessed.

Materials and methods

In the study, we used seeds of F; hybrids obtained from
13 crosses (2022) of leek varieties/lines of domestic and
foreign selection (Table 1). F; seeds were sown (50 pcs. from

F, seed germination, %
100
98
99
95
100
100
100
100
89
55
100
96

100

Cross name Parents

28x30 Goliaf xVesta

85%x99 Kilima x Gayia

94x113 Electro x Kazachok

62x80 k-2197 x Amerikanskiy flag
85x86 Kilima x Balder

12%x13 Herbstreusen x Amarello
81x95 Winterreusen x Siegfried
36%38 Slon x Elefant

68x43 k-2120x k-2054

74 x Alligator k-2042 x Alligator

38x121 Elefant x Mateyko

68 x44 k-2120xk-2026

33%x30 Letniy brizxVesta
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each cross) in the soil (experimental climate control facility,
FRC Biotechnology RAS; day/night— 16 h/8 h, 23 °C/21 °C),
germination was assessed, and the resulting plants were used
in further analysis.

The aboveground part of the seedlings (30 days after
germination) of the F, hybrids as well as green leaves and
blanched false stems of adult plants at the commercial stage
of development were used in further analysis.

The commercial stage of development is understood as
plants before the flowering phase, the growth of which is
complete, and the length and diameter of the stem have reached
final dimensions. Samples of plant tissue were ground in liquid
nitrogen and used to determine the content (mg/100 g raw
weight) of vitamin C, sucrose, glucose and fructose using the
Enzytec L-Ascorbic Acid, Enzytec™ Liquid Sucrose/D-Glu-
cose and Enzytec™ Liquid D-Glucose/D-Fructose (R-Bio-
pharm AG, Germany) kits, following the protocols provided
by the manufacturer. Each sample type (sprout, green leaf or
false stem) was ground whole and stored at —80 °C, taking the
required portion for the analysis (determination of ascorbate
concentration or gene expression).

Analysis of expression of the L-galactose biosynthetic
pathway genes and the ascorbate recycling pathway genes was
performed using quantitative real-time PCR (qRT-PCR). Total
RNA was isolated from 0.2-0.5 g of ground tissue using the
RNeasy Plant Mini Kit (QIAGEN, Germany). DNA impurities
were removed using the RNase-free DNase set (QIAGEN,
Germany), and cDNA was synthesized in the GoScript Re-
verse Transcription System (Promega, USA). The concentra-
tion of cDNA was determined using the Qubit® Fluorometer
(Thermo Fisher Scientific, USA) and Qubit RNA HS Assay
Kit (Invitrogen, USA), and 3 ng of the preparation was used
in the qRT-PCR reaction. Gene-specific primers for qRT-PCR
were designed based on the genomic/transcriptomic data of
A. porrum (PRINA310797) and A. sativum (PRINA606385,
PRINAG607255) available at NCBI (Table 2).

The reaction used the “2.5% Reaction mixture for gRT-PCR
in the presence of SYBR Green | and ROX” kit (Synthol,
Russia). qRT-PCR was performed in a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, USA) using
the program: 5 min at 95 °C, 40 cycles (15 s at 95 °C; 40 s
at 60 °C). To normalize gene expression, two references
were used: the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and Ubiquitin (UBQ) genes (Anisimova et al.,
2021a). The analysis was performed in two biological and
three technical replicates. The results were processed and cor-
relation analysis was performed in GraphPad Prism v. 9.5.1
(GraphPad Software Inc., USA; https://www.graphpad.com/
scientific-software/prism/).

Morphological characteristics (length, thickness and weight
of the blanched part (false stem)) of leek plants were assessed
in September 2023, using 10 plants of each analyzed hybrid.
The plants were grown in an onion collection nursery (green-
house coordinates 55.655182, 37.206576; Federal Scientific
Vegetable Center, Moscow Region, Ph.D. in Agricultural
Sciences T.M. Seredin).
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Table 2. Sequences of primers
used in this work for gRT-PCR analysis

Gene Sequences (5'—3') of primers (forward/reverse)
PGl CCATCGGAATTGGTGGTTCTG/
GTGCAATTTGGTGGTCGATTCC
PMI CTGCTATTTCCGGCCCTTCTA/
ACATTCCATCACCGTGAGCAG
PMM TTCCTCGAGGTTGGGACAAGA/
TGTATGGCCGACAGTACGCT
VTC1b TCGCTAACAAGCCAATGATCCTG/
GCTCTGTCTCCTGAGAACATG
GMET ACACGATGATTAGTTTCAACATG/
CTTGAGGCTCAGCAGGCCA
GME2 CAGGATTAATGGGGTCAAAAGAC/
CTTGAGGCTCAGCAGGCCA
vTc2 GGTGTCAAGCGTGTGTATCTG/
TTCCCAAACAGCGGGATTGAC
GPP GGTCACAGAAACTGATAAAGCATG/
CATCAGTAAGTAGAGCAGTGCC
GalDH CTACCACACTTGGTGGACAC/
CCTCTGTCCGCAAGGCTTTT
GalLDH TGGACTGCTAGGAGCAAGAGT/
GCCTTGCGTTAGGCGTCGA
APX1 GATTTATTGCGGAGAAGAACTGC/
CAACTCAGCCTTGTGCCTCA
APX2 GAAGGAAATTGAGCGGGCTC/
GAGCCATTTGGGCCACCTG
MDHAR1 CTGGCAGTAAGCGTTCTCCA/
TTTGAACCCTGGCGAGCTTG
MDHAR4 CGCAGGTTATGCAGCTCTTG/
CGCCTACGCAAGTATGAAATGC
MDHARS GGGGCTCGCATAGATAAGTTGA/
TCCCACGGACTTATTCAGCC
DHAR2 AGTTCTGCAAGCAAAGCCTGC/
TCCCGAGCCATCTTTGGTTAC
GR CGGCAAAAGAAAGTTCTCAGAGG/
AGGAGACTGCTCAGTGTGGAA
Results

In this work, 13 F; hybrids obtained from crossing domestic
and foreign leek varieties/lines were characterized (Table 1).
F, sprouts were characterized by the ascorbate content and
the expression level of genes of the L-galactose pathway of
ascorbate biosynthesis and its recycling pathway (Fig. 1, 2).
The highest amount of vitamin C was found in sprouts
from crossings 36 x 38 and 81 x 95, the lowest — 33x 30 and
74 x Alligator, while the remaining accessions showed inter-
mediate values (5-7.5 mg/100 g raw weight) (Fig. 1).
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Fig. 1. Heatmap of L-galactose ascorbate biosynthetic pathway gene
expression (PGl, PMI, PMM, VTC1b, GME1, GME2, VTC2, GPP, GalDH,
GalLDH) and vitamin C content (mg/100 g raw weight) in seedlings of F;
hybrids from 13 crosses of leek varieties/lines.

On the heatmap of ascorbate synthesis gene expression,
accessions 36 x 38 and 81x95 occupied adjacent positions
in a cluster that also included hybrids with medium (85 x 86,
38x121) and the lowest (74 x Alligator) ascorbate content.
Five accessions (68x43, 28x30, 62x80, 85x%99, 68 x44),
characterized by similar average ascorbate content, formed a
separate cluster (Fig. 1).

On the heatmap of ascorbate recycling gene expression,
pairs of hybrids with the highest (36 x 38, 81 x 95) and lowest
(33x30, 74 x Alligator) vitamin C content formed two sepa-
rate clusters. We also note two clusters (94 x 113/68 x 44 and
85 x 99/85 x 86), the accessions in which were highly similar
in gene expression and ascorbate content (Fig. 2).

For further analysis, we selected crosses contrasting in the
amount of vitamin C in seedlings: 36 x38 and 81x95 (the
highest); 33x 30 and 74 x Alligator (the lowest). In September
2023, 10 adult F; plants from these crosses were character-
ized by ascorbate content and the expression level of genes
of the L-galactose pathway of ascorbate biosynthesis and
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Fig. 2. Heatmap of ascorbate recycling gene expression (APX1, APX2,
MDHAR1, MDHAR4, MDHAR5, DHAR2, GR) and vitamin C content
(mg/100 g raw weight) in seedlings of F; hybrids from 13 crosses of leek
varieties/lines.

ascorbate recycling genes in green leaves and the blanched
false stem.

As a result, it was found that the green leaves of the
36 x 38 and 81 x 95 plants contained a similar (~35 mg/100 g
raw weight) amount of ascorbate, which was expected to be
significantly higher than that of the 33 X 30 and 74 x Alligator
plants (~25 and ~17 mg/100 g raw weight, respectively). In the
blanched false stems of all four types of plants, the ascorbate
content was significantly lower than in the green leaves and
did not exceed 6.5 mg/100 g raw weight. At the same time,
the 33x30 and 74 x Alligator plants showed similar average
values, and the remaining two hybrids were characterized by
the lowest (81 x 95) and highest (36 x 38) amount of vitamin C
(Fig. 3).

Gene expression analysis showed that in all four hybrids,
the expression level of ascorbate biosynthesis genes in the
blanched part of the false stem was predominantly higher
than in the green leaves, with the exception of the PMI, PMM,
VTC2 and GalLDH genes (Fig. 4). No dependence of hybrids
clustering on the expression heatmap on the ascorbate content
(Fig. 3) was observed (Fig. 4).

The highest transcript level of ascorbate recycling genes
was found in green leaves of the analyzed plants, except for the
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Fig. 3. Ascorbate content in the blanched false stem and green leaves
of adult plants of F; leek hybrids from the crosses 81x95, 36x38,
74 x Alligator and 33 x 30.
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Fig. 4. Heatmap of the expression of genes of the L-galactose pathway of
ascorbate biosynthesis in the white part (w/p) and leaf tissue of F; hybrid
leek plants from the crosses 81x 95, 36 x 38, 74 x Alligator (Al) and 33 x 30.

APX1, MDHARS, and DHAR2 genes with higher expression in
the false stem (Fig. 5). At the same time, the heatmap clearly
demonstrated the formation of two clusters, combining false
stems and green leaves, respectively (Fig. 5). The “leaf” cluster
included hybrids with an increased content of vitamin C in
the leaves (36 x 38 and 81 x 95), and when clustering only by
the level of gene expression in the leaves, the hybrids were
strictly divided into groups with high (36x38 and 81 x 95)
and low (74 x Alligator, 33x30) vitamin C content (Fig. 6).
Moreover, the leaves of the 36x38 and 81 %95 plants (in
comparison with the 74 x Alligator and 33 x 30 hybrids) were
distinguished by a significantly higher expression of ascorbate
recycling genes, with rare exceptions (APX1 and MDHAR5S
in the 81 x 95 plants) (Fig. 6).

CopepaHue ButamviHa C v npodunb 3KCNpeccun reHos
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Fig. 5. Heatmap of the expression of genes of the ascorbate recycling
pathway in the white part (w/p) and green leaves of F; hybrid leek plants
from the crosses 81 x 95, 36 x 38, 74 x Alligator (Al) and 33 x 30.
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Fig. 6. Heatmap of the expression of genes of the ascorbate recycling
pathway in the green leaves of F; hybrid leek plants from the crosses
74 x Alligator (Al), 3330, 81 x95 and 36 x 38.

In the case of the “false stem” cluster, no dependence of
hybrids grouping on the amount of ascorbate was observed.
For example, the 74 x Alligator and 33x 30 plants were as-
signed to separate groups (Fig. 5), despite similar vitamin C
content (Fig. 3).

Next, using seedling and adult plant data, we searched for
possible correlations between ascorbate content and gene
expression levels, and revealed a high correlation for the
ascorbate recycling genes APX2, MDHAR1, and MDHAR4
(r=0.94, 0.95, and 0.74, respectively) in leaves (Fig. 7).

The four analyzed hybrid lines were characterized by their
morphological features. It was shown that the 81 x 95 hybrid
forms a strong false stem 25-30 c¢m long, 3.5-5 cm thick,
weighing 250-350 g with dense leaf arrangement. The 36 x 38

FEHETUKA PACTEHUI / PLANT GENETICS 205



M.A. Filyushin, T.M. Seredin
A.V. Shchennikova, E.Z. Kochieva

Vitamin C content and ascorbate metabolism
gene expression profile in leek hybrids

APX1 APX2 MDHART MDHAR4
o 06 r=-0.12 5 r=0.94 5 r=0.95 06 r=074
.g p-value = 0.63 4 p-value < 0.0001 4 p-value < 0.0001 p-value = 0.0006
w
[]
s 0.4 3 3 0.4
x
o 2 2
2 02 02
B 1 1
[
o« n n n 1 n n n 3 1 1 1 1 1 1 1 3
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Ascorbate content, mg/100 g RW Ascorbate content, mg/100 g RW Ascorbate content, mg/100 g RW Ascorbate content, mg/100 g RW
MDHAR5 DHAR2 GR
0.15 3 0.15
5 r=-0.48 r=-0.68 r=0.34
@ p-value = 0.05 p-value = 0.002 p-value=0.17
20.10 2 0.10
Q
x
[
Lo.0s 1 0.05
K]
ko]
o 1 1 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Ascorbate content, mg/100 g RW Ascorbate content, mg/100 g RW

Ascorbate content, mg/100 g RW

Fig. 7. Linear regression of vitamin C content and expression levels of ascorbate recycling pathway genes in green leaves of F, leek hybrids.

ris the Pearson correlation coefficient (correlation at p < 0.01).

81x95 36%x38

74 x Alligator 33x30

Fig. 8. The commercial part of F; hybrids from the crosses 81 x 95, 36 x 38, 74 x Alligator and 33 x30.

Scale=10cm.

hybrid has a strong false stem 20-25 cm long, 3—-4.5 cm thick,
weighing 200-300 g with dense leaf arrangement (Fig. 8).
Both hybrids are characterized by 100 % seed germination
(Table 1).

The false stem of the 74 x Alligator hybrid is long (20—
25 cm) and thin (1.5-2.5 cm), weighing 100-150 g; the bulb is
pronounced; the plants are significantly slower in growth than
the other hybrids studied. The 33 x 30 hybrid is characterized
by a powerful, loose false stem 20-25 cm long, 2.5-3.5 cm

thick, and weighing 150-250 g; the bulb is pronounced
(Fig. 8). The hybrids are characterized by 55 % (74 x Alligator)
and 100 % (33 x0) seed germination (Table 1).

The analyzed hybrids were also additionally character-
ized by the content of soluble sugars in green leaves and the
blanched part of the false stem. It was shown that, compared to
the leaves, the false stem is enriched with sucrose and contains
~1.5-3 times less fructose (Fig. 9). The amount of glucose
turned out to be more variable: similar between leaves and
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Fig. 9. Content of glucose, fructose and sucrose in the false stem and
leaves of adult plants of F; leek hybrids from the crosses 81x95, 36 x 38,
74 x Alligator and 33 x30.

stem (36 x 38, 74 x Alligator); the highest in the stem (81 x 95);
the highest in the leaves (33x30) (Fig. 9). Considering the
blanched part of the stem used for food, it can be seen that
the highest amounts of all three sugars are contained in the
F, hybrid from the cross 81 x95; the least amount of fruc-
tose — in 33x 30, and that of sucrose — in 74 x Alligator; the
glucose content is similar in three hybrids (36 x 38, 33 x 30,
74 x Alligator) (Fig. 9).

Discussion

In this study, 13 F; leek hybrids with seed germination above
50 % (Table 1) were characterized for ascorbate content and
expression of genes for ascorbate biosynthesis and recycling
in seedlings (Fig. 1, 2). Variations in vitamin C content within
30 % between hybrids (Fig. 1) were consistent with previ-
ously demonstrated differences in ascorbate concentration in
green leaves and false stems of leek (Lundegérdh et al., 2008;
Bernaert et al., 2012).
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The resulting selected accessions of two F4 hybrids (81 x 95,
36 x 38), promising due to the highest vitamin C content, were
further characterized at the commercial stage of development
in comparison with two F; hybrids (74 x Alligator, 33 % 30)
with the lowest vitamin C content. Characterization included
analysis of ascorbate/soluble sugar content and expression of
ascorbate metabolism genes in green leaves and the blanched
part of the pseudostem, as well as morphological description
(Fig. 3-9).

It was shown that the results obtained from the analysis
of ascorbate content in sprouts could be used to evaluate this
trait only in the case of green leaves of adult plants, while the
blanched part of the false stem shows variable data (Fig. 3).
One of the promising hybrids (36 x 38) showed the highest
content of vitamin C in the false stem, while the second hy-
brid (81 x 95), on the contrary, contained the lowest amount
of ascorbate among the four accessions (Fig. 3).

Comparison of the ascorbate content data and clustering of
the studied hybrids by the expression profile of the vitamin C
synthesis genes (Fig. 4) showed that the expression level of
any gene in the pathway could not be used to draw conclusions
about the amount of ascorbate in the leaves or stems of leeks.
In particular, the expression level of the VTC2 gene (Fig. 1, 4),
for which a relationship with ascorbate content was previously
proposed (Ali et al., 2019; Broad et al., 2020), including in
leeks (Anisimova et al., 2021a), is not suitable for prediction.

Nevertheless, the level of VTC2 gene transcripts that we
determined in hybrids can help to predict the degree of stress
resistance of the accessions, since the level of VTC2 expression
is positively associated with plant resistance to abiotic stress
factors (Ali et al., 2019; Broad et al., 2020). Based on our
results (expression in seedlings or green leaves (Fig. 1, 4)), six
promising hybrids can be identified, among which are two of
the four selected for analysis (the studied 33 x 30 and 36 x 38,
as well as 28 x 30, 62x 80, 85x 99, 68 x44).

Comparison of biochemical data and clustering of hybrids
by the expression of ascorbate recycling genes (Fig. 5, 6)
allowed us to suggest a dependence of the level of ascorbate
accumulation in leek leaves or stems on the expression profile
of the pathway genes. In addition, since increased activity of
MDHAR genes and the enzymes they encode is associated
with plant stress resistance (e.g., Zhang et al., 2015; Qi et al.,
2020), based on our data on three MDHAR genes (Fig. 2, 5, 6),
we can identify seven promising hybrids, among which are all
four accessions selected for analysis (studied 81 x 95, 36 x 38,
33x30, 74xAlligator, as well as 94 x 113, 68 x 44, 28 x 30).

Our assessment of possible statistically significant cor-
relations between ascorbate content and the expression level
of ascorbate metabolism genes revealed correlations only in
green plant tissue (seedlings, green leaves) and only for three
ascorbate recycling genes: APX2, MDHAR1 and MDHAR4
(Fig. 7). This confirms our previously identified positive
relationship between the MDHAR4 transcript level and the
vitamin C content in leek plants (Filyushin et al., 2021).

The characteristics of the content of soluble sugars in green
leaves and the blanched part of the false stem of the studied
hybrids showed the absence of any dependence on the con-
centration of ascorbate (Fig. 9). Nevertheless, taking into ac-
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count the obtained data, it can be assumed that the blanched
part of the false stem in the F; 8195 hybrid, which is also
characterized by the highest amount of ascorbate, has a greater
nutritional value.

The morphological characteristics of the analyzed F; hy-
brids showed that the largest amounts of sugars (Fig. 9) cor-
respond to the largest size and weight of the false stem in the
hybrid from the 81 x 95 cross. The other three hybrids, taking
into account the average data for all three types of sugars in
the blanched part (a total of 1,500-1,600 mg/100 g raw weight
(Fig. 9)), correspond to a similar length of the false stem
(20-25 cm vs. 25-30 cm in 81 x 95). However, the variations
in other stem parameters (thickness, weight) in these three
hybrids do not agree in any way with either the amount of
sugars or the content of each individual type of sugar.

Conclusion

Thus, the performed characterization of F; leek hybrids from
13 crosses made it possible to select nine accessions promis-
ing in terms of stress resistance (81x 95, 36 x 38, 33 x 30,
74 x Alligator, 94x 113, 28x 30, 62x80, 85x99, 68 x 44).
Of these, eight hybrids showed 95-100 % seed germina-
tion (except for 74 x Alligator, 55 %). Two hybrids (81 x 95,
36 x 38) were characterized by the highest ascorbate content
in the green tissue (sprouts, green leaves) of the plant and one
(36 x 38) — in the blanched part of the false stem, used as food.
Hybrid 81 x 95 also accumulated the highest amount of soluble
sugars in the blanched part. The found direct dependence
of ascorbate content on the activity of ascorbate recycling
genes (APX2, MDHAR1, MDHAR4) in green leaves can be
used in the breeding of stress-resistant hybrids with increased
vitamin C content. Further studies are needed on the pos-
sible relationship between the expression level of the APX2,
MDHAR1, MDHAR4 and VTC2 genes and plant resistance to
various stress factors, the results of which can be used in the
breeding of stress-resistant leek hybrids.
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Morphological variability and genetic structure
of Miscanthus sinensis (Poaceae) cultivated
in the forest-steppe of Western Siberia
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Abstract. Miscanthus sinensis Andersson (Poaceae) grows in monsoon climate. For this reason, when cultured under
the conditions of a short growing season of Western Siberia, full-fledged seeds do not have time to form. We have
studied a large number of specimens of this species from Primorsky Krai in the collection of the Central Siberian Bo-
tanical Garden, SB RAS. Using these samples, it was possible for the first time to select forms that produce high-quality
mature seeds in local conditions during a short growing season, possibly due to spontaneous hybridization of early
flowering forms. We obtained the first and second (G1 and G2) generations from these seeds and checked for hybrids.
The aim of this study is selection, biomorphological characterization of early flowering ornamental forms of M. sinen-
sis and analysis of genetic polymorphism of the selected forms (51, S2) and the obtained G1 and G2 generations using
ISSR markers. Under the conditions of introduction, the selected samples of M. sinensis were characterized by complex
resistance, high decorativeness, reached the ontogenetic state of mature generative plants and differed from other
samples in the collection by early flowering and the formation of full-fledged seeds. Thus, the forms of M. sinensis we
selected are promising for landscape design and breeding. When studying the genetic structure of G1, G2 and two
generations of the sample using ISSR markers, three effective stable unique PCR fragments were identified. A study
of the genetic variability of the resulting G1 generation showed complete uniformity of genotypes. In the G2 genera-
tion, variability was observed, and we found five sets of genotypes, which were also confirmed in the dendrogram.
As a result, unique molecular polymorphic fragments were identified. Their length was 300-3000 bp, and the genetic
formula for certification of M. sinensis was compiled.

Key words: quality of seeds; decorative form of Miscanthus sinensis; ISSR markers; S1 and S2 selected forms; G1 and
G2 generations; certification
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Mopdonornueckasi MSMEHUMBOCTD I TeHEeTNYeCcKasl CTPYKTypa
Miscanthus sinensis (Poaceae), KYJIbTUBUPYEMOI'O
B JiecocTernu 3anamHoi Cubupun
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1 LieHTpanbHbIii cnbrupcknin 6otaHnuecknin cap Cnbrpckoro otaeneHnsa Poccuinckon akagemmnm Hayk, HoBocnbrpck, Poccns
2 HoBOCOMPCKMI HaLMOHaNbHbIN NCCNEeA0BATENbCKNIA FOCYAaPCTBEHHDI YHMBepCuTeT, HoBoCcnbrpck, Poccus

@ olga-dorogina@yandex.ru

AHHoTauusA. Miscanthus sinensis Andersson (Poaceae), Kak 1 Bce gpyrue Buabl poga Miscanthus, ABnaeTca pacteHu-
€M MYCCOHHOTO KN1mara, No3ToMy B CYpPOBbIX YCIOBUAX necocTeny 3anagHon Cnbumpm He ycrneBaeT chopmmpoBaTtb
XKM3HecnocobHble cemeHa. Mpu n3yyeHUn 6ONBLLLOrO YMCa 06Pa3LOB 3TOrO BAA U3 KONINEKUMOHHOTO reHodoHa
LleHTpanbHoro cnbrpckoro 6otaHnyeckoro cafga CO PAH, npuBe3seHHbIX 13 pa3finyHbIX paioHoB MNprmopckoro Kpas,
BrepBble yaanocb otobpatb ase dopmbl, S1 1 S2 (selected), obpasyoLime B MECTHbIX YCIIOBUAX B TEUEHME KOPOT-
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Mopdonornueckas N3MeHUMBOCTb U FeHETUYECKan CTPYKTypa
Miscanthus sinensis (Poaceae), 3anagHas Cnbupb

KOro BereTaLyOHHOrO NepUoAa KaueCTBEHHbIE 3pesible CEMEHA, U3 KOTOPbIX Oblv MoJlyyeHbl NepBoe 1 BTopoe, G1
n G2 (generation), penpofyKTrBHble NokoneHus. Llenb HacToswwero nccnegoBaHus — otbop, bruomopdonornyeckas
XapaKkTepuCcTUKa paHOLBETYLWMX AeKopaTuBHbIX Gopm M. sinensis 1 aHanu3 reHeTMyeckoro nonvmMopdusmMa oTo-
6paHHbIX dopm (S1, S2) 1 nonyyeHHbIX NokoneHuit (G1, G2) ¢ nomoLyblo Mapkepos ISSR. B ycnoBuax MHTPOAyKUMM
oTobpaHHble 06pasubl M. sinensis xapakTepn3oBanuCb KOMMNEKCHON YCTONUMBOCTbIO K GONE3HAM 1 BpeanuTenam,
BbICOKOW AeKOPaTVBHOCTbIO, PAaHHUMK CPOKaMK LiBeTeHNA U obpa3oBaHMeM MOMHOLEHHbIX ceMAH. Mpn nsyyeHun
reHeTnYecKoro nonmmopdusma c NoMoLLbio MapkepoB ISSRy poautenbckux 06pasuos S1 1 S2 06Hapy»KeHO OT OfHO-
ro fo Tpex yHukanbHbix MNLP-bparmeHTOB. iccnefoBaHme reHeTYeCKon N3MeHUMBOCTM B MokoneHnn G1 nokasano
nosnHoe efMHoo6pasune reHoTnnoB. B nokoneHnn G2 Habnopanacb M3MEHUMBOCTb, MPU 3TOM HaMW HaliAeHO NATb
BapWaHTOB reHOTMNOB. B pe3ynbTaTe BbiABNEHbI YHMKaNbHblE MONMMOPHbIe GparMeHTbl, AHa KOTOPbIX Bapbupo-
Bana ot 300 go 3000 . H.; C X MOMOLLbIO COCTaBNIeHa reHeTMyeckasa dopmyna Ana nacnopTr3saumm oTo6paHHbIX HaMu
dopm M. sinensis. 3T GopMbl XapaKTePU3YIOTCA BbICOKMMU PENPOAYKTUBHBIMU CMOCOOHOCTAMY B YCTOBUAX KOHTU-
HeHTaNIbHOTO KNMMaTa, MepcnekTUBHbBI ANA cenekumy, a, brarogaps cBormM 6MoMopdonormieckum 0Co6eHHOCTAM, —
1 AnA naHawadTHoro gusanHa.

KnioueBble cnoBa: KauecTBoO cemsH; fekopaTteHaa dopma Miscanthus sinensis; ISSR-mapkepbl; 0TobpaHHble popMmbl

S1 1 S2; penpopyKTrBHble nokonenua G1 n G2; nacnopTr3auma

Introduction

The genus Miscanthus Andersson (fan grass) belongs to the
subtribe Saccharinae, tribe Andropogoneae, family Poaceae.
Fan grasses are perennial herbaceous plants. They are charac-
terized by the C4 type of photosynthesis, high biomass pro-
ductivity and relative unpretentiousness. These features allow
them to be recommended as a promising bioenergy crop (Nie
et al., 2014). The issues of biology and production process
of different species of the genus Miscanthus are increasingly
covered in modern works of Russian (Dorogina et al., 2018,
2022; Gushchina et al., 2018; Berseneva et al., 2020; Kapus-
tyanchik et al., 2020; Anisimov et al., 2021; Yakimenko et
al., 2021) and foreign (Chae et al., 2014; Gifford et al., 2014)
researchers. In them, M. sacchariflorus (Maxim.) Hack.,
M. sinensis Andersson and, especially, Miscanthus x gigan-
teus J.M. Greef, Deuter ex Hodk., Renvoize are considered as
sources of bioethanol and biocellulose. Currently, the Sora-
novsky variety is grown in the forest-steppe of Western
Siberia. It was selected from the natural material M. saccha-
riflorus and is a valuable industrial crop (Potseluyev, Kapus-
tyanchik, 2018).

M. sinensis and M. purpurascens Andersson are widely
used as ornamental grasses and a set of varieties, including
variegated ones, is already presented. M. sinensis is the most
popular choice for decorating the banks of reservoirs, rock
gardens, rockeries, mixborders, as a solitaire on the lawn
and for creating decorative group plantings (Grechushkina-
Sukhorukova, 2022). In natural conditions, M. sinensis and
M. purpurascens grow in regions with a monsoon climate.
Both species can be successfully grown in continental cli-
mates, according to long-term studies of growth and develop-
ment rhythms, biomorphology and ontogenesis; however,
M. sinensis has a higher adaptive potential (Dorogina et al.,
2018). It is believed that in the harsh conditions of the forest-
steppe of Western Siberia, all types of Miscanthus (fan grass)
do not have time to form full-fledged seeds (Zueva, 2020).

The collection gene pool of the Central Siberian Botanical
Garden of the Siberian Branch of the Russian Academy of
Sciences (CSBG SB RAS, Western Siberia, Novosibirsk),
is constantly replenished with new forms and varieties of
Miscanthus from various habitats. When replenishing the col-

lection with samples from different areas of Primorsky Krai,
Russian Federation (RF), two forms (S1 and S2 — selected)
of M. sinensis were selected by us. In the conditions of the
continental climate of the forest-steppe of Western Siberia,
they form viable seeds, and two generations (G1 and G2 —
generation) were obtained from them. These forms were also
characterized by accelerated rates of seasonal development
and a more compact habitus. They form less vegetative mass
and form generative organs earlier.

The purpose of this study: selection, biomorphological
characterization of early flowering ornamental forms of Mis-
canthus sinensis and analysis of genetic polymorphism of the
selected S1 and S2 forms and the obtained G1 and G2 ge-
nerations using ISSR markers.

Materials and methods
In 2017, M. sinensis seeds were collected from a coenopopula-
tion on the Gamov Peninsula, Khasansky District, Primorsky
Krai (42°58'02"N; 131°20'67"E), and sown in the ornamental
plant collection plot of the CSBG SB RAS. As a result, only
two plants with formed seeds were found in the forest-steppe
conditions of Western Siberia (54°82'15"N; 83°10'46"E).
Seeds formed on the earliest flowering shoots (more than
100 pieces were collected from five shoots). These plants,
adapted to local climatic conditions, were used as initial forms
(S1 and S2) to obtain subsequent G1 and G2 generations.
The experiments were conducted in two variants: in labo-
ratory conditions in Petri dishes and when sowing in soil in
a greenhouse. The dynamics of germination of the obtained
seeds, the detection of the presence of a dormant period, the
influence of environmental factors on their germination ac-
cording to the laboratory-greenhouse-soil method of cultiva-
tion were estimated (Dyuryagina, 1982). As further studies
showed, the seeds of the studied Miscanthus species were
not in a state of deep dormancy, but in a forced dormancy.
Option 1. In the third ten-day period of February, M. si-
nensis seeds were placed on filter paper for germination
in laboratory conditions, at room temperature (19-20 °C),
in Petri dishes in 2-3 replicates, 50 seeds in each. A small
number of replicates is due to the presence of an insignificant
seed harvest. Such division into replicates allowed to comply
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Fig. 1. Hydrothermal conditions of the 2022 (a) and 2023 (b) growing seasons.

with GOST (Methods for Testing..., 1973). The lighting was
natural, filtered tap water was used as a humidifier. Regular
observations of the condition of the seeds, the dynamics of
germination, the nature of the growth of the primary root and
primary shoot (primary leaf) were carried out.

Option II. M. sinensis seeds were sown in a stationary
greenhouse in the second ten-day period of January in con-
tainers with a cell size of 2 x2 c¢m, filled with a soil mixture
of fertile soil, humus and sand. Three seeds were placed in a
small depression in the soil (no more than 1 cm). They were
lightly pressed down and carefully moistened by spraying,
covered with glass or film, and not embedded in the soil.
Germination energy and germination were recorded on the
7th and 21st day, respectively.

Hydrothermal conditions of the vegetation periods were
calculated based on the data from the Ogurtsovo hydrometeo-
rological station closest to the CSBG. The vegetation periods
in 2022 and, especially, in 2023, were characterized by favor-
able meteorological conditions for flowering and fruiting of
M. sinensis, similar in their dynamics to the hydrothermal
indicators of the natural habitats of the species. In 2022, favor-
able hydrothermal conditions for plant growth and develop-
ment developed from the second ten-day period of June and
from the first of July. The average monthly air temperature in
June and July was 17.3 and 18.9 °C, respectively (Fig. 1a). In
2023, the dry period in spring and the first half of summer was
replaced by heavy precipitation in August (Fig. 1b).

To collect seeds in dry weather, panicles were cut after Oc-
tober 10. Based on the date of collection (ripening), flowering
of this individual should have occurred in mid-August, and
not in late July—early August.

The species and forms of Miscanthus in the collection
are studied as ornamental grasses. Therefore, the following
measurements and calculations were carried out by us: shoot
length (cm), panicle length (cm), number of leaves on the
shoot (pcs.).

To study genetic variability, we used the method of elec-
trophoresis of intermicrosatellite regions of genomic DNA
(ISSR analysis). It is known that among anonymous methods
of fragment analysis, it is the most convenient, sensitive and
reproducible (Nei et al., 1979; Kashin et al., 2016). DNA from
laboratory-dried leaves of M. sinensis was isolated using the
STAB method (Doyle J.J., Doyle J.L., 1987).

To study the variability between the original forms and two
generations, the ISSR primers we had tested for M. saccha-
riflorus (Poaceae) were used (Dorogina et al., 2018). In this
work, we used the three most informative primers, 17899A,
17898B, UBS-857, characterized by a polymorphic and re-
producible pattern (Dorogina et al., 2019, 2022).

PCR was performed on a C1000 amplifier (Bio-Rad, USA).
The volume of the reaction mixture was 25 pl. It consisted of
the following components: 1.5 units of Taqg DNA polymerase
(Medigen, Russia); 2.7 mM MgCl,, 0.8 mM ISSR primer
(Medigen, Russia); DNA solution — 2 pl; water mQ H,0 —
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2 pl. The amplification consisted of several stages: DNA
denaturation for 90 s at 94 °C and 35 cycles, each of which
included 40 s at 94 °C, 45 s of primer annealing and 90 s at
42-56 °C. The duration of the final stage of prolongation of
the nucleotide chain was 5 min at 72 °C.

Electrophoretic separation of amplification products in
1.5 % agarose gel in 1% TAE buffer at 4 V/cm was performed.
For statistical data processing, the TREECON software pack-
ages (Van de Peer, De Wachter, 1997) were used. Each ISSR
marker was considered dominant, genetic distances and the
polymorphism level of each primer (P, %) was calculated ac-
cording to M. Nei and W.H. Li (1979).

Molecular genetic formulas for passportization of the
M. sinensis population have been compiled according to the
principle proposed by A.A. Novikova et al. (2012). Based
on amplified PCR DNA fragments, genetic passports in the
form of genetic formulas are presented. The genetic formula
contains information about the method used, primers, and
amplified DNA fragments detected in the sample under
study. Statistical processing of the results using the StatSoft
EXCEL 6.0 and STATISTICA v.6.0 software packages has
been performed. The reliability of differences in the variability
of morphometric features has been assessed using nonpara-
metric criteria (Mann—-Whitney, U-test).

Results

Morphological characteristic

The first full-fledged seeds of M. sinensis of local reproduc-
tion were collected in 2020. They were set during free pol-
lination of two plants (which formed several panicles with

Fig. 2. M. sinensis in CSBG SB RAS experimental plot.

a - first generation (G1); b - second generation (G2).
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high-quality mature seeds). Later, plants of the first (G1) and
second (G2) generations of the reproduction were grown from
these seeds.

The study of rhythmological and biomorphological features
of the selected forms of M. sinensis showed the following. In
the forest-steppe conditions of Western Siberia, early spring
regrowth and earlier (at the end of July) flowering compared
to other individuals obtained from the seeds of this sample
were noted. In this regard, full-fledged seeds had time to
set and ripen. Flowering of subsequent shoots has extended
until October. The formation of compact bushes with shorter
rhizomes is characteristic of these forms. Burgundy shoots
and spreading panicles give the plants a special decorative
effect (Fig. 2).

The straw is densely covered with ridges, belongs to the
erect or semi-erectoid morphotype. Its height varies widely
from 160 to 209 cm (Table 1). The leaf blades are elongated,
linear (up to 70 cm), their width is from 0.6 to 1.2 cm. The
edges of the leaf blades are very hard, the midrib is white.
The panicle of this sample of M. sinensis is slightly drooping,
characterized by 10-25 branches, 20-27 cm long (Table 1).
The central axis of the panicle is shorter than the branches.
Spikelets are paired. One of them has a short peduncle, and
the other has a long one. The length of the spikelets reaches
4-7 mm. The spikelets at the base are pubescent with white
hairs, their length can be equal to the length of the spikelet
itself. These features create an additional decorative effect.
We did not find any reliable differences in the variability of
morphometric characteristics between G1 and G2 individuals.

The studied M. sinensis sample is resistant to local climatic
conditions. These conditions correspond to the 11-I11 frost
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Table 1. Morphometric indicators of Miscanthus sinensis shoots at the collection site of CSBG SB RAS

at the end of the growing season

Samples Length of shoots, cm

S1 178.4 257

S2 1433 19.8
M*+m Cv M+m

GI;N=3 181.4+£14.3 13.7 224+1.5

GEN=7 169.4£8.5 133 235+14

* M - mean value; m - error of the mean; Cv - coefficient of variation (%).

Length of panicle, cm

Number of leaves, pcs.

9.8

9.3
Cv M+m Cv
1.5 9.2+0.5 10.0
16.0 7.9+0.2 8.3

Table 2. Germination of seeds of two generations of M. sinensis from reproduction seeds of CSBG SB RAS

in laboratory conditions and in a greenhouse

Indicators G1 G2
Laboratory germination (28.02.2023)

Number of seeds 150 36

Germination energy, % 84 94

Germination, % 94 100
Sowing in a greenhouse (19.01.2023)

Number of seeds 72 72

Germination energy, % 78 72

Germination, % 68.0 722

resistance zones on the USDA scale (USDA Plant..., 2024).
Therefore, it does not require winter shelter. During five years
of introduction, M. sinensis was not affected by diseases and
pests and was drought-resistant.

Astudy of the biology of germination of two generations of
M. sinensis seeds showed that when grown in a greenhouse, the
beginning of germination in both generations was observed as
early as day 3. On day 7, the germination energy of G2 seeds
was 10 % higher than that of G1 seeds (Table 2). At this point,
mass germination ended, and after 21 days, the germination of
the observed samples increased by another 10 % in G1, and
all the seeds of G2 germinated.

Representatives of the genus Miscanthus in natural habitats
begin vegetation at fairly high temperatures, therefore, for
growing seedlings in a greenhouse (ontogenetic states: sprouts,
juveniles and immatures), we have selected the optimal dates
for sowing seeds.

When sowing seeds at the end of the second ten-day period
of January, the sprouts grew and developed actively, their
height on the 10th day reached 3 cm. The first true leaf in
most G2 plants appeared on the 12th day after sowing. G1
sprouts lagged in development behind G2. The third true leaf
in individual plants appeared on the 24th day of develop-
ment. On the 50th day after sowing, the root system reached
6—-8 cm in length, which exceeded the cell depth by 2—-3 cm.

214

At the same time, the leaves of the plants during the transi-
tion to the immature state, due to the small volume of cells
for growth and development, noticeably turned yellow. Since
there was still more than a month left before planting in open
ground, the plants were transplanted into a larger container
(7 x7 cm). After transplanting, the immature plants began to
actively develop and by the time of planting in open ground in
the second ten-day period of May, their height varied from 9
to 31 cm.

Thus, it can be concluded that M. sinensis seedlings should
be grown in greenhouse conditions, sowing in the second half
of February. In this case, in the second half of May, the plants
develop a branched fibrous root system, they enter the tillering
phase, and they are ready for planting in open ground when
favorable temperature conditions occur. Before planting in
open ground, the plants need hardening. The seedlings were
planted in a permanent place in warmed soil at a distance of
80-100 cm from each other. Thus, according to our obser-
vations, the seeds of the studied samples ripen well and do
not require a period of post-harvest ripening, and laboratory
conditions are more favorable for seed germination.

Marker analysis
The study of variability in generations G1 and G2 using ISSR
markers in G1 showed complete uniformity of amplification
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Fig. 3. Electrophoregram of PCR products obtained by DNA amplification at the representatives of M. sinensis and ISSR primer UBC-857.

S1,S2 - selected forms; tracks 1-4 — the first generation (G1), tracks 5-12 - the second generation (G2).

Table 3. Polymorphic fragments unique to the selected forms (S1, S2) of M. sinensis

Primer 5'-3' Number of unique fragments
UBS875(AC)gGT 2/16
4/16
17899A(CA)AG 2/9
2/9
17898B(CA)GT 3/10
3/10

Length of polymorphic fragments, bp

S1510; 1,900
$2700; 900; 2,100; 3,000

S1620; 900
$2 600; 925

S1350; 650; 830
S2 300; 640; 850

Note. Numerator — number of unique PCR fragments; denominator - total number of PCR fragments.

spectra. In generation G2, variability was observed, with five
genotype variants revealed (Fig. 3).

On the electropherogram, in the region of less than
10,000 bp, a component present in each of the studied samples
can be seen (Fig. 3). In all samples (except 10), in the region
of 2,000-2,500 bp, a fragment from the S2 form is present. In
the region of about 1,000 bp in samples 5 and 10 and in the
region of slightly less than 750 bp in samples 6 and 9, frag-
ments characteristic of both forms were present.

For the promising initial forms S1 and S2, selected by us,
three markers were chosen for the purpose of compiling a
genetic formula. They form the most polymorphic fragments
(Table 3). The length of polymorphic fragments was from
300 to 3,000 bp. Using the (Ac)gGT primer, 2 and 4 unique
fragments were detected, two of which were characterized by
the greatest length (2,100 and 3,000 bp).

We have compiled genetic formulas for the selected forms
S1and S2 of M. sinensis using the identified unique molecu-

lar polymorphic fragments based on the genetic formulas for
Rhododendron canadense (Novikova et al., 2012):

S1: ISSR/(AC)8GT-510,1900/(CA)6AG-620,900/(CA)6GT-
350,650,830

S2: ISSR/(AC)8GT-700,900,2100,3000/(CA)6AG-600,925/
(CA)6GT-300,640,850

Discussion

In greenhouse conditions, we observed the germination of
seeds of two generations of M. sinensis without preliminary
treatment on the 3rd day, and on the 21st day, all seeds of G2
sprouted. The highest seed germination (98 and 88 %) was
observed in M. sinensis and M. sacchariflorus grown in Korea
at a temperature of 30 °C after scarification with 2 % NaOCl
(Lee, et al., 2012). Polish scientists used sodium hypochlo-
rite and commercial fertilizers to determine the cause of low
germination of Miscanthus seeds and to search for methods
to improve their quality (Orzeszko-Rywka, Rochalska, 2016).
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The vegetation period in the geographical location of Pri-
morsky Krai is quite long — 175-190 days, as our earlier analy-
sis of the monsoon climate showed (Dorogina et al., 2019).
Spring frosts are typical for the beginning of May, and autumn
frosts, for the beginning of October. The spring-summer period
is the driest. It is followed by a long summer-autumn over-
moistening with up to 60 % of the annual precipitation rate.

Probably, the warm, relatively dry first half of summer in
Primorsky Krai stimulates the intensive formation of genera-
tive, rather than vegetative organs of Miscanthus. Rains in
the second half of summer and early autumn contribute to
the filling of seeds and the formation of vegetative organs
and buds for the next year’s renewal. As mentioned above, we
observed similar dynamics in Novosibirsk in 2023 (Fig. 1).
That is, the conditions of this growing season in Novosibirsk
turned out to be close to natural.

According to the literature data, in the steppe zone of the
Stavropol Territory (RF) during the vegetation periods of
2019-2021, 13 varieties of M. sinensis maintained rhythmic
processes similar to natural ones (Grechushkina-Sukhorukova,
2022). Thus, the beginning of the growing season was from
12.04 to 17.04, and the growth processes in the flowering
phase of early flowering varieties were from 5.08 to 12.08,
mid-flowering — from 16.09 to 22.09, late flowering — from
12.10t0 18.10. The author showed that the dynamic indicators
of the linear growth of generative shoots correlated with the
sum of effective temperatures of the growing season: in 2019
r =0.93-0.96; in 2020 r = 0.85-0.9; in 2021, r =0.9-0.92.
These data are consistent with our results obtained in the
forest-steppe of Western Siberia. The forms of M. sinensis
that we selected had the ability to vegetate for a long time
while maintaining decorative properties until the onset of
winter dormancy of plants and can be successfully grown from
seeds in continental climate conditions.

As aresult of the analysis of the obtained data for M. sinen-
sis in the G2 population, we identified five genotype variants.
G. Nie et al. (2014) showed that as a result of genotyping
partially fertile hybrids in the hybrid population of M. sinen-
sis, four genotypes were detected, and two of them were found
in most plants. In Japan, tetraploid M. sacchariflorus and
diploid M. sinensis are common, among which hybridization
is observed (Tang et al., 2019).

However, M. sinensis is self-incompatible and has wind-
borne pollen and seeds. According to our assumptions, this
limits population differentiation. The degree of population
differentiation using molecular markers for M. sinensis in
individual areas of China has only been partially assessed
(Chou et al., 2011; Swaminathan et al., 2012).

Itis known from the literature that M. sinensis is a plant with
a cross-pollination type (Mitros, et al., 2020). In general, inter-
and intraspecific hybridization is typical for representatives of
this genus, so it is characterized by rich genetic diversity and
the presence of heterosis (Zhang et al., 2021). Genetic diver-
sity is used to create Miscanthus hybrids. They can produce
higher biomass yields and demonstrate better adaptability to
various climatic conditions than their parent species (Clark et
al., 2015). We did not conduct artificial hybridization. The two
studied plants grew at a small distance from each other on the
collection plot. G2 plants differed from the original (S1 and
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S2) selected forms in height, had more powerful leaves and
stems. Therefore, we assumed the presence of hybrid plants
as a result of spontaneous hybridization.

According to previous assumptions based on histochemical
analysis of M. sinensis shoots, some specimens of this spe-
cies can accumulate large amounts of lignin in dry, finished
vegetation straws. This can complicate its industrial process-
ing (Dorogina et al., 2019). Therefore, this species is more
promising for the selection of ornamental forms.

Most of the literature sources on various aspects of the
study and practical application of species, forms, hybrids and
varieties of Miscanthus note that within the framework of
the collected gene pool, serious systematic clarifications are
required (Greef et al., 1997; Nishiwaki et al., 2011; Gifford
et al., 2014). Analysis of genetic diversity can also provide
information on the origin and composition of individual lines
(Xuetal., 2013, Chen et al., 2022).

The phenotypic and genetic variability we have discovered
in M. sinensis allows us to select forms with various eco-
nomically valuable traits for further genetic improvement and
development of a variety with the desired traits. For example,
interspecific hybrids between M. sacchariflorus and M. sinen-
sis, such as Miscanthus x giganteus, are promising for obtain-
ing biomass in culture in regions with a moderate climate.
Such partially fertile hybrids are interesting for improving the
biomass and quality characteristics of the Miscanthus species
(Tamura et al., 2016; Chen et al., 2022).

Thus, breeding work with Miscanthus in severe climatic
conditions moves to a fundamentally new level. It becomes
possible to both test randomly selected forms (from natural
habitats) and to work with a wide range of offspring from seeds
of local reproductions of different generations. This expands
the possibilities of selecting forms with different traits. So,
further study of phenological rhythms, biology of seed germi-
nation, morphology, the analysis of genetic diversity and the
differentiation of the population using molecular markers and
selection of M. sinensis plant forms with valuable decorative
and technical (technological) characteristics is promising.

Conclusion
The forms of M. sinensis that we selected are highly decorative
and resistant to introduction, produce viable seeds, and are
promising for seed propagation and selection. They begin to
bloom at the end of July and retain their decorative qualities
until October. They do not require watering to maintain their
decorative qualities during dry periods. M. sinensis grows
successfully in open and shaded areas. It retains its decorative
qualities in winter conditions and under snow. The offspring
of the studied specimen pass all stages of ontogenesis in the
conditions of Western Siberia and form viable seeds, and main-
tains its decorative effect from the end of July until October.
The identified polymorphic fragments in M. sinensis can be
used for identification and taxonomy, and unique molecular
polymorphic fragments, which are sequences of a certain
length, are the basis for the certification of populations, forms
and lines that are promising for obtaining decorative forms
of M. sinensis. Overall, our results in developing breeding
programs will help with creating Miscanthus varieties with
elite potential.
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Abstract. Mosquitoes in the subgenus Stegomyia of the genus Aedes are vectors of a number of vertebrate viruses,
including human arboviral fevers. Of particular interest is the study of the genetic characteristics of invasive popula-
tions of species in this group. We obtained, annotated and described the mitochondrial genomes of three Stegomyia
mosquito species of the genus Aedes: Ae. albopictus, Ae. flavopictus and Ae. sibiricus. The mitochondrial genomes
of Ae. flavopictus and Ae. sibiricus were obtained from mosquitoes from synanthropic populations in the Russian
Far East. The mitochondrial genome of Ae. sibiricus is presented for the first time. The mitochondrial genome of
Ae. albopictus was obtained for the C6/36 cell line. We selected three primer sets, for each mosquito species, that
amplify the entire mitochondrial genome except for the control region and sequenced the genomes using the
Sanger method. All three new genomes have an identical gene order. We identified 13 canonical protein-coding
genes, 2 ribosomal RNA genes, and 22 transport RNA genes. Protein-coding genes have canonical start and stop
codons with two exceptions. The canonical stop codon “TAA” is incomplete in the cox1 and cox2 genes. The cox1
gene lacks the canonical start codon for methionine. Nucleotide variability is mainly represented by point nucleotide
substitutions. A phylogenetic analysis of the nucleotide sequences of complete mitochondrial genomes of all known
mosquitoes species in the subgenus Stegomyia of the genus Aedes was performed. The data obtained made it pos-
sible to measure the ratio of synonymous to non-synonymous substitutions (Ka/Ks) in specific protein-coding genes.
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XapaKTepucTuka Tpex MUTOXOHIPpMaJIbHbIX TeHOMOB
KoMapos pona Aedes (Diptera: Culicidae) mogpona Stegomyia
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AHHoTauusA. Komapsbl poga Aedes, nogpoaa Stegomyia aBnaoTcA NepeHoCUnKaMm psafa BUPYCOB MNO3BOHOYHbIX, B
TOM yncrie BO36yanTenen apboBMpYyCHbIX TMXOpadokK YenioBeka. Ocobblli HTepeC NpefCcTaBAeT N3yyYeHre reHeTr-
YecKmx 0cobeHHOCTEN CMHAHTPOMHbIX NOMYNALMIA BUAOB 3TON rpynnbl. Mbl NOAyYnnn, aHHOTUPOBANY 1 ONMcanu
MUTOXOHAPWaNbHbIe reHOMbI TPEX BUAOB KOMapoB pogaa Aedes, nogpopaa Stegomyia: Ae. albopictus, Ae. flavopictus n
Ae. sibiricus. MutoxoHapwvanbHble reHoMbl Ae. flavopictus u Ae. sibiricus 6b11 NONy4YeHbl OT KOMAPOB U3 CUHAHTPOM-
HbIX nonynAumn ¢ JanbHero Boctoka Poccun. MutoxoHapuanbHbiii reHom Ae. sibiricus npefcTaBneH Hamu BnepBble.
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Mitochondrial genome variation of mosquito species
in the subgenus Stegomyia of the genus Aedes (Diptera: Culicidae)

MwuToxoHApUanbHbI reHom Ae. albopictus 6bin nonyyeH ans KnetouHo nuHmumn C6/36. Mbl nogobpanyi Tpy KoMMek-
Ta NpanmepoB ANA KaX40ro 13 BUAOB KOMapOoB, KOTopble amnandurumpyioT BeCb MUTOXOHAPWANbHbIN FeHOM, Kpome
KOHTPOJIbHOW 0611aCTV, M OTCEKBEHMPOBAM reHOMbI MeTofoM CaHrepa. Bce Tpy HOBbIX reHOMa MMEIOT OAMHAKOBBI
NopAAOK PacnonoXeHna reHoB. iaeHTndUUMpoBaHo 13 KaHOHUUYECKNX 6eNOK-KOANPYIOLLVX FEHOB, 2 reHa prboco-
manbHou PHK, 22 reHa TpaHcnopTtHou PHK. benok-koampytoLye reHbl MMeoT KaHOHNYeCKre CTapT- 1 CTOM-KOAOHbI
3a ABYMA NCKoYeHAMN. KaHOHnYecKun cton-kopoH «TAA» HenonHbIv B reHax cox1 v cox2. B reHe cox1 oTcyTcTByeT
KaHOHWYeCKNIA CTapT-KOAOH ANA MeTUOHMHA. HyKneoTnaHaa n3MeH4YMBOCTb NpeacTaB/ieHa B OCHOBHOM TOUYKOBbI-
MU HYKNeOTUAHbIMU 3amelleHnaMU. IHcepunn-genewmm nMmetoTca B 0611acTax MeXreHHbIX cnencepos. MNposeseH
dunoreHeTNYECKNIN aHaNN3 HYKNEOTUAHBIX MOCNEA0BATENIbHOCTEN MOMHbIX MUTOXOHAPWUANbHbIX FEHOMOB BCEX U3-
BECTHbIX BUAOB KOMapoB popaa Aedes, nogpopaa Stegomyia. MonyyeHHble faHHble MO3BOMWAY MPOBECTU U3MEPEHNE
COOTHOLUEHWA CUHOHUMUNYHBIX Y1 HECUHOHUMUYHBIX 3aMeH (Ka/Ks) B KOHKPETHbIX 6e1I0K-KOAMPYIOLLMX FeHax.
KnioueBble cnoBa: MHBa3MOHHbI BUL; MUTOXOHAPWANbHbIV reHoM; dunoreHeTuyecknii aHanms; MTAHK

Introduction

Mosquitoes of the genus Aedes, subgenus Stegomyia, are the
main vectors of dengue, yellow fever and other arbovirus
infections worldwide (Weetman et al., 2018). Of greatest
interest and practical importance are the invasive mosquito
species in this group that form dense synanthropic populations.
Aedes albopictusis Skuse, 1894 is an invasive species native to
Southeast Asia that has spread to all continents except Antarc-
tica in the last 50 years (Medlock et al., 2012). In the Russian
Federation, this species is found in the southern European part
of the country. The study of its genetic variability in Russia
is mainly based on the analysis of the barcode fragment of
the mitochondrial gene cox1 (Fedorova et al., 2019; Bega et
al., 2022).

The subgenus Stegomyia is represented in Russia by three
other species of mosquitoes found in the Far East and Sibe-
ria— Aedes flavopictus Yamada, 1921, Aedes sibiricus Danilov
& Filippova, 1978 and Aedes galloisi Yamada, 1921. These
three species are considered native forest species. Comparative
analyses of the genetic structure of Ae. albopictus and Ae. fla-
vopictus populations from the Korean peninsula support this
hypothesis (Shin, Jung, 2021). Previously, Ae. flavopictus and
Ae. sibiricus did not form dense populations in the Far East
and were only found as isolated specimens (Gutsevich et al.,
1970). Recently there have been reports of sightings of these
species in urban areas (Berlov, Kuberskaya, 2021; Berlov et
al., 2021). We have obtained data on range expansion and the
formation of dense synanthropic populations of Ae. flavopictus
and Ae. sibiricus in the Russian Far East (Bega et al., 2022).
This probably indicates the beginning of the formation of
invasive populations of these species.

In this paper, we present the results of sequencing the mito-
chondrial genomes of representatives of potentially invasive
populations of Ae. flavopictus and Ae. sibiricus, and the mi-
tochondrial genome of the cell line Ae. albopictus C6/36, as
well as the phylogenetic analysis of the obtained sequences.

The mitochondrial genome of Ae. albopictus is now well
characterised, but some points remain controversial. The
mitochondrial genomes of mosquitoes from the island of
Taiwan, including the reference genome (ID NC_006817),
have reading frame shifts and abnormal stop codons. This
may be due to the fact that the sample was taken from an
insular and presumably indigenous population. It may also be

220

a consequence of the inclusion of nuclear copies of mitochon-
drial genes, or Numts, in the mitochondrial genome. Some
sequences of the mitochondrial genome of Ae. albopictus
represented in GenBank have deletions and poly(A) spacers
(Battagliaetal., 2016; Ze-Ze et al., 2020). The features of the
mitochondrial genome of Ae. albopictus cell culture have not
been previously studied. C6/36 culture was obtained from
mosquitoes, the place of capture of which is not precisely
known (Singh, 1967). To date, the culture has been passaged
in the laboratory for more than 50 years. Under cell culture
conditions, with constant temperature and nutrient levels,
the cells do not experience the selection factors that natural
mosquito populations do. Obtaining the mitochondrial genome
of a C6/36 cell culture is of interest because it shows which
mitochondrial genes are under selection in natural populations.
At the time of publication, only two mitochondrial genome
sequences of Ae. flavopictus, NC_050044 and MT501510,
from the southern part of the species range were available
in NCBI GenBank. The genome we obtained represents a
previously uncharacterised northern part of the range. The
mitochondrial genome of Ae. sibiricus was obtained for the
first time in this study. The NCBI GenBank had a mitochon-
drial genome for the closely related species Ae. galloisi. The
sequences obtained in this study are of interest and can be used
for further studies on the genetic characteristics of mosquitoes
of the subgenus Stegomyia.

Materials and methods

Specimen collection and species identification. Mosquito
samples were collected in the Russian Far East in the sum-
mer of 2020. We trapped Ae. flavopictus in Khabarovsk and
Ae. sibiricus in Svobodny city, Amur region. Aedes albopictus
clone C6/36 is a commercially available mosquito cell line
isolated from larvae of this species (Singh, 1967). Species
identification by morphological characters was carried out
according to the keys in the identifiers (Gutsevich et al., 1970;
Tanaka, 1979; Ree, 2003).

The taxonomic status of the mosquito we defined as
Ae. sibiricus should be mentioned separately. Not all of the
identifiers mentioned above include data on the separation of
the species Ae. sibiricus from the previously described Ae. gal-
loisi (Danilov, Filippova, 1978). We used keys to identify
these species based on the colour of the legs and the struc-
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ture of the hypopygium in males (Danilov, Filippova, 1978;
Poltoratskaya, Mirzaeva, 2013). The species Ae. sibiricus is
currently listed in the Mosquitoes of the World catalogue of
blood-sucking mosquitoes (Wilkerson et al., 2021); however,
the description of the species is only published in Russian
and therefore Ae. sibiricus is not included in the GenBank
taxonomic database.

DNA isolation and sequencing of the mitochondrial
genome. Total DNA was isolated from individual adult mos-
quitoes. Each individual was homogenised in lysis solution.
The composition of the lysis solution was as follows: 500 mM
Tris-EDTA pH = 8.0, 100 pg/ml Proteinase K, 1 % Sodium
N-lauroylsarcosinate, 100 mM NaCl. Lysis was performed
at 50 °C for 3 hours. After lysis, the DNA was extracted with
phenol. The phenol was in the upper layer. Two volumes of
water were added to the resulting DNA solution, then the DNA
was precipitated with isopropyl alcohol. After purification, the
DNA was dissolved in deionised water.

Mitochondrial genomes were amplified using the Encyclo
Plus PCR kit (Evrogen, Russia) and sequenced using the
Sanger method. We selected the primers ourselves using
Primer3 software (Rozen, Skaletsky, 2000) based on the
Ae. albopictus mitochondrial genome published in the paper
(Battaglia et al.,2016). PCR amplification for all primer pairs
we selected was performed at an annealing temperature of
58 °C. The list of primers used is shown in Tables 1-3.

Bioinformatics analysis. Sequences were analysed using
BLAST software to identify mitochondrial genes. Open rea-
ding frame start and stop codons were determined by compari-
son with start and stop codons of orthologous protein-coding
genes in GenBank. Phylogenetic analysis was performed using
the MEGATY programme (Kumar et al., 2016). Sequences
obtained from sequencing were aligned to sequences in the da-
tabases using NCBI resources (http://www.ncbi.nlm.nih.gov).
We used the multiple sequence alignment algorithm Clustal W
(Thompson et al., 1994). Visualisation of the mitochondrial
genome ring was performed using Chloroplot software (Zheng
et al., 2020). The algorithm for calculating the Ka/Ks ratio is
described in the paper (Wang D. et al., 2011). We have car-
ried out the calculation using the KaKs_Calculator software
(Zhang Z. et al., 2006) using a simple substitution correction
method (NG) (Nei, Gojobori, 1986). Suppose the length of
the DNA sequence being compared is n and the number of
substitutions between the sequences being compared is m.
To calculate Ka and Ks, we need to count the number of sy-
nonymous (S) and non-synonymous (N) sites (S + N =n) and
the number of synonymous (Sd) and non-synonymous (Nd)
substitutions (Sd + Nd = m). Then, after correction for mul-
tiple substitutions, (Nd/N) and (Sd/S) can represent Ka and
Ks, respectively. This is because the observed number of
substitutions underestimates the true number of substitutions
due to the divergence of sequences over time. Therefore,
the calculation involved three steps: counting S and N, count-
ing Sd and Nd, and correcting for multiple substitutions.
Link to the programme distribution https://ngdc.cnch.ac.cn/
biocode/tools/BT000001.
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Results

Organisation of the derived mitochondrial genomes
The mitochondrial genomes of three mosquito species of the
genus Aedes, subgenus Stegomyia (Ae. albopictus, 4e. fla-
vopictus and Ae. sibiricus) are identical in gene order and
similar in nucleotide sequence. The length of the mitochon-
drial genome excluding the length of control regions is as
follows: Ae. albopictus 14,900 bp, 4e. flavopictus 14,893 bp,
Ae. sibiricus 14,886 bp. Nucleotide variability is represented
by point nucleotide substitutions. When comparing the mito-
chondrial genomes of Ae. albopictus and Ae. flavopictus, the
degree of nucleotide divergence is minimal (5.74 %). The
maximum degree of nucleotide divergence is observed when
comparing the nucleotide sequences of the mitochondrial
genomes of Ae. albopictus and Ae. sibiricus (7.51 %). The
mitochondrial genomes of Ade. flavopictus and Ae. sibiricus
differ by 6.62 %. All three mitochondrial genomes have a
strong A + T =78.4 % bias, which is characteristic of Diptera
mitochondrial genomes.

We identified 13 canonical protein-coding genes (PCGs),
2 ribosomal RNA genes, and 22 transport RNA genes. All
PCGs have canonical start and stop codons with two excep-
tions. The canonical stop codon “TAA” is incomplete in the
cox1 and cox2 genes. It is thought that the missing base “A”
is added during RNA processing. In addition, the canonical
start codon for methionine is missing in the cox1 gene. The
heavy (J) strand contains 22 genes, including 9 PCGs and
13 tRNA. The remaining 15 genes are encoded on the light
strand (N-strand), including 4 PCGs, 2 rRNAand 9tRNA. The
ring genetic map of the mitochondrial genome of Ae. sibiricus
is shown in Figure 1.

Phylogenetic analysis

The phylogenetic analysis of the nucleotide sequences of
the mosquito mitochondrial genomes we obtained, using
all available sequences of the mitochondrial genomes of
Ae. albopictus, Ae. flavopictus, Ae. aegypti and Ae. galloisi
registered in GenBank, is shown in Figure 2. The comparison
region included the entire mitochondrial genome except for
the control region.

Ae. albopictus, Ae. aegypti and Ae. flavopictus form in-
dependent clusters with high bootstrap support values. The
mitochondrial genome of the C6/36 cell line clusters with the
mitochondrial genomes of Ae. albopictus from the invasive
part of the species’ range. Ae. sibiricus and Ae. galloisi are
clustered together.

PCGs variability analysis

We calculated the frequency ratio of point nucleotide substi-
tutions leading to a change in the amino acid sequence (non-
synonymous substitutions, Ka) or not leading to a change in
the amino acid sequence of the protein (synonymous substitu-
tions, Ks) Ka/Ks for PCGs in a pairwise comparison of the
mitochondrial genomes obtained in this study: Ae. albopictus
and Ae. sibiricus, Ae. albopictus and Ae. flavopictus, Ae. fla-
vopictus and Ae. sibiricus (Fig. 3). The mosquito species we
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Table 1. List of primers used to obtain the nucleotide sequence of the complete mitochondrial genome

of C6/36 Ae. albopictus cell culture

Mitochondrial genome variation of mosquito species
in the subgenus Stegomyia of the genus Aedes (Diptera: Culicidae)

Primer name

G1_18L
G1_18R
G4_5L
G4_5R
Gl1_16L
G1_16R
G1_15L
G1_15R
G1_14L
G1_14R
G1_13L
G1_13R
G1_12L
G1_12R
G1_12-11L
G1_12-11R
G1_11L
G1_11R
G1_10L
G1_10R
G1_9L
G1_9R
G1.9-8L
G1_9-8R
G3_1L
G3_1R
G1_7L
G1_7R
G1_6L
G1_6R
G1_5L
G1_5R
G1_4L
G1_4R
G1_4-3L
G1_4-3R
G3_2L
G3_2R
G1_2L
G1_2R
G1_1L
G1_1R
G5_1L
G5_1R

Sequence 5'—3’

aatgaattgcctgataaaaagga
tgatttaatcctccaaatge
ttctataattattggggcatttgg
aaaagcatgagcagtaacaattaca
ctggaatagtcggaacttcactaag
cggttaatcccccaactgta
gccctgcacttttatgatcttt
tcattgatggccaataactttt
tggccatcaatgatattgaagtta
gaatcgattaggtattaatcaaaatgt
ttggtcttttaattatcccatcaac
ttccccatcgtaatectaatg
tcgagaaggaacatttcaagg
ttggtaaaattaaagcaatttctacat
tgtgacttccaatcacaagga
tgttgatcaagaaaaagctgcta
tcatgaatgaaatcaaggagca
caagggtgaagagaatattttgg
tttgaaactcttgcacatataatgaa
tgctcctactectgtttctge
gaatgaactaaagcagaaacagga
ttttattgaatgagaagttgtttcttt
tcaccaattcgattagaaagagc
tcttcaggaagaagtcgagaattt
aaaaattctcgacttcttcctga
ttgtgtatggtggttgcttttt
agttgcctcaacatgagctt
gacgaaaacatcttctctgtacatt
cagagaagatgttttcgtctagaaata
cccaataatgatccaaaatttca
ttcagcctgatgaaattttgg
ggtcgagctccaattcatgt
tgaattggagctcgacctgt
ggggtttatactgtaatagttgctgga
ccttcagcaaaatcaaaagga
tcaaattcgtaaggggccta
taggccccttacgaatttga
taaagggccgcagtattttg
ctcattcaaccattcatacaagc
gaaaagaaatttgtgcaaatcaa
tgatttgcacaaatttcttttca
ccagctaccgceggttataca
ttgtataaccgcggtagctg
tgatgcttctaggaagaaatgaa

Localisation on the GenBank
sequence ID: 0Q145430

1-23
711-692
676-699
1617-1596
1505-1529
2491-2472
2432-2453
3351-3330
3339-3362
4160-4134
4111-4135
4965-4945
4904-4924
5799-5773
5528-5548
6181-6159
5885-5906
6504-6482
6423-6448
7450-7430
7418-7441
7978-7952
7631-7653
8253-8230
8228-8250
8943-8922
8860-8879
9718-9694
9700-9726
10540-10562
10530-10550
11474-11455
11458-11477
12268-12242
11994-12014
12509-12490
12490-12509
13287-13268
13204-13226
14057-14035
14036-14058
14715-14696
14695-14714
15215-15193
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PCR fragment length,
bp
711

941

986

919

812

854

895

653

619

1027

560

622

715

858

840

944

810

515

788

853

679

520
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Table 2. List of primers used to obtain the nucleotide sequence of the complete mitochondrial genome

of Ae. flavopictus

XapaKTepucTrika Tpex MUTOXOHAPWasIbHbIX FeHOMOB
KomMapoB popa Aedes (Diptera: Culicidae) nogpopa Stegomyia
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Primer name

G1_18fL
G1_18fR
G1_17fL
G1_17fR
G1_16fL
G1_16fR
G1_15fL
G1_15fR
G1_14fL
G1_14fR
G3_14fL
G3_3R
G3_3L
G1_12fR
G1_12-11L
G1_12-11R
G1_11fL
G1_11fR
G1_10fL
G1_10fR
G1_9fL
G1_9fR
G1_9-8fL
G1_9-8fR
G3_4fR
G3_4L
G4_6L
G4_6R
G4_7L
G4_7R
G4_8L
G4_8R
G1_5fL
G1_5fR
G1_4fL
G1_4fR
G1_4-3L
G1_4-3fR
G1_3fL
G1_3R
G1_2L
G1_2R
G1_1L
G1_1R
G5_2L
G5_2R

Sequence 5'—3’

aatgaaggccccgataaaaagga
tggtttaatcctccaaatge
ttactttctataattattggagcattt
aaatatccctgaatgtctaagttcagt
ctggaatagtaggaacttctttaag
cagttaatcctccaacgtta
gccctgctttattgtgatcttt
tcattgatgcccaataaccttt
tgggcatcaatgatactgaagtta
aaatcgattaggtattaatcagaatgt
ttggtcttttaattattccttcaaca
ggtcttcatacaatccecgt
tcgagaaggaacatttcaagg
taggtaaaattaaagcaatttctacat
tgtgacttccaatcacaagga
tgttgatcaagaaaaagctgcta
ccatgaatgaaatcaaggagca
caaggatgaagcgaatattttgg
tttgaaactcttggacatataatgaa
agcaccaacacctgtttctgce
gaatgaactaaagcagaaacaggt
ttttattgaatgggaaattgtttcttt
tctacaattcgattagaaagagc
tcttcaggaagagttcgggaattt
tcatatcattgacaccacaaatca
tctgttgctcatatgggtattgtt
ttcgtcttectattcgctca
gtttttggatttgtggtttaatttt
aaaattaaaccacaaatccaaaaa
tttgggagttaatgaaaaggaa
ttccttttcattaactcccaaag
tcgtaaaaatcaaccattatttacatc
ttcagcctgatgaaatttcgg
ggtcgggctccaattcatgt
tgaattggagcccgacctgt
ggggtttatactgtaatagttgctggg
ccttcagcaaaatcaaaagga
tcaaattcgtaaagggccaa
tgttccttagtaaataacttcacagca
tgaaggcttgtatgaatggttg
ctcattcaaccattcatacaagc
gaaaagaaatttgtgcaaatcaa
tgatttgcacaaatttcttttca
ccagctaccgcggttataca
gctggcacaaattttaccaata

cctatgggtcctaaatgaagaaaa

Localisation on the GenBank
sequence ID: 0Q145431

1-23
710-691
670-696
1568-1542
1504-1528
2490-2471
2431-2452
3350-3329
3338-3361
4159-4133
4110-4135
4941-4922
4903-4923
5798-5772
5527-5547
6183-6161
5884-5905
6506-6484
6425-6450
7452-7432
7420-7443
7980-7954
7633-7655
8255-8232
8106-8129
8666-8643
8513-8532
9307-9283
9283-9306
9895-9874
9874-9896
10691-10665
10532-10552
11476-11457
11460-11479
12265-12239
11991-12011
12506-12487
12420-12446
13229-13208
13202-13224
14058-14036
14037-14059
14712-14693
14708-14729
15684-15707

PCR fragment length,
bp

710

898

986

919

812

831

895

656

622

1027

513

622

560

794

612

817

944

789

515

809

829

675

1000
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Table 3. List of primers used to obtain the nucleotide sequence of the complete mitochondrial genome

of Ae. sibiricus

Mitochondrial genome variation of mosquito species
in the subgenus Stegomyia of the genus Aedes (Diptera: Culicidae)

Primer name

G1_18sL
G1_18R
G4_4L
G4_4R
G3_5L
G3_5R
G3_6L
G3_6R
G1_15sL
G1_15sR
G3_7L
G3_7R
G3_8L
G3_8R
G3_9L
G3_9R
G1_12-11L
G1_12-11sR
G1_11L
G1_11sR
G3_10L
G3_10R
G1_9sL
G1_9sR
G1_9-8sL
G1_9-8sR
G3_11L
G3_11R
G4_2L
G4_2R
G4_3L
G4_3R
G1_5sL
G1_5sR
G1_4sL
G1_4R
G1_4-3sL
G1_4-3sR
G1_3sL
G1_3R
G3_12L
G3_12R
G1_1L
G1_1R
G5_3L
G5_3R
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Sequence 5'—3’

aatgaattgcccgataaaaagga
tgatttaatcctccaaatge
tggagcatttggaggattaaa
caaatattttcagctttgaaggctat
aactaatagccttcaaagctgaaa
tcaatttccaaatcctccaa
ttcgaacagaacttagtcatccag
tcctaaagatcataaaagagcagga
gtcctgctcttttatgatcttt
tcattgatgaccaataactttt
tttgaacaattttaccagcaatta
agttgaaggaataattaaaagaccaa
tgtatttgacccttcaactactattttt
ctactaagtgaaaggggtgatttg
gtcaacacacgcaaatcacc
tccttgtgattggaagtcacatatac
tgtgacttccaatcacaagga
tggtgatcaagaaaaagctgcta
tcatgaatgaaatcaaggagca
caaggatgaagagaatattttgg
ctcttcatccttgatcaaattcc
cagcccctactectgtttca
gaatgaactaaagctgaaacagga
ttttattgaatgagaaattgtatcttt
tctccaatacgattagataaagc
tcttcagggagaacccgagaattt
aattctcgggttctccctga
ttttgaaagaagcttaattcctacatt
ctgcttgtaaacgttcaggct
aactttgggagttaaagaaaaggaa
cttccttttctttaactcccaaag
tcgtaaaaatcaaccattatttacatc
ttcagcttgatgaaattttgg
ggtcgagctccaattcaggt
tgaattggagctcgaccagt
ggggtttatactgtaatagttgctgga
ccttcagcaaaatcaaaaggt
tcaaattcggaaagggccta
tgttctttagtaaataacttcacagca
tgaaggcttgtatgaatggttg
caaccattcatacaagccttca
gaaaagaaatttgtgcaaatcaa
tgatttgcacaaatttcttttca
ccagctaccgcggttataca
ttgtataaccgcggtagctg
ggggttatttttaataaggcaattt

Localisation on the GenBank
sequence ID: 0Q145432

1-23
706-687
683-703
1282-1257
1252-1275
1669-1650
1536-1559
2455-2431
2430-2451
3349-3328
3228-3251
4109-4134
4050-4077
4750-4727
4716-4735
5546-5521
5526-5546
6183-6161
5883-5904
6497-6475
6485-6507
7444-7425
7411-7434
7971-7945
7624-7646
8246-8223
8224-8243
9121-9147
9074-9094
9890-9866
9865-9888
10683-10657
10524-10544
11468-11449
11452-11471
12260-12234
11986-12006
12501-12482
12415-12441
13222-13201
13201-13222
14050-14028
14029-14051
14705-14686
14685-14704
15043-15019

PCR fragment length,
bp

706

599

417

919

919

881

700

810

657

614

959

560

622

897

816

818

944

808

515

807

849

676

358
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Fig. 1. Mitochondrial genome of Ae. sibiricus without the control site located between 12S rRNA and tRNA-Ile.

The nucleotide sequence has been deposited in the GenBank database under accession number OQ145432. The genome is registered as Ae. galloisi because the
separation of the closely related species Ae. galloisi and Ae. sibiricus is not yet generally accepted, and the species Ae. sibiricus is not yet represented in the GenBank
systematic database. We believe that the correct species name for the collected mosquitoes is Ae. sibiricus.

MZ374357 Aedes albopictus
100 |L KX809765 Aedes albopictus

100 L MH587224 Aedes albopictus .
Ae. albopictus

100

100 L @ 0Q145430 Aedes albopictus C6/36
100 NC 006817 Aedes albopictus
1001 AY072044 Aedes albopictus

@ 0Q145431 Aedes flavopictus

100

100 NC 050044 Aedes flavopictus Ae. flavopictus

100! MT501510 Aedes flavopictus
—— MW465951 Aedes galloisi

99| Tool____ ® 00145432 Aedes sibiricus } Ae. galloisi, Ae. sibiricus
OM214532 Aedes aegypti
100 MF194022 Aedes aegypti Ae. aegypti
100! EU352212 Aedes aegypti
MZ460582 Aedes koreicus
NC 002084 Anopheles gambiae

0.01

Fig. 2. NJ dendrogram of complete mitochondrial genomes.

The dendrogram is constructed using the maximum likelihood method. Branch lengths are expressed as the number of base substitutions
per site. Bootstrap support values are shown next to the nodes (10,000 replicates). The complete mitochondrial genomes of Ae. koreicus
and Anopheles gambiae were used as an external group. The mitochondrial genomes obtained in this study are marked with a diamond
in the figure. The nucleotide sequences are registered in the GenBank database under the numbers 0Q145430-0Q145432.
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Mitochondrial genome variation of mosquito species
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Fig. 3. Pairwise interspecies comparisons of the Ka/Ks ratio in protein-coding mitochondrial genes.
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Fig. 4. Pairwise intraspecific comparisons of nucleotide variability in the magnitude of the Ka/Ks ratio of mitochondrial protein-

coding genes.

studied are closely related, their habitats overlap slightly, but
the centres of their ranges belong to different natural and cli-
matic zones. Ae. albopictus is mainly restricted to tropical and
subtropical climates, while 4e. flavopictus and Ae. sibiricus
are restricted to temperate climates. At the same time, 4e. fla-
vopictus predominates in zones with a monsoon climate, and
Ae. sibiricus, in zones with a strongly continental climate. The
pairwise comparison of PCGs was used to identify differences
that may be adaptively relevant between the mosquito species.
In Figure 3, Ka/Ks values are ranked in descending order
based on the comparison of Ae. albopictus and Ae. sibiricus.

Ka/Ks ratios do not exceed 0.25 in all pairwise compari-
sons, indicating strong stabilising selection (Yang, Bielawski,
2000; Guo et al., 2021; Xing et al., 2022). The most variable
genes between Ae. albopictus/Ae. sibiricus and Ae. albopictus/
Ae. flavopictus are nd4, nd6 and atp8. The most conserved
genes are nd1, atp6, nd4l and cox1.

In addition to interspecific comparisons, we performed
intraspecific pairwise comparisons to assess the intraspecific
variability of mitochondrial PCGs. The mitochondrial genome
of Ae. albopictus cell culture C6/36 obtained in this study was

compared with the genome of Ae. albopictus from China,
GenBank ID MH587224. We compared the mitochondrial
genome of Ae. flavopictus with the genome of de. flavopictus
from Japan, GenBank ID NC050044, and the mitochondrial
genome of Ae. sibiricus with the genome of Ae. galloisi from
Japan, GenBank ID MW465951. The values of the Ka/Ks ra-
tios are shown in Figure 4. The order of the genes is identical
to the order of the gene rankings in Figure 3.

Within the 4e. flavopictus species, the highest Ka/Ks values
were observed in the genes nd5, nd6, cox1, cyth. The genes
atp8, cox2, nd3, cox3, ndl, atp6, nd4l were conservative.
When comparing the mitochondrial genomes of Ae. albopictus
mosquitoes from the natural population and from C6/36 cell
culture (Singh, 1967), the highest Ka/Ks ratio was observed
in the genes nd4, cytb, cox1, nd5. The most conserved genes
were: nd6, atp8, nd2, cox2, nd3, cox3, nd1, nd4l. When com-
paring the mitochondrial PCGs of Ae. sibiricus and Ae. gal-
loisi, the highest Ka/Ks values were observed in the genes nd4,
nd5, atp8, cox2, cyth, cox3, ndl, coxl, atp6. The following
genes were conserved: nd6, nd2, nd3, nd4l.
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Discussion

Organisation of the derived mitochondrial genomes

The nucleotide divergence values obtained in this study
between the three closely related mosquito species are com-
parable and correspond to their geographical distribution in
eastern Asia. Ae. albopictus is the most thermophilic species,
characteristic of China and southern Asia. Ae. sibiricus is the
most northerly. Ae. flavopictus occupies a middle position
(Bega et al., 2022).

The use of molecular genetic markers to identify mosquito
species is based on the use of a threshold of acceptable intra-
specific variability of a given marker. This threshold is deter-
mined empirically for each marker and for each systematic
group of insects (Zhang H.Z. et al., 2017). For example, for
many insect groups, the threshold for intraspecific nucleotide
variability of the BOLD fragment of the mitochondrial gene
coxl is 3 % (Hebert et al., 2003). Intraspecific variability
of Anopheles hyrcanus s. . mosquitoes in the Russian Far
East ranged from 0.36 to 1.09 %, interspecific variability —
from 2.34 to 4.50 % (Khrabrova et al., 2015). The average
intraspecific variability of mosquitoes in China for the cox1
barcode fragment was 0.39 % (Wang G. et al., 2012). For
complete mitochondrial genomes, much information has been
accumulated, but there are no generally accepted quantitative
generalisations.

Phylogenetic analysis

The Ae. albopictus mitochondrial genomes published to date
can be divided into two groups. The first group was found
on the island of Taiwan (presumably the native range of
the species). Genomes from the second group were found
in mosquitoes from the invasive part of the species range
(Battaglia et al., 2016). The mitochondrial genome of the
Ae. albopictus C6/36 cell line clustered with genomes belon-
ging to the second group. The clustering obtained by analysing
complete mitochondrial genomes is similar to that obtained
in previous studies for the BOLD fragment of the cox1 gene
(Bega et al., 2022).

PCGs variability analysis

The selection pressure on protein-coding genes can be assessed
by determining their Ka/Ks ratio. We made such a compari-
son at the interspecific level by comparing the genomes ob-
tained in this study. The highest Ka/Ks values for all PCGs,
except nd6, cox1, cox3, were observed in the Ae. albopictus/
Ae. sibiricus comparison. This result is in good agreement with
the differences between species in terms of habitat ecology.
The greater the differences in habitat between the species, the
more significant the substitutions in the PCGs. The distribu-
tion of Ka/Ks values from higher to lower values within the
PCGs was generally similar in all three pairwise comparisons,
except for some peculiarities. For example, when comparing
species from the same geographical area of the Russian Far
East, Ae. flavopictus/Ae. sibiricus, the Ka/Ks ratio for the
nd4 gene was significantly lower and no nucleotide substitu-
tions were found at all for atp8. Calculating the frequency of
substitutions normalised to one nucleotide, we can conclude

2025
29.2

XapaKTepucTrika Tpex MUTOXOHAPWasIbHbIX FeHOMOB
KomMapoB popa Aedes (Diptera: Culicidae) nogpopa Stegomyia

that the atp8 gene in mosquitoes of the Stegomyia subgenus is
characterised by a lower frequency of nucleotide substitutions
than that in other protein-coding mitochondrial genes. A higher
Ka/Ks ratio in the atp8 gene compared to other protein-
coding mitochondrial genes was shown in a comparison of
two Lepidoptera species of the genus Gynaephora living in
different high mountain environments (Zhang B. et al., 2021),
in parasitic wasp (Xing et al., 2022), and in mosquitoes of
the Anopheles genus (Guo et al., 2021). This is probably due
to the absence of strict constraints on the primary structure
of the functional atp8 protein. In the ndl, atp6, nd4l and
cox1 genes, the total frequency of nucleotide substitutions
is comparable to that of other mitochondrial genes, but the
Ka/Ks values are low, which confirms that these genes are
under strong selective pressure.

In contrast to interspecific comparisons, the distribution
of Ka/Ks between PCGs in intraspecific comparisons does
not show clearly expressed general regularities, but charac-
terises the specificity of variability accumulation for each
species.

When comparing the mitochondrial genomes of Ae. fla-
vopictus, the highest Ka/Ks values are observed for the nd5,
nd6, cox1 and cytb genes. This is due to the lower pressure
of purifying selection. The pattern of intraspecific variability
of these genes is similar to that found in the interspecific
comparisons shown in Figure 3.

It is interesting to compare the mitochondrial genomes of
Ae. albopictus mosquitoes from the natural population and
from C6/36 cell culture. The highest Ka/Ks ratio is observed in
the genes nd4, cytb, cox1, nd5. The value of the Ka/Ks ratio in
this case exceeds the values characteristic of both interspecific
and intraspecific comparisons by a multitude, which allows us
to conclude that selection in cell culture conditions is weak or
absent. At the same time, the presence of fully conserved genes
is observed: nd6, atp8, nd2, cox2, nd3, cox3, nd1, nd4l. This
contrast in the variability of different genes of Ae. albopictus
may be the result of the removal of a number of physiological
constraints in cell culture conditions experienced by indivi-
duals in natural populations.

The variability observed when comparing the mitochon-
drial genomes of Ae. sibiricus and MW465951 mosquitoes
generally corresponds to the level of interspecific variability
in Aedes mosquitoes of the Stegomyia subgenus, with the
exception of two abnormal genes: nd6 and nd5. The normally
highly variable nd6 gene is monomorphic in this comparison,
which may be due to the presence of stabilising selection. The
nd5 gene, on the other hand, contains an abnormally high
number of non-synonymous substitutions.

Conclusion

The study of the peculiarities of natural selection in invasive
insect populations is still at the stage of accumulating mate-
rial. One of the approaches used to detect the peculiarities of
selection leading to the emergence of invasive populations
in insects is to compare the mitochondrial genomes of native
and invasive populations of the same species. Simultaneous
coexistence of native and invasive populations is now known
for many insect species, such as the Asian ladybird Harmonia
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axyrid (Brown et al., 2011), the Japanese grape leafhopper
Arboridia kakogawana (Piccinno et al., 2024), and several
others. The study of the mitochondrial genomes of species
that successfully synanthropise and form dense populations in
urbanised areas is of interest for the discovery of mitochondrial
genes involved in the genetic control of the increased viability
trait characteristic of invasive insect populations.
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Abstract. Over the past few years, a revolution has occurred in cytogenetics, driven by the emergence and spread of
methods for obtaining high-quality chromosome-level genome assemblies. In fact, this has led to a new tool for study-
ing chromosomes and chromosomal rearrangements, and this tool is thousands of times more powerful than light
microscopy. This tool has revolutionized the cytogenetics of many groups of insects for which previously karyotype
information, if available at all, was limited to the chromosome number. Even more impressive are the achievements of
the genomic approach for studying the general patterns of chromosome organization and evolution in insects. Thus, it
has been shown that rapid transformations of chromosomal numbers, which are often found in the order Lepidoptera,
are most often carried out in the most parsimonious way, as a result of simple fusions and fissions of chromosomes.
It has been established that these fusions and fissions are not random and occur independently in different phyloge-
netic lineages due to the reuse of the same ancestral chromosomal breakpoints. It has been shown that the tendency
for chromosome fissions is correlated with the presence in chromosomes of the so-called interstitial telomeres, i.e.
telomere-like structures located not at the ends of chromosomes, but inside them. It has been revealed that, in most
insects, telomeric DNA is not just a set of short repeats, but a very long sequence consisting of (TTAGG),, (or other telo-
meric motifs), regularly and specifically interrupted by retrotransposons, and the telomeric motifs are diverse in terms
of their length and nucleotide composition. The number of high-quality chromosome-level genome assemblies avail-
able for insects in the GenBank database is growing exponentially and now exceeds a thousand species. Therefore, the
exceptional prospects for using genomic data for karyotype analysis are beyond doubt.
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ILITOoreHeTKa HaceKOMbIX
B DIT0XY XPOMOCOMHBIX COOPOK ITOJIHBIX T€ HOMOB

B.A. Ayxranos (D1 @, E.A. [Taxenkona >

T 300n0rnyecknin MHCTUTYT Poccuiickon akagemmn Hayk, CaHkT-Tetepbypr, Poccna
2 YHuepcuteT JTiobnsHbl, JllobnaHa, CnoseHus

@ lukhtanov@mail.ru

AHHOTauuA. 3a NnocsieiHNe HeCKoNbKO NET B LIUTOreHETMKe NMPOM3OLLIIN Cepbe3Hble N3MEHEHNS, CBA3aHHble C pas-
paboTKol 1 pacnpocTpaHeHEM METOAOB MOJTyYEHNA BbICOKOKaYeCTBEHHBIX XPOMOCOMHbIX COOPOK MOHBIX FEHOMOB.
MaKT1yecKn 3To NPUBENO K NOSABNEHUIO HOBOTO MHCTPYMEHTA [/ M3YUYeHUs XPOMOCOM U XPOMOCOMHbIX NepecTpoek,
MOLLHOCTb KOTOPOrO MHOTOKPaTHO MPEBOCXOANT BO3MOXKHOCTY CBETOBOW MUKpOCKoNuu. /icnonb3oBaHye 3TOro uH-
CTPYMEHTa PEBOJIIOLMOHN3MPOBANIO YaCTHYIO LIUTOFEHETUKY MHOTVX TPy HaCeKOMbIX, AN KOTOPbIX paHee nH$op-
MaLs 0 KapuoTunax, ecnv oHa 6bina BOobLLE, OrpaHNYMBaNach 3N1eMeHTapHbIM NMOLCYETOM YMCIA MATOTUYECKUX TN
MenoTnYecKmx Xpomocom. Lienb AaHHOro KpaTkoro 063opa — 0606LLeHVIe JOCTXKEHWIN CPAaBHUTENTbHON 11 SBONTIOLINOH-
HOW LMTOreHETHKN HaCEKOMBIX, KOTOpble Obli MosyyYeHbl HA OCHOBaHUV 61OVHGOPMATNUYECKOrO aHaI3a XPOMOCOM-
HbIX COOPOK MOJIHbIX FeHOMOB. C MOMOLLbIO 3TOTO MoAX0Aa OblI0 MOKa3aHo, UTo B NMpoLecce GbICTPOIN XPOMOCOMHO
3BONIOLMN Y YellyeKpbibix (0Tpsag Lepidoptera) npeobpa3oBaHns XpOMOCOMHBIX YMCEN Yallie BCETO OCYLLeCTBAATCA
Havbornee NapCcMMOHMWaNbHbIM CMOCOGOM: B pe3ynibTaTe MPOCTbIX CINAHUIA U pa3AeneHnii XpOMOCOM. YCTaHOBIEHO,
YTO 3TU CINAHUA U Pa3LeNeHUs He ClyYaiiHbl U MOTYT OCYLLECTBATLCA B Pa3HbIX GUITOreHETUYECKMX JIMHUAX 33 CYeT
NMOBTOPHOIO MCMONb30BaHUA OHYX M TeX e NMPeAKOBbIX XPOMOCOMHbBIX TOUeK pa3pbiBa. TeHAEHUVWSA K pa3feneHunsam
XPOMOCOM CKOpPeNnpoBaHa C HaMuneM B XPOMOCOMaX TaK Ha3blBaeMblX MHTEPCTULMATIBHBIX TENIOMEP — TEJIOMEPO-

© Lukhtanov V.A,, Pazhenkova E.A., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-2856-2075
lukhtanov@mail.ru
lukhtanov@mail.ru
mailto:lukhtanov@mail.ru
https://orcid.org/0000-0003-2856-2075
lukhtanov@mail.ru
lukhtanov@mail.ru
mailto:lukhtanov@mail.ru

B.A.JlyxTaHoB
E.A. MMaxkeHKOBa

2025
29.2

LlI/ITOFeHeTI/IKa HaCeKOMbIX
B 3MOXYy XPOMOCOMHbIX C60pOK MOJTHbIX reHOMOB

NOAOOHBIX CTPYKTYP, PACMONOXEHHDBIX HE Ha KOHLIAX XPOMOCOM, @ BHYTPU HUX. [Py N3yYeHUr TeNOMEpPHbIX PErMOHOB
BbIIBJIEHO, UTO Y BO/bLIMHCTBA HaceKoMbIX TenomepHas [IHK — 3To He NpocTo Habop KOPOTKMUX NMOBTOPOB, @ OYeHb
AJIMHHasA NocsieAoBaTeNIbHOCTb, cocToAwan n3 (TTAGG), (Mnu Apyrrix MOTVMBOB), PEryisiPHO U cneurdryeckn npepbl-
Baemas peTpOTPaHCMNO30HaMK, a CaMU TeJTIOMePHble MOTUBbI Ype3BblYaiiHO Pa3HOO6Pa3Hbl MO AJIMHE U HYKNeoTus-
HOMY cOCTaBy. Y/C/IO BbICOKOKaUYeCTBEHHBIX XPOMOCOMHbIX CHOPOK FEHOMOB HaCcEKOMBbIX, JOCTYMHbIX B 6a3e faHHbIX
GenBank, pacTeT B reomeTpryeckoi MPOrpeccun 1 y>ke NpeBbILlaeT TbicAYy BUAOB. [03TOMY UCKNIOUMTENbHbIE Nep-
CMEeKTVBbI UCMOMIb30BaHNA XPOMOCOMHbIX COOPOK reHOMOB [i1A aHaIM3a KapMOTUMOB He BbI3bIBAalOT COMHEHMWIA.

KnioueBble croBa: XpOMOCOMA; KapUOTUI; XPOMOCOMHbIe NepecTporiKy; TeIoMepa; MeinoTUYeCKuii ApaiiB; pekomou-

HauKA; NO0Bble XPOMOCOMbI; UHBEPCUN; CUHTEHUN

Introduction

Progress in science is often driven by new research methods.
In the field of genetics, one such fundamentally new approach,
which has given a powerful impetus to the development of the
entire discipline, is the DNA sequencing procedure (Heather,
Chain, 2016). High-throughput sequencing methods, along
with advances in bioinformatics and the development of the
Hi-C DNA analysis protocol (Lieberman-Aiden et al., 2009),
have recently led to a breakthrough technology for obtaining
genome assemblies at the chromosome level (Dudchenko et
al.,2017). This methodology has revolutionized comparative
cytogenetics, stimulating the emergence of a large number of
works devoted to the structure of chromosomes, patterns of
chromosomal changes in evolution and role of these changes
in speciation. In fact, this new technique has switched the
attention of many biologists, especially bioinformaticians,
from the analysis of nucleotide substitutions to the analysis
of structural changes in DNA, enhancing and complementing
the work previously done with a microscope.

The aim of this brief review is to analyze and summarize the
advances made in comparative and evolutionary cytogenetics
of insects using bioinformatic analysis of chromosome level
genome assemblies.

The main stages of insect cytogenetics

Although the karyotypes of some model insect species, such
as the midge Chironomus plumosus and the silkworm Bom-
byx mori, have been studied in great detail (Kiknadze et al.,
1991, 2016; Yoshido et al., 2005), for non-model species,
information on karyotypes, if available at all, is often limited
to the estimation of the diploid (or haploid) number of chro-
mosomes, an approximate description of the size charac-
teristics of individual chromosomes and, less often, individual
chromosome arms in the form of a centromeric index (Peruzzi,
Eroglu, 2013). It should be noted that obtaining the latter
characteristic is, in principle, impossible for representatives
of many insect orders, for example, for butterflies (Lepi-
doptera) and bugs (Hemiptera), since they have holocentric
chromosomes, that is, they do not have a localized centromere
(Mandrioli, Manicardi, 2020). Such a low average level of
insect cytogenetics is largely due to the objective difficulties
of studying chromosomes using a microscope: the sizes of
chromosomes are often at the limit of the resolving power of
light microscopy.

It is therefore not surprising that in the history of cytogenet-
ics, beginning with its inception in the 19th century, attempts
have been made to increase the resolving power of cytogenetic
analysis. The first stage in the history of cytogenetics can be
called the era of chromosome numbers. It arose in the second

half of the 19th century, when the first descriptions and images
of karyotypes containing the correct determination of the
number of chromosomes appeared (e. g., Henking, 1890). The
heyday of this era came in the first half of the 20th century,
when the study of karyotypes became a mass phenomenon
(Beliajeft, 1930; White, 1973).

Significant progress in cytogenetic research was associated
with the emergence and widespread use in the second half of
the 20th century of methods of differential staining of chromo-
somes, such as C-banding (Pardue, Gall, 1970) and G-banding
(Seabright, 1971). Cytogenetics entered the era of chromo-
some banding. Almost simultaneously, even more powerful
methods of cytogenetic analysis appeared and were developed
in parallel, based on the use of the FISH method (Gall, Pardue,
1969; Langer-Safer et al., 1982) and its modifications, such
as BAC-FISH (BAC Resource Consortium 2001; Yoshido et
al., 2005) and chromosome painting (Schrock et al., 1996;
Speicher et al., 1996). This has led to stunning advances in
cytogenetics of many groups of organisms, especially verte-
brates (Ferguson-Smith, Trifonov, 2007; Graphodatsky et al.,
2011). As for insects, with the exception of some model spe-
cies (Yoshido et al., 2005), this progress has affected them to a
lesser extent. Of course, light microscopes have become much
better, and the resulting images of karyotypes have become
much clearer compared to what they were 100 years ago. In
addition, the GISH method has made it possible to effectively
detect sex chromosomes (Fukova et al., 2005; Sichova et al.,
2015). Despite this, the cytogenetics of many insect groups,
for example, most families of Lepidoptera, is still at the stage
of elementary counting of chromosome numbers (Pazhenkova,
Lukhtanov, 2023a).

Chromosome level genome assemblies:

a new tool for studying karyotypes

A revolution in the field of karyotype studies has occurred
over the past six-eight years. Modern approaches to genome
analysis based on obtaining long reads and using Hi-C tech-
nology (Dudchenko et al., 2017) make it possible to obtain
chromosome level genome assemblies, in which all or at least
most of the chromosomes are read from telomere to telomere
(Miga et al., 2020; The Darwin Tree..., 2022; Zhang et al.,
2023).

Currently, high-quality chromosome level genome assem-
blies have been obtained for representatives of most insect
orders: fleas (Siphonaptera) (Driscoll et al., 2020), stoneflies
(Plecoptera) (Dixon et al., 2023), dipterans (Diptera) (Zamya-
tin et al., 2021; Reinhardt et al., 2023), beetles (Coleoptera)
(Van Dam et al., 2021; Huang et al., 2022), springtails (Col-
lembola) (Jin et al., 2023), stick insects (Phasmatodea) (La-
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Fig. 1. Comparison of the genomes of the butterflies Maniola jurtina and Erebia ligea based on chromosome assemblies.

The butterflies M. jurtina and E. ligea have 29 chromosomes in the haploid set. The first 12 chromosomes of E. ligea are mapped on the abscissa axis. The first
nine chromosomes of M. jurtina are mapped on the ordinate axis. The diagonals on the graph show the regions of macrosynteny. Inversions are marked with red
arrows. It is seen that chromosome 1 of M. jurtina is homologous to chromosome 1 of E. ligea, chromosome 2 of M. jurtina is homologous to chromosome 7 of

E. ligea, etc. (according to: Pazhenkova, Lukhtanov, 2023b).

vanchy et al., 2024), Hymenoptera (Sun et al., 2021), mayflies
(Ephemeroptera) (Farr et al., 2023), Hemiptera (Biello et al.,
2021; Mathers et al., 2021; Chen H. et al., 2022; Wang et al.,
2024), Orthoptera (Li R. et al., 2024), Trichoptera (Ge et al.,
2024), Psocoptera (Feng et al., 2022), Neuroptera (Wang et
al., 2022), Odonata (Patterson et al., 2024), Thysanoptera
(Yingning et al., 2024), Dermaptera (https://www.ncbi.nlm.
nih.gov/datasets/genome/GCA_963082975.1/) and a large
number of Lepidoptera species (Mackintosh et al., 2022a;
Gauthier et al., 2023; Wright et al., 2024). These assemblies
contain information on the haploid number of chromosomes
and the size of each chromosome, measured in the number
of base pairs. Almost always, there is also information on the
presence and size of the sex chromosome X (Z for Lepidoptera
and caddisflies, in which females are the heterogametic sex)
and, less often, the sex chromosome Y (W for Lepidoptera).

The use of chromosome level genome assemblies has
actually led to the emergence of a new methodology and a
new tool for studying chromosomes and chromosomal rear-
rangements. The resolution power of this tool significantly
exceeds the capabilities of light microscopy. The basis of the
methodology is to obtain pairwise or multiple alignments of
chromosome assemblies of different species. These alignments
are usually presented in the form of circular plots (Krzywinski
et al., 2009). Another analysis option is to obtain pairwise
comparisons presented in the form of dot plots (Li H., 2018),
in which the nucleotide sequences of individual chromosomes
are plotted along the abscissa and ordinate axes, starting with
the first, largest chromosome (Fig. 1). Such graphs clearly
demonstrate macrosyntenic regions and identify chromosome
fusions/fissions, as well as chromosomal inversions. The latter
are visible on the graph as segments that are perpendicular to
the main diagonals (Fig. 1).

The use of this tool has revolutionized cytogenetics of
many insect groups, for which karyotype information, if any,
was previously limited to elementary counts of mitotic or

meiotic chromosomes. However, even more impressive are
the achievements of the genomic approach to the study of
general patterns of chromosome organization and karyotype
evolution, including the analysis of chromosomal rearrange-
ments and chromosomal syntenies (Biello et al., 2021; Mathers
etal., 2021; Sun et al., 2021; Van Dam et al., 2021; H60k et
al., 2023; Hundsdoerfer et al., 2023; Wright et al., 2024), as
well as the reconstruction of ancestral karyotypes (Chen X.
et al., 2023; Wright et al., 2024). Chromosome level genome
assemblies have been used to study meiotic drive (Reinhardt
etal., 2023; Boman et al., 2024), sex chromosome evolution
(Mackintosh et al., 2022b; Berner et al., 2023; Ho06k et al.,
2023, 2024), interspecific transfer of chromosomal inversion
during interspecific hybridization (Seixas et al., 2021), the
role of chromosomal rearrangements in the evolution of re-
combination frequency (Nésvall et al., 2023), and to identify
genomic coordinates for breakpoints that give rise to chromo-
somal rearrangements (Zamyatin et al., 2021).

Chromosomal conservatism

and rapid karyotypic evolution

In our work (Pazhenkova, Lukhtanov, 2023a), we used the
analysis of chromosome level genome assemblies to solve one
of the mysteries of evolutionary cytogenetics. It is known that
the chromosome numbers of many insects are conservative
and remain unchanged or with minimal changes for tens and
hundreds of millions of years (White, 1973). For example, in
the order Lepidoptera (butterflies and moths), the ancestral
haploid chromosome number n = 31 has been preserved for
200 million years, although n = 30 is often found in some spe-
cies along with n = 31. In the blue butterflies (the family Ly-
caenidae), the haploid number n = 24 predominates, although
n = 23 is often found (Robinson, 1971). This suggests that
large chromosomal rearrangements are rare in the evolution
of the order Lepidoptera. At the same time, in some genera
of butterflies, there are explosions of karyotypic variability,
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Fig. 2. Schematic representation of chromosomes and regions of macrosynteny in the karyotypes of the butterflies Cyaniris semiargus (n = 23+Z) and

Lysandra bellargus (n = 44+Z2).

The karyotype of L. bellargus differs from the karyotype of C. semiargus by chromosome fissions that have occurred in 21 out of 23 autosomes (according to:

Pazhenkova, Lukhtanov, 2023a).

LT IT interstitial telomere RT
5 T 3 ] 1 z ¢ 7 z 3 Mb
Left telomere (LT)
5

Interstitial telomere (IT)

Right telomere (RT)

3

Fig. 3. Telomere and interstitial telomere structure in chromosome 38 of Lysandra bellargus.

Each telomere is a long array (CCTAA),/(TTAGG),, (yellow) interspersed with retrotransposable TRAS (blue) and SART
(green) elements. The TRAS and SART elements have long A,/T,, and T,/A,, tails and are specifically inserted between
CCT/AGG and AA/TT nucleotides of the TTAGG motif (according to: Pazhenkova, Lukhtanov, 2023a).

and chromosome numbers change dramatically in a very
short time, for example, during the divergence of two closely
related species (White, 1973). The chromosomal mechanisms
of such rapid karyotypic evolution were unclear. In addition,
it was unclear how real the phenomenon of chromosomal
conservatism itself was, since the preservation of the ancestral
chromosome number does not exclude intra-chromosomal re-
arrangements.

Analysis of chromosome level genome assemblies in mul-
tiple Lepidoptera species showed that in the evolutionary
phase of chromosomal conservatism, most autosomes are
indeed stable. However, this does not apply to the sex chro-
mosome Z. Fusions of the Z chromosome with one of the
autosomes, independently occurring in different evolutionary
lineages, lead to multiple variants of the NeoZ chromosome
and a decrease in the haploid number by one unit.

As for the explosive karyotypic evolution, the most rapid
changes in chromosome numbers are carried out in a parsi-
monious way: as a result of simple fusions and fissions of
chromosomes (Fig. 2). Moreover, these fusions and fissions
are not random and can be carried out in different phyloge-
netic lineages due to the repeated use of the same ancestral

chromosomal breakpoints (Pazhenkova, Lukhtanov, 2023a).
It should also be noted that the tendency for breaks is corre-
lated with the presence of the so-called interstitial telomeres
in chromosomes, i.e. telomere-like structures located not at
the ends of chromosomes, but inside them (Fig. 3).

Telomeric DNA of insects

It is believed that in most insects, telomeric DNA consists
of a canonical five-letter TTAGG motif, which is repeated
hundreds and thousands of times at the ends of chromosomes
(Kuznetsova et al., 2020). However, the analysis of telomeric
DNA in 220 insect species in our studies (Lukhtanov, 2022;
Lukhtanov, Pazhenkova, 2023), as well as other works that
appeared in parallel (Zhou et al., 2022; Fajkus et al., 2023),
showed that in addition to the canonical TTAGG motif, in-
sects contain a large number of other variants of telomeric
repeats, the length of which varies from 1 to 11 nucleotides
(see the Table).

Even more intriguing is the fact that the vast majority of
insects have telomeres with a complex multilayer structure
(Lukhtanov, Pazhenkova, 2023). In these telomeres, blocks of
short telomeric motifs are regularly interrupted by retrotrans-
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Fig. 4. Types of telomeric DNA organization in insects.

A - short repeats; B — main short repeats interspersed with variant short repeats, known in the honey bee Apis mellifera (Wallberg et
al., 2019); C - main short repeats with insertions of telomere-specific non-LTR retrotransposons of the TRAS and SART families (found in
Lepidoptera); D — main short repeats (5-11 bp) with insertions of telomere-specific non-LTR retrotransposons of the SART family (found
in most studied species of Hemiptera, Coleoptera and many Hymenoptera); E — main short repeats with insertions of telomere-specific
non-LTR retrotransposons of the TRAS family (found in Trichoptera); F - long (173-381 bp) repeats (found in Diptera); G — telomere-specific
non-LTR retrotransposons of the HeT-A, TAHRE and TART families (found in Drosophila melanogaster) (Biessmann et al., 2000; Casacuberta,
Pardue, 2003).
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posons that are specifically embedded in repeats of both the
canonical TTAGG motif (Fig. 3) and other non-canonical
motifs. In our opinion, such a structure indirectly indicates
the presence of two parallel mechanisms for maintaining
telomere length during cell divisions in insects: the classical
telomerase mechanism and a mechanism based on transposi-
tions. In general, insects are characterized by a great diversity
in the organization of telomeric DNA, which is summarized
in Figure 4.

Prospects for the use of chromosome level
genome assemblies in cytogenetics

The number of high-quality chromosome level genome
assemblies available in the GenBank database is growing
exponentially due to the activities of various laboratories,
and primarily The Wellcome Sanger Institute in the UK (The
Darwin Tree..., 2022). Currently, GenBank contains infor-
mation on chromosome assemblies of genomes (including
determination of the haploid number of chromosomes) for
1,118 insect species (https://www.ncbi.nlm.nih.gov/datasets/
genome/?taxon=50557, dated May 15, 2024). Thus, it can
already be stated that over the past three-four years, the
number of new insect karyotypes, obtained using bioinfor-
matic analysis of genomes, is comparable to or even exceeds
the number of karyotypes studied using routine cytogenetic
analysis. In addition, chromosomal assemblies of genomes
carry several orders of magnitude more information about
the obtained karyotypes.

The successes of the genomic approach discussed above
do not mean that classical cytogenetics, which provides
information on the real spatial configurations of chromo-
somes, should be discounted. Classical cytogenetics is also
needed to validate chromosome level genome assemblies, in
particular to confirm the number of chromosomes (Pazhen-
kova, Lukhtanov, 2023a) and the structure of telomeric DNA
motifs (Dalla Benetta et al., 2020; Stoianova et al., 2024).
Examples of such validation reinforce the conclusion that
chromosome level genome assemblies are a reliable source
of information on karyotypes. For instance, for butterflies
and moths (order Lepidoptera), information on chromosome
assemblies, including determination of the haploid number of
chromosomes, is available for 452 species (https://www.ncbi.
nlm.nih.gov/datasets/genome/?taxon=7088, from May 15,
2024). For more than half of them, there are data on chromo-
some numbers obtained using light microscopy methods.
Having compared these data, we found complete agreement
in the haploid chromosome number calculations made using
the bioinformatics approach and light microscopy methods
(Pazhenkova, Lukhtanov, 2023a).

Thus, the exceptional prospects of using chromosome level
genome assemblies for karyotype analysis are beyond doubt.
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Abstract. Global losses of agricultural products from water scarcity could be greater than from all other causes com-
bined. Water deficiency in plants can result from insufficient precipitation, elevated air temperatures, and other fac-
tors that reduce the water available in the soil. Most terrestrial plants are able to form symbiosis with arbuscular
mycorrhizal fungi. Arbuscular mycorrhiza plays a key role in the mineral nutrition of many terrestrial plant species.
Water transport in plants is regulated primarily by aquaporins, transmembrane proteins. Aquaporins help plants save
water, which is an important component of the plant’s adaptation strategy to water scarcity. Some studies suggest
that arbuscular mycorrhizal fungi can decrease the expression of aquaporin genes in plants under drought condi-
tions, which reduces water transport within host plant tissues and conserves available water. On the other hand, there
is little scientific evidence of the interaction mechanisms between plants and arbuscular mycorrhizal fungi during
aquaporin regulation. In addition, the information in different sources on the aquaporin functions in different plant
species may be contradictory. Plant aquaporins are represented by several subfamilies; their number varies for differ-
ent species. A more comprehensive study of these transporters can enhance our understanding of water transport in
plants and assess how arbuscular mycorrhizal fungi can influence it. This review contains data on the history of studies
of the structure, localization, phylogeny, and functions of aquaporins. Advancing the study of the symbiotic system
functioning may contribute to the development of biofertilizers based on soil microorganisms for agricultural uses in
the Russian Federation.
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AKBaImopUHBI U VX POJIb B PACTUTEIbHO-MUKPOOHBIX CHICTEMAaX

T.P. KyapsioBa @, A.A. Kproxos (1), A V. Topenkosa (%), A.IT. FOpxos

Bcepoccnincknin HayYHO-NCCNe[oBaTeNbCKUIN UHCTUTYT CENbCKOXO3ANCTBEHHOW MyKpobuonoruw, MywkuH, CaHkT-MeTepbypr, Poccuna
@ t.kudryashova@arriam.ru

AHHOTauuA. MrpoBble NOTEPY CeNIbCKOX03ANCTBEHHOWN NPOAYKLUMM 13-3a AeduLmTa BOAbl, BEPOATHO, 6onee 3Hauu-
TeslbHbl, YeM OT APYrUX NPUYMH, BMecTe B3ATbIX. [TpnurHbl fedurumnta Bogbl y pacTeHuii MOryT ObiTb CBA3aHbI C Heflo-
CTaTKOM aTMOChepHbIX OCaAKOB, BbICOKOI TeMMepaTypol Bo3ayxa 1 Apyrummn daktopamu, KOTopble MOTyT NMPUBECTU
K CHVKEHUIO COAepKaHMA JOCTYMHOW ANA pacTeHWid BOAbl B Noyse. bONMbLUMHCTBO HAa3eMHbIX PacTeHWIA CNOCOBHO
BCTYNaTb B CUM6103 € rprb6amm apOycKynapHON MMKopu3bl. Takor CUMOK03 BbINOMHAET KIIOUYEBYIO POSb B MUHEpasb-
HOM MUTaHVM MHOTUX BUAOB Ha3eMHbIX pacTeHui. TpaHCMOPT BOAbI B PacTeHUAX, €e NCMONb30BaHKe perynmpyoTcs,
B MepByl0 oyepeab, C yyacTuem TpaHCMeMOPaHHbIX 6elKoB — akBanopuHOB. C NOMOLLbIO akBaNnOPUHOB pacTeHue
MOXET «3KOHOMUTb» BOAY, YTO ABJIAETCA BaXKHbIM 3/1IEMEHTOM CTpaTernm agantaunm pacteHNA K yCnoBnaAmMm p,ed)VILWI-
Ta Bofpbl. [10 HEKOTOPbIM CBEAEHUAM, rPprbObl apOYCKYNAPHON MUKOPY3bI B YCNOBUAX 3aCyXM CMOCOGHBI CHMXKaTb SKC-
Npeccuio reHOB akBaNoOPVHOB PacTeHNA, TEM CaMbIM YMeHbLLAA TPaHCMNOPT BOLbl BHYTPY TKaHEW pacTeHUA-X035AMHa,
YTO MPUBOAUT K ee «3KoHOMUM». C APYroi CTOPOHbI, B HacToALee BpeMA B HayYHOW nuTepaType MHGopmauum o
MexaHV3Max B3aMMOAENCTBUNA pacTeHna 1 rprboB apbyCKynapHON MUKOPU3bI MPU perynaumm paboTbl akBanopu-
HOB HeJOCTaTOYHO. Kpome TOro, numetoLymeca B pasfmyHbIX MCTOYHMKaX CBefleHnA 0 paboTe akBanoOpPUHOB Y Pa3HbIX
BVJ0B PACTEHN MOTYT NPOTUBOPEYUTb APYT APYry. AKBanoOpuMHbI B PaCcTEHUAX NpefCcTaB/ieHbl HECKONbKMMM nojce-
MenCcTBaMU, N UX YNCII0 AN1A Pa3HbIX BULOB BapbupyeT. M3yueHune 3Toro cemencTsa TPaHCMOPTEPOB BaXXHO AJA MOHU-
MaHWsA BOAHOMO TPAHCMOPTa B PaCTEHUAX 1 OLLeHKM BAIVAHUA Ha HEro CO CTOPOHbI rpn6oB apOyCcKynAPHON MUKOPK3bI.
B 0630pe cobpaHbl AaHHble 06 UCTOPUN U3yUeHUs, CTPYKTYpe, nokanusaumuy, ¢unoreHnn, GyHKLMAX akBanopuHOB.
Pa3BuTVE 3HaHWI O GYHKLNOHUPOBAHMN CUMBMOTUYECKKX CUCTEM ByLeT cnocobCTBOBATb CO3LaHNI0 610y[obpeHNiA
Ha OCHOBE MUKPOOHOI 61OMACChI AA UCMONb30BaHUA B CENIbCKOM X03AicTBe Poccuitckon Oepepaunn.

KnioueBble cnoBa: akBanopuHbl; AQP; apbycKynsipHas MUKOPU3a; 3aCyxa; TPaHCMOPT BOAbl B PACTEHUAX; CUMOKO3
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Introduction

Stressful conditions during drought affect plant life in many
aspects; under conditions of water deficit, the rate of nutrient
uptake from the soil decreases, which has implications for
biomass growth and crop yields (Ahanger, Agarwal, 2017).
Proteins from the Aquaporin family (AQP) are involved
in the transport of water in plants. This family is part of a
larger major intrinsic proteins (MIP) family (Nielsen et al.,
2002; Zhou Y., MacKinnon, 2003). This family received
its name after the first water transporter was found in the
lens fibers of mammals (including humans), which was
later named Aquaporin 0. Aquaporins are represented by
integral membrane proteins forming transmembrane pores
in cells. During a genomic AQP family study across vari-
ous plants (24 species including algae, mosses, lycophytes,
dicotyledons, and monocotyledons), the aquaporins were
divided into eight subfamilies, evolving from large intrinsic
proteins (LIPs), found in diatom algae, to tonoplast intrinsic
proteins (TIPs) (Hussain et al., 2020). Five out of the eight
MIP subfamilies are found in seed plants (including mono-
cotyledons and dicotyledons): plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin
26-like intrinsic proteins (NIPs), small basic intrinsic pro-
teins (SIPs), and X intrinsic proteins (XIPs) (Danielson,
Johanson, 2008). Hybrid intrinsic proteins (HIPs) and
GLpF-like intrinsic proteins (GIPs) are found only in mosses
(Abascal et al., 2014; Singh et al., 2020).

Arbuscular mycorrhizal fungi (AMF) enhance nutri-
ent uptake, particularly that of phosphorus, in host plants
while also regulating their water balance and transport
(Schachtman et al., 1998; Huey et al., 2020). At the same
time, mycorrhization changes the regulation of AQP genes
in plants. In arbuscular mycorrhizal (AM) symbiosis, the
root cortical cells form a periarbuscular membrane that
surrounds each arbuscule, creating a separation between the
fungus and the plant cytoplasm. This process establishes a
plant-fungus relationship, helping the host plant obtain water
and nutrients, and improving drought tolerance (Kakouridis
et al., 2022). In synergy with other microorganisms, an ar-
buscular mycorrhiza has the potential to supersede classical
chemical fertilizers that have adverse effects on ecosystems
and reduce land degradation caused by drought in particular
(Kuila, Ghosh, 2022; Seka et al., 2022). It is suggested that
reducing aquaporin expression during water deficiency may
be a way to minimize water loss (Quiroga et al., 2017). The
review is aimed to study the impact of AM on plant water
exchange and the AQP family’s role in increasing plant
drought tolerance.

Background. Aquaporin structure

Water transport in the plant is mediated by three pathways:
apoplastic, symplastic, and transmembrane transport. The
latter involves aquaporins present on biological membranes
and forming channels (Singh et al., 2020). Such channels
ensure the movement of water in two directions (Chrispeels,
Agre, 1994).
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Aquaporins were discovered in the 1980s when research-
ers studied the mechanisms of water transport across cell
membranes. Peter Agre began studying red blood cell pro-
teins at Johns Hopkins University in 1988. He discovered a
protein that was bound to antibodies targeting glycophorin.
This protein was called CHIP28 (channel-forming integral
protein) (Agre et al., 1993).

Although the basic concept of water movement across
biological membranes had already been established in the
early 1950s, G.M. Preston discovered the first CHIP28 water
channel in human erythrocytes only in 1992 (Preston et al.,
1992); it was subsequently named Aquaporin-1 (AQP-1).
Later, a similar protein was identified in Escherichia coli
and named aquaglyceroporin (GLP-F).

In 1992, P. Agre and colleagues cloned the AQP1 gene to
determine its structure. AQP1 is a transmembrane protein
with four transmembrane domains that form a narrow chan-
nel through which water molecules can move (Agre et al.,
1993). The first identified plant aquaporin was AtTIP1;1, a
transmembrane protein found on the vacuolar membrane of
Arabidopsis thaliana (Maurel et al., 1993). By 1999, MIPs
included 150 representatives that had been identified on cell
membranes of various organisms, from bacteria to humans
(Lagrée et al., 1999). To this date, more than 7,541 MIP
homologs have been discovered in 484 eukaryotic species
(Irisarri et al., 2024). MIP family proteins are confirmed
to localize on the cell membranes of all living organisms.
Plasma and inner membranes as well as viral envelopes are
key localization sites for MIPs. The Nobel Prize awarded to
Peter Agre and Roderick MacKinnon for the discovery of
AQPs in 2003 (discovery of the 3D molecular structure of
the bacterial potassium channel and the explanation of the
nature of their selectivity) brought AQPs into the spotlight
(Knepper, Nielsen, 2004). This discovery demonstrated
how water can rapidly and efficiently pass through cell
membranes despite their hydrophobic nature.

The function of aquaporins in the water uptake and trans-
port in mycorrhizal plants has been investigated since 1997.
Initial studies revealed the expression of aquaporin genes of
the TIP subfamily in Medicago (Medicago truncatula) and
Petroselinum (Petroselinum crispum) inoculated with AMF.
The first analysis of transport properties was performed for
MtAQP1 (Krajinski et al., 2000). RIAQP1, the first AMF
AQP, is believed to have been found in Rhizophagus irregu-
laris in 2009. RIAQP1 was distinctively expressed during
cold and drought stress in the roots of the host plant (Aroca et
al., 2009). To the present day, Russian and foreign scientists
continue the vigorous studies of the aquaporin functions
in various tissues and organs in genetics, biotechnology,
medicine, and agriculture.

All members of the aquaporin family in plants have a
similar structure. An aquaporin is a tetramer composed of
monomers, each with six transmembrane domains (1-6)
and five connecting loops (A—E) localized on the intra- (B,
D) or extracytosolic (A, C, E) side of the membrane. Loops
A and D have an asparagine-proline-alanine sequence (the
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Aquaporin protein structure according to (Kapilan et al., 2018), with revisions.

NPA motif) and form hydrophobic a-helixes. Each NPA
sequence is oriented toward the center of the AQP pore.
The sequences contribute to the contraction of the central
pore and, in combination with the dipole moment of two
a-helixes enveloping the membrane, prevent proton (H*)
permeation (see the Figure).

Both aquaporin terminal ends (N and C) are oriented to
the cytoplasmic side of the membrane and help carry out
the specific regulation of the aquaporin activity. In addi-
tion, four conserved sequences form a typical aromatic
arginine constriction near the extracytosolic pore mouth
that functions as the main selectivity filter (Hussain et al.,
2020). Aquaporin activity is regulated by post-translational
modifications (phosphorylation and methylation), pH, Ca?*,
and interactions between aquaporin monomers, whereas
the AQP substrate specificity is determined by its structure
(Wang Y. et al., 2020).

AQP phylogeny and subfamilies
MIP family genes, including AQPS, are characterized by a
larger number of isoforms in plants compared to animals,
as plant cells are more compartmentalized. AQPS in plants
vary by species, subcellular localization, solute water-trans-
mitting capabilities, and function (Chaumont, Tyerman,
2014; Afzal et al., 2016).

Based on their structural features and functional diversity,
AQPs can be roughly divided into four subfamilies. The
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first subfamily functions as a water-permeable channel, the
so-called Classical AQP (C-AQP). The second subfamily
is Aquaglyceroporin (AQGP); it is responsible for glycerol
transport. The third subfamily includes proteins with highly
degraded NPA motifs, the functions of which are yet to be
identified. This subfamily has been termed superaquaporins
or subcellular aquaporins (SAQPs). SAQPs may be involved
in the transmembrane transport of ammonia and some other
molecules. This subfamily is AQP-8 (Jia, Liu, 2020).

In model plants, the aquaporin family is represented by
different numbers of transporters: Avena sativa has 45 AQP
genes, A. thaliana — 38, Solanum lycopersicum — 47, Phys-
comitrella patens — 35, Gossypium hirsutum — 74, Zea
mays — 41, Oryza sativa — 33, Populus trichocarpa — 54,
and Glycine max — 66. Rapeseed (Brassica napus) contains
the highest number of AQPs, 121; including, PIP—43, TIP —
35, NIP — 32, and SIP — 11 (Hussain et al., 2020; Zhou X.
etal., 2024).

M. truncatula, a well-known model plant, contains
46 identified putative loci encoding genes from five aquapo-
rin subfamilies, including 10 PIPs, 12 TIPs, 18 NIPs, 4 SIPs,
and 2 XIPs. The first four subfamilies were further divided
into 2 (PIP1-PIP2), 5 (TIP1-TIPS), 7 (NIP1-NIP7), and 2
(SIP1-SIP2) corresponding subgroups; the XIP subfamily
has one subgroup with only two representatives (Min et al.,
2019). Based on homology, PIPs are divided into two sub-
groups, PIP1 and PIP2. The differences between these two
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subgroups lie in the water-transmitting capabilities of these
proteins; PIP1 has longer N-terminal but shorter C-terminal
ends compared to PIP2 (C-terminal ends have an additional
4-10 amino acid region in the first extracytosolic loop). PIP1
and PIP2 have five and eight isoforms, respectively. These
two subgroups interact through hetero-oligomerization, in
which two PIP2 monomers form heterotetramers with two
PIP1 monomers (Wang Y. et al., 2020).

TIPs have more isoforms than PIPs and are divided into
five protein subgroups. For example, in P. trichocarpa,
17 TIPs are present among 55 MIP sequences (Kapilan et
al., 2018). For Cicer arietinum L., all TIPs are phylogeneti-
cally divided into 14 subgroups. The phylogenetic tree shows
that out of 21 branches, only four are interspecific, and the
rest are intraspecific. Their functionality for plant species
is expanding (Hussain et al., 2020).

NIPs in plants also have numerous isoforms and can be
divided into five subgroups. NIP subgroups are found in all
higher plants, although NIP3 is found mainly in monocoty-
ledons (Lu et al., 2018). In particular, eleven NIPs have been
discovered in P. trichocarpa (Gupta, Sankararamakrish-
nan, 2009). NIPs were found in G. max, C. arietinum, and
Phaseolus vulgaris as a result of symbiosis with nitrogen-
fixing bacteria. NIP sequences vary significantly both within
and between species (Hussain et al., 2020). Most NIPs bear
similarity to the nodulin 26 protein, which is expressed in
the symbiosome membrane under conditions of inoculation
with rhizobacteria (Kapilan et al., 2018).

SIPs are small, just like TIPs. The main reason for their
compact size is a very short cytosolic N-terminal region,
as compared to other plant AQPs. Based on the NPA mo-
tif, SIP1 is divided into SIP1;1 and SIP1;2. Different SIP
isoforms have different water-transmitting capabilities for
solutes (Kapilan et al., 2018).

Cellular localization and plant aquaporin functions*
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The first identification of the relatively recently discovered
XIP subfamily was carried out for G. hirsutum in 2010 (Park
et al., 2010). Nineteen representatives of XIP are known to
date, including five XIPs in P. trichocarpa. The remaining
ten XIP representatives have been found in other dicotyle-
donous plants, three — in mosses, and one — in protozoa. XIP
homologs have not been discovered in monocotyledonous
plants. Expression analysis in P. trichocarpa demonstrates
that XIPs in poplar do not manifest an abundance of tissue-
specific transcripts (Gupta, Sankararamakrishnan, 2009;
Kapilan et al., 2018).

The high number of AQP isoforms within subfamilies may
contribute to enhanced transporter functions and plant adap-
tation to changing conditions. M. truncatula AQP molecular
structure analysis revealed that among aquaporins, seven
genes (15.2 %) exhibit tandem duplication, and ten genes
(21.7 %) exhibit segmented duplication (Min et al., 2019).
In other words, the presence of many isoforms and distinct
subgroups of different aquaporin subfamilies underscores
their substantial importance in living organisms.

Aquaporin localization and functions in plants
Maurel C. et al. (2015) showed that in addition to water,
some members of the MIP superfamily, including aquapo-
rins, can also transport glycerol, carbon dioxide, urea, ammo-
nia, hydrogen peroxide, boron, silicon, arsenic, antimonite,
lactic acid, and oxygen across membranes. Some AQPs are
capable of transmitting univalent cations (Byrt et al, 2017).
AQPs may be involved in the signaling of such hormones
as auxin, gibberellins, ethylene, and abscisic acid (ABA)
in plants (Wang C. et al., 2016). The aquaporin subfamilies
localization and functions are listed in the Table.
Embryophytes are known to have evolved with a remark-
ably high degree of subcellular compartmentalization. In

Subfamily Localization

Plasma membrane
intrinsic proteins (PIPs)
membrane

Tonoplast intrinsic
proteins (TIPs) membrane, thylakoid membrane,

and mitochondria

Nodulin26-like
intrinsic proteins (NIPs)

Membrane of endoplasmic reticulum,
plasma membrane

Small basic
intrinsic proteins (SIPs)

Membrane of endoplasmic reticulum

Uncharacterized/ Plasma membrane

Xintrinsic proteins (XIPs)

Plasma membrane, chloroplast inner membrane,
thylakoid membrane, endoplasmic reticulum (ER)

Tonoplast, plasma membrane, chloroplast inner

Substances transported

Water, hydrogen peroxide, glycerin, carbon dioxide

Water, hydrogen peroxide, ammonium, urea, glycerin

Permeable to a large number of substrates, including
metalloids, but only marginally permeable to water.
NIPs are assumed to be involved in the exchange of
metabolites between a host plant and a symbiont

Water

Water, hydrogen peroxide, metalloids, urea, boric acid

* According to (Ishikawa et al., 2005; Kruse et al., 2006; Ma et al., 2006; Maurel et al., 2015; Pommerrenig et al., 2015; Lopez et al., 2016; Noronha et al., 2016;

Wang C. et al., 2016; Byrt et al., 2017; Kapilan et al,, 2018; Zhou X. et al., 2024).
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this respect, in contrast to animals, plant aquaporins show a
wider range of subcellular localizations (plasma membrane,
tonoplast, chloroplast, endoplasmic reticulum, Golgi appara-
tus, and mitochondria), with AQPs capable of simultaneous
localization in different cells and on different membranes.
Representatives of the same subfamily may have different
subcellular localizations (Zhou X. et al., 2024).

PIPs are mainly localized on the plasma membrane, typi-
cally in tissues characterized by high water transport; for ex-
ample, in conducting tissues (Yaneff et al., 2014). PIP trans-
porters are also found in A. sativa, on the endoplasmic re-
ticulum (Zhou X. et al., 2024). PIP1 subgroup transporters
typically localize at the plasma membrane (Kaldenhoff,
Fischer, 2006) and have low water-transmitting capabilities
(Kapilan et al., 2018). Some PIP1 proteins are unable to act
independently, and they must form heterotetramers with
PIP2 monomers to be able to increase water-transmitting
capabilities (Schuurmans et al., 2003). In tobacco (Nicotiana
tabacum) plants, decreased expression of NtAQP1, a PIP1
family member, caused decreased water transport in roots
and reduced plant resistance to water stress. In peas (Lathy-
rus oleraceus), PIP1 has been found to play an important
role in seed water supply (Kaldenhoff, Fischer, 2006).

Some researchers have noted an additional function of the
PIP1 subgroups in plant cells — the ability to transport CO,
(Kapilan et al., 2018). Increased OsPIP2;7 expression in
rice improves its survival under low-temperature stress and
affects the expression levels of other AQP genes (Zhou X.
et al., 2024).

The PIP1 and PIP2 subgroups are believed to be local-
ized in almost all plant parts, including roots and leaves
(Maurel et al., 2015). The PIP2 subfamily aquaporins are
more efficient as water channels than PIP1 group members;
various PIP2 isoforms are considered to be major trans-
porters of water across the cell membrane (Kaldenhoff,
Fischer, 2006). The expression patterns of the AQP gene in
A. thaliana differed significantly under drought stress (e. g.,
decreased AtPIP2;1 and AtP1P2;2 expressions under stress).
The expression analysis for OsPIP1 in rice under drought
stress showed that the expression of these two genes was
elevated, whereas the expression of all OsPIP2 genes was
reduced. These results indicate that the expression of AQP
genes in plants under drought is regulated by a complex
signaling network, and the mechanism of AQP gene regula-
tion in plant drought tolerance requires further investigation
(Zhou X. et al., 2024).

TIPs are mainly localized on vacuolar membranes
(Johnson et al., 1990). The five TIP aquaporin subgroups
(in Arabidopsis, maize, and rice) are mainly located in
tonoplasts, but some TIP isoforms have also been found at
the plasma cell membrane. In Avena, seven TIP representa-
tives are of cytoplasmic origin, and five TIPs are localized
in the tonoplast (Zhou X. et al., 2024). Because of the high
aquaporin content in the tonoplast, the water transmission of
the tonoplast is believed to be much higher than that of the
plasma membrane. This contributes to the turgor pressure
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within the cell (Luo et al., 2022). In addition to functions of
aquaporins in water transfer, TIPs are known to participate
in the transport of urea, glycerol, and ammonia and are
also involved in the plant response to abiotic stress (Loque
et al., 2005). Several TIP isoforms show important roles in
plant response to drought. In 2020, A. Lopez-Zaplana et al.
observed the presence of a TIP on mitochondrial membranes
(Lopez-Zaplana et al., 2020). TIP1 and TIP2 isoforms are
believed to be expressed in plant vegetative tissues, TIP3
isoforms are mainly expressed in seeds, and TIP5 isoforms
are associated with pollen grains (Hussain et al., 2020). TIP
is a highly specific subfamily and can fulfill a variety of
functions in different plant species.

Nodulin 26-like intrinsic proteins were initially identified
in the peribacteroid membrane in G. max nodule. GmNOD26
was the first to be described (Fortin et al., 1987). NIPs are
thought to be involved in metabolite exchange between a
host plant and a microsymbiont (Kruse et al., 2006). Al-
though the GmNOD26 gene product localized exclusively
in the peribacteroid membrane of nitrogen-fixing symbiotic
legume nodule, NOD26-like proteins (NIPs), forming the
third subfamily, can also occur in plant species other than
legumes in which they localize in the plasma membrane (Ma
et al., 2006) or the ER membrane (Mizutani et al., 2006).

Therefore, NIPs are widespread not only in Legumi-
nosae (forming a rhizobia-legume symbiosis), indicating
that they can function in the absence of symbiotic relation-
ships (Wayne, Tazawa, 2010). For example, X. Zhou et al.
showed that in A. sativa the expression of the NIP subfamily
6Ag0000836.1 gene was significantly upregulated under
various abiotic stresses. This gene is suggested to be a marker
of response to abiotic stress (Zhou X. et al., 2024). Although
NOD26 and other NIPs have lower water-transmitting
capabilities compared to other aquaporins, they also have
a transport function to carry glycerol (Kaldenhoff, Fischer,
2006). This may indicate that the common ancestor of dif-
ferent AQP groups in plants did not have a glycerol transport
function (Zhang et al., 2020).

The subcellular localization of most NIP transporters is
not entirely clear. NIPs can localize on the membrane of the
endoplasmic reticulum (Lopez et al., 2016). In A. thaliana,
NIP5;1 is localized in the plasma membrane, while NIP2;1
is localized on the ER membrane (Zhou X. et al., 2024). In
addition, NIPs can transport ammonia, lactic acid, boron,
and silicon (Danielson, Johanson, 2008). NIPs are also
metalloid transporters (Pommerrenig et al., 2015); NIPs not
only facilitate metalloid diffusion from the soil but also play
a key role in their transport in the plant. Therefore, we can
hypothesize that the NIP family promotes the uptake and
translocation of metalloids, thus regulating their amount.

The group of small SIPs is localized on the ER membrane
(Ishikawa et al., 2005). The SIP subfamily in plants is in-
adequately studied in terms of their structure and function-
ality (Hussain et al., 2020). SIP structure differs from other
AQP subfamilies since their cytosolic N-terminal region is
relatively shorter (Kapilan et al., 2018). Due to their short-
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ened NPA motif, SIPs can also transport different molecules,
not just water. Currently, there is no consensus on the role
of SIPs in transport in plants. In a study of A. thaliana, only
the aquaporins SIP1.1 and SIP1.2 (out of three subfamily
aquaporins) demonstrated minor water-transmitting capabi-
lities, while SIP2.1 did not exhibit this function (Ishikawa
et al., 2005). SIP1 proteins transport water across the ER
membrane, while the SIP2 protein acts as an endoplasmic
reticulum channel for small molecules or ions (Hussain et
al., 2020). To date, A. sativa has been found to have two
SIP genes (4Dg0000047.3 and 5Ag0000631.1) that show
expression in tissues of the aboveground plant organs
(Zhou X. et al., 2024).

Members of the XIP subfamily are found in protozoa,
fungi, and plants, but their functions are to be studied further
(Kapilan et al., 2018). In tobacco plants, the XIP family gene
products, NtXIP1; 1o and NtXIP1;1p, are localized at the
plasma membrane. NtXIP1;1, however, showed expression
in all plant tissues. This subfamily is found to be absent in
plants such as Arabidopsis, maize, and rice. The sequences
of the XIP subfamily are shorter compared to those of other
MIP subfamilies. However, their structure remains highly
conserved and similar to other subfamilies (Wang C. et
al., 2016). XIPs exhibit contrasting transport functions in
different plant species (Lopez-Garcia et al., 2018). For ex-
ample, in grapevine, VvXIP1 is active in osmotic regulation
in addition to H,O, transport and metalloid concentration
regulation (Noronha et al., 2016). Heterologous expression
of solanaceous XIP family genes in Xenopus laevis oocytes
and various yeast strains of Saccharomyces cerevisiae
showed that these isoforms contribute to the transport of
large molecules such as glycerol, urea, and boric acid.
Water-transmitting capabilities, however, were not identi-
fied. This indicates that XIPs are involved in the transport
of non-charged molecules across the plasma membrane of
cells in certain plant tissues (Kapilan et al., 2018).

Aquaporins in plant-microbial systems
Microbial-plant relationships form the foundation of life on
Earth. These interactions can be specific and evolutionarily
reinforced or non-specific, temporary, and random. It is
known that embryophytes can enter into symbiotic relation-
ships with microorganisms. These relationships can be of
different types: mutualism, commensalism, amensalism,
parasitism, or neutralism (Yatsenko-Stepanova et al., 2014).
Symbiotic relationships depend on the conditions in which
they exist. In other words, the same host-symbiont combi-
nation can be mutually beneficial in one case but parasitic
in another (Chiu, Paszkowski, 2019). For A. thaliana, the
Colletotrichum toefieldiae fungus was found to be beneficial
only under phosphorus-deficient conditions, while in other
situations it acted as a parasite (Hiruma et al., 2016).
Plants face constant threats from pathogens such as vi-
ruses, bacteria, and fungi. These attacks result in various
diseases affecting crucial crops, leading to significant food
losses (Savary etal., 2019). Growing evidence suggests that
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AQPs play a role in plant defense against pathogens by
modulating plant immunity and resistance to invasive dis-
eases (Lietal., 2020). Bacterial pathogen-induced AtPIP1;4
transports water from the apoplast to the cytoplasm to
activate systemic resistance and immune responses in
A. thaliana (Tian et al., 2016). Plants can close their stomas
to conserve moisture after perceiving molecular patterns as-
sociated with the pathogen to limit the invasion. The stress
hormone ABA is found to be involved in the regulation of
stoma closures. AtPIP1;2 has been shown to facilitate water
transport across the plasma membrane, causing ABA- and
pathogen-induced closure of stomas in A. thaliana (Expo-
sito-Rodrigues et al., 2017).

During the initial stages of infection, the fungal patho-
gens regulate their development to send the special infec-
tious hyphae into the host organism to obtain nutrients. In
Fusarium graminearum, the FgAQP1 protein localized
in the nuclear envelope in conidia is important for hyphal
growth, development, and secondary metabolism. Deletion
in FgAQP1 affects gene expression, which reduces plant
infection efficiency, suggesting FJAQP1 may play a key
role in the interaction between F. graminearum and the host
(Ding et al., 2018).

At the same time, bacteria are known to stimulate plant
growth under both favorable and stressful conditions
(Pseudomonas mandelii, Rhizobium leguminosarum bv.
viciae, etc). E. Martynenko et al. showed the relationship
between AQP and the formation of apoplastic barriers in
the plant-microbial system “Pisum sativum + P. mandelii”.
P. mandelii increases aquaporin activity, which compensates
for a possible decrease in water-transmitting capabilities in
pea roots (Martynenko et al., 2023).

Compared to pathogens, AMF in root cortex do not disrupt
host plant cell integrity (Mosse et al., 1981; Spatafora et al.,
2016). Nutrient exchange and water transport between sym-
bionts occur in arbuscules (Zhang et al., 2019). In addition,
AMEF colonization of plants promotes the smooth closure of
plant stomas during drought. AM symbiosis improves the
transporting capabilities of stomas and leaf transpiration
to adapt to arid environmental conditions (Ni et al., 2024).
Acting as “extended plant roots”, AMF improve photosyn-
thetic efficiency and osmoregulation, and enhance plant
antioxidant metabolism (Evelin et al., 2019). AQPs can be
divergently expressed in response to mycorrhization (Asa-
dollahi et al., 2023). When a plant is under stress, AMF could
affect AQP expression at transcriptional, translational, and
posttranscriptional (AQP phosphorylation, multimerization,
cycling, and internalization) levels, which contributes to the
active regulation of AQP expression and protein abundance,
thereby improving the efficiency of transport of H,O, CO,,
glycerol, NHj;, etc. (Kakouridis et al., 2022).

In the plant-microbial system (PMS) “Triticum aestivum +
R. irregularis (formerly known as Glomus intraradices
Schenck & Smith)”, it has been shown that AMF coloniza-
tion of plants activates genes involved in the phenylpro-
panoid biosynthesis pathway and transcription factors that
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play a vital role in plant defense against biotic and abiotic
stresses (Mashini et al., 2022).

It is suggested that AM colonization is associated with
modifications of membrane transporters, especially aquapo-
rin proteins. For example, differential expression of genes
due to water deficit was analyzed in the “T. aestivum +
Funneliformis mosseae” PMS: TaPIP1-6 and TaPIP1-8
from the PIP1 subfamily; PIP2 — TaPIP2-2C1, TaPI1P2-2C3,
TaPIP2-3C1, TaPIP2-7, TaPIP2-22; NIP3 — only TaNIP3-1;
TIP4 —TaTIP2-5, TaTIP4-1, TaTIP4-2, TaTIP4-6. The AQP
genes with downregulated expression belonged to the PIP1,
PIP2, TIP2, TIP4, and NIP subfamilies. Gene products were
localized at the plasma membrane or tonoplast. In contrast to
other AQPs, in addition to its function as a water transporter,
TaNIP3-1 also showed activity in the transmembrane trans-
port of arsenite and boronic acid salts. In the “T. aestivum +
F. mosseae” PMS, water deficit did not affect SIP expression.
In wheat, 25 out of the 96 known aquaporin genes changed
their expression when inoculated with an AM fungus. At the
same time, only four genes showed increased expression:
TaNIP1-10, TaNIP3-3, TaNIP3-4, and TaTIP1-5. Half of
the analyzed AQPS with reduced gene expression in wheat
were localized at the plasma membrane, while the rest were
localized at the tonoplast (TIP1, TIP2, TIP4, PIP1, PIP2,
NIP2, SIP2, and NIP3). It is of interest that the expression
of TaPIP2-2C3, TaPIP2-2C1, TaTIP4-6, TaPIP1-6, and
TaPIP2-3C1 was suppressed in mycorrhized plants under
water deficit, while the expression of TaNIP1-10, TaNIP3-3,
TaNIP3-4, TaNIP1-5, and TaPIP2-7 was elevated under the
same conditions (Asadollahi et al., 2023).

In maize, AM symbiosis is known to suppress several
aquaporins, including ZmPIP1-1, ZmPIP1-3, ZmPIP1-4,
ZmPIP1-6, ZmPIP2-2, ZmPIP2-4, ZmTIP1-1, and
ZmTIP2-3, but enhances the expression of TIP4-1. At the
same time, the drought-tolerant maize variety showed dif-
ferent results. Only three of the AQP genes under study
(ZmPIP1;6, ZmPIP2;2, and ZmTIP4;1) changed expres-
sion upon symbiosis with AMF. The results of the experi-
ment with a drought-tolerant maize strain are consistent with
the hypothesis that reducing aquaporin gene expression
under water deficit may be a way to minimize water loss
(Quiroga et al., 2017).

Expression of GIAQP1, RIAQPF1, and RIAQPF2 was
also evaluated in “Daucus carota + R. irregularis” PMS
under drought conditions. Only RIAQPF2 was expressed
differentially (Keller-Pearson et al., 2023).

Joint colonization of maize with R. irregularis and Exo-
phiala pisciphila (dark septate endophyte, DSE) resulted in
high water transmission through stomas and downregula-
tion of the ZmPIP1;1, ZmPIP1;2, ZmPIP2;1, ZmPIP2;5,
and ZmPIP2;6 gene expression compared with reference
plants without microbial infection and with individual
fungus colonization. The GintAQPF1 and GintAQPF2
expression in R. irregularis has been shown to change
significantly under drought stress conditions. The competi-
tive relationship between AMF and DSE in mycorrhization
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during the experiment is also worth noting. On the other
hand, AMF and DSE are also known to form synergistic
relationships to regulate membrane electrolyte transport,
oxidative stress, photosynthesis, and aquaporin expression;
such a relationship has been studied in maize seedlings
(Gong et al., 2023).

D. Wang et al. showed that the ZmTIP2;3 gene expres-
sion in the “Z. mays + R. irregularis (previously attributed
to Glomus intraradices)” PMS was significantly upregu-
lated under drought conditions through AMF symbiosis.
ZmTIP2;3 is an aquaporin with six transmembrane domains
and two highly conserved NPA motifs. Its promoter region
contains many cis-acting elements associated with the
induction of AM symbiosis. In the experiment, ZMTIP2;3
gene mutation resulted in decreased biomass, coloniza-
tion rate, photosynthesis, proline, and expression levels of
several drought-related genes (LEA3, P5CS4, and NECD1)
compared with the wild post-AMF-inoculation type under
drought conditions. This suggestes that ZmTIP2;3 enhances
drought tolerance in maize through symbiosis with the AM
fungus (Wang D. et al., 2024).

Conclusion

The discovery of aquaporins was a major event in biology
and medicine. The main function of aquaporins is the regu-
lation of transmembrane water transport both between and
within cells (Maloy, Hughes, 2013). Aquaporin isoforms can
vary greatly depending on the organism type and the living
conditions. Depending on the environmental conditions, the
aquaporin activity may change, as well as their function in
regulating water transport. Such strategic patterns of changes
in aquaporin gene expression and functional diversity are
the basis for adaptation to environmental changes, including
stress-induced ones (Jia, Liu, 2020). A significant number
of host plant aquaporins are regulated in AMF symbiosis.
The regulation of their genes may depend on the magnitude
of drought stress. Some of these aquaporins can transport
other molecules of crucial importance, in addition to wa-
ter. The results of studies carried out under a wide variety
of conditions confirm that mycorrhized plants grow and
develop better than plants without mycorrhization. At the
same time, mycorrhized plants are more efficient in the
preservation and transfer of water between tissues, nitrogen
compound mobilization efficiency is increased, as well as
glycerol accumulation, synthesis of signaling molecules,
and accumulation of metals that play a role in resistance to
abiotic stresses.

The continued exploration of this topic will enhance our
understanding of the specific roles played by aquaporin iso-
forms in response to arbuscular mycorrhizal symbiosis. This
research will help us determine how this symbiosis influ-
ences plant adaptation mechanisms under stress conditions.
By monitoring the transcriptional responses of aquaporin
genes to various environmental factors, we can deepen our
knowledge and contribute to the development of biotech-
nological programs aimed at improving crop resilience.
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Transcriptomic analysis of the symbiotic responsivity trait
in pea (Pisum sativum L.)
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Abstract. Pea (Pisum sativum L.) is an important crop culture and a model object for studying the molecular genetic bases
of nitrogen-fixing symbiosis and arbuscular mycorrhiza (AM). Pea genotypes with high and low responsivity to inoculation
with nodule bacteria (rhizobia) and AM fungi have been described: the ‘responsive’ genotypes demonstrate an increase in
seed weight under inoculation, while ‘non-responsive’ones do not show such a reaction. In order to get insight into the mo-
lecular genetic mechanisms underlying the symbiotic responsivity, a transcriptomic analysis of whole root systems of pea
plants of the ‘responsive’ genotype k-8274 (cv. Vendevil, France) and ‘non-responsive’ genotype k-3358 (unnamed cultivar,
Saratov region, Russia) grown in soil without inoculation (control) and inoculated either with rhizobia (single inoculation)
or with rhizobia together with AM fungi (double inoculation) was performed. It was shown that the ‘responsive’ genotype,
indeed, demonstrated a pronounced transcriptomic response to single and double inoculation, in contrast to the ‘non-re-
sponsive’genotype. In k-8274, single inoculation led to specific up-regulation of genes related to catabolism of polyamines,
lipid metabolism, and jasmonic acid and salicylic acid signaling. Under double inoculation, the specifically up-regulated
genes in k-8274 were related to arbuscular mycorrhiza infection, and the down-regulated genes were related to nodulation.
This fact matches the phenotype of the plants: the number of nodules was lower in k-8274 under double inoculation as
compared to the control. Thus, strict control over the nodule number may be one of the mechanisms underlying the sym-
biotic responsivity of pea. Finally, a comparison of expression profiles in k-8274 and k-3358 roots under double inoculation
also allowed us to identify the transcriptomic signatures characteristic of the symbiotically responsive genotype. Further
work will be focused on validation of these transcriptomic markers of the symbiotic responsivity trait in pea.
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TpaHCKpUIITOMHBIN aHa/AM3 NMPpM3HAKa CUMOMOTIIYECKOIL
OT3bIBUMBOCTHU Y I'OpoOXa ImoceBHOro (Pisum sativum L.)

A.O. Kysbpmuna (12, E.A. 3opun (12, A.C. Cyanma (%), A.A. Pomanrox (12), M.A. Topaon (1), A.V. )Kepnaxos (12,
O.A. Kyaaesa (12), [.A. AxtemoBa, O.IO. lllTapk (%), VI.A. Tuxonosuy (%), B.A. )Xyxos @

Bcepoccrinckmin HayYHO-MCCNe[oBaTENbCKUIA UHCTUTYT CENbCKOX03ANCTBEHHOW MyKpobuonoruy, MywkuH-8, CaHKT-MeTepbypr, Poccua
@ vzhukov@arriam.ru

AHHoTauuA. fopox nocesHol (Pisum sativum L.) ABNAETCA BaXKHOW CENIbCKOXO03ANCTBEHHOW KyNbTYpOli 1 MOLeNbHbIM 06b-
€KTOM AN U3yUYeHUA MONEKYNAPHO-TeHETUYECKNX OCHOB a3oTOUKCMpYtoLwero cumbrosa 1 apbycKynapHON MUKOPK3bI
(AM). OnuncaHbl FeHOTUMbI FOPOXa C BbICOKOW 1 HU3KOW OT3bIBUMBOCTBIO Ha MHOKYNALMIO KNyOeHbKOBbIMU GakTepuamu
(pn3obuamn) n AM rpubamu: «0T3bIBUMBBIE» FEHOTUMbI AEMOHCTPUPYIOT NPUOaBKY MacChl CEMAH NPV UHOKYNALMUK, a ANA
«HeOT3bIBYMBbIX» FEHOTUMOB TakaA peakuma He xapakTepHa. C LeNblo ONMcaHNA MONeKyNAPHO-TeHEeTUYECKX MeXaH3-
MOB, fieXallyx B OCHOBE CMMOMOTUYECKON OT3bIBUMBOCTY, Obl NPOBefEH TPAHCKPUMNTOMHbIN aHann3 LenblX KOPHEBbIX
CUCTEM PaCTEHUI FOPOXa «OT3bIBUMBOrO» FeHOTUNA K-8274 (copT Vendevil, OpaHuuma) 1 «<HeOT3bIBUMBOrO» FeHOTUMA K-3358
(copT 13 CapatoBckol obnactu, Poccun), BblpalleHHbIX B MoyBe 6e3 MHOKYNALWW (KOHTPOSIb) U NPY MHOKYAALMUK PU30-
6uAMYM (OJMHOYHAA MHOKYNALMA) U pr306UAMM COBMECTHO ¢ AM rpmbamm (BoiHaa MHOKynAUKA). «<OT3bIBUMBbINY FeHOTUM
[eNCTBUTENbHO MPOAEMOHCTPUPOBA BblpaXeHHbI OTBET Ha YPOBHE TPaHCKPMNTOMa Ha OANHOYHYIO 1 ABONHYIO NHOKY-
NAUNIO, B OTAIMYME OT HEOT3bIBUMBOrO» reHoTuna. OANHOYHAA NHOKYNALMA NpuBena y K-8274 K cneumdrnyeckomy nosbl-

© Kuzmina D.O., Zorin E.A., Sulima A.S., Romanyuk D.A., Gordon M.L., Zhernakov A.l,, Kulaeva O.A., Akhtemova G.A., Shtark O.Y., Tikhonovich I.A., Zhukov V.A., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-0045-0410
https://orcid.org/0000-0001-5666-3020
https://orcid.org/0000-0002-2300-857X
https://orcid.org/0000-0001-9576-1256
https://orcid.org/0000-0001-9637-9059
https://orcid.org/0000-0001-8961-9317
https://orcid.org/0000-0003-2687-9693
https://orcid.org/0000-0002-3656-4559
https://orcid.org/0000-0001-8968-854X
https://orcid.org/0000-0002-2411-9191
https://orcid.org/0000-0002-0045-0410
https://orcid.org/0000-0001-5666-3020
https://orcid.org/0000-0002-2300-857X
https://orcid.org/0000-0001-9576-1256
https://orcid.org/0000-0001-9637-9059
https://orcid.org/0000-0001-8961-9317
https://orcid.org/0000-0003-2687-9693
https://orcid.org/0000-0002-3656-4559
https://orcid.org/0000-0001-8968-854X
https://orcid.org/0000-0002-2411-9191

[.0. Ky3bmuHa, E.A. 3opuH, A.C. Cynuma ...
0.

0.
10. Wrapk, N.A. TuxoHosuy, B.A. Kykos

2025
29.2

TpaHCKPUNTOMHBIV aHanU3 Npr3Haka CUMOUOTYECKON
OT3bIBYMBOCTY y ropoxa noceBHoro (Pisum sativum L.)

LUIEHWIO SKCNPECCUN FreHOB, CBA3aHHbIX C KaTabonM3MOM NOIMaMNHOB, MeTaboNM3MOM IMMMAOB U CUTHAJIMHIOM Ha OCHOBE
»KaCMOHOBOW 1 CanuUUNoBoi KUCNOT. [pu ABONHON NHOKYNALUN Y K-8274 Gbina NOBbILLEeHa KCMPECCHA reHOB, CBA3aHHbIX
C apbyCKyNAPHO-MUKOPW3HON NHGEKLMEN, 1 MOHMMKEHA SKCMPeCCusa reHoB, CBA3aHHBIX C KybeHbKoobpa3oBaHveM. [laH-
HbI paKT cOOTBETCTBYET GEHOTUMY PACTEHUI: YNCNIO KNYOEeHbKOB Y K-8274 ObiNI0 CHUMKEHO MPU ABOVHOW UHOKYNALUN NO
CPaBHEHNIO C KOHTposieM. Takum 06pa3om, OOHVIM U3 MEXaHU3MOB, NeXalLUX B OCHOBE CMMOMOTUYECKON OT3bIBUMBOCTY Y
ropoxa, MOXeT ObITb CTPOTUI KOHTPOb Haf YMCIIOM Ky6eHbKOB. HakoHeL, cpaBHeHVEe SKCMPEeCCUOHHbIX Mpodunein Kop-
Hel pacTeHun K-8274 n K-3358 B yCNOBMAX ABOVHON MHOKYNALMUM NO3BOANIO NAEHTMOULMPOBATL «TPAHCKPUNTOMHbIE
CUTHATYpPbI», XapaKTepHble 418 CUMOUOTMYECKM OT3bIBUMBOTO reHoTUna K-8274. [lanbHeliwan pabota 6yaet HanpasneHa
Ha NOATBEPKAEHVE BO3MOXHOCTY UCMONb30BaHUA BbIABIEHHbIX FEHOB B Ka4eCTBe TPaHCKPUNTOMHbIX MapKepOB Mpu3Ha-
Ka CMOUOTNYECKOI OT3bIBUMBOCTM Y FOPOXa NOCEBHOTO.

KnioueBble cnoBa: ropox; 6060B0-pr306manbHbii CMMOKO3; apOyCcKyNsapHas MUKOPU3a; CUMOVOTUYECKas OT3bIBUMBOCTD;

TPaHCKPUMTOMMKA

Introduction

Legume plants (family Fabaceae) are an important component
of modern agricultural practices due to their ability to fix atmo-
spheric nitrogen in symbiosis with nodule bacteria (rhizobia)
(Rubiales, Mikic, 2015). The symbiotic nitrogen fixation pro-
vides plants with combined nitrogen, and this feature allows
legumes to grow on lower doses of mineral fertilizers, which
is economically advantageous and beneficial for the environ-
ment (Goyal et al., 2021). The N, fixation occurs in specific
organs called root nodules, which are formed on the roots of
legume plants, where rhizobia are hosted within the plant cells
(Yang et al., 2022). In addition to nitrogen fixation, legumes,
like most terrestrial plants, form arbuscular mycorrhiza (AM),
which helps plants cope with water deficiency and lack of min-
eral phosphorus (Smith, Read, 2008). This tendency to form
mutualistic symbioses with beneficial microorganisms makes
legumes profitable crops for use according to the concept of
sustainable agriculture.

Itis generally accepted that the root nodule (RN) symbiosis
of legumes has evolved on the base of pre-existing AM (Par-
niske, 2008; Oldroyd, 2013). This idea is supported by the fact
that some components of signaling systems are shared between
the two symbioses. The first example of such shared signaling
system is the so-called CSSP (common symbiosis signaling
pathway), the signal transduction pathway that is activated
during the early steps of the development of both AM and RN
symbioses (Harrison, 2012; Wang D. et al., 2022). The second
one is the autoregulation system, which exercises systemic
control over the nodule number and the rate of mycorrhizal
colonization of roots (autoregulation of nodulation (AON)/
autoregulation of mycorrhization (AOM)), depending on the
amount of available nitrogen and phosphorus in the growth
substrate, respectively (Reid etal., 2011; Ferguson et al., 2019;
Muiller, Harrison, 2019). Interestingly, nodulation systemically
influences mycorrhization, and vice versa, as was shown in
split-root experiments in alfalfa (Medicago sativa L.) (Catford
et al., 2003).

Pea (Pisum sativum L.) is a profitable legume crop that has
also served as a model to study the genetic system controlling
the development of RN symbiosis and AM, similar to model
legumes Medicago truncatula Gaertn., Lotus japonicus (Re-
gel.) K. Larsen and Glycine max (L.) Merr. (Roy et al., 2020;
Tsyganov, Tsyganova, 2020). Different genotypes have been
described in pea with high and low responsivity to inocula-
tion with rhizobia and AM fungi: the ‘responsive’ genotypes
increase their seed productivity under inoculation, and the
‘non-responsive’ ones do not demonstrate such a reaction to

inoculation (Shtark et al., 2006). This symbiotic responsivity
trait was also called EIBSM, standing for Effectiveness of
Interaction with Beneficial Soil Microorganisms, and was
proposed for breeding of pea and other legumes (Shtark et
al., 2012, 2015).

Recent development of pea genomics makes it possible to
use post-genomic technologies such as transcriptomics and
proteomics for studying agriculturally important traits (Parihar
etal., 2022; Rubiales et al., 2023). Most such works, however,
are devoted to studying resistance to pathogens rather than
responsivity to symbionts (Castillejo et al., 2015; Cernaetal.,
2017; Liu et al., 2023; Kalin et al., 2024), so the molecular
mechanisms underlying the symbiotic responsivity in pea
remain largely unexplored (Zhukov et al., 2021a). Therefore,
the aim of this work was to reveal the molecular genetic bases
of this trait by describing the transcriptomic changes in roots
of two contrasting pea genotypes, the ‘responsive’ k-8274
and the “non-responsive’ k-3358, after inoculation with rhizo-
bia (Rh) and rhizobia plus AM fungi (Rh+AM), as compared
to a non-treated control.

Materials and methods
Vegetation experiments. The plant material (whole root sys-
tems) for RNA extraction was taken from the previously con-
ducted vegetation experiment described in detail in (Zhukov
et al., 2017). Briefly, the plants of the genotypes k-8274 and
k-3358 (VIR collection of pea, St. Petersburg, Russia) were
grown in non-sterile sod-podzolic light loamy soil (Leningrad
Oblast, area of the Belogorka Science and Production Associa-
tion, Cpymus 1.27 % and Ny 0.11 %, pHgy: 4.92), three plants
per 5-liter pot, in a greenhouse during the summer period at
ARRIAM, St. Petersburg, Russia in the following variants:
non-inoculated plants (control), plants inoculated with Rhi-
zobium leguminosarum bv. viciae strain RCAM1026 (Rh),
plants inoculated with Rhizobium leguminosarum bv. viciae
strain RCAM 1026 together with a mixture of arbuscular my-
corrhizal fungi Rhizophagus irregularis BEG144, R. irregu-
laris BEG53 and Glomus sp. ST3 (Rh+AM). After 4 weeks of
growth, the plants were harvested; root systems were washed
with water, immediately frozen in liquid nitrogen and stored
at —80 °C until further processing. For a biological replicate,
three plants from one pot were collected. In total, there were
three biological replicates per treatment per plant genotype.
In the experiment on phenotypic characterization of k-8274
and k-3358, plants were grown in 2-liter pots with sterile
sand, 4 plants per pot, without inoculation (control) and under
inoculation with either Rhizobium leguminosarum bv. viciae
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RCAM1026 (Rh) or Rhizophagus irregularis BEG144 (AM),
or their combination (Rh+AM), in four replicates (pots) per
treatment. The seeds were pre-sterilized with concentrated
sulphuric acid, rinsed 5 times with autoclaved distilled water,
and germinated in Petri dishes on filter paper at 28 °C in the
dark. Inoculation with rhizobia was performed by pouring
3 ml of water suspension (108 CFUxI-1) of Rh. leguminosa-
rum bv. viciae RCAM1026 under each seedling; inoculation
with AM fungi was performed by adding 60 g of dry roots of
Sorghum sp. colonized by AM fungi (the details of the AM
inoculation method are described in Shtark et al., 2019). At
planting, the seedlings were supplied with mineral nutrition
solution with a low content of phosphorus and nitrogen (Su-
lima et al., 2019), 150 ml per pot.

The plants were grown inaVVB 1014 (Voétsch Industrietech-
nik, Germany) growth chamber under the following condi-
tions: day/night 16/8 h, temperature 21 + 1 °C, relative humid-
ity 75 %, light irradiation 600 pumol of photons x m=2xs1,
The plants were watered by 200 ml of distilled water twice a
week. At 4 weeks after planting/inoculation, the plants were
harvested, and the root systems were washed with water. The
number of nodules was counted during visual examination
of the root systems; the shoots were air-dried and weighted.

Statistical analysis was carried out in the R environment
using the core package ‘stats’ (version 4.3.0). A two-way
ANOVA was used to assess the effects of inoculations and
their action on shoot dry weight, and a one-way ANOVA was
used to evaluate the impact of mycorrhiza on nodulation.

RNA extraction, library preparation and sequencing.
The frozen whole root systems were grinded in liquid nitrogen
using mortars and pistils; the resulting powder was used for
total RNA extraction using Trizol reagent (Thermo Fisher
Scientific, USA). The quality of RNA was assessed using a
2100 Bioanalyzer Instrument (Agilent Technologies, USA).
RNA of sufficient quality (RNA integrity number (RIN) > 8)
was obtained from only two replicates of the samples from
the control conditions, single inoculation and combined
(double) inoculation, which allowed us to study the effect of
single and combined inoculation on plants of the k-8274 and
k-3358 genotypes.

The extracted RNA was used for RNAseq library prepa-
ration using the MACE v1.0 kit (GenXPro GmbH, Frank-
furt am Main, Germany). The libraries were sequenced in
GenXPro GmbH (Frankfurt am Main, Germany) on [llumina
HiSeq2000. Raw sequencing data were uploaded to the NCBI
database (BioProject number PRINA1154300).

Bioinformatic analysis. The quality of raw reads was as-
sessed using FastQC (version 0.11.9) (Andrews, 2010) and
multigc (Ewels et al., 2016). Trimmomatic (version 0.39) with
default parameters was employed to remove adapter sequences
and low-quality sequences (Bolger et al., 2014). Clean reads
were aligned to the reference genome of cv. Frisson (NCBI:
JANEYU000000000; Zorin et al., 2022) with STAR (version
2.7.10b) (Dobin et al., 2013) and sorted using SAMtools
(version 1.17) (Danecek et al., 2021). Using multi-mapping,
featureCounts (version 2.0.3) was used to count the number of
reads that were aligned to genes or exons (Liao et al., 2014).

The BLAST+ command line tool (version 2.9.0) was
used to annotate genes to which reads were mapped, with
an E-value threshold of 1e-5 against Medicago truncatula
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functional annotation (genomic assembly MedtrA17_4.0)
(Camacho et al., 2009). PCA plots were generated using the
R packages DESeq?2 and ggplot2 (Love et al., 2014; Wickham,
2016). R (version 4.1.3) was used to perform differential gene
expression analysis with the DESeq2 package. Genes were
considered differentially expressed if the Wald test was passed
with the False Discovery Rate (FDR) value of no more than
0.05 and a log2-fold change less than or more than 0.5. Ad-
ditionally, a targeted analysis of differential gene expression
was performed on gene lists (listed in the Supplementary
Table S1)! that were acquired from earlier research projects.
These gene lists included Sym genes and genes involved in
the systemic process of autoregulation of nodulation.

GO enrichment analysis was carried out using the topGO
packages (version 2.42.0) (Alexa, Rahnenfuhrer, 2024),
with the use of the weight01 method and Fisher’s exact test.
Genes, the expression of which was considerably elevated or
decreased, were used independently to search for biological
processes. Biological pathways with statistically significant
up/down-regulation were counted at p-value < 0.05 and de-
picted using ggplot2. The p-value indicates the probability
of this value occurring by chance, and suggests that the bio-
logical process under investigation is enriched in the tran-
scriptomic data.

The heatmap is based on a matrix containing the values of
1-R (R is the Pearson correlation coefficient). The correlation
is calculated based on the values of normalized expression
(the number of normalized reads per million was obtained
using DESeq2, VST (Variance Stabilizing Transformation)),
which were additionally logarithmically transformed (log2),
and then transformed into a z-scale, which for each gene for
each sample reflects the number of standard deviations from
the average value for all samples for this gene. Further, the
genes were clustered based on these values using the hierarchi-
cal clustering method. The obtained matrix was displayed as
heat maps with pheatmap (version 1.0.12) (Kolde, 2015). The
R packages VennDiagram (version 1.7.3) and EnhancedVol-
cano (version 1.18.0) were used to show the results of the
differential gene expression study (Chen, Boutros, 2011).

Results

Transcriptomic response to single inoculation (Rh)

Inoculation with rhizobia changed the gene expression profiles
in roots of both studied genotypes. The response to inoculation
was more pronounced in k-8274: 440 unique genes were dif-
ferentially expressed as compared to control; for k-3358, there
were only 14 such genes. Additionally, 81 genes changed their
expression similarly in both genotypes (Fig. 1A), and for all but
one, the expression level increased. Enrichment analysis for
the similarly up-regulated genes showed that these genes were
related to the biological processes connected with nodulation
and nitrogen fixation, such as biosynthesis of glutamate from
proline, 1-aminocyclopropane-1-carboxylate biosynthesis,
polyamine transmembrane transport, etc. (Table 1). The genes
additionally activated in k-8274 were related to such biological
processes as catabolism of polyamines, lipid metabolism, and
jasmonic acid and salicylic acid signaling (Table 1).

T Supplementary Tables 1, 52 and Fig. S1 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx9.pdf
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Fig. 1. The number of differentially expressed genes in roots of k-8274
and k-3358 under single (A) and double (B) inoculation as compared to
uninoculated control.

Interestingly, the same genes in k-3358 were not classified
as DEGs due to their low expression level both in control and
under inoculation with rhizobia. Further, in k-8274, the down-
regulated genes were related to ion transport, growth and
response to fungi, which may indicate a decrease in the AM
fungi spread in k-8274 roots. In k-3358, the down-regulated
genes were related to the electron transport chain, as well to
the response to abscisic acid and water deprivation.

Transcriptomic response to double inoculation (Rh+AM)

The transcriptomic response to double inoculation was dif-
ferent in the studied genotypes (Fig. 1B). Double inoculation
of the responsive k-8274 genotype altered the expression of
815 unique genes in the roots, while only 11 unique genes in
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the non-responsive genotype k-3358 changed their expres-
sion level, and 5 genes showed identical expression changes
in both genotypes (Fig. 1B). The absolute expression level
of the same 815 genes in k-3358 in all tested conditions was
comparable to that of k-8274 in control conditions and did
not change significantly due to inoculation (the effect similar
to that observed under mono-inoculation with rhizobia), re-
flecting the low responsivity of k-3358 to double inoculation.

Enrichment analysis showed that several up-regulated
DEGs in k-8274 under double inoculation (Rh+AM) were re-
lated to the same biological processes as in k-8274 under single
inoculation (Rh), namely, jasmonic acid signaling, defense
response and response to wounding (Table 2). The common
down-regulated biological processes included pectin catabo-
lism, inorganic anion transport, and regulation of 1-deoxy-D-
xylulose-5-phosphate synthase activity. Further, many genes
specifically up-regulated in k-8274 under double inoculation
(Rh+AM) are associated with arbuscular mycorrhiza infec-
tion (GO biological processes: oxylipin biosynthetic process,
defense response, response to chitin). In turn, the specific
down-regulated genes in k-8274 are related to nodulation and
assimilation of combined nitrogen (GO biological processes:
nodulation, nitrate transmembrane transport) (Table 2). The
observed down-regulation of the nodulation-related genes
matches the result of phenotypic analysis of the plants (Zhukov
et al., 2017): k-8274 plants formed significantly less nodules
under double inoculation than in control conditions and under
single inoculation with rhizobia.

Table 1. Up-regulated biological processes under single inoculation with rhizobia (Rh) in the studied genotypes

GO category Biological process p-value
Common up-regulated biological processes in k-8274+Rh and k-3358+Rh
(as compared to control)
G0:0098869 Cellular oxidant detoxification 0.012
G0:0010133 Proline catabolic process to glutamate 0.013
G0:0009873 Ethylene-activated signaling pathway 0.013
G0:0042218 1-Aminocyclopropane-1-carboxylate biosynthesis 0.017
G0:1902047 Polyamine transmembrane transport 0.017
GO0:0055085 Transmembrane transport 0.032
G0:0006979 Response to oxidative stress 0.039
Specific up-regulated biological processes in k-8274+Rh
(as compared to control)

G0:0016311 Dephosphorylation 0.0012
G0:0006598 Polyamine catabolic process 0.0025
G0:0009269 Response to desiccation 0.0025
G0:0006629 Lipid metabolic process 0.0030
G0:0009805 Coumarin biosynthetic process 0.0043
G0:0006538 Glutamate catabolic process 0.0079
G0:0009694 Jasmonic acid metabolic process 0.0114
G0:0009696 Salicylic acid metabolic process 0.0116
G0:0052746 Inositol phosphorylation 0.0116
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Table 2. Up- and down-regulated biological processes under double inoculation with rhizobia (Rh) and AM fungi (AM)
in the studied genotypes

GO category

GO0:0009611
G0:2000022
G0:0031347
GO0:0009695
G0:0005992
G0:0052746
G0:0043086
G0:0016311
G0:0030026
G0:0009269

G0:0006873
G0:0045490
G0:0015698
GO0:0071577
G0:0006355
G0:0046622
G0:0071836
G0:1902395
G0:0061087
G0:0010322

G0:0015824
G0:0080163
G0:0009269
G0:0031408
G0:0009695
G0:0006952
G0:0010200
GO:0009805
G0:0043086
G0:0010286

G0:0009877
GO0:0006465
G0:0015671
G0:0009228
G0:0010044
G0:0015706
GO0:1903401
G0:0006873
G0:0034220
G0:0015713

Biological process

Common up-regulated biological processes in k-8274+Rh+AM and k-8274+Rh
(as compared to control)

Response to wounding

Regulation of jasmonic acid mediated signaling pathway
Regulation of defense response

Jasmonic acid biosynthetic process

Trehalose biosynthetic process

Inositol phosphorylation

Negative regulation of catalytic activity
Dephosphorylation

Cellular manganese ion homeostasis

Response to desiccation

Common down-regulated biological processes in k-8274+Rh+AM and k-8274+Rh
(as compared to control)

Cellular ion homeostasis

Pectin catabolic process

Inorganic anion transport

Zinc ion transmembrane transport

Regulation of DNA-templated transcription

Positive regulation of organ growth

Nectar secretion

Regulation of 1-deoxy-D-xylulose-5-phosphate synthase activity

Positive regulation of histone H3-K27 methylation

Regulation of isopentenyl diphosphate biosynthetic process, methylerythritol 4-phosphate pathway

Specific up-regulated biological processes in k-8274+Rh+AM
(as compared to control)

Proline transport

Regulation of protein serine/threonine phosphatase activity
Response to desiccation

Oxylipin biosynthetic process

Jasmonic acid biosynthetic process

Defense response

Response to chitin

Coumarin biosynthetic process

Negative regulation of catalytic activity

Heat acclimation

Specific down-regulated biological processes in k-8274+Rh+AM
(as compared to control)

Nodulation

Signal peptide processing
Oxygen transport

Thiamine biosynthetic process
Response to aluminum ion
Nitrate transmembrane transport
L-lysine transmembrane transport
Cellular ion homeostasis

lon transmembrane transport

Phosphoglycerate transmembrane transport
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p-value

1.6e-07
2.0e-07
6.7e-05
0.00012
0.00064
0.00084
0.00172
0.00240
0.00325
0.00375

0.00028
0.00563
0.00765
0.00926
0.00984
0.00985
0.00985
0.00985
0.00985
0.01959

4.7e-05
0.0011
0.0015
0.0016
0.0019
0.0024
0.0026
0.0034
0.0034
0.0051

1.7e-05
5.0e-05
0.00053
0.00083
0.00375
0.00483
0.00614
0.00615
0.00675
0.00905
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Comparison of k-8274 and k-3358 under double inoculation
In order to get an insight into the molecular bases of the sym-
biotic responsivity in pea, we compared the transcriptomes of
the ‘responsive’ k-8274 and ‘non-responsive’ k-3358 geno-
types treated with Rh+AM. The biological processes up-re-
gulated in k-8274 roots include lignin biosynthesis and cell
wall biogenesis, as well as phosphatidylinositol biosynthesis
(Table 3). In turn, responses to glucose and fructose, and
biosynthesis and metabolism of glutathione and cysteine in
k-8274 were down-regulated compared to those in k-3358
(Table 3). The corresponding genes with higher expression
level in k-8274 or k-3358 roots are listed in Table S2.

In our previous study, root transcriptomes of three highly
responsive (high-EIBSM) and three low-responsive (low-
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EIBSM) pea genotypes grown in experimental conditions
similar to those of the present experiment (i.e., in pots with
soil under combined inoculation with nodule bacteria and
AM fungi) were compared, and 90 differentially expressed
genes were identified (Afonin et al., 2021). The intersection of
the lists of DEGs from the previous and the present experiment
revealed 11 genes that were similarly up- or down-regulated in
the following comparisons: ‘three high-EIBSM vs three low-
EIBSM genotypes’ and ‘k-8274 vs k-3358’ (Table 4). They
can be considered as transcriptomic markers of the symbiotic
responsivity trait. Interestingly, 5 out of 9 up-regulated genes
are related to abscisic acid, jasmonic acid and salicylic acid
metabolism and signaling, which points towards the activation
of defense reactions in the roots of the high-EIBSM pea plants.

Table 3. Biological processes that are differentially regulated in roots of k-8274 and k-3358 under double inoculation (Rh+AM)

GO category Biological process p-value
Up-regulated biological processes in k-8274+Rh+AM as compared to k-3358+Rh+AM
GO0:1901430 Positive regulation of syringal lignin biosynthesis 0.0019
G0:2000652 Regulation of secondary cell wall biogenesis 0.0056
G0:0009664 Plant-type cell wall organization 0.0332
G0:0006661 Phosphatidylinositol biosynthetic processes 0.0495
Down-regulated biological processes in k-8274+Rh+AM as compared to k-3358+Rh+AM
G0:0016487 Farnesol metabolic process 0.0022
G0:0009269 Response to desiccation 0.0022
G0:0009788 Negative regulation of abscisic acid-activated signalling pathway 0.0130
G0:1990961 Xenobiotic detoxification by transmembrane export across the plasma membrane 0.0130
G0:0009749 Response to glucose 0.0173
G0:0009750 Response to fructose 0.0238
G0:0009853 Photorespiration 0.0259
G0:0006749 Glutathione metabolic process 0.0323
G0:0019344 Cysteine biosynthetic process 0.0365
GO0:0006414 Translational elongation 0.0365

Table 4. Differentially expressed genes of k-8274 (Rh+AM) as compared to k-3358 (Rh+AM)

that overlap in the present study and Afonin et al., 2021

Gene ID in the genome
of P. sativum cv. Frisson

Functional annotation according to Mercator4 ver.6.0

Log2FoldChange Adjusted

evm.TU.contig_1396.103
evm.TU.scaffold_1292.71
evm.TU.scaffold_443.110

evm.TU.contig_941.42
evm.TU.scaffold_2090.181

evm.TU.contig_1345.208
evm.TU.scaffold_1655.224
evm.TU.scaffold_1169.2
evm.TU.scaffold_1535.577

evm.TU.scaffold_1535.556
evm.TU.scaffold_783.526

Jasmonoyl-amino acid hydroxylase / (CYP94B) & Cytochrome P450 94B3
Jasmonic acid oxidase / (JOX/JAO) & Jasmonate-induced oxygenase 2

EC_2.4 glycosyltransferase & Probable alpha,alpha-trehalose-phosphate
synthase [UDP-forming] 11

H-type thioredoxin / (Trx-H) & Thioredoxin H-type

Receptor component / (PYL/RCAR) of cytoplasm-localized abscisic acid receptor
complex & Abscisic acid receptor PYL4

EC_2.3 acyltransferase & Benzyl alcohol O-benzoyltransferase
Proline dehydrogenase & Proline dehydrogenase 2
HD-ZIP I/ll-type transcription factor & Homeobox-leucine zipper protein HAT22

Receptor component / (PYL/RCAR) of cytoplasm-localized abscisic acid receptor
complex & Abscisic acid receptor PYL4

Iron storage protein / (FER) & Ferritin-3

Organic cation transporter / (OCT) & Organic cation/carnitine transporter 3

CUMBUOTUYECKMUE CUCTEMbI / SYMBIOTIC SYSTEMS

p-value
3.1922 1.28e-07
2.0252 1.01e-09
1.9831 0.0456
1.8029 0.0053
1.6877 0.0001
1.3998 0.0238
1.3108 0.0495
0.9947 0.0006
0.9145 0.0044
-0.8532 0.0192
-1.0481 0.0256
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Transcriptomic analysis of the symbiotic
responsivity trait in pea (Pisum sativum L.)

Genotype
3358
1 8274

Treatment
0 Control
RhAM
-1 Rhizobia

Fig. 2. Expression level of selected Sym-genes in roots of k-8274 and k-3358 in control conditions and under single and double inoculation.

The heatmap is based on a matrix containing the values of 1-R (R = Pearson correlation coefficient). The raw data were normalized to the size of the dataset,
logarithmically transformed, and converted to a z-scale. The lowest gene expression value is represented in blue; the highest value is represented in red.
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Fig. 3. Differential expression of genes related to autoregulation of
nodulation in roots of k-8274 under double inoculation as compared to
uninoculated control.

Log, fold change (Log,FC) - the binary logarithm of the ratio of a transcript’s
expression values in two different conditions; -Log;,p - negative logarithm
to base 10 of the p-value. For ease of visualization, the p-values for each
gene were log-transformed on the graph; NS - statistically non-significant
difference in expression (-Logop < 5.0, or p < 0.00001). The threshold p-value
(p < 0.00001) was chosen taking into account the correction for multiple
comparisons.

The red color: the NNC7 gene passed both the p-value (-Log;op > 5.0) and
expression level (log,FC > 1.5) significance thresholds; the green color:
the CLE12 and TML2 genes have significantly reduced expression levels
(log,FC < -1.5), but this reduction is not statistically significant (-Log;op < 5.0).

Targeted analysis of marker genes

The expression level of the symbiotic (Sym) genes (i. €., genes,
the role of which in AM and/or RN symbiosis was experi-
mentally verified by mutation analysis or RNAi experiments
in model legumes) was examined across all RNAseq samples
(39 genes, see Table S1). Interestingly, the samples of k-8274
under double inoculation (Rh+AM) strikingly differed from
all other samples, showing two clusters of Sym genes, the
expression level of which was either higher or lower as com-
pared to other samples (although several genes in the up-re-
gulated cluster had similar expression level in the samples
under mono-inoculation with rhizobia) (Fig. 2). The cluster
of down-regulated genes contains 15 genes that are normally
expressed during nodule development (which again reflects
the decreased nodule number in k-8274 plants under double
inoculation) and 2 genes (VPE, ANN1) involved in the in-
fection process in both Rh and AM symbioses (Table S1).
The cluster of 18 up-regulated genes includes the genes of the
common symbiotic signaling pathway (CSSP) (SymREM1,
HMGR1). Interestingly, the other genes belonging to CSSP
do not demonstrate altered expression, which suggests that
the early steps of both AM and nodule development are not
disturbed in k-8274.

The expression level of the genes related to the AON system
was also examined. Out of 13 genes tested, the expression level
of only one gene, NNC1, was increased in roots of k-8274
under double inoculation (Fig. 3) compared to control. The
NNC1 protein in soybean is a suppressor of the master tran-
scriptional regulator NIN (Wang L. et al., 2019), so it seems
that the observed down-regulation of Nin in k-8274 under
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double inoculation (Fig. 2) is also controlled via up-regulation
of NNC1, resulting in reduction of nodule formation.

Finally, the expression level of the PSGLP2 gene was tested,
which was recently identified as a transcriptional marker of
high symbiotic responsivity of k-8274 and its descendent
breeding line ‘“Triumph’ (Zorin et al., 2023). We detected the
trend of up-regulation of PsGLP2 in k-8274 under both mono-
and double inoculation, as compared to control, although this
change in expression level was not statistically significant
(Fig. S1). Ink-3358, the expression of PSGLP2 was not altered
under either single or double inoculation.

The suppression of nodulation in k-8274

is condition-dependent

We reanalyzed the raw data of nodule number from Zhukov
et al.,, 2017 by one-way ANOVA and confirmed that AM
significantly influenced the nodulation in k-8274 but not
k-3358 plants grown in a non-sterile soil (Table 5). However,
this result was not reproduced in a new experiment in other
experimental conditions (in sterile sand): both k-3358 and
k-8274 genotypes demonstrated a decrease in nodulation under
combined inoculation (rhizobia + AM fungi) as compared to
single inoculation with rhizobia, but the effect was not statisti-
cally significant (Table 6).
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In sand, AM treatment decreased the shoot dry weight of the
non-responsive genotype k-3358 and did not alter the shoot
dry weight of the responsive genotype k-8274, compared to
the untreated control (Table 7). One can suggest that in some
environments (sterile sand) mycorrhiza begins to harm an
ineffective genotype, but not an effective one; thus, the trait
of symbiotic responsiveness may manifest itself differently
in different experimental conditions.

Discussion

The trait of symbiotic responsivity, or EIBSM (Efficiency of
Interaction with Beneficial Soil Microorganisms), is a quan-
titative trait which is determined as an increase in seed biomass
due to inoculation with rhizobia and arbuscular mycorrhizal
fungi (Shtark et al., 2012). Apparently, the genetic control of
this trait is complex; therefore, preliminary works aimed at
molecular genetic characterization of plant genotypes with
different symbiotic responsivity are required. In pea, two
contrasting genotypes, the ‘responsive’ k-8274 and the ‘non-
responsive’ k-3358, are used as models to study different
aspects of manifestation of this trait. Previously, by proteomic
analysis of pea seeds, it was shown that the high responsiv-
ity to combined inoculation with rhizobia and AM fungi is
connected with prolongation of the seed filling period in the

Table 5. ANOVA results assessing the effect of arbuscular mycorrhiza on nodulation (non-sterile soil, data from Zhukov et al., 2017)

Genotype  Factor Impact Degrees of freedom ~ Mean square F value p-value
k-8274 Arbuscular mycorrhiza - 1 5280.7 20.114 0.000185
Residuals 22 262.5
k-3358 Arbuscular mycorrhiza + 1 600.25 2.7627 0.1159
Residuals 16 217.27
Note. Here and in Tables 6 and 7: the lmpact’ column indicates an increase (+) or decrease (-) in the mean value due to the estimated factor.
Table 6. ANOVA results assessing the effect of arbuscular mycorrhiza on nodulation (sterile sand)
Genotype  Factor Impact Degrees of freedom  Mean square F value p-value
k-8274 Arbuscular mycorrhiza - 1 22.702 0318 0.5778
Residuals 25 71.379
k-3358 Arbuscular mycorrhiza - 1 896.53 3.0379 0.09232
Residuals 28 295.12
Table 7. Two-way ANOVA results assessing effects of rhizobia and arbuscular mycorrhiza on shoot weight (sterile sand)
Genotype  Factor Impact Degrees of freedom  Mean square  F value p-value
k-8274 Rhizobia + 1 0.004 2377 0.1295
Arbuscular mycorrhiza + 1 0.000186 0.1103 0.7412
Rhizobia x Arbuscular mycorrhiza 1 0.000751 0.4464 0.5071
Residuals 50 0.001683
k-3358 Rhizobia + 1 0.01206 0.7278 0.397358
Arbuscular mycorrhiza - 1 0.1853 11.1826 0.001506
Rhizobia x Arbuscular mycorrhiza 1 0.007641 0.4611 0.499996
Residuals 54 0.01657
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‘responsive’ genotype (Mamontova et al., 2019). The results
of the present work expand the description of the responsivity
trait: it was demonstrated that the roots of the ‘responsive’
genotype showed a more pronounced reaction to inoculation at
the transcriptomic level than the roots of the ‘non-responsive’
one, and that the reaction of the ‘responsive’ genotype to
combined inoculation (rhizobia + AM fungi) involved down-
regulation of the nodule-related genes, which is in line with
the suppression of nodulation shown in the earlier experiments
(Zhukov et al., 2017).

Although the bulk transcriptome analysis of the entire root
system does not allow accurate assessment of gene expres-
sion (since the development of nodules and/or arbuscular
mycorrhiza may be regulated differently in different zones
of the roots), the effect of inoculation was clearly visible in
the ‘responsive’ genotype in contrast to the ‘non-responsive’
one. The list of genes with an elevated expression in the roots
of k-8274 (as compared to k-3358) under double inoculation
includes the genes encoding Lipid Transfer Protein (LTP)
family member, putative SOUL heme-binding protein,
MY B-like transcription factor, expansin, and metallothionein
protein (Table S2). Some of these genes are directly linked to
nodulation and/or mycorrhization: one of the members of the
LTP family in M. truncatula known as Nodulin 5 is required
for the successful symbiosis with Sinorhizobium meliloti (Pii
et al., 2009); expansins play a role in arbuscular mycorrhiza
formation (Mohanty et al., 2018); a member of metallothionein
family is involved in rhizobial infection and nodulation in
Phaseolus vulgaris (Fonseca-Garcia et al., 2022).

Interestingly, several DEGs obtained in this comparison
were also found within the previously published list of tran-
scriptomic signatures characteristic of roots of symbiotically
responsive pea genotypes grown in a non-sterile soil (Afo-
nin et al., 2021). It is important to note that the experiment
of Afonin and colleagues did not include either k-8274 or
k-3358, thus, the resulting intersection of the gene lists from
Afonin et al., 2021 and the present study may be considered
as a list of reliable transcriptomic markers of the EIBSM
trait (Table 4). These markers include the up-regulated genes
that encode the enzymes jasmonoyl-amino acid hydroxylase
and jasmonic acid oxidase, two different genes encoding
the abscisic acid receptor PYL4 (which is also involved in
jasmonic acid signaling; Lackman et al., 2011), and a benzyl
alcohol O-benzoyltransferase, which is involved in biosyn-
thesis of salicylic acid (Kotera et al., 2023). Salicylic acid
and jasmonates play a key role in plant defense and have a
strong influence on plants metabolism (Jeyasri et al., 2023;
Monte, 2023); thus, the manifestation of the EIBSM trait may
be based on the fine-tuning of defense reactions accompanied
by metabolic changes. Moreover, it can be hypothesized that
interaction with beneficial soil microorganisms may have a
positive effect on systemic resistance of k-8274 plants, and
this aspect of the EIBSM trait manifests itself in non-sterile
soil but not in sterile sand.

In k-8274, the double inoculation with nodule bacteria
and AM fungi led to down-regulation of the genes normally
expressed in nodules, which corresponds to the previously
described phenotype of plants (suppression of nodulation;
Zhukov et al., 2017) and perhaps reflects the optimization
of the nitrogen nutrition of the plants. Interestingly, the early
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symbiotic genes were not suppressed under double inocula-
tion, indicating that CSSP, which is common for both AM and
RN symbioses, functioned normally in these conditions. This
means that the down-regulation of RN symbiosis takes place
after the common signaling pathway, apparently, in order not
to block the development of both symbioses together. Prob-
ably, a similar block of the symbiosis development occurs
when pea interacts with non-specific rhizobia (this is the
case for Afghanistan peas, a group of varieties which can
form nodules only with a low number of specific strains, as
opposed to European peas, which are nodulated by a broad
spectrum of strains (Lie, 1984; Firmin et al., 1993)). In this
case, the phenotypic analysis suggests that the early steps of
symbiosis (encoded by CSSP genes) proceed normally, but
the penetration of rhizobia into the root hairs is blocked due
to absence of the signal transduction mediated by the receptor
kinase LykX (=Sym2) (Sulimaetal., 2017, 2019). It would be
interesting to assess the expression level of the PSNNC1 gene,
which was up-regulated in k-8274 under double inoculation,
in Afghanistan peas interacting with non-specific rhizobia, in
order to check whether it participates in signal transduction
during specific and non-specific interactions with rhizobia.

The nodulation suppression detected in k-8274 under double
inoculation is accompanied by a decrease in the expression
level of the PsSCLE12 and PSTML2 genes (Log,FC <-1.0, al-
though this decrease is not statistically significant, see Fig. 3).
Orthologs of these genes in M. truncatula act as negative
regulators of nodule development and are parts of the AON
(autoregulation of nodulation) system (Gautrat et al., 2019).
This observation is consistent with our previous suggestion
regarding the possible connection between the AON system
and symbiosis efficiency (Zhukov et al., 2021b).

The phenomenon of nodulation suppression was observed
in non-sterile soil (Zhukov et al., 2017), where plenty of
microorganisms occur, whereas in sterile sand, the decrease
in nodule number under double inoculation (Rh+AM) was
visible but non-significant for both studied genotypes. Also,
in sand, the inoculation with AM fungi had a negative effect
on the ‘non-responsive’ genotype k-3358 and was neutral
to the ‘responsive’ genotype k-8274. One can conclude that
the responsivity trait may be dependent on several environ-
mental factors such as temperature, humidity, the presence
of indigenous microorganisms in the growth substrate, etc.
Therefore, large-scale experiments are required to estimate the
percentage of genotype (G) effect on the manifestation of the
symbiotic responsivity trait in comparison to environment (E)
and genotype-environment (G x E) interaction.

Recently we showed that the plant’s habitus plays a role in
manifestation of the responsivity trait: pea genotypes bearing a
natural mutation le (p.A229T) in the Le gene encoding gibbe-
rellin 3-beta-dioxygenase (Martin et al., 1997) have shortened
internodes, lower biomass and are more responsive to double
inoculation (Rh+AM) than wild-type genotypes (Zhukov et
al., 2021a). One of the explanations for this phenomenon
was that smaller plants could react more quickly to change
in the nitrogen/phosphorous content in the roots and inhibit
formation of new symbiotic structures, since this reaction is
mediated by long-distance signaling involving CLE and CEP
peptides (Okamoto et al., 2016). Indeed, we showed that pea
genotypes with long stems had more AM in their roots than the
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genotypes with short stems (Zhukov et al., 2021a), and in the
present study, we found that the down-regulation of nodule-
related genes in non-sterile soil is characteristic of k-8274,
which has the le phenotype, as opposed to k-3358 with the Le
phenotype. Thus, the pleiotropic effect of the le mutation may
also include influence on the plants’ symbiotic responsivity,
probably due to quicker signaling, which leads to suppression
of formation of excessive symbiotic structures; however, fur-
ther experiments are required to prove this statement.

Conclusion

Due to the development of pea genomics, genome- and tran-
scriptome-wide analyses became available, making it possible
to uncover the molecular bases of the traits of interest, includ-
ing the symbiotic responsivity trait. Here, we described the
transcriptomic signatures characteristic of roots of the symbio-
tically responsive k-8274 genotype. The biological processes
associated with the functions of the identified genes include
lignin biosynthesis, cell wall biogenesis, and biosynthesis of
phosphatidylinositol. Also, the ‘responsive’ genotype k-8274
demonstrated the pronounced change in the gene expression
profiles in roots, as opposite to the ‘non-responsive’ genotype
k-3358, which reflects the observed differences in the effect
of inoculation with symbiotic microorganisms. Further work
should be devoted to the search for specific genes that affect
EIBSM, which will form the basis for marker-assisted selec-
tion of new pea cultivars with high effectiveness of interaction
with nodule bacteria and arbuscular mycorrhizal fungi.
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Correction of GenBank’s taxonomic entry error
raises a new issue regarding intergeneric relationships
among salangid fishes (Osmeriformes: Salangidae)
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Abstract. The GenBank database of publicly available nucleotide sequences is the largest genetic repository pro-
viding vitally important resources for downstream applications in biology and medicine. The concern raised about
reliability of GenBank data necessitates monitoring of possible taxonomic entry errors. A case of mitochondrial
genome (or mitogenome) misidentification for a salangid fish belonging to the genus Neosalanx (Osmeriformes,
Salangidae) is considered in this report. The GenBank database contains four complete mitogenome sequences
of N. taihuensis with the accession numbers JX524196, KP170510, MH348204, and MW291630. The overall mean
p-distance for these sequences is quite high (7.01 + 0.14 %) but becomes 29-fold lower (0.24 + 0.05 %) after exclud-
ing the MW291630 mitogenome. An analysis of all available nucleotide sequences of salangids has shown that the
observed inconsistency in the level of divergence between N. taihuensis mitogenomes is due to species misidenti-
fication. It has turned out that the mitogenome MW291630 available in GenBank does not belong to N. taihuensis,
but is, in fact, a mitogenome of N. jordani misidentified as N. taihuensis. The resolved taxonomic identity of the
MW291630 mitogenome, as well as an extended sample of species with investigated single-marker sequences, has
raised some new issues regarding intergeneric relationships in salangid fishes. In particular, the obtained data do
not support synonymization of the genus Neosalanx with Protosalanx, as was suggested in the last revision of the
salangid classification. As the comparative analysis of interspecific and intergeneric divergences shows, Protosalanx
is not an all-inclusive clade that includes all Neosalanx species. Instead, it consists of (at least) two evolutionary
distinct lineages with the level of genetic divergence between them matching well the mean value of divergence
between the other salangid genera. Further analysis using nuclear genome-wide data is required to have new in-
sights into the evolution of salangid fishes.
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Correction of GenBank’s entry error helps to clarify
intergeneric relationships among salangid fishes

AHHoOTauusA. leHeTnYeckas 6a3a AaHHbIX GenBank ABNAETCA KPYMHENLUUM FreHeTUYeCKM XpaHUauwem, npeso-
CTaBNAIOWMM XN3HEHHO BaXkHble pecypcbl Ans Mocnefylowero NpuMeHeHUs B 6ronorni 1 meguuvHe. Boicka-
3aHHaA 06eCcnoKOeHHOCTb HafexHOoCTbio GenBank obycnosnmBaeT HeOOXOAVMOCTb MOHUTOPUHIA BO3MOXHbIX
TaKCOHOMUYECKMX OWMOOK B 3anmnCAX 3TOW 6a3bl JaHHbIX. 34eCb Mbl COOOLLaeM O cilyyae oWnMO6OUYHON naeHTUdU-
KaLyn MUTOXOHAPUANbHOrO reHoMa (MM MUTOreHOMa) Y CanaHKCcoBoOW pblbbl, MpuHaanexallen K pogy Neosalanx
(Osmeriformes, Salangidae). basa gaHHbix GenBank cogep>ut yeTbipe NosHble NOCIeA0BaATENBHOCTY MUTOFEHOMA
N. taihuensis ¢ Homepamun goctyna JX524196, KP170510, MH348204 n MW291630. CpegHAas p-ancTaHUma mexay
3TMM NOCNeOBaTeNIbHOCTAMY JOBObHO Benuka (7.01 + 0.14 %), Ho cTaHOBUTCA B 29 pa3 MeHbLe (0.24 £ 0.05 %)
nocne ncknoyeHna mutoreHoma MW291630. AHanm3 Bcex JOCTYMHbIX HYKNeOTUAHbIX NOCefoBaTeNbHOCTEN Ca-
NaHrAa nokasasn, Yto HabnhaeMoe HeCOOTBETCTBUE B YPOBHE AMBEPreHunmn Mmexay mutoreHomamm N. taihuensis
06ycnoBneHo ownbouHON ngeHTndrKaumen sugos. Okasanocb, Yyto MutoreHom MW291630 He npuHagnexuT
N. taihuensis, a B peCTBUTENbHOCTY NpeacTaBnseT mutoreHom N. jordani, omM60YHO NAEHTUOULNPOBAHHDBIN Kak
N. taihuensis. YcTaHOBNeHHaA TaKCOHOMMYECKana MAEHTUYHOCTb MuToreHoma MW291630, a TakxKe pacluMpeHHas
BblIOOPKA BMAOB C MCCNEA0BaHHbBIMI MapKePHbIMU MOCe0BaTeNIbHOCTAMU BbIAABMV HEKOTOPbIE HOBbIE acMeKTbl
MEXPOLOBbIX OTHOLLUEHWIA Y CanaHKCOBbIX Pbl6. B YacTHOCTH, NONyUYeHHble AaHHbIE He NOATBEPXKAAIOT CUHOHUMU-
3auuio popa Neosalanx c Protosalanx, Kak 3T0O 6bI10 NPeASIOKEHO B MNOCNeAHEN PeBU3MM KnaccudrKaLmm canaH-
rng. Kak nokasbiBaeT HacToAwWMI aHanus, Protosalanx He aBnsAeTcs Knagow, BKNoyvatkowen Bce Buabl Neosalanx.
HanpoTuB, 3Ta Knaga CoCTOMT NO KpanHen mepe 13 ABYX SBOIIOLMOHHO Pa3HbIX JIMHUI, YPOBEHb reHeTUYeCKon
OVBEPreHUMN MeXay KOTOPbIMU COOTBETCTBYET MEXPOAOBbLIM 3HAUEHUAM AVBEPreHUUn Y canaHrug. Heobxoanm
[anbHEeNWNN aHaNIn3 C NCNOJIb30BAHNEM MOJHbIX AAEPHbIX TEHOMOB A5 BbIAICHEHWSA SBOIOLMMN CASTAHKCOBbIX PbiO.
KntoueBble cnosa: Neosalanx; Protosalanx; TakcOHOMMYeCKMe OWNOKIN NAEHTUGUKALMN; MUTOXOHAPVANbHbIE FreHO-

Mbl; Cth; MapKepHble nNocsieoBaTe/iIbHOCTU; reHeTuYeCKaa ansepreHuma

Introduction

The value and reliability of the GenBank database (Sayers et
al., 2023) depends on the accuracy of species identification
of biological samples, which is quite often not provided when
based solely on morphology with an insufficient number of
diagnostic characters. Species identification errors have been
increasingly referred to as a serious challenge limiting the util-
ity and reliability of public databases. In fact, for organisms
such as fungi, which are notoriously difficult to distinguish,
up to 20 % (Nilsson et al., 2006) or even 30 % (Hofstetter et
al., 2019) of DNA sequence records in GenBank may have
erroneous lineage designations. Multiple taxonomic misidenti-
fications were reported for nuclear genome-sequenced strains
of medically important lower eukaryotes (e. g., Houbraken et
al., 2021), for single-marker sequences of many fishes (e.g.,
Lietal., 2018), and for complete mitogenomes of many higher
eukaryotes, including bivalve mollusks (Salvi et al., 2021;
Cunha et al., 2022), ticks (Mohamed et al., 2022), insects
(OzZana et al., 2022; Kim et al., 2023), parasitic nematodes
(Nielsen et al., 2014), fishes (Cheng et al., 2012; Balakirev et
al., 2017, 2024; Oleinik et al., 2019; Sangster, Luksenburg,
2021a; Teske, 2021), amphibians (Mulder et al., 2016), reptiles
(Simonov et al., 2018), birds (Sangster, Luksenburg, 2021b),
and placental mammals (Botero-Castro et al., 2016).

A taxonomic misidentification causes discordance be-
tween the species name and the nucleotide sequence, thus,
compromising downstream inferences. Consequently, it is
urgently important to disclose such problematic sequences
and report them as fast as possible after their deposition in
GenBank in order to prevent propagation of incorrect biolo-
gical information among databases and subsequent publica-
tions (e.g., Balakirev et al., 2017, 2024; Sangster, Luksen-
burg, 2021b).

Here, we report a case of mitochondrial genome misiden-
tification for a salangid fish belonging to the genus Neosa-
lanx Wakiya, Takahashi, 1937 (Osmeriformes, Salangidae).
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Salangids are endemic to East Asia and inhabit a wide range
of marine, brackish-water, and freshwater habitats in China,
Vietnam, Korean Peninsula, Japan, and Russia (e. g., Roberts,
1984). These are small, neotenic fishes with early maturation,
relatively high fecundity, and a life span of about one year.
Species identification of salangid fishes remains a serious
challenge.

The taxonomy of salangids, based on morphological, eco-
logical, and genetic approaches, has been subject to various
revisions with multiple known synonyms (Fu et al., 2005,
2012; Zhang et al., 2007; Guo et al., 2011). In particular, it
was shown that N. taihuensis Chen, 1956, N. tangkahkeii (Wu,
1931), and N. pseudotaihuensis Zhang, 1987 are junior syno-
nyms of N. brevirostris (Pellegrin, 1923) (Zhang et al., 2007;
Guo et al., 2011). Hemisalanx Regan, 1908 was shown to be
a junior synonym of Salanx Cuvier, 1816 (Guo et al., 2011).
Somewhat close genetic relationships were also found (Zhang
et al., 2007) between Protosalanx chinensis (Basilewsky,
1855), N. anderssoni (Rendahl, 1923), N. argentea (Lin,
1932), and N. tangkahkeii. Based on the morphological cha-
racters, ecological preferences, and genetic data (mitochon-
drial CytB gene), Zhang et al. (2007) identified a group of
species within the genus Neosalanx, including N. reganius
Wakiya, Takahashi, 1937, N. jordani Wakiya, Takahashi,
1937, N. oligodontis Chen, 1956, and Neosalanx sp., which
they proposed to treat as a separate new undescribed genus
“Microsalanx”. Zhang et al. (2007) and Guo et al. (2011)
assumed that N. anderssoni may also belong to the genus
Protosalanx Regan, 1908. Using extensive morphological
analysis and also genetic markers such as mitochondrial (CytB)
and seven nuclear genes, Fu et al. (2012) suggested that the
genus Neosalanx should be considered a junior synonym of
Protosalanx. These authors also found a distant relationship
between Salangichthys ishikawae Wakiya, Takahashi, 1913
and S. microdon Bleeker, 1860, which proved that the two
species belong to different genera: Salangichthys Bleeker,
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1859 and the newly established Neosalangichthys Fu, Li,
Xia, Lei, 2012 including a single species, N. ishikawae. Fu
et al. (2012) found that the genera Leucosoma Gray, 1831
and Salanx differ significantly in genetic and morphological
diagnostic characters and are, therefore, not synonymous.

Yang et al. (2020) deposited a complete mitogenome of
the salangid N. taihuensis to GenBank under the accession
no. MW291630 (taxonomy ID NCBI:txid240825), providing
the forth mitogenome for this species in addition to the already
available ones: JX524196, KP170510, and MH348204. An
analysis of the new N. taihuensis MW291630 mitogenome in
comparison with all other available mitogenome sequences, as
well as the use of single-marker sequences of salangid fishes,
has shown that this mitogenome sequence does not belong
to N. taihuensis. We found that the specimen investigated by
Yang et al. (2020) was erroneously identified as N. taihuensis
and actually represents N. jordani. Therefore, the aim of the
present study was to document this GenBank entry error and
use the correctly identified MW291630 mitogenome, as well
as an extended sample of single-marker sequences, to clarify
some challenging issues regarding intergeneric relationships
among salangid fishes.

Materials and methods

Mitochondrial genomes and single-marker sequences.
A total of 13 complete mitogenome sequences from fishes of
the family Salangidae Bleeker, 1859 were accessed from the
Genetic Sequence Data Bank (the National Center for Biotech-
nology Information; NCBI-GenBank Flat File Release 260.0,
April 15, 2024). The outgroup species, including Plecoglossus
altivelis (Temminck, Schlegel, 1846) (family Plecoglossidae
Bleeker, 1859) and Retropinna retropinna (Richardson, 1848)
(family Retropinnidae Gill, 1862), were selected based on the
previous molecular evidence of their close relationship to the
family Salangidae (Fu et al., 2005; Zhang et al., 2007; Guo et
al., 2011) and on a screening of nucleotide sequences avail-
able in GenBank using the basic local alignment search tool
(BLAST) procedure (Altschul et al., 1990). Additionally, we
also analyzed 406 mitochondrial single-marker sequences, in-
cluding 12S rRNA, 16S rRNA, ND1, COl, and CytB published
in previous studies on salangids (see Supplementary Table S1
for accession numbers and references)?.

DNA sequence analysis. Previously, we described the DNA
sequence analysis in detail elsewhere (e.g., Balakirev et al.,
2017, 2020; Balakirev, 2022). The main steps are summarized
in brief below. The nucleotide sequences were aligned using
the software MUSCLE (Edgar, 2004). The programs DnaSP
v. 6 (Rozasetal.,2017) and MEGA v. 11 (Tamuraetal., 2021)
were used for intra- and interspecific analysis of polymorphism
and divergence based on uncorrected p-distance (Kartavtsev,
2011; Collins et al., 2012). Phylogenetic reconstructions
were inferred from an analysis of complete mitogenomes by
the maximum likelihood methods available in IQ-TREE v. 2
(Nguyen et al., 2015). The trees were constructed using com-
plete mitogenomes or mitochondrial single-marker sequences
only (12S rRNA, 16S rRNA, ND1, COl, and CytB). For all
reconstructions, the best-fit model of nucleotide substitution

T Supplementary Table S1 and Figs. $1-53 are available at:
https://doi.org/10.5281/zenodo.13455533
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was chosen with the Akaike Information Criterion and the
Bayesian Information Criterion in MEGA and IQ-TREE. The
ultrafast maximum likelihood bootstrap analysis (Hoang et
al., 2018) consisted of 10,000 replicates.

Results and discussion

Variability and divergence of salangid mitogenomes
Figure 1 displays a maximum likelihood tree of complete mi-
togenome sequences for the salangid species including re-
presentatives of the valid genera Salanx, Leucosoma, Salan-
gichthys, Protosalanx, and Neosalanx. The tree shows the
N. taihuensis (with synonyms) specimens present in two
significantly diverged clusters (Lineage 1 and Lineage 2;
Fig. 1) with the overall mean distance equal to 7.01£0.14 %.
The N. taihuensis mitogenome sequences from Lineage 1
(JX524196, KP170510, and MH348204) were very similar
to each other (with an average p-distance of 0.24+0.05 %),
thus, demonstrating a typical level of intraspecific nucleotide
diversity in fishes (e.g., Kartavtsev et al., 2016; Li et al.,
2018). Lineage 1, except for N. taihuensis, also included
P. chinensis and N. anderssoni. The overall mean distance
between the species from Lineage 1 (using a single randomly
picked sequence per species) was 7.70+0.17 % with pairwise
p-distances varying from 4.82+0.17 % between P. chinensis
and N. anderssoni to 9.21+0.22 % between P. chinensis and
N. taihuensis, which matched well the known interspecific
nucleotide diversity in fishes (e.g., Kartavtsev et al., 2016;
Lietal., 2018). Lineage 2 (Fig. 1) included the N. taihuensis
MW291630 mitogenome only, which demonstrated a high
level of divergence (14.08+0.27 %) with the representative
sequence of the N. taihuensis mitogenome from Lineage 1.
With the use of all mitogenomes for the species from Lineage 1
for comparison (P. chinensis, N. anderssoni, and N. taihuensis;
Fig. 1), the difference between Lineages 1 and 2 still remained
markedly higher (13.78£0.24 %) than the overall mean dis-
tance (7.70£0.17 %) estimated for Lineage 1.

We found the diagnostic 15-bp deletion that occurs within
the ND5 gene (at coordinates 79-93, Supplementary Fig. S2)
and the 1-bp and 2-bp diagnostic deletions that occur within
the non-coding (control) region (at coordinates 534, 963,
1051-1052, and 1071; Supplementary Fig. S3). These are
shared by the P. chinensis, N. anderssoni, and N. taihuensis
mitogenomes (Lineage 1) and distinguish them clearly from
the N. taihuensis MW291630 (Lineage 2) and the rest of the
salangid mitogenomes. The 15-bp deletion within the ND5
gene is the only sequence length variability detected for the
protein-coding genes in the mitogenomes of salangid fishes.
Taking into account the high phylogenetic informativeness
of gaps (e.g., Giribet, Wheeler, 1999), these diagnostic dele-
tions provide robust evidence for the close relationships of the
species belonging to Lineage 1 and their distinct difference
from Lineage 2.

To scale the value of full mitogenome divergence between
Lineages 1 and 2, we estimated the average level of divergence
based on the representative genera including Protosalanx,
Salanx, Leucosoma, and Salangichthys. To be conservative,
we excluded N. anderssoni and N. taihuensis (with synonyms)
in order to prevent underestimation of p-distance values due
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Retropinna retropinna AP004108

Fig. 1. Maximum likelihood tree inferred from an analysis of the complete mitochondrial genomes for fishes of

the family Salangidae.

The TIM2+F+1+G4 model was used to construct the tree. The numerals at the nodes are bootstrap probability (per-
centage) values based on 10,000 replicates (values lower than 75 % are omitted). The tree includes all salangid mito-
genomes available in GenBank except the three recombinant sequences of Protosalanx chinensis under the accession
nos. HM106494, MH330683, and KJ499917 (Balakirev, 2022). The synonymous species names N. taihuensis or N. tangkah-
keii were used for the originally published KP170510, MW291630, JX524196, and MH348204 mitogenomes. To avoid any
confusion, we leave the names as they were originally assigned for the salangid species considered in this paper.

Table 1. Pairwise p-distances between salangid genera based on complete mitogenomes

Genus Salanx Leucosoma
Salanx 0.0026
Leucosoma 0.1251

Salangichthys 0.1342 0.1461
Protosalanx 0.1507 0.1704

Salangichthys Protosalanx
0.0026 0.0028
0.0027 0.0029

0.0029
0.1658

Note. The salangid genera Salanx, Leucosoma, Salangichthys, and Protosalanx are represented by the following species: Salanx ariakensis Kishinouye, 1902
(AP006231), Leucosoma chinensis (Osbeck, 1765) (MW131880), Salangichthys microdon (AP004109), and Protosalanx chinensis (KP306787). The p-distances are
below the diagonal line. The standard errors, obtained with 10,000 bootstrap replications, are above the diagonal line.

to possible congeneric relationships of these species (Zhang et
al., 2007; Guo etal., 2011). We also excluded the MW291630
mitogenome sequence with uncertain identity. The obtained
overall mean p-distance for all available genera of salangid
fishes was 14.87+0.21 % with pairwise p-distances vary-
ing from 12.51+0.26 % between Leucosoma and Salanx to
17.04+0.29 % between Leucosoma and Protosalanx (Table 1),
which was close to the value of divergence between Lineages 1
and 2 (13.78+0.24 %).

It is worth noting that in pairwise comparisons the diver-
gence between Lineages 1 and 2 (13.78+0.24 %) was not
markedly different from the divergence between Leucosoma
and Salangichthys, or was even slightly higher than the diver-
gence between Leucosoma and Salanx, as well as between
Salangichthys and Salanx (Table 1). Thus, the pairwise com-
parisons showed that the mitogenome divergence between
Lineage 1 and Lineage 2 matched well the intergeneric level
of divergence in salangid fishes. The interlineage distance

matched also the average value of divergence between differ-
ent genera reported for the single-marker sequences or com-
plete mitogenomes in other groups of fishes (e. g., Kartavtsev
et al., 2016; Li et al., 2018; Balakirev et al., 2020).

Identification of the MW291630 mitogenome

According to a taxonomic hypothesis based on genetic data,
N. taihuensis, N. tangkahkeii, N. pseudotaihuensis, and
N. brevirostris are synonyms (Zhang et al., 2007; Guo et al.,
2011). Consequently, the genus Neosalanx is represented in
GenBank by only two species, N. taihuensis (with synonyms)
and N. anderssoni (HM106492; Supplementary Table S1),
which makes the identification of the problematic complete
mitogenome MW291630 impossible. However, the GenBank
database contains at least five more Neosalanx species, re-
presenting the full taxonomic diversity known for the genus
Neosalanx, that were investigated using mitochondrial single-
marker sequences: N. argentea, N. jordani, N. oligodontis,
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Fig. 2. Maximum likelihood tree for the members of the family Salangidae based on the CytB gene sequences.

The Tamura-Nei + gamma (TN93+G) model was used to infer the tree. The N. jordani CytB sequences are represented by three
datasets investigated by Fu et al. (2012) (HQ915932 and HQ915936), Zhang et al. (2007) (DQ191082), and Zhao et al. (2010)
(EU656114 and EU656132). The N. taihuensis MW291630 mitogenome is highlighted in bold. For tree reconstruction, we used
only some representative samples from larger datasets (a full list of the CytB sequences is provided in Supplementary Table S1).

For other comments, see Figure 1.

N. reganius, and Neosalanx sp. (the names of the species are
listed as they were identified by the authors who submitted the
respective nucleotide sequences to GenBank). The nucleotide
sequences obtained for these species can be used to resolve the
observed inconsistency detected for the N. taihuensis complete
mitogenomes and to identify the taxonomically problematic
MW291630 mitogenome.

We analyzed the GenBank mitochondrial single-marker
sequences that are most frequently used in taxonomic and
phylogenetic reconstructions of salangid fishes, including
12S rRNA, 16S rRNA, ND1, COl, and CytB. A preliminary
analysis revealed that among the single-marker sequences,
only CytB demonstrated noticeable divergence values. The
other markers provided much lower resolution but were still
not contradictory to the CytB data (see, e.g., the maximum
likelihood tree based on the COIl gene; Supplementary
Fig. S1). Consequently, further analysis was based on the
CytB gene only.

Figure 2 illustrates the maximum likelihood tree based on
the CytB gene for N. taihuensis and other members of the
family Salangidae representing almost the entire taxonomic
diversity of the genus Neosalanx. There were two significantly
different clusters that included the species name N. taihuensis.
These clusters corresponded to Lineages 1 and 2 identified
on the basis of mitogenome sequences (Fig. 1). The overall
mean p-distance for Lineage 1 was 9.13+0.66 % using a
single randomly picked sequence per species (with pairwise
p-distances varying from 3.33+0.54 % between N. taihuen-
sis and N. argentea to 12.09+0.99 % between N. taihuensis
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and N. anderssoni). Lineage 1 included P. chinensis and part
of the Neosalanx species (N. anderssoni, N. taihuensis, and
N. argentea) that Fu et al. (2012) had combined with other
Neosalanx species and synonymized with the genus Pro-
tosalanx (see Introduction). The second cluster contained
N. oligodontis, N. reganius, N. jordani, Neosalanx sp., and
the CytB portion of the MW291630 mitogenome with an
overall mean p-distance of 4.69+0.45 % and pairwise p-dis-
tances varying from 2.10+0.43 % between N. oligodontis
and N. reganius to 7.01+0.76 % between N. reganius and
Neosalanx sp. This cluster included a group of species that
were placed in the genus “Microsalanx” erected by Zhang et al.
(2007). The mean p-distance between the clusters (Lineage 1
and Lineage 2, Fig. 2) was 19.03+1.06 % with a single ran-
domly picked sequence per species or 18.97 +1.09 % with all
146 sequences available for Lineages 1 and 2 (Supplementary
Table S1). This value fit well into the range of intergeneric
divergences of fishes (e. g., Kartavtsev et al., 2016; Li et al.,
2018; Balakirev et al., 2020).

An analysis of pairwise p-distances showed a surprisingly
high level of sequence divergence (18.89+1.16 %) (Table 2)
between the GenBank CytB sequences of N. taihuensis,
including 70 isolates obtained from different localities by
various authors (Zhang et al., 2007; Zhao et al., 2008; see
also Supplementary Table S1) with low intraspecific variabil-
ity (0.44+0.09 %), and the respective CytB portion of the
MW291630 mitogenome. The result was consistent with the
data obtained for the complete mitogenomes (see above),
which showed a substantial difference between the MW291630
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Table 2. Pairwise p-distances between the CytB sequences for Neosalanx species

1 2 3 4

1 0.0003 0.0041 0.0044
2 0.0012 0.0040 0.0044
3 0.0189 0.0196 0.0042
4 0.0219 0.0229 0.0198

5 0.0657 0.0666 0.0686 0.0701
6 0.1889 0.1890 0.1837 0.1853
7 0.1906 0.1909 0.1855 0.1836
8 0.2004 0.2003 0.1964 0.1986

5 6 7 8
0.0075 0.0116 0.0119 0.0120
0.0075 0.0115 0.0119 0.0120
0.0078 0.0114 0.0117 0.0119
0.0077 0.0115 0.0117 0.0120

0.0112 0.0114 0.0115
0.1848 0.0052 0.0099
0.1862 0.0332 0.0097
0.1841 0.1215 0.1172

Note. All available CytB sequences for each included species were used for this analysis (the number of sequences is in parentheses). 1: MW291630 (1); 2: N. jor-
dani (25); 3: N. oligodontis (7); 4: N. reganius (1); 5: Neosalanx sp. (1); 6: N. taihuensis (70); 7: N. argentea (2); and 8: N. anderssoni (10). For other comments, see Table 1

and Figure 2.

mitogenome and the other N. taihuensis (with synonyms) mi-
togenomes, JX524196, KP170510, and MH348204, available
in GenBank.

The CytB portion of the N. taihuensis MW291630 mitoge-
nome demonstrated very close affinity to the N. jordani single-
marker sequences obtained from different localities by various
authors (25 isolates; Zhang et al., 2007; Zhao et al., 2010; Fu
et al., 2012) with low intraspecific variability (0.2440.05 %;
see also Fig. 2). The p-distance between the CytB gene of the
MW291630 mitogenome and the GenBank CytB sequences
of N. jordani was surprisingly low (0.12+0.03 %; Table 2);
it fit well into the range of intraspecific variability in fishes
(e.g., Kartavtsev et al., 2016; Li et al., 2018). The maximum
likelihood tree based on the COI gene showed a similar topo-
logy (Supplementary Fig. S1).

Three species, N. oligodontis, N. reganius, and Neosa-
lanx sp., demonstrated more pronounced differences from the
MW291630 mitogenome than N. jordani (Table 2, Fig. 2).
Zhang et al. (2007) suggested that N. reganius and N. oligo-
dontis could be considered as subspecies of N. jordani. Indeed,
N. jordani, N. oligodontis, N. reganius, Neosalanx sp., and
the CytB portion of the MW291630 mitogenome were all in
the same cluster (Fig. 2) with an overall mean p-distance of
4.69%0.45 %, which suggested close relationships for these
salangid species.

Thus, the single-marker sequences clearly showed that the
GenBank accession no. MW291630 represents the mitoge-
nome of N. jordani mistaken for N. taihuensis. The observed

inconsistency in the level of divergence between the N. tai-
huensis mitogenomes (see above) is due to incorrect species
identification. The CytB analysis of within- and between
lineage variability confirmed the data obtained with complete
mitogenomes.

MtDNA data indicates a generic level of divergence
between Lineage 1 and Lineage 2

The close relationships between N. jordani, N. oligodontis,
N. reganius, and Neosalanx sp. had been reported previously,
as well as the significant difference of this group from other
Neosalanx and Protosalanx species including N. taihuensis,
N. argentea, N. anderssoni, and P. chinensis (Fig. 2, Table 2)
(Zhang et al., 2007; Guo et al., 2011). Based on integrative
data, Zhang et al. (2007) erected the genus “Microsalanx”
(see Introduction). The results of the present analysis do not
contradict this hypothesis. Both the complete mitogenomes
(Fig. 1) and the single-marker sequences (Fig. 2) clearly
demonstrated two significantly diverged clusters (Lineage 1
and Lineage 2). The interlineage divergence based on the CytB
gene was high (18.97+1.09 %). It was significantly higher
than the average divergences within each of the lineages: the
overall mean distances for Lineage 1 and Lineage 2 separately
were 9.13+0.66 and 4.69£0.45 %, respectively.

To evaluate the scale of divergence between Lineages 1
and 2, we estimated the average level of divergence based on
the CytB gene for the salangid genera available in GenBank
including Protosalanx, Salanx, Leucosoma, Neosalangichthys,

Table 3. Pairwise p-distances between salangid genera based on the CytB gene

Genus Protosalanx Salanx
Protosalanx 0.0118
Salanx 0.1876

Leucosoma 0.2068 0.1174
Neosalangichthys 0.2077 0.1472
Salangichthys 0.2147 0.1490

Leucosoma Neosalangichthys Salangichthys

0.0123 0.0124 0.0125

0.0093 0.0106 0.0108
0.0103 0.0113

0.1411 0.0109

0.1648 0.1613

Note. The salangid genera Protosalanx, Salanx, Leucosoma, Neosalangichthys, and Salangichthys are represented by the following species: Protosalanx chinen-
sis (KP306787), Salanx ariakensis (AP006231), Leucosoma chinensis (MW131880), Neosalangichthys ishikawae (Wakiya, Takahashi, 1913) (DQ191127), and Salan-

gichthys microdon (AP004109). For other comments, see Table 1.
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and Salangichthys (Table 3). The obtained overall mean
p-distance was 16.98 +0.78 % (with pairwise p-distances va-
rying from 11.74+0.93 % between Leucosoma and Salanx to
21.47+1.25 % between and Protosalanx and Salangichthys;
Table 3), which was close to the value of divergence between
Lineages 1 and 2 (18.97+1.09 %) based on the multiple
CytB gene sequences (see above). The divergence between
Lineages 1 and 2 (18.97+1.09 %) was not markedly differ-
ent from that between Protosalanx and Salanx or it was even
higher than the p-distances in pairwise comparisons of Leuco-
soma vs. Salanx, Neosalangihthys, and Salangichthys; Salanx
vs. Neosalangihthys and Salangichthys; and Neosalangihthys
vs. Salangichthys (Table 3).

Thus, an analysis of the multiple CytB sequences encom-
passing the full diversity of salangid fishes showed a high
level of divergence between Lineage 1 and Lineage 2
(18.97+1.09 %), which fit into the range of intergeneric dis-
tances reported for salangids (see above) and other fishes (see
the references above). Lineage 1 included a group of species
(P. chinensis, N. anderssoni, N. taihuensis, and N. argentea;
Fig. 2) comprising a part of the reorganized genus Protosalanx
(Fu et al., 2012). The group of species from Lineage 1 was
previously divided in two sub-groups (“primitive lineages”)
(Zhang et al., 2007; Guo et al., 2011). Indeed, the pairwise
p-distances for Lineage 1 varied within a relatively wide
range from 3.32+0.52 % between N. taihuensis and N. ar-
gentea to 12.15+0.99 % between N. taihuensis and N. an-
derssoni (Table 2). However, the overall mean sub-group
divergence (P. chinensis + N. anderssoni vs. N. taihuensis +
N. argentea) within Lineage 1 was still markedly lower
(11.42+0.87 %) than the divergence between Lineages 1
and 2 (18.97+£1.09 %). Thus, unlike Zhang et al. (2007)
and Guo et al. (2011), we did not find sufficient grounds to
split Lineage 1 into two sub-groups and consider it a single
evolutionary lineage representing the genus Protosalanx.
This conclusion was supported by the diagnostic deletions
detected within the ND5 gene and the control region in the
salangids” mitogenomes (see the “Variability and divergence
of salangid mitogenomes” section above). Nevertheless, the
relationships between the “primitive lineages” P. chinensis +
N. anderssoni and N. taihuensis + N. argentea need to be
further clarified using a more representative array of genetic
markers (see below).

Lineage 2 contained a group of species (N. oligodontis,
N. reganius, N. jordani, and Neosalanx sp.) placed in the ge-
nus “Microsalanx” by Zhang et al. (2007). This subdivision
was reasonable (see Introduction) to distinguish this group
of species from the rest of the Neosalanx species. However,
the transfer of N. taihuensis (with synonyms), N. anderssoni,
and N. argentea to the genus Protosalanx, as suggested earlier
(Zhang et al., 2007; Guo et al., 2011; Fu et al., 2012) and
supported by our data (Figs. 1 and 2, Tables 1 and 2), gives
reason to abolish the genus name “Microsalanx” (at least
until the generic heterogeneity is proven for Lineage 1; see
above). Consequently, the original genus name Neosalanx
is appropriate for the salangid species N. oligodontis, N. re-
ganius, N. jordani, and Neosalanx sp. comprising Lineage 2
(Figs. 1 and 2).

Thus, in contrast to Fu et al. (2012), our analysis based on
complete mitogenomes and mtDNA single-marker sequences,
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as well as the analysis of Zhang et al. (2007) based on mor-
phological, ecological, and genetic data, did not support the
synonymization of all Neosalanx species with Protosalanx.
The data clearly show two substantially diverged evolution-
ary lineages (Figs. 1 and 2): (1) P. chinensis, N. anderssoni,
N. taihuensis (with synonyms), and N. argentea represent-
ing the genus Protosalanx and (2) N. oligodontis, N. rega-
nius, N. jordani, and Neosalanx sp. representing the genus
Neosalanx.

For phylogenetic analysis of salangid fishes, Fu et al.
(2012) used a concatenated multigene dataset including the
mitochondrial CytB gene and seven nuclear sequences (28S
rRNA, RAG1, zicl, ENC1, RNF213, glyt, and SH3PX3). As a
result (among others), these authors (Fu et al., 2012, p. 853)
discovered that “all species from the ‘Neosalanx—Protosalanx’
complex belong to a same genus” and considered Neosalanx
as a junior synonym of Protosalanx.

Compared to mtDNA markers and complete mitogenomes,
the nuclear markers (28S rRNA, RAG1, zicl, ENC1, RNF213,
glyt, and SH3PX3), mostly used by Fu et al. (2012), demon-
strated a much lower divergence between the salangid genera.
For the genera Protosalanx (except Neosalanx), Salanx, Leu-
cosoma, Neosalangichthys, and Salangichthys, the values of
the overall mean distance for the nuclear markers were low
and varied in a narrow range (from 1.98+0.36 % for zicl to
3.56+0.54 % for RAG1). The low divergence of the nuclear
markers can be explained by the fact that they mostly represent
highly conserved sequences developed for analyzing deep
phylogenetic relationships on a scale of dozens to hundreds of
millions of years, e. g., to infer phylogenetic relationships of all
bony fishes, which requires analysis of genomic regions with
slow rates of evolution (e. g., Betancur-R et al., 2017). These
markers might be not sensitive enough for salangid fishes
that experienced most speciation events around 1.1-9.9 Ma
(Zhang et al., 2007). As a consequence, we suggest that the
phylogenetic signal of CytB, also used by Fu et al. (2012),
was significantly “diluted” by the effect of strongly conserved
nuclear sequences. Indeed, the overall mean p-distance be-
tween the genera Protosalanx (except Neosalanx), Salanx,
Leucosoma, Neosalangichthys, and Salangichthys was equal
to 16.98+0.78 % based on the CytB gene only (see above).
However, it decreased significantly, to 2.72+0.17 %, when
the nuclear multigene dataset of Fu et al. (2012) was used.

Although the suggested relationships in salangid fishes
seem robust, we expect them to be modified, possibly, as new
genetic data become available. In particular, the mitochondrial
sequences have revealed a relatively high level of divergence
between two sub-groups within the genus Protosalanx (P. chi-
nensis + N. anderssoni and N. taihuensis + N. argentea; Fig. 2)
(see also Zhang et al., 2007; Guo et al., 2011), which may in-
dicate a supra-species taxonomical range. Consequently, more
nuclear genome-wide data are necessary to further address this
and other issues concerning the taxonomic composition and
the evolutionary relationships among salangid fishes.

Conclusion

Misidentified nucleotide sequences, including complete mi-
togenomes, are becoming increasingly frequent in GenBank,
which leads to an explosive spread of incorrect biological
information in subsequent scientific publications over time.
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The misidentified N. taihuensis MW291630 mitogenome
has been revealed in our study. We argue that the GenBank
accession no. MW291630 actually represents the mitogenome
of N. jordani mistaken for N. taihuensis. Thus, GenBank
users should be aware of the above-described entry error to
avoid conflicting results in their downstream evolutionary and
comparative genomic studies.

The data obtained have raised a new issue regarding in-
tergeneric relationships among salangid fishes. In contrast to
the study by Fu et al. (2012), our data from the comparative
analyses of interspecific and intergeneric divergences do not
support the synonymization of the genus Neosalanx with
Protosalanx and oppose the suggestion to consider Neosalanx
as a junior synonym of Protosalanx. Genome-wide studies
are needed to further clarify the evolutionary relationships
of salangid fishes.

The introduction and spread of misidentified nucleotide se-
quences in genetic databases, which compromises downstream
applications, is unlikely to be completely curbed. However,
some appropriate steps can be undertaken (see, e. g., Balakirev
etal., 2017, 2024; Sangster, Luksenburg, 2021b) to minimize
their massive accumulation and subsequent propagation in
scientific publications, thereby increasing the reliability of
findings reported in them.
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Taxonomic diversity of microbial communities in the cold sulfur
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Abstract. The environmental conditions of cold sulfur springs favor the growth and development of abundant and
diverse microbial communities with many unique sulfur cycle bacteria. In this work, the taxonomic diversity of micro-
bial communities of three different biotopes (microbial mat, bottom sediment, and water) in the cold sulfur spring
Bezymyanny located on the shore of Lake Baikal (Pribaikalsky district, Republic of Buryatia) was studied using high-
throughput sequencing of the 16S rRNA gene. By sequencing the microbial mat, bottom sediment, and water samples,
76,972 sequences assigned to 1,714 ASVs (ASV, amplicon sequence variant) were obtained. Analysis of the ASV distribu-
tion by biotopes revealed a high percentage (66-93 %) of uniqueness in the three communities studied. An estimate of
the alpha diversity index showed that bottom sediment community had higher indices, while microbial mat commu-
nity was characterized by a lowest diversity. Bacteria of the phyla Pseudomonadota, Bacteroidota, Campylobacterota,
Actinomycetota, Desulfobacterota dominated in different proportions in the studied communities. The features of the
community structure of the studied biotopes were established. The microbial mat community was represented mainly
by Thiothrix (43.2 %). The bottom sediment community was based on Sulfurovum (11.2 %) and co-dominated by unclas-
sified taxa (3.2-1 %). Sequences assigned to the genera Novosphingobium, Nocardioides, Legionella, Brevundimonas,
Sphingomonas, Bacillus, Mycobacterium, Sphingopyxis, Bradyrhizobium and Thiomicrorhabdus were found only in the
water microbial community. Sulfur-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) were identified in all the
communities studied, which indicates the ongoing processes of the sulfur cycle in the Bezymyanny spring ecosystem. It
should be noted that sequences of unclassified and uncultivated sulfur cycle bacteria were present in all communities
and a significant proportion of sequences (20.3-53.9 %) were not classified.

Key words: cold sulfur spring; microbial community diversity; microbial mat; bottom sediment; water; sulfur-oxidizing
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TakCcOHOMMUYECKOe pa3sHOoOOpasye MUKPOOHBIX COOOIIECTB
XOJIOIHOI'O CEPOBOJOPOIHOIO ICTOYHMIKA Be3bIMSIHHBII
(ITpubaiikajabCKuii paoH, Pecriybinka BypsiTiis)
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AHHOTaLMA. JKONOrMYecKme yCIoBUA XONOAHbIX CePOCOePKaLLNX NCTOYHUKOB 61aronpuATCTBYIOT POCTY U Pa3BUTUIO
60raTbiXx MMKPOOHbIX COOBLLECTB CO MHOXKECTBOM YHMKabHbIX 6aKkTepuii LmKna cepbl. B HacToAwel paboTe ¢ ncnonb3o-
BaHVIEM BbICOKOMPOW3BOANTENIbHOTO CeKBeHMPOBaHA reHa 16S pPHK 6bin10 13yyeHO TakCOHOMMYecKoe pa3Hoobpasme
MUKPOOHBIX COOOLLECTB TPEX pPa3fnyHbIX GUOTOMNOB (MUKPOOHBIV MaT, AOHHbI OCAAOK 1 BOLA) B XONOAHOM CEPOBOAO-
POLHOM NCTOUHKKE Be3bIMAHHBIN, pacnonoxeHHOM Ha nobepexbe o3epa balkan (Mpubalkanbckuii paioH, Pecny6nu-
Ka BypaTua). B pesynbrate cekBeHUPOBaHUA NPO6 MUKPOOHOrO MaTa, AOHHOIO OCajKa 1 BOAbl NofyyeHo 76 972 nocne-
[10BaTeNIbHOCTY, OTHeCceHHbIX K 1714 ASV (amplicon sequence variant — BapuaHTbl NocieaoBaTeNbHOCTEN aMMIMKOHOB).
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Pa3Hoobpa3sre MUKPOOHbIX COOOLLECTB CEPOBOLOPOAHOIO
NcTouHMKa besbimaAHHbIN (Pecnybnvka BypaTus)

AHanus pacnpegenerua ASV no 6notonam BbIABMM BbICOKMI NOKa3aTenb (66—93 %) yHUKanbHOCTU TpexX NCcneayeMbix
coobulects. OueHKa nHaekca anbda-pasHoobpasna Nokasana, Yto coobLecTBO JOHHOMO 0cafka UMeno 6ornee BbICO-
Kne MHAEKCb, CoobLecTBO MUKPOOGHOrO MaTa OT/IMYANOCh HaMMeHbLUUM pa3Hoobpasvem. B nccnepyembix cooblue-
CTBax B pa3HbIx Nponopumax oMmHupoBanu 6aktepumn ¢unymos Pseudomonadota, Bacteroidota, Campylobacterota,
Actinomycetota, Desulfobacterota. YctaHoBeHbl 0COGEHHOCTM CTPYKTYpPbl COO6LLeCTB nccneayembix 6uotonos. Coob-
LEeCTBO MUKPOBHOro MaTa Oblno NpefcTaBieHo NpenMyLLecTBeHHO 6akTepuamMmn poaa Thiothrix (43.2 %). B coobecTtse
[OHHOrO ocafika OCHOBY cocTaBnany 6aktepumn popa Sulfurovum (11.2 %), COGOMUHMPOBANM Heknaccuduympyemble
TaKcoHbI (3.2-1 %). MMKpobHOe coobLLEeCTBO BOAbI XapaKTepr30Banocb NPUCYTCTBUEM NOCIef0oBaTeNbHOCTEN, OOHa-
pYy>KeHHbIX ToNbKO B Boge. [laHHble nocnefaoBaTenbHOCTY Obinv oTHeceHbl K pogam Novosphingobium, Nocardioides,
Legionella, Brevundimonas, Sphingomonas, Bacillus, Mycobacterium, Sphingopyxis, Bradyrhizobium v Thiomicrorhabdus.
Bo Bcex m3yuaembix coobujectBax 6binm naeHTMdNLMpPOBaHbI cepookucnsaiowme bakrepum (SOB) n cepoBoccTaHaBs-
nusatowwme 6aktepuu (SRB), UTo CBMAETENbCTBYET O MPOTEKALMX NMpoLeccax LyKna cepbl B SKOCUCTEME UCTOUYHMKA
Be3biMAHHbBIN. HeobX0ANMO OTMETUTb, YTO BO BCeX COObLecTBax NPUCYTCTBOBaNM MOCIeA0BaTENbHOCTM HeKnaccu-
GULMPOBAHHBIX U HEKYNBTUBUPYEMbIX GaKTepuil LKA cepbl, U B LIESIOM 3HaUUTENbHYIO JONI0 NociefoBaTeNbHOCTEN
(20.3-53.9 %) He yganocb KnaccnouumpoBsatb.

KnioueBble cnoBa: XONOAHBIN CEPOBOAOPOLHbIN NCTOYHUK; Pa3HOO6pa3ne MUKPOOHbIX COOOLLEeCTB; MUKPOOHbBIN MaT;

[IOHHbIN 0CafoK; BOA3; cepookucnanwmne 6aKTep|/|m; CyJ'lb(baTBOCCTaHaBHVIBaIOLLlVIe 6aKTepVIVI

Introduction

The Baikal region has a large area of natural water bodies,
among which a significant part is represented by numer-
ous vents of mineral springs. On the territory of Buryatia
there are almost all known types of mineral waters, which
are formed in the hypergenesis zone of rock (Borisenko,
Zamana, 1978; Namsaraev et al., 2005). Sulfur springs are
enriched with hydrogen sulfide as a result of biochemical
sulfate reduction coming with mineral water or mineral
suspension containing sulfates in exchange and bound state
(Borisenko, Zamana, 1978; Kononov, 1983).

The environmental conditions of cold sulfur springs
favor the growth and development of abundant and diverse
microbial communities with many unique sulfur cycle bac-
teria (Douglas S., Douglas D., 2001; Rudolph et al., 2004,
Chaudhary et al., 2009; Headd, Engel, 2014; Hahn et al.,
2022). Cold springs are characterized by a slow change of
parameters such as pH, temperature, dissolved gases and
other factors and are more stable for bacterial life compared
to other environments (Nosalova et al., 2023c).

Previous studies in cold sulfur springs, using culturable
and non-culturable approaches, have mainly focused on the
composition and community structure of microbial mats
(Douglas S., Douglas D., 2001; Chaudhary et al., 2009; Klatt
et al., 2016; Sapers et al., 2017; Nosalova et al., 2023b).
Microscopy study in microbial mats from the cold sulfur
spring Ancaster (Ontario, Canada) showed the development
of all major groups of sulfide-oxidizing bacteria, purple,
green, cyanobacteria and colorless sulfur-oxidizing bacteria
(Douglas D., Douglas S., 2001). Using 16S rRNA gene se-
quencing, a clear dominance of phyla Pseudomonadota and
Campylobacterota was shown in microbial mats of Slovak
cold sulfur springs, and genera Thiothrix and Sulfurovum
were identified as the core microbiota of microbial mats
(Nosalova et al., 2023b).

In the present work, the taxonomic diversity of microbial
communities of microbial mat, bottom sediment, and wa-
ter in the cold sulfur spring Bezymyanny, located on the
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coast of Lake Baikal, was studied for the first time using
high-throughput sequencing of the 16S rRNA gene. The
aim of the study was to determine the bacterial composi-
tion of microbial communities in different biotopes of the
Bezymyanny spring (Pribaikalsky district, Republic of
Buryatia).

Materials and methods

The Bezymyanny sulfur spring is located in the forest
area close to the coastline of Lake Baikal and is situated
at an altitude of 638 m above sea level (53°02'48.95" N,
108°19'57.68" E) (Fig. 1). The water of the mineral spring
seeps through a 25-30 cm thick layer of loose sediments to
form a stream. In the stream, microbial mats were found on
the surface of the bottom sediments.

Microbial mat, bottom sediment and water samples were
collected in October, 2023. Water samples for chemical
analysis were collected from the mineral spring vent and
the outflow stream, into clean polyethylene and sterile glass
bottles. Microbial mat, bottom sediment and water samples
for microbiological studies were collected into sterile 50 ml
Falcon tubes.

At the sampling sites, pH and temperature were mea-
sured with a portable pH-meter with a sensor thermometer
pH-200 HM Digital (South Korea). Total salinity was mea-
sured with a COM-100 conductometer. A portable redox
potential meter ORP (Portugal) was used to determine redox
potential. The concentration of carbonates and hydrocar-
bonates in the analyzed waters was determined in the field
environment at the moment of sampling by titration with
0.1 N HCI in the presence of phenolphthalein and methyl
orange indicators. Total hardness, calcium and magnesium
ions, chloride ions were determined by titrimetric method.
Concentrations of ammonium ions, nitrite, nitrate, phos-
phate, sulfate and fluoride ions, silicic acid were determined
by spectrophotometric method. A single beam spectro-
photometer CECIL 1000 (UK) was used for analysis; ion
concentrations were calculated by regression equations. The
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Fig. 1. Map-scheme of Bezymyanny spring location (a), Bezymyanny spring photo (b),

spring microbial mat photo (c).

content of hydrogen sulfide and sulfides was determined by
calorimetric method with the addition of iron-ammonium
alum at 670 nm. Sulfites and thiosulfates were determined
by reverse iodometric titration (Fomin, 2000).

In accordance with the manufacturer’s instructions, a
reagent kit (MACHEREY-NAGEL NucleoSpin Soil) from
MACHEREY-NAGEL (Duren, Germany) was used to iso-
late DNA from microbial mat, sediment and water samples.

Purified DNA preparations were used to create libraries of
16S rRNA gene fragments by PCR using universal primers
for V4 variable region: F515/R806 (GTGCCAGCMGCCG
GCGGTAA/GGACTACVSGGGTATCTAAT) (Bates et al.,
2011), with attached adapters and unique Illumina barcodes.
PCR was carried out in 15 pL of reaction mixture containing
0.5—1 unit of activity of Q5 High-Fidelity DNA Polymerase
(NEB, Ipswich, MA, USA), 5 pM each of forward and
reverse primers, 10 ng of DNA matrix and 2 nM of each
dNTP (LifeTechnologies, Carlsbad, CA, USA). The mixture
was denatured at 94 °C for 1 min, followed by 35 cycles of
94 °C for 30 s, 50 °C for 30 s and 72 °C for 30 s. The final
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elongation was carried out at 72 °C for 3 min. PCR products
were purified according to the method recommended by
[llumina using AMPureXP magnetic particles (Beckman-
Coulter, Brea, CA, USA).

Library preparation and sequencing were carried out in
accordance with the manufacturer’s recommendations for
operation of the Illumina MiSeq instrument (Illumina, San
Diego, CA, USA) using MiSeq® ReagentKit v3 (600 cycles).
Initial data processing, namely, sample demultiplexing and
removal of adapters, was carried out using Illumina software
(Illumina, USA). For subsequent denoising, sequence merg-
ing, deletion of chimeric reads, restoration of the original
phylotypes (ASV, amplicon sequence variant), and further
taxonomic classification of the obtained ASVs, the software
packages DADA?2 (Callahan et al., 2016), PHYLOSEQ
(McMurdie, Holmes, 2013) and SILVA (Quast et al., 2013)
were used; the work was carried out in the R software envi-
ronment. Raw sequences were pre-filtered for quality with
the filterAndTrim function with a sequence trim length of
250 and 200 n for forward and reverse reads respectively; the
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acceptable level of expected error was 2 and 3 for forward
and reverse reads respectively. The learnErrors function
with MAX CONSIST parameter equal to 20 was used to
build the error model. The dereplication process was carried
out using the derepFastq function with parameter n equal to
10e7. Denoising was carried out with the dada function with
the pool parameter set to ‘pseudo’. The recovered sequences
were combined using the mergePairs function. The table of
numbers of the obtained phylotypes was constructed using
the makeSequenceTable function. A check for the presence
of chimeras was conducted and they were filtered using the
removeBimeraDenovo function by the ‘consensus’ method
with the parameter minFoldParentOverAbundance equal
to 2 and allowOneOff set to “TRUE’. The OTU table was
constructed using the otu_table function with the taxa are
rows parameter set to ‘FALSE’. The file with representations
for each phylotype was generated using the getSequences,
DNAStringSet and writeXStringSet functions.

Classification of the resulting phylotypes was performed
with the assignTaxonomy function using the SILVA re-
lease 128 database and with the minBoot parameter set
to 70. Fragments related to plastid and mitochondrial DNA
were removed from the list of phylotypes. BIOM table
construction was performed using the python 3 program-
ming language, with the biom, numpy and pandas packages.
The tools of the QIIME 1 software package (Caporaso et
al., 2010) were used to present the data of the taxonomic
analysis. The research was carried out at the Core Centrum
‘Genomic Technologies, Proteomics and Cell Biology’ in
All-Russia Research Institute for Agricultural Microbiology
(St. Petersburg, Russia).

The NCBI server (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) was used to search for closest homologues. Alpha di-
versity indices were calculated using the software package
Past4.16 (Hammer et al., 2001). The iNEXT Online resource
(https://chao.shinyapps.io/iNEXTOnline/) was used to plot
rarefaction curves (Chao et al., 2014, 2016). The Venn
diagram and heat map were created with the SRplot Online
resource using the pheatmap R package, where a standard
scaling approach (https://www.bioinformatics.com.cn/
plot_basic_cluster heatmap plot 024 en) was applied to
normalize the data (Tang et al., 2023).

Results

Physical and chemical characteristics

of the Bezymyanny spring

At the time of sampling, the water temperature was 5.7 °C,
the pH value, 8.4, mineralization, 0.12 g/dm3 and redox po-
tential, —113 mV. Hydrochemical analysis of water composi-
tion showed hydrogen carbonate and chloride ions content
0f 30.5 and 3.5 mg/dm3 respectively. Calcium cations were
36.6 mg/dm? and magnesium cations were 15.6 mg/dm?3.
Nitrate and nitrite ions in the amount 0f 4.7 and 0.01 mg/dm?
and phosphate and fluoride ions in the amount of 0.35 and
0.32 mg/dm3 were found. Carbonate and ammonium ions
were not detected and iron ions were present in the amount
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Bottom sediment

Microbial mat

Water

Fig. 2. Venn diagram of ASV bacterial communities of microbial mat,
bottom sediment and water of the Bezymyanny spring.

of 0.14 mg/dm3. Of the sulfur-containing compounds,
42.0 mg/dm3 of sulfate ions, 11.0 mg/dm? of sulfide ions,
and the presence of small amounts of sulfite and thiosulfate
ions were detected.

Analysis of microbial communities diversity

in different biotopes

Pyrosequencing of the 16S rRNA gene fragment from mi-
crobial mat, bottom sediment and water samples produced
atotal of 143,192 sequence reads. After their filtration, align-
ment, pre-clustering and removal of chimeric sequences and
singletons, 76,972 reads were included in the analysis. The
sequences were assigned to 1,714 ASVs and their distribu-
tion in three biotopes of the Bezymyanny spring is shown
in the Venn diagram (Fig. 2). Only 21 ASVs were shared for
all three biotopes. Most of the microbial communities in the
biotopes are represented by unique sequences.

Alpha diversity indices were evaluated to assess diversity
in each sample (Table 1). The bottom sediment microbial
community was characterized by the highest number of
ASVs, the highest diversity, and its unique ASVs consti-
tuted 93 %.

The rarefaction curves showed similar results as in Table 1

(Fig. 3).

Taxonomic composition of the microbial community
Microbial communities of microbial mat, bottom sediment
and water of the Bezymyanny sulfide spring are represented
by the Bacteria domain. Single sequences were assigned to
the Archaea domain. Representatives of the phylum Pseu-
domonadota dominated in all samples (12.9-53.8 % of the
total number of reads) (Fig. 4).
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Table 1. Number of sequences and ASVs in the Bezymyanny spring samples

and alpha diversity indices of the samples

Number
of raw sequences

Samples Number of sequences

in the analysise

Microbial mat 48,694 20,324
Bottom sediment 45,061 27,011
Water 49,437 29,637
00 A e e

750
S N B e
v
<
bS] Rarefaction
g 500 - Extrapolation
£ Microbial mat
z Bottom sediment

250 Water

0 . . )
0 20,000 40,000 60,000
Number of sequences

Fig. 3. ASV rarefaction curves in the samples of microbial mat, bottom
sediment and water.

Pseudomonadota were represented by Gammaproteobac-
teria, which formed the core of the microbial communities
(52 % in microbial mat, 29.4 % in water and 11.9 % in bot-
tom sediment). The number of Alphaproteobacteria ranged
from 0.9 % in bottom sediment to 23.4 % in water. Bacte-
roidota (2.3-9.8 %) was found in all samples. Sequences
of the phylum Campylobacterota were widely distributed

Microbial mat
Bottom sediment

Water

0 10 20 30 40

Acidobacteriota

Bacteroidota

Campylobacterota

Cyanobacterota

Bacillota

Methylomirabilota

Planctomycetota

Pseudomonadota; Gammaproteobacteria
Spirochaetota

Unclassified_Bacteria

Number Unique ASV, Simpson Shannon Chao 1
of ASVs %

167 66 0.8175 3.159 167.2
975 93 0.9857 5.897 975
675 89 0.9892 5.354 675.1

in the microbial mat and bottom sediment, 8.5 and 11.8 %,
respectively. The water community was characterized by the
high abundance of Actinomycetota (10.1 %) and Bacillota
(2.2 %). The mat community was characterized by a high
proportion of Verrucomicrobiota (3.8 %) and Cyanobacte-
rota (2.6 %). The bottom sediment community showed a high
percentage of Desulfobacterota (6.3 %) and Chloroflexota
(2.9 %). It should also be noted that in all communities,
0.9-6 % of sequences were identified to the domain level,
and a significant proportion of sequences (20.3-53.9 %)
were not classified.

The analysis of taxonomic composition at a deeper level
showed that representatives of the genera Sulfuricurvum,
Sulfurovum, Thiothrix, Flavobacterium and unclassified
sequences of unclassified Comamonadaceae, unclassi-
fied_Burkholderiales, unclassified Gammaproteobac-
teria were present in all investigated microbial commu-
nities. However, representatives of these taxa were un-
evenly distributed over communities and varied from clear
dominance to representation of 0.1 % or less. It was found
that each microbial community had its own characteristics
at the level considered (Fig. 5).

The microbial mat community was heavily dominated
by bacteria of the genus Thiothrix (43.2 %). The mat com-

50 60 70 80 100 %

Actinomycetota

Bdellovibrionota

Chloroflexota

Desulfobacterota

Gemmatimonadota

Myxococcota

Pseudomonadota; Alphaproteobacteria
Pseudomonadota; unclassified_Pseudomonadota
Verrucomicrobiota

Unclassified; Other

Fig. 4. Taxonomic diversity of prokaryotes at the phylum level (classes for Pseudomonadota) in microbial mat, bottom sediment and water

of Bezymyanny spring.
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Fig. 5. Heat map of taxa (number of reads > 1 %) in microbial mat, bottom sediment and water of the Bezymyanny spring.

The color scale reflects the distance of each value from the mean in the standard deviation units.

munity also included bacteria of genus Flavobacterium,
Sulfuricurvum, Luteolibacter and cyanobacteria Tychonema
CCAP 1459-11B. The core bottom sediment community was
formed by Sulfurovum (11.2 %) and representatives of un-
classified Burkholderiales, unclassified Anaerolineaceae,
unclassified Desulfosarcinaceae, unclassified Rhodocycla-
ceae, unclassified Methylomonadaceae, unclassified_Syn-
trophales co-dominated (3.2—1 %). In the water community,
among the dominants (>1 % of all sequences obtained),
sequences typical only for this community and assigned to
the genera Novosphingobium, Nocardioides, Legionella,
Brevundimonas, Sphingomonas, Bacillus, Mycobacterium,
Sphingopyxis, Bradyrhizobium and Thiomicrorhabdus were
present.

Sulfur cycle bacteria
Microorganisms involved in the sulfur cycle were found
in the taxonomic composition of the Bezymyanny spring.

nonynAUMOHHAA TEHETUKA XUBOTHbIX / POPULATION GENETICS OF ANIMALS

Thiothrix and Sulfurovum comprised the majority of the
sequences in all of the investigated spring biotopes. Rep-
resentatives of the genus Thiothrix of the family Thiotri-
chaceae, class Gammaproteobacteria, were the key taxon
in the microbial mat (43.2 %). Genus Sulfurovum of the
family Sulfurovaceae, class Campylobacteria, constituted
a significant part (11.2 %) of the taxonomic composition of
the bottom sediment community (Table 2).

The identified sulfate-reducing bacteria belong mainly
to uncultivated unclassified Desulfosarcinaceae (family
Desulfosarcinaceae) and reach 1.7 % in bottom sediments.
Other representatives of sulfate-reducing bacteria account
for <1 % in the bottom sediment and microbial mat and
are assigned to the genera Desulfobulbus, Desulfomo-
nile, Desulfocapsa, Desulfatiglans (family Desulfatiglan-
daceae) and unclassified Syntrophobacteraceae, [Desul-
fobacterium] catecholicum group (family Desulfobacte-
raceae).
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Diversity of microbial communities in sulfur
spring Bezymyanny (Republic of Buryatia)

Table 2. Comparative characteristics of sulfur cycle bacteria representation
in microbial communities of Bezymyanny spring biotopes (number of sequences, %)

Phylotype

Sulfate-reducing bacteria

Desulfobulbus (family Desulfobulbaceae)

Desulfomonile (family Syntrophaceae)
unclassified_Syntrophobacteraceae (family Syntrophobacteraceae)
[Desulfobacterium] catecholicum group (family Desulfobacteraceae)
Desulfocapsa (family Desulfobulbaceae)

Desulfatiglans (family Desulfatiglandaceae)

SEEP-SRB1 (family Desulfosarcinaceae)
unclassified_Desulfosarcinaceae (family Desulfosarcinaceae)
uncultured (family Desulfosarcinaceae)
unclassified_Desulfobacterales; Other
unclassified_Desulfobacteria;Other; Other
unclassified_Desulfobulbaceae (family Desulfobulbaceae)
unclassified_Desulfocapsaceae (family Desulfocapsaceae)

unclassified_Desulfobacterales

Sulfur-oxidizing bacteria

Thiothrix (family Thiotrichaceae, Gammaproteobacteria)
Bradyrhizobium (family Xanthobacteraceae; Alphaproteobacteria)

Sulfurovum (family Sulfurovaceae, Campylobacterota)

Discussion
The territory of the Republic of Buryatia is extremely rich
in mineral waters with different physical properties, chemical
and gas composition (Mikhailov, Tolstikhin, 1946; Tkachuk
et al., 1957; Namsaraev et al., 2005). Cold mineral springs
are formed both as a result of interaction of water with the
host rocks, and owing to input of some constituents from
deep zones of the earth. The Bezymyanny sulfur spring is
characterized by regular low temperature with reduced con-
ditions. Water is alkalescent and weakly mineralized with
predominance of hydrocarbonate, sulfate and sulfide ions.
For the first time, studies of microbial mat, bottom sedi-
ment and water by 16S rRNA gene sequencing in the cold
sulfur spring Bezymyanny revealed 15 bacterial phyla, five
of which were most abundant: Pseudomonadota, Bacte-
roidota, Campylobacterota, Actinomycetota, Desulfobac-
terota. Pseudomonadota, represented by class Gammapro-
teobacteria, and Bacteroidota were dominant in all samples,
which coincides with previous reports on the communities
of different types of sulfur habitats (Elshahed et al., 2003;
Gulecal-Pektas, Temel, 2016; Nosalova et al., 2023a). The
chemolithotrophic Gammaproteobacteria and Bacteroidota
play a major role in the formation of primary production
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0.0 0.4 0.0
43.2 1.1 0.1
0.0 0.0 1.3
24 11.2 0.1

by iron and sulfide oxidation in inactive sulfide ecosystems
(Dong et al., 2021). Campylobacterota were present in all
samples and dominated in the bottom sediment (11.8 %)
and microbial mat (8.5 %) communities. Similar results
were obtained when communities in hydrothermal vents
and aphotic (cave) sulfide springs were studied, where it
was shown that in these ecosystems, sulfur-based chemo-
lithoautotrophy is mainly carried out by Campylobacterota
(formerly Epsilonproteobacteria) (Karl et al., 1980; Sarbu
et al., 1996; Engel et al., 2003, 2004).

A distinctive feature of the Bezymyanny spring water
community was the significant presence of Actinomycetota
representatives. Some new actinobacteria from geothermal
environments are known to be able to grow autotrophically
with sulfur as an energy source (Norris et al., 2011). Using
a culturable approach, sulfur-oxidizing bacteria phyloge-
netically related to Actinomycetota have been isolated from
cold, high sulfide and sulfate springs at Gypsum Hill (Arctic,
Canada) (Perreault et al., 2008). In the bottom sediment of
the Bezymyanny spring, Desulfobacterota (6.3 %) made a
significant contribution to the community. The abundance
of sulfate-reducing bacteria belonging to Desulfobacterota
has been described in a number of publications on the mi-
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crobiota of cold saline springs in the Canadian Arctic and
has also been found in the high-sulfide wetland Solodovka
(Samara region, Russia) (Perreault et al., 2008; Sapers et al.,
2017; Colangelo-Lillis et al., 2019; Gorbunov et al., 2022).

It has now been noted that cold sulfur springs harbor
unique, not yet explored bacterial communities (Hamilton
et al., 2015; Nosalova et al., 2023a). A high number of se-
quences in our studies remained unclassified, suggesting the
presence of many undiscovered and unstudied communities
and indicating potentially novel microorganisms in the cold
sulfur spring ecosystem.

Analyses of the taxonomic composition of microbial com-
munities at the genus level showed characteristic features of
each community in all three biotopes studied. The microbial
mat community was represented mainly by bacteria of the
genus Thiothrix (43.2 %). NCBI database sequence analysis
revealed similarity (100 % homology) with Thiothrix fruc-
tosivorans, which is able to deposit intracellular elemental
sulfur in the presence of reduced inorganic sulfur compound
(Howarth et al., 1999). A recent study on the Baikal region
described an unculturable Thiothrix sp. from the mixing zone
of the waters of Lake Baikal and the Zmeiny geothermal
spring (northern basin of Lake Baikal, Russia) (Chernitsyna
et al., 2024). Comparative analysis of Thiothrix sequences
from our study and Thiothrix from the geothermal spring
Zmeiny revealed 99 % similarity. The mat community of
the Bezymyanny spring included sequences assigned to the
genera Flavobacterium, Sulfuricurvum, Luteolibacter and
the cyanobacterium Tychonema CCAP 1459-11B, the clos-
est homologues of which have been isolated mainly from
low-temperature habitats (Kodama, Watanabe, 2004; Jiang
etal., 2012; Yang et al., 2019; Conklin et al., 2020).

The bottom sediment community was based on bacteria
of the genus Sulfurovum (11.2 %), the closest homologue
(98.81 %) of which was the mesophilic, facultatively anaero-
bic sulfur- and thiosulfate-oxidizing Sulfurovum lithotrophi-
cum (Inagaki et al., 2004). Co-dominants with the proportion
ranging from 1 to 3.2 % of all sequences were classified
only up to the order and family levels. A search for closely
related species in the NCBI database for unclassified Bur-
kholderiales (3.2 % presence) showed 98 % similarity to
Georgfuchsia toluolica (Pseudomonadota; Betaproteobacte-
ria; Nitrosomonadales; Sterolibacteriaceae), which is able to
use Fe(III), Mn(I'V) and nitrate as terminal electron acceptors
for growth on aromatic compounds (Weelink et al., 2009).
Unclassified Anaerolineaceae typical for bottom sediments
had 89 % homology with the marine thermophilic, anaerobic
and heterotrophic bacterium Thermomarinilinea lacuno-
fontalis (Nunoura et al., 2013). The closest homologue
(95 % similarity) for unclassified Desulfosarcinaceae was
Desulfosarcina widdelii, hydrocarbon-degrading sulfate-
reducing bacteria (Watanabe et al., 2017).

In our study, bacteria of the genera Novosphingobium,
Nocardioides, Legionella, Brevundimonas, Sphingomonas,
Bacillus, Mycobacterium, Sphingopyxis, Bradyrhizobium
and Thiomicrorhabdus dominated among the sequences
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found only in the water community. Representatives of
these genera are found in various natural environments and
belong to heterotrophic prokaryotes that utilize various
carbon, nitrogen and sulfur compounds as energy sources
(Fliermans, 1996; Kumar R. et al., 2017; Toth et al., 2017,
Song et al., 2022; Kuang et al., 2023). Bacteria of the genera
Novosphingobium, Nocardioides, Sphingomonas and Sphin-
gopyxis are known to be able to grow under low nutrient
conditions and are important agents in the biodegradation
of various persistent and toxic organic substances, includ-
ing aromatic compounds, hydrocarbons, halogenoalkanes,
nitrogen heterocycles and polymeric polyesters (Song et
al., 2022; Ma et al., 2023). In the water community, the
closest homologues of the dominant sequences were bac-
teria involved in the sulfur cycle. For example, sequences
assigned to the genus Bacillus showed 100 % similarity to
the chemolithoautotrophic thiosulfate-oxidizing bacterium
Bacillus thioparus (Pérez-Ibarra et al., 2007). Sequences
identified as Thiomicrorhabdus found close affinity to
Thiomicrorhabdus aquaedulcis, freshwater obligate sulfur-
oxidizing chemolithotroph (Kojima, Fukui, 2019).

Microbial oxidation and reduction of sulfur are the most
active and ancient metabolic processes in the sulfur cycle
that occur in various ecosystems. These processes are car-
ried out by sulfur-oxidizing (SOB) and sulfate-reducing
bacteria (SRB) in all ecosystems and are considered as a
key phenomenon in the biogeochemical sulfur cycle (Ku-
mar U. et al., 2018). At the genus level, the microbial mat
of the Bezymyanny sulfur spring was found to be predomi-
nantly composed of the colorless sulfur-oxidizing bacteria
Thiothrix. Thiothrix species are considered to be typical of
sulfur-oxidizing microbial communities in sulfur-rich habi-
tats. Using a non-cultivation approach, the genus Thiothrix
was identified in cold sulfur springs in Slovakia (Nosalova
et al., 2023b).

The bottom sediment was dominated by members of the
genus Sulfurovum. Previous studies have found this genus
to be part of the microbial community in a variety of sulfur
environments including springs, caves, vents and oxygen-
free sediments (Nosalova et al., 2023b). These facultative
anaerobic chemolithotrophs succeed under extreme condi-
tions and are primary producers in sulfur-rich habitats. In
the work of Wright et al. (2013), it was noted that all sulfur
redox genes are present in the genomes of sequenced rep-
resentatives of Sulfurovum and their genetic ability allows
them to use various sulfur compounds.

In addition, obligate chemolithoautotrophic sulfur-oxi-
dizing bacterial species related to Thiomicrorhabdus have
been found only in cold spring water. Thiomicrorhabdus
has previously been found in cold saline environments,
including Arctic marine sediments and Antarctic subglacial
brines (Knittel et al., 2005). Thiomicrorhabdus has also been
found in abundance in cold saline spring sediments on Axel
Heiberg Island, Canada (Magnuson et al., 2023). The authors
mark that Thiomicrorhabdus aerobically and chemolitho-
autotrophically oxidizes sulfide to elemental sulfur.
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It is known that in oxygen-free, sulfate-saturated layers
beneath the sediment surface, sulfate-reducing microorgan-
isms are among the most important participants that mediate
a significant fraction of organic matter degradation (Yin et
al., 2024). In the Bezymyanny cold spring, the highest dis-
tribution of sulfate-reducing bacteria in the bottom sediment,
mainly belonging to phylum Thermodesulfobacteriota, was
found. It should be noted that the large number of unclas-
sified and uncultured representatives of sulfate-reducing
bacteria suggests the presence of new species of sulfate-
reducing bacteria in the Bezymyanny cold spring.

Conclusion
For the first time, the taxonomic diversity of microorgan-
isms was studied, and characteristic features of microbial
community structure of different biotopes (microbial mat,
bottom sediment and water) in the cold sulfur spring Bezy-
myanny (Pribaikalsky district, Republic of Buryatia) were
revealed by using molecular biological methods. According
to the results of studies, sulfur-oxidizing (SOB) and sulfate-
reducing bacteria (SRB) were identified in the community,
which indicates that sulfur cycling processes are taking
place in the ecosystem of the Bezymyanny spring. On the
whole, the analysis of taxonomic composition showed a
high percentage of unclassified sequences in the communi-
ties studied. The obtained data indicate that the microbiota
of cold sulfur springs is still a hidden resource of new taxa,
including sulfur cycle bacteria. Studies of cold sulfur springs
will further expand our knowledge of bacteria involved in
the biogeochemical cycle of sulfur, their metabolism and
evolution, and may indicate the ecological features of the
development of sulfur microbial communities and their
relationship to the environment of their habitat.

Data availability: all raw sequences obtained from 16S
rRNA gene sequencing are available in the NCBI SRA
archive under BioProject number PRINA1202704.
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Abstract. Cystic fibrosis (CF) is a disease with a broad clinical and genetic spectrum of manifestations, significantly
impacting the quality and duration of life of patients. At present, a diagnosis of CF enables the disease to be identi-
fied at the earliest stages of its development. The accelerated advancement of scientific knowledge and contempo-
rary research techniques has transformed the methodology employed in the treatment of CF, encompassing a spec-
trum of approaches from symptomatic management to pathogenetic therapies. Pathogenetic therapy represents
an approach to treatment that aims to identify methods of restoring the function of the CFTR gene. The objective of
this review was to analyse and summarize the available scientific data on the pathogenetic therapy of CF. This paper
considers various approaches to the pathogenetic therapy of CF that are based on the use of targeted drugs known
as CFTR modulators. The article presents studies employing gene therapy techniques for CF, which are based on the
targeted delivery of a normal copy of the CFTR gene cDNA to the respiratory tract via viral or non-viral vectors. Some
studies have demonstrated the efficacy of RNA therapeutic interventions in restoring splicing, promoting the pro-
duction of mature RNA, and increasing the functional expression of the CFTR protein. The review also analyzes litera-
ture data that consider methods of etiotropic therapy for CF, which consists of targeted correction of the CFTR gene
using artificial restriction enzymes, the CRISPR/Cas9 system and a complex of peptide-nucleic acids. In a prospective
plan, the use of cell therapy methods in the treatment of lung damage in CF is considered.
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Tepanusga MyKOBUCIIIIO3a:
OT CMMIITOMOB K IIpuUYMHe 3a060JieBaHusI

T.H. Kupeesa (0@, A.J. Xuraanna (2, H.A. Ckpsa6un

TomCKUIA HaLMOHaNbHbIV NCCNeAoBaTENbCKUI MeANLIMHCKUIA LieHTp Poccuniickon akaemmn Hayk, Tomck, Poccna
@ tatyana.kireeva@medgenetics.ru

AHHoTaumsA. Mykosrcumzos (MB) — 3aboneBaHme C LIMPOKUM KITMHUYECKUM U FeHETUYECKM CMEKTPOM NPOABNIEHNTA,
OKa3blBalolee 3HauMTeNbHOE BNAHNE Ha KauyeCcTBO Y MPOAOIKUTENbHOCTD »KU3HM NauneHTa. B HacToAwee Bpemsa
AnarHocTuka MB no3BonseT BbiABAATb 3a60neBaHMe Ha cCaMblX PaHHUX cTaanax. CTpemuTenbHOe pasBUTUE HAYKN U
COBPEeMeHHble MeTOAbl NCCNeA0BaHUA U3MEHWN MOAXOAbI B leveHnn MB, HaurHaA OT CMMNTOMATUYEeCKOro fleveHnn
[0 MeTOA0B MaToreHeTMYeckon Tepanuu. Noaxoabl NaToreHeTMYeCKor Tepanumn Hanpas/ieHbl Ha NOUCK CMOCO60B
BOCCTaHOBNEeHUst GyHKUMM reHa CFTR. Llenbio 0630pa cTanu aHanms 1 0606LLeHre MMEIOLLNXCS HAYUYHbIX CBELEHNI
0 naToreHeTuyeckomn Tepanuun MB. PaccMoTpeHbl noaxofbl natoreHeTUYeckon tTepanumn MB Ha ocHoBe npriema na-
LmeHTaMu TapreTHbix npenapatos — CFTR-mopynAaTopos. MNpuBefeHbl nccnefoBaHnA C UCMONb30BaHEM METOLOB
reHHou Tepanun MB, B OCHOBe KOTOPbIX NEXNT LieneHanpaBneHHasa focTaBka HopmanbHom konuu KAHK reHa CFTR B
AbixaTesibHble MyTY C MOMOLLbIO BUPYCHbIX UV HEBMPYCHbIX areHTOB. B HeKOTOPbIX NcCefoBaHMAX NOKAa3aHO Npu-
MeHeHre meTofoB PHK-Tepanuu fnsa BoccTaHOBNEHUA CnnacuHra, npoaykumn 3penot PHK 1 ¢yHKLMoHanbHoro
6enka CFTR. TakxKe B 0630pe NpoBefeH aHaNn3 NMNTepaTypPHbIX AaHHbIX, B KOTOPbIX PAaCCMOTPEHbBI METOAbI STUOTPONM-
Holi Tepanun MB, 3akntovatoLLeinca B HanpasieHHo KoppeKkumu reHa CFTR € NCNonb30BaHNEM NCKYCCTBEHHDBIX dep-
MeHTOB pecTpuKumu, cuctembl CRISPR/Cas9 n komnnekca nenTuAHO-HYKNEMHOBBIX KAC/IOT. B nepcnekTBHOM nnaHe
06CyKAaloTCA MeTObl KNETOYHOI Tepanuu B IeYeHNM NOPaX)eHWsA NIerknx Npu MyKkosucLmgose.

KnioueBble cnosa: mykoucunzos (MB); red CFTR; myTtauun CFTR; mogynaTtopbl CFTR; reHHasa Tepanus; reHOMHoe
pepaktnpoaHue; CRISPR/Cas9
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Introduction

Cystic fibrosis (CF) (OMIM 219700) is a monogenic or-
phan disease with autosomal recessive type of inheritance,
systemic organ damage with a severe course of the disease
and prognosis (https://www.omim.org/). The incidence
of CF is on average one case per 2,500-3,000 newborns
(Kashirskaya, Kapranov, 2014). CF is most frequently
registered among Caucasians, for example, in the USA and
Europe, there are about 70,000 patients with CF; in Russia,
there are about 4,000 patients with this disease (Simonova
et al., 2020; Lomunova, Gershovich, 2023).

Cystic fibrosis is caused by pathogenic variants in the cys-
tic fibrosis transmembrane conductance regulator (CFTR)
gene. The CFTR gene was identified and cloned in 1989
(Gembitskaya et al., 2012; Elborn, 2016; Spielberg, Clancy,
2016). The CFTR gene contains 27 exons and is located in
region 31.1 of the long arm of chromosome 7 (7q31.1). The
protein encoded by this gene, the CFTR transmembrane
conductance regulator, is a member of the ABC trans-
porter (ATP-binding cassette) superfamily of proteins. The
structural organization of the CFTR protein includes two
transmembrane domains (TMD1 and TMD2), two nucleo-
tide-binding domains (NBD1 and NBD2), and a central
intracellular regulatory domain (R-domain). Localized in
the apical membrane of epithelial cells, the CFTR protein
creates a chloride channel regulated by cyclic adenosine
monophosphate (cAMP). The CFTR protein regulates not
only chloride ions (CI7), but also bicarbonate (HCO3) se-
cretion, which regulates the pH of the fluid on the surface
of airway cells. CFTR also plays an important role in the
hydration of secretions and mucins through inhibition of the
epithelial sodium channel (ENaC) (Ginter, 2000; Moran,
2014; Kondratieva et al., 2018; Bell et al., 2020; Hanssens
et al., 2021).

Mutations in the CFTR gene lead to disruption of ion
channels, causing a decrease in conductivity for CI~ ions
and an increase in conductivity for Na* ions. These disorders
cause changes in hydration processes in the apical membrane
of epithelial cells and changes in the viscoelastic properties
of substances produced by exocrine glands. These changes
have a greater impact on the functioning of the respiratory
system, pancreas, liver, bile ducts, gastrointestinal tract,
sweat glands and organs of the male reproductive system
(Dechecchi et al., 2018; Smirnikhina, Lavrov, 2018; Lomu-
nova, Gershovich, 2023).

CFTR gene variants

The identification and characterization of CFTR gene
variants is carried out by the international Cystic Fibrosis
Genetic Analysis Consortium (CFGAC), which unites
laboratories, the activities of which are aimed at genetic
diagnostics and research of CF around the world. For ge-
neral access, the obtained data are placed in the database of
CFTR gene variants “CFTR1” (http://www.genet.sickkids.
on.ca/cftr/) and the subsequently created database “CFTR2”
(http://www.cftr2.org/). The CFTR2 database includes cur-
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rent information on recently discovered CFTR gene variants
(Rommens et al., 2006; Dechecchi et al., 2018; Kondratieva
etal., 2018). Currently, the CFGAC database contains more
than 2,000 variants in the CFTR gene, which are divided into
seven classes, depending on the mechanism of their effect
on the function of the CFTR protein (Fanen et al., 2014;
Elborn, 2016; Kondratieva et al., 2018; Bell et al., 2020;
Lee et al., 2021; Krasnova et al., 2023).

In class | of genetic variants (R553X, W1282X, 2143delT,
G542X, 1677delTA), there is no functional CFTR protein,
resulting in impaired transcription and translation. Ap-
proximately 22 % of patients with CF have at least one
mutant allele of this class (Lee et al., 2021). As a result of
genetic variants of class Il (F508del, 1507del, N1303K,
S549N), the maturation of the CFTR protein is blocked
due to an incorrect configuration of its molecule. Misfolded
protein molecules do not reach the surface of epithelial cells
because they undergo endoplasmic reticulum-associated
protein degradation (ERAD). Approximately 88 % of CF
patients have at least one mutant allele and the main variant
is F508del, caused by a deletion of phenylalanine at posi-
tion 508. With the genetic variant F508del, there is a disrup-
tion of post-translational modification of the CFTR protein,
which leads to the protein molecule becoming functionally
defective and unstable, or being completely destroyed (Van
Goor et al., 2006; Smirnikhina, Lavrov, 2018).

Genetic variants of class 111 (G1224E, S1255P, G551D)
which are localized in the regulatory domain of the CFTR
protein and its nucleotide binding domains, lead to a disrup-
tion in the regulation of the chloride channel. The defect
in the chloride channel in this case is due to the fact that
the CFTR protein is synthesized and transported to the cell
membrane, but does not respond to cAMP stimulation.
Missense mutations, related to genetic variants of class 1V
in the CFTR gene, (R117H, R347P, R334W) lead to a
decrease in ion flow as a result of changes in the conduc-
tivity of the chloride channel. These variants are located
in transmembrane domains and affect the reduction of ion
channel opening time. About 6 % of patients with CF have
this type of genetic variant. CFTR gene variants of class V
reduce the levels of functional protein and its transport to
the apical membrane surface, which is characteristic of 5 %
of patients with CF. Class VI includes CFTR gene variants
that alter protein stability, resulting in a decrease in the time
the protein remains on the membrane surface. It has been
noted that 5 % of patients with CF have at least one allele
of this variant (Kondratieva et al., 2018; Dechecchi et al.,
2018). Class V11 is also distinguished: its genetic variants
affect the expression of CFTR protein mRNA. The absence
of mRNA is caused by a genetic variant characterized by
a large deletion — CFTRdele2,3 (21 kb) (Lee et al., 2021).

It is important to start therapy in a timely manner to pre-
vent the development of severe complications in CF and
generally improve the prognosis of the disease. The results
of fundamental research have allowed us to expand our
understanding of the main pathogenetic and pathophysio-
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logical mechanisms of CF, which contributed to the rapid
development and emergence of new approaches in the treat-
ment of this disease. Currently, the basis of treatment for
patients with CF is complex therapy, combining methods
of both symptomatic and pathogenetic treatment. Methods
based on the use of tools for CFTR gene correction are also
being considered in the future (Gembitskaya et al., 2012;
Bell et al., 2020).

Symptomatic treatment of CF

Symptomatic treatment is aimed at combating infection,
improving mucus clearance from the bronchi and preventing
nutritional deficiencies, including macro- and micronutri-
ent deficiencies. Patients with CF are prescribed antibio-
tics, mucolytic and bronchodilator drugs in combination
with enzymes, vitamins and a course of kinesiotherapy
(Kashirskaya, Kapranov, 2014; Simonova et al., 2020). To
treat respiratory lesions in patients with CF, anti-inflammato-
ry and massive antibacterial therapy is used, while it is noted
that the inhalation route of drug administration (mucolytics,
bronchodilators, antibiotics and glucocorticoids) is highly
effective (Gembitskaya et al., 2012; Olveira et al., 2017;
Kondratieva et al., 2018; Simonova et al., 2020).

Methods of optimized antibiotic therapy have a significant
impact on the course of CF, where the choice of antibiotic
depends on the microbiological status of the patient. Anti-
biotic resistance is overcome by aerosol delivery of antibio-
tics into the bronchial lumen, which also reduces side effects
during long-term treatment and the use of high doses, since
the concentration of drugs in the blood serum is low in
this case (Gorinova et al., 2015; Kondratieva et al., 2018;
Simonova et al., 2020).

In the treatment of CF, mucolytic drugs are prescribed
to normalize the viscous-elastic properties of sputum and
improve its transport. In this group of drugs, a great advan-
tage is possessed by the genetically engineered drug — the
mucolytic dornase alpha, which has a complex effect on
the infection, inflammation and obstruction observed in CF.
The use of this drug is of great importance in the complex
treatment of the bronchopulmonary process in patients
with CF, especially immediately after diagnosis (Sherman
et al., 2011). Together with mucolytic drugs, patients with
CF are prescribed special active breathing exercises (kine-
siotherapy) to remove phlegm from the respiratory tract
(Simonova et al., 2020).

No less important in the therapy of CF is the correction
of exocrine pancreatic insufficiency and treatment of hepa-
tobiliary disorders, as well as maintaining the nutritional
status of patients with the help of diet therapy. In patients
with pancreatic insufficiency, in addition to diet therapy,
enzyme replacement therapy and fat-soluble vitamins are
also prescribed (Kashirskaya, Kapranov, 2011, 2014; Kon-
dratieva et al., 2018).

All the developed methods and applied drugs for symp-
tomatic treatment affect not only the life expectancy of
patients with CF, but also their quality of life, significantly
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improving it. However, symptomatic treatment is aimed only
at controlling symptoms and limiting complications in CF,
while not affecting the functioning of the defective CFTR
protein in any way (Smirnikhina, Lavrov, 2018; Simonova
et al., 2020).

Pathogenetic therapy of CF

The development and testing of new methods and drugs
aimed at finding ways to restore the function of the CFTR
gene is becoming relevant. In this direction, pathogenetic
therapy methods are considered promising (Gembitskaya
etal., 2012; Rafeeq, Murad, 2017; Bell et al., 2020). Given
the diversity of genetic variants in the CFTR gene and their
various clinical manifestations, studies have been conducted
to find drugs that suppress premature termination of protein
translation for patients with nonsense mutations of class I,
drugs for carriers of the common F508del variant and other
genetic variants of class I, as well as drugs that work with
all classes of genetic variants (see the Table) (Kondratieva
et al., 2018; Dechecchi et al., 2018).

In the search for drugs that facilitate the “reading” of
CFTR-mRNA stop codons and prevent premature termina-
tion of protein molecule synthesis, the drug ataluren (PTC
Therapeutics, USA) was proposed, prescribed for the treat-
ment of Duchenne muscular dystrophy caused by nonsense
mutations. However, in the group of patients with nonsense
mutations in the CFTR gene, this drug was ineffective. Cur-
rently, drugs for correcting CFTR gene variants of class I
have not yet been developed (Kerem et al., 2014; Zainal
Abidin et al., 2017; Smirnikhina, Lavrov, 2018).

The most promising therapeutic agents for the treatment
of CF turned out to be a group of modulators, which are
small molecule drugs that were identified as a result of
high-throughput screening to correct impaired CFTR protein
transport to the plasma membrane or to increase the conduc-
tance of the chloride channel (Dechecchi et al., 2018; Sui et
al., 2022; Krasnova et al., 2023). In CF therapy, the choice
of modulator drug depends on the class of CFTR gene va-
riant and the direction of their compensatory actions. In this
regard, modulators are divided into potentiators, correctors,
amplifiers and stabilizers (Lee et al., 2021).

Potentiators

The action of potentiators is aimed at enhancing the opening
of the ion channel formed by the mutant CFTR protein on
the cell surface. The effect on the ion channel is achieved
through activation of the adenylate cyclase pathway (CFTR
gene variants of classes I1I-1V). Ivacaftor (Vertex Pharma-
ceuticals, Germany) is one of the drugs in this group. Phase |
trials of ivacaftor were conducted in healthy volunteers and
showed the safety of the drug (Van Goor et al., 2009). Then,
in 2011, based on the results of tests on 112 CF patients
(USA), data were presented that in individuals with the
G551D, G178R, G5518S, G1244E, G1349D mutations, a reli-
able increase in the transport of chloride ions was established
(Flume etal., 2012). In 2012, Food and Drug Administration
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Type of therapy Method Drug/complex/combinations  Effectiveness shown in studies

Pathogenetic therapy

Pharmacotherapy: Use of CFTR premature Ataluren Not effective for patients

use of drugs translation suppressors with nonsense mutations
(medicaments) — . . . . . .

Using CFTR ion Ivacaftor Effective for patients with the genetic

CFTR modulators

Gene therapy:
targeted delivery

of a normal copy

of the CFTR gene cDNA
to the respiratory tract

RNA therapy:
restoration of splicing
and production

of mature RNA

and functional

CFTR protein

282

channel potentiators

Using CFTR folding and processing
correctors

Using a “potentiator+corrector”
combination
Using the combination

“corrector+corrector+potentiator”

Use of CFTR stabilizers
at the membrane

Use of CFTR molecule synthesis
enhancers

Viral vector-based

Non-viral vector-based

Use of mRNA as therapeutic agents

Use of short RNA molecules
as therapeutic agents

Use of spliceosome-mediated
trans-splicing technique

Lumacaftor

Ivacaftor/Lumacaftor
Ivacaftor/Tezacaftor

Elexacaftor/Tezacaftor/
Ivacaftor

Kavosonstat

Nesolicaftor

Recombinant adenoviral
vector (rAd)

Helper-dependent
adenoviral vector (Hd-Ad)

Adeno-associated vector
(AAV)

Adeno-associated capsid
AAV204

Spiro-2101: Adeno-associated

capsid carrying a functional
copy of the CFTR gene

Retroviral vectors
Lentiviral vectors

pGM169/GL67A:
cDNA/cationic
lipid complex

CFTR mRNA/lipid
nanoparticles (LNPs)
complex

Antisense oligonucleotides
(ASOs)

Eluforsen, QR-010:
single-stranded
antisense RNA

SMaRT

variant G551D and patients

with the G461E/N1303K genotype.
Insignificant effect for patients

with the F508del/F508del genotype

Partially restores the function
of the mutant CFTR protein

Effective for patients
with the F508del/F508del genotype
Effective for patients with both

one and two F508del alleles

Low efficiency compared to potentiators

Effective in inflammatory processes
in the respiratory tract of patients
with several genetic variants

of the CFTR gene

Transient CFTR expression,
significant immune response

Loses effectiveness in vivo,
does not induce an immune response

Not effective in transducing human cells

Effectively restores the functioning
of chlorine channels

Assigned the status of “Orphan drug”
for the treatment of CF

Low transducing efficiency
High transducing efficiency

Low effectiveness in restoring lung function

Restoration of chloride channels

and a significant increase in the amount
of CFTR protein on the surface of the cell
membrane

Low efficiency for correcting CFTR mRNA

Effective in improving the functioning
of chloride channels in patients
with the F508del/ F508del genotype

Temporary restoration of CFTR function
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Table (end)

Type of therapy Method Drug/complex/combinations  Effectiveness shown in studies

Genome editing:
targeted correction

Use of artificial restriction enzymes

Etiotropic therapy

Zinc finger nucleases (ZFNs)

Restoration of CFTR function
at therapeutically significant levels
in basal cells of the respiratory epithelium

The editing efficiency in iPSCs
from CF patients was 10 %

The efficiency of correction
of the F508del variant in HEK293T cells
ranged from 0.08 to 0.7 % of alleles

In vivo correction rate of the F508del
genetic variant in mouse epithelial cells
ranges from ~0.1 to ~2 %

No data

of the CFTR gene
Transcription activator-like
effector nucleases (TALENS)
Use of programmable nucleases Cas9/guide RNAs (sgRNAs)
CRISPR/Cas9 and single-stranded
oligodeoxyribonucleotides
(ssODN)
Use of peptide nucleic acids (PNA) ~ PNA/donor
DNA/biodegradable
polymer nanoparticles
Cell therapy
Cell therapy: Autologous transplantation iPSCs differentiated
recovery of lung of CFTR-expressing cells into CFTR-expressing
lesions into diseased areas respiratory epithelial cells

of the respiratory tract

(FDA) approved ivacaftor for use in patients with at least one
out of 38 point mutations, including five splicing mutations
(Van Goor et al., 2006, 2009; Smirnikhina, Lavrov, 2018).
Ivacaftor is recommended worldwide, including in Russia,
for patients with the G551D mutation (Sui et al., 2022). In
2017, a case of successful treatment of a patient with CF
with the G461 E/N1303K genotype was described; after six
months of using ivacaftor, the patient’s clinical course of the
disease changed significantly (Amelina et al., 2017). Since
2018, data have been published evaluating the efficacy of
ivacaftor in a group of pediatric patients (2-3 years old),
where more preserved lung function and a lower level of
complications observed in CF were noted (Bessonova et
al., 2018).

Correctors

Correctors are pharmacological substances that bind to the
mutant CFTR protein, promoting its “maturation” by adapt-
ing protein homeostasis and reducing the degradation of the
mutant protein in the intracellular quality control system
(CFTR gene variants of class II) (Smirnikhina, Lavrov,
2018). Among the group of corrective drugs, the use of
4-phenylbutyrate/genistin, curcumin, tezacaftor, and luma-
caftor is known. The largest number of studies is devoted to
the evaluation and analysis of the effectiveness of lumacaftor
in stabilizing the mutant CFTR protein and its movement
from the endoplasmic reticulum (ER) to the surface of the
cell membrane. Moreover, it was shown that lumacaftor is
able to partially restore the function of the mutant CFTR
protein by stabilizing its N-terminal domain (Ren et al.,
2013; Lee et al., 2021).

It was later shown that the use of lumacaftor or ivacaftor
alone only slightly reduced sweat chloride levels for patients
homozygous for the F508del mutation. This suggests that
monotherapy with either modulator is ineffective in improv-
ing lung function (Flume et al., 2012; Hanssens et al., 2021).
Subsequently, the effectiveness of various combinations of
modulators was assessed to restore CFTR protein function
in patients with the F508del/F508del genotype. A number
of larger studies have shown that long-term combination
therapy with lumacaftor and ivacaftor was effective in pa-
tients over 12 years of age who were homozygous for the
F508del mutation (Boyle et al., 2014; Wainwright et al.,
2015). For Russian patients, a combination of lumacaftor
and ivacaftor is used in the treatment of CF together with ba-
sic therapy, which results in such improvements as a decrease
in the level of chlorides in sweat fluid, an increase in the
forced expiratory volume in 1 second (FEV1), an improve-
ment in the general condition and weight gain (Amelina et
al., 2019).

As a result of the fact that the combination of a potentia-
tor and a corrector has a positive effect on the clinical effect
in patients with the F508del mutation, in 2015, the FDA
approved the combination drug lumacaftor/ivacaftor for
use in the treatment of CF. This drug is approved for use in
children over 6 years of age and adults with the F508del/
F508del genotype (Dechecchi et al., 2018; Smirnikhina,
Lavrov, 2018; Simonova et al., 2020). Despite the efficacy
demonstrated in clinical trials, the use of this drug entails a
number of side effects, and, in addition, a positive effect is
observed only in the case of one genetic variant, F508del,
which is in a homozygous state (Lee et al., 2021).
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The combination of ivacaftor with another drug, tezacaftor,
has shown a positive therapeutic effect in improving lung
function in the treatment of patients who are homozygous
for F508del. The combination drug tezacaftor+ivacaftor/
ivacaftor is used to treat CF in children 12 years of age and
older and adults with the homozygous F508del mutation
(Taylor-Cousar et al., 2017).

According to Vertex, a combination of three new-genera-
tion modulators, elexacaftor/tezacaftor/ivacaftor (ETI), has
shown the greatest effectiveness in treating patients with the
F508del/F508del genotype (Smirnikhina, Lavrov, 2018).
This combination drug increases the activity of the CFTR
protein and reduces mortality and morbidity in patients
with CF, and is applicable both to CF patients homozygous
for F508del (in 90 % of cases) and to the group of patients
heterozygous for F508del and the variant with residual
function (Keating et al., 2018). In clinical studies, the use
of the ETI combination has been shown to improve mutant
CFTR protein function to levels 0o 40-50 % of normal CFTR
protein activity in airway and intestinal epithelial cells. This
combination has also been shown to be highly effective in
improving lung function, reducing sweat chloride concen-
tration, and reducing pulmonary exacerbation frequency
(Piehler et al., 2023).

Stabilizers and amplifiers

In the treatment of patients with CF, it is necessary to use
compounds that stabilize and enhance the CFTR protein. By
fixing the CFTR protein to the plasma membrane, stabilizers
prevent its detachment and degradation in lysosomes. Nivalis
Therapeutics has developed a compound that stabilizes the
protein, cavosonstat, which was clinically tested in 138 pa-
tients homozygous for F508del. Patients received cavoson-
stat in combination with ivacaftor. However, in phase II,
this study was completed due to the lack of advantages of
the stabilizer compared to potentiators (Krasnovidova et
al., 2023).

Enhancers are used to increase the amount of CFTR
protein molecules synthesized in cells, available for subse-
quent modulation by protein-active small molecules. This
group includes the drug nesolicaftor, which was developed
by Proteostasis Therapeutics. Nesolicaftor enhances CFTR
synthesis and, in combination with other existing CF
treatments, has shown a positive effect on protein activity
in vitro, nearly doubling its activity in bronchial epithelial
cells of patients with multiple genetic variants of the CFTR
gene. When using nesolicaftor in combination with ETIs in
primary human bronchial epithelial F508del cells, it was
shown to reverse cytokine transforming growth factor beta 1
(TGF-B1)-mediated inhibition of corrected CFTR function,
likely through mRNA stabilization. Nesolicaftor also indi-
rectly increases the level of secreted cytokines through its
effect on apical ion channel function. The use of enhancers
has been shown to be effective in treating inflammatory
processes in the airways of patients with CF (Bengtson et
al., 2022).
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Thus, the considered pharmacological agents for patho-
genetic therapy of CF significantly increased the life ex-
pectancy of patients with this diagnosis. However, CFTR
modulators do not eliminate the cause of the disease, but
only correct the functioning of the defective protein. CFTR
modulator therapy requires lifelong drug administration,
and their long-term potential side effects remain unclear
(Sui et al., 2022). It is also noted that approximately 10 %
of patients are resistant to modulators due to the absence or
low levels of the CFTR protein. Also, according to clinical
studies, about 10-20 % of patients with CF have individual
intolerance to modulator drugs (Smirnikhina, Lavrov, 2018;
Lee et al., 2021; Lomunova, Gershovich, 2023). In this
regard, new methods of treating CF are being developed,
aimed at eliminating the pathological changes underlying
the development of this disease. First of all, these are gene
therapy methods (Maule et al., 2020).

Gene therapy for CF

The monogenic and recessive type of inheritance in CF has
led to the emergence of treatment methods for this disease
using gene therapy methods (see the Table) (Sui et al.,
2022). Gene therapy for CF involves the targeted delivery
of a normal copy of complementary DNA (cDNA) of the
CFTR gene to the most affected areas of the respiratory tract
of patients using viral particles carrying the target transgene
and non-viral agents, such as liposomes, nanoparticles,
etc. (Ginter, 2000; Smirnikhina, Lavrov, 2018; Lomunova,
Gershovich, 2023).

In 1993, a study was initiated to deliver a normal copy of
CFTR cDNA to the nasal epithelium of CF patients using
a recombinant adenoviral vector (rAd). This study demon-
strated the potential of using recombinant adenoviral vectors
to temporally correct CI™ ion transport in CF. However, it
was subsequently shown that rAd-mediated CFTR expres-
sion in postmitotic airway epithelial cells is transient and
promotes robust cellular and humoral immune responses
(Van Goor et al., 2009). Subsequently, a helper-dependent
adenoviral vector (Hd-Ad) was developed to eliminate the
problem of immune response. Hd-Ad delivers DNA (up to
37 kb) to airway cells, excluding host T cell responses to
the expression of foreign viral protein, i. e. without causing
inflammation (Lee et al., 2021). A study in CF mouse and
pig airway basal cells showed restoration of CFTR function
to levels seen in normal wild-type cells after correction of
CFTR with Hd-Ad. In lung cells from CFTR gene knockout
mice, the effectiveness of Hd-Ad vectors for CFTR gene
correction was also demonstrated. However, due to airway
cell turnover, the use of Hd-Ad vectors in vivo for CFTR
gene correction loses its therapeutic efficacy (Koehler et al.,
2003; Cao et al., 2020).

From 1998 to 2007, clinics led by Targeted Genetics Cor-
poration evaluated the potential of using adeno-associated
vectors (AAV) in the treatment of CF lung disease, of which
rAAV2 was the only available vector of this serotype. Pre-
clinical studies have demonstrated the ability of rAAV2 to
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productively transduce lung cells from rhesus macaques and
rabbits. However, more recent studies of TAAV?2 transduction
biology in a polarized human airway epithelium (HAE) cell
culture model at the air-liquid interface (ALI) have found
that rAAV2 poorly transduces human airway epithelial cells.
Another limitation of the use of rAAV vectors in CFTR gene
transfer is their relatively small packaging capacity (~4.9 kb)
(Sui et al., 2022).

In recent years, several pharmaceutical companies have
been developing AAV-based gene therapy agents. For
example, Abeona Therapeutics has developed a next-gene-
ration capsid, AAV204, which carries a functional copy of
the human mini-CFTR gene. The use of this agent in therapy
allows for the effective restoration of the functioning of
chloride channels in cells, both in vitro and in vivo. In 2020,
Spirovant Sciences introduced another adeno-associated
capsid with improved tropism for airway epithelial cells
for delivering a functional copy of the CFTR gene. FDA
granted Spirovant Sciences Orphan Drug Designations for
Spiro-2101 for Treatment of CF (Lee et al., 2021; Lomu-
nova, Gershovich, 2023).

Retroviral and lentiviral vectors have also been shown
to be useful in CF gene therapy. In studies on rabbits, the
use of retroviruses carrying the CFTR gene demonstrated
persistent expression of this gene in their respiratory tract
for up to three weeks, but low transduction efficiency was
observed (Lee et al., 2021). The advantage of lentiviral
vectors derived from immunodeficiency viruses is their
ability to transduce both dividing and non-dividing cells,
and transgene expression from the integrated viral genome is
likely to be maintained throughout the life cycle of recipient
cells. In this case, lentiviral vectors used for transduction
into respiratory epithelial cells must be pseudotyped with
appropriate protein coats. Studies have shown higher trans-
duction efficiency into airway cells using a lentiviral strategy
compared to a non-viral one (Alton et al., 2015; Sui et al.,
2022). However, non-viral methods of delivering the normal
CFTR gene are safer and better tolerated due to the absence
of insertional mutagenesis and secondary effects of altered
transgene expression levels (Lee et al., 2021).

Another advantage of using non-viral vectors is the ability
to use larger fragments of donor DNA for gene repair. For
efficient non-viral delivery of CFTR, a cDNA/cationic lipid
complex is used. According to a study published by the UK
CF Gene Therapy Consortium, CFTR function increased by
up to 3.7 % in lung cells from CF patients after treatment
with the nebulized cationic lipid pGM169/GL67A, which
delivers donor DNA from the normal CFTR gene. However,
this improvement was still not sufficient to restore lung
function in CF (Alton et al., 2015; Spielberg, Clancy, 2016).

Thus, for almost three decades now, the search for suit-
able gene therapy methods for the treatment of CF has been
ongoing. There have been approximately 36 clinical trials
of gene therapy involving a significant number of patients
with CF; however, due to the low clinical effect, these studies
have not been further developed. Nevertheless, these studies
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have shown the promise of the concept of gene therapy for
CF and have created a great foundation in this field (Sui et
al., 2022).

CFTR gene editing

New approaches to targeted gene correction have come into
use thanks to the emergence and improvement of experi-
mental cellular and animal models. One of these effective
methods is genome editing methods (see the Table).

To correct genes, tools are used based on targeted DNA
cleavage using artificial restriction enzymes: zinc-finger
nucleases (ZFNs), transcription activator-like effector nuc-
leases (TALENSs) and with the help of a programmable
nuclease (most often Cas9), the specificity of which is
achieved using guide RNA (sgRNA). The mechanisms func-
tioning in the cell — non-homologous end joining (NHEJ)
and homologous-directed repair (HDR), a common form of
which is homologous recombination (HR), — ensure DNA
repair (Smirnikhina et al., 2020; Lee et al., 2021).

Using ZFNs, the feasibility of editing the CFTR locus in
airway basal cells derived from CF patients was assessed
using two approaches. The first approach, based on sequence
replacement to correct F508del, demonstrated restoration of
mature CFTR protein and its function in ALI border cultures
derived from massively edited basal cells. The second ap-
proach aimed to integrate partial cDNA into an intron of
the endogenous CFTR gene to correct all genetic variants
of the CFTR gene. As a result, highly efficient site-specific
targeted integration into basal cells harboring different ge-
netic variants of the CFTR gene was observed and restora-
tion of CFTR function at therapeutically relevant levels was
demonstrated (Suzuki et al., 2020). The use of TALEN in
experiments shows better affinity than ZFNs. In one study,
Hd-Ad vectors were used to deliver TALENs with donor
DNA into cells, resulting in approximately 5 % targeted
gene integration. TALEN-mediated editing of F508del has
also been demonstrated in induced pluripotent cells (iPSCs)
derived from CF patients, with editing efficiency in this case
being no greater than 10 %. It was noted that manipula-
tions with the iPSC genome did not affect their properties
and ability to differentiate (Holkers et al., 2013; Xia et
al., 2019).

Genome editing using CRISPR/Cas9 (Clustered Regula-
tory Interspaced Short Palindromic Repeats/CRISPR as-
sociated protein 9) allows editing a pathogenic variant in a
gene with high efficiency and allows fixing the “corrected”
allele in the genome. CRISPR/Cas9 is a very promising
technology for creating valuable experimental tools for
testing treatments for a wide range of pathogenetic variants
that cause CF (Smirnikhina, Lavrov, 2018). The first use of
the CRISPR/Cas9 editing system to correct the CFTR gene
locus was applied in cultured intestinal stem cells from pa-
tients homozygous for F508del. The genetically modified
stem cells formed organoids that responded functionally
to forskolin through changes in volume. In another study,
iPSCs were generated from fibroblast cells from CF patients
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(F508del), which were also subsequently modified to contain
the CFTR gene using the CRISPR/Cas9. Corrected iPSCs
were able to differentiate into mature airway epithelial cells
and demonstrated restoration of chloride transport (Wang,
2023).

To develop methods for editing genetic variants in the
CFTR gene, a variety of cell lines have been generated using
Cas9 nucleases, representing alternative models. These mo-
dels are cell cultures into which plasmids carrying synthetic
vectors with a fragment of the CFTR gene containing a target
mutation, including a rare one, have been introduced. Based
on this approach, the following cell lines were created:
human lung cancer (Calu-3 CF), human leukemia (HL-60
F508del-CF), human carcinoma (T84 F508del-CF), human
bronchial epithelial cells (16HBE140-CF with F508del),
as well as isogenic cell models with the G542X, W1282X
mutations (Wang, 2023). A model of CF was created in
HEK293T cell culture by introducing the synthetic plasmid
pGEM-CFTR, carrying the CFTR locus with the F508del
mutation. The efficiency of correction of this genetic va-
riant was then assessed using six different combinations
of Cas9/guide RNA (sgRNA) and single-stranded oligode-
oxyribonucleotides (ssODN). The efficiency of correction of
the F508del mutation ranged from 0.08 to 0.7 % of alleles,
depending on the combination of CRISPR/Cas9 compo-
nents used (Smirnikhina et al., 2020).

In addition to the considered editing systems, the possi-
bility of correcting the CFTR gene was demonstrated using
peptide nucleic acids (PNA) not based on CRISPR. In studies
on F508del airway epithelial cells, triplex-forming peptide
nucleic acids and donor DNA packaged in biodegradable
polymer nanoparticles were used. The results show that
intranasal delivery of nanoparticles to CF mice induces
changes in the nasal epithelial potential difference assay as
a consequence of corrected CFTR function. Another study
demonstrated in vivo correction of the F508del mutation in
multiple epithelial cells, including nasal epithelium, trachea,
lung, ileum, colon and rectum in CF mice with systemic
delivery of PNA. The correction level ranged from ~0.1 to
~2 % (Wang, 2023).

The approaches considered in targeted correction of the
CFTR gene are aimed at the causes underlying the disease,
i. e. they have the potential to provide a permanent cure for
patients with CF. Despite this significant advantage, these
approaches are currently not used in clinical practice due to
bioethical restrictions.

RNA therapy for CF

In the therapy of CF, the use of methods based on the use of
RNA is considered: messenger RNA (mRNA), transfer RNA
(tRNA) and smaller RNA molecules — oligonucleotides, as
therapeutic agents (see the Table). Clinical trials are cur-
rently underway investigating the potential of mRNA in CF
therapy. The RESTORE-CF study (NCT03375047) tested
specialized lipid nanoparticles (LNPs) as mRNA carriers.
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The results of these tests are measured by changes in lung
function, i. e. changes in FEV 1. After introducing chemically
modified CFTR mRNA into cells using relevant liposomal
nanoparticles, restoration of the functioning of chloride
channels and a significant increase in the amount of CFTR
protein on the surface of the cell membrane of the respira-
tory epithelium of patients with CF were noted (Lomunova,
Gershovich, 2023).

In order to restore splicing and production of mature
RNA and functional CFTR protein, the use of antisense
oligonucleotides (ASOs) is being considered (Egan, 2021).
More than 40 clinical trials have been conducted to study
the therapeutic potential of ASOs in the treatment of CF. In
cell models with the F508del genetic variant, ASO was used
to insert missing bases at position 508 of CFTR at the RNA
transcript level, but this method of mRNA correction was not
stable (Maule et al., 2020). ProQR Therapeutics conducted
studies on intranasal administration of single-stranded an-
tisense RNA (eluforsen, QR-010) to mice. This drug was
designed to restore CFTR function in respiratory epithelium
through specific binding to the F508del region of mRNA.
Studies have shown that QR-010 successfully diffuses into
cells and causes positive changes in chloride transport. Thus,
after three intranasal administrations of QR-010 over four
weeks, patients with F508del/F508del showed a clinically
significant improvement in the functioning of the chloride
channel due to the restoration of CFTR function (Lomunova,
Gershovich, 2023).

Spliceosome-mediated RNA trans-splicing (SMaRT) was
also used to restore nascent mRNA by replacing part of the
altered transcript with the correct exogenous mRNA. This
technique was used in cell models with F508del to restore
correct transcripts. However, this method only temporarily
restored CFTR function (Maule et al., 2020).

The RNA therapies discussed above are considered pos-
sible treatments for patients with CF; however, these treat-
ments require lifelong administration of therapeutic agents,
as does CFTR modulator therapy.

Cell therapy for CF

In the future, the use of cell therapy methods in the treatment
of lung damage in CF is being considered (see the Table).
However, the method of delivering donor cells to human
lungs poses significant difficulties.

Experiments on mice have shown the possibility of de-
livering cells to their lungs, €. g. embryonic stem cells (ESCs)
were introduced into the lungs of mice by intravenous ad-
ministration, and bone marrow (BM) cells were introduced
by intratracheal administration. However, in these cases, the
efficacy was low (Lee et al., 2021). Several studies have been
conducted on the introduction of multipotent mesenchymal
stromal cells (MMSCs) into the affected lungs of mice,
where it was shown that the introduction of intact MMSCs
into the body activates anti-inflammatory immunity in ani-
mals with various forms of lung inflammation (Smirnikhina,
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Lavrov, 2018). A study conducted at Stanford University
involved editing the mutant CFTR gene in primary airway
basal cells using the CRISPR/Cas9 system delivered to these
cells using AAV vectors. The corrected basal cells were then
placed into rat sinus cavities, where the ability of these cells
to proliferate into CFTR-normal cells was further assessed
(Egan, 2021).

To date, protocols for differentiation of iPSCs into CFTR-
expressing respiratory epithelial cells have already been
developed, which allows iPSCs to be considered a promis-
ing material for autogenous transplantation in lung lesions.
However, at present, clinical trials using iPSCs as part of
cell therapy for patients with CF are not being conducted
(Lomunova, Gershovich, 2023).

Conclusion

The ultimate goal of research into the discovery and deve-
lopment of treatments for CF is to provide all patients with
therapy early enough in life to delay or even prevent many
of'the disease’s manifestations, and to personalize the overall
therapy itself based on patients’ needs.

The advent of a number of targeted drugs in 2012 gave
rise to a personalized approach to the treatment of patients
with CF. Some drugs have already passed clinical trials and
are used in therapy; these drugs include first-generation
CFTR modulators: ivacaftor, lucamaftor/ivacaftor, teza-
caftor+ivacaftor/ivacaftor, elexacaftor/tezacaftor/iva-
caftor+ivacaftor. The use of modulators in CF therapy has
made it possible to restore the functions of the mutant CFTR
protein and improve the functioning of chloride channels
on the surface of cells. However, this modulator therapy is
not curative and does not cover all mutations in the CFTR
gene. For the 10 % of CF patients with missense mutations,
where cells produce little to no CFTR protein, therapy with
CFTR modulators is not an option, making research into
CF gene therapy, including genome editing, of great im-
portance.

The advantage of gene therapy is that it is suitable for all
CF patients, regardless of their genotype. There have been
large research programs in the area of gene therapy for CF,
developing potential agents for this type of therapy, and
numerous clinical trials have been conducted to deliver the
normal CFTR gene into respiratory epithelial cells. However,
the long road to using gene therapy as a treatment for CF
has not resulted in significant consistent clinical efficacy,
even though there may have been some level of correction.
Approaches using methods of genomic editing of the CFTR
gene in CF are considered, using such tools as CRISPR/
Cas9, ZFNs, TALEN and peptide nucleic acids. Research
on genome editing in CF is in the preclinical phase.

Thus, patients with CF have been given the opportunity
to significantly increase their life expectancy, along with
improving its quality, thanks to the huge amount of research
into the pathogenesis of CF and developments using innova-
tive gene-directed personalized treatment methods.
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Abstract. Parkinson’s disease is the second most common neurodegenerative disease characterized by accumulation of
alpha-synuclein and Lewy bodies in the brain’s substantia nigra. Genetic studies indicate an association of various SNPs,
many of which are located in intergenic and intronic regions, where retrotransposons and non-coding RNA genes derived
from them reside, with this disease. Therefore, we hypothesize the influence of SNPs in retroelement genes on Parkinson'’s
disease development. A susceptibility factor is retrotransposons activation with age, since the disease is associated with
aging. We hypothesized that alpha-synuclein accumulates in the brain due to its interaction with transcripts of activated
retroelements. As a result of a defective antiviral response and a large number of RNA targets for this protein, its aggre-
gates form Lewy bodies in neurons with inflammation and neurodegeneration development in the substantia nigra. As
evidence, data are presented on the role of alpha-synuclein in the antiviral response with binding to RNA viruses, which are
characterized by the ability to activate retroelements that have evolved from exogenous viruses integrated into the human
genome. Activation of LINE1s in the brain, endogenous retroviruses, and LINETs in the blood serum of Parkinson’s disease
patients was detected. An additional mechanism contributing to the progression of the disease is mitochondrial dysfunc-
tion due to insertions of Alu elements into their genomes using LINE1 enzymes. Mechanisms of activated retrotransposons’
influence on microRNAs that evolved from them are described. Analysis of the scientific literature allowed us to identify 35
such microRNAs (miR-1246,-1249,-1271,-1273,-1303,-151,-211,-28, -31,-320b, -320d, -330, -335, - 342, -374a, -374b, -421,
-4293,-4317, -450b, -466, -487b, -493, -495, -5095, -520d, -576, -585, -6088, -619, -625, -626, -769, -885, -95) associated with
Parkinson’s disease, which may become promising targets for its treatment and diagnosis.
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PoJsIb peTpO3/IeMeHTOB B pa3BUTUM 60e3HM [TapKUHCOHA

P.H. Mycradun

BalKknpckmin rocyaapcTBeHHbIN MeAULIMHCKNIA YHUBepcuTeT, Yéda, Poccua

@ rujiz9@mail.ru

AHHoTauuA. bonesHb MapKnHCOHa — BTOpoe Mo pacnpocTpaHEeHHOCTN HellpofereHepaTuBHoe 3aboneBaHmne, Xxapaktepu-
3yloLeeca HakonneHmeMm anbda-cuHyKnenHa v Tene JleBu B YepHOM CybCTaHLMM FOIOBHOrO Mo3ra. [eHeTuyeckne nccne-
[OBaHMA CBUAETENbCTBYIOT 06 accoumaLmm ¢ 6onesHblo pasnnyHbix SNP, MHOrMe 13 KOTOPbIX PacrofioKeHbl B MEXIeHHbIX
N VIHTPOHHbIX 06NacTax, rae NoKanmn3oBaHbl TakKe PeTPOTPaHCMO30HbI U NPOM3OLLEeALME OT HUX FeHbl HEKOAMPYIOLLMNX
PHK. B cBA3M ¢ 3TM caenaHo npegnonoxeHue o BnusaHUM SNP B reHax peTpo3ieMeHTOB Ha pa3BuTie 6onesHu MapKnHco-
Ha. DaKTOpPOM NpepPacroNoXeHHOCTU ABNAETCA aKTBaLMA PETPOTPAHCMNO30HOB C BO3PaCcTOM, MOCKOJIbKY 3aboneBaHuve
accouumMpoBaHo co cTapeHueM. MpeanoxeHa runoTtesa o ToM, YTo anbda-CMHYKEeNH HaKanaMBaeTcA B rOIOBHOM MoO3re
BC/IefCTBME €ro B3aMOAENCTBUA C TPAHCKPUNTaMUN aKTUBUPOBAHHbIX PEeTPO3sIeMeHTOB. B pesynbrate gedpeKkTHOro npo-
TUBOBMPYCHOTrO oTBeTa 1 6onbLoro konuyectsa PHK-muwweHen ana gaHHoro 6enka ero arperatbl 06pasytoT TenbLa Jlesu
B HeMpOoHax ¢ nocneayoLwmm BocnaneHneM YepHol cy6cTaHLMMN 1 akTUBaLMel HelipofereHepaTMBHbIX NpoLeccoB. B Ka-
YyecTBe AOKasaTeNbCTBa NpPUBEAEHb AaHHble O Ponu anbda-CrHyKNerHa B NPOTVBOBMPYCHOM OTBETE CO CBA3bIBAHUEM C
PHK BrpycoB, KOTOpble xapakTepun3yoTca CMOCOOHOCTbIO aKTUBUPOBATb PETPO3SIEMEHTbI, MPOM3OLLEALME B SBOMIOLMN
OT BCTPOEHHbIX B TEHOM YesloBeKa 3K30reHHbIX BMpycoB. OOHapy»KeHbl Takxe akTuBMpoBaHHble LINET-peTposanemeHTbI
B FOJIOBHOM MO3re, SHAOreHHble peTpoBupychbl 1 LINET B cbiBOpoTKe KpoBM NaumeHToB ¢ 60ne3Hblo MapkrHcoHa. jonon-
HUTENbHbIA MeXaHN3M, CNOCOOCTBYIOLLMI NPOrpeccnpoBaHnio 6one3Hn, NpeacTaBnAeT cobom ANCOYHKLNA MUTOXOHAPUIA
BCNEeACTBME UHCEPUMIA B X reHoMbl Alu-anemeHToB ¢ nomolbto depmeHToB LINET. OnmcaHbl MexaHM3Mbl BANAHUA aK-
TUBMPOBAHHBIX PETPOTPAHCMO30HOB Ha NPOKV3OLLEeALME OT HUX B 3BONOUMN MUKPOPHK. AHanu3 HayuHoW nutepaTtypbl
No3BOAUN BbIABUTb 35 Taknx MUKPOPHK (miR-1246, -1249,-1271,-1273,-1303,-151,-211,-28, -31, -320b, -320d, -330, -335,
-342,-374a,-374b, -421, -4293, -4317, -450b, -466, -487b, -493, -495, -5095, -520d, -576, -585, -6088, -619, -625, -626, -769,
-885, -95), accoummnpoBaHHbIX ¢ 6051e3Hbio MapKUHCOHA, KOTOPble MOTYT CTaTb MEPCNEeKTUBHBIMU MULLEHAMU ANIA ee neye-
HUA N ANArHOCTUKN.

KnioueBble cnoBa: 60ne3Hb MapKnHCoHa; BUpYycbl; MUKPoPHK; peTpoanemeHTbI
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer’s disease, affecting 2 %
of the world’s population over 65 years of age (Morais et al.,
2016). PD is characterized by the degeneration of dopamin-
ergic neurons in the substantia nigra of the brain due to the
accumulation of alpha-synuclein (AS) and Lewy bodies in
them (Leblanc, Vorberg, 2022). This disease is characterized
by prion-like spread of AS (Park et al., 2021). As a result,
symptoms such as rigidity, tremors, gait disturbances, and
slowness of movement progress clinically slowly. Subse-
quently, speech, gait, and the performance of daily activities
are impaired, and dementia develops (Hossain et al., 2022).
The overall heritability of PD risk ranges from 0.27 (Blauwen-
draat et al., 2019) to 0.36 (Nalls et al., 2019). In most cases,
PD is a multifactorial disease associated with polymorphic
variants of various genes (Blauwendraat et al., 2019). How-
ever, 10 % of patients with PD have monogenic forms of the
disease, the most common cause of which are mutations in
the LRRK2 gene, which encodes leucine-rich repeat kinase
(Oliveira et al., 2021).

A GWAS conducted in 2019 on DNA samples from
28,568 patients with PD identified more than 40 loci reliably
associated with PD, including SNPs located in the GBA,
INPP5F/SCARB2, LRRK2, MCC1, SNCA, VPS13C genes
(Blauwendraat et al., 2019). In another GWAS of the same
year, 78 PD-associated polymorphic loci were identified in
37,688 PD patients (Nalls et al., 2019). Most of these SNPs
are located in intergenic, promoter and intronic regions (Ohn-
macht et al., 2020), where the bulk of retroelement (REs)
and non-coding RNA (ncRNA) genes are located (Nurk et
al., 2022). Therefore, it can be assumed that the influence
of many PD-associated polymorphisms is due to changes
in the functioning of REs and ncRNAs, which play a role in
regulating the expression of brain neuronal genes (Mustafin,
Khusnutdinova, 2020). This is supported by both indirect and
direct evidence of the role of REs in the pathogenesis of PD.
In particular, the characteristic strong association of PD with
aging (only 4 % of PD patients worldwide are under 50 years
of age (Hossain et al., 2022)) may be due to the activation
of REs during aging (Gorbunova et al., 2021) due to DNA
methylation and heterochromatin destruction changes (Ravel-
Godreuil et al., 2021).

REs are transposable elements (TEs), which are specific
regions of the genome that move to new loci by a “copy and
paste” mechanism. TEs also include another class, DNA
transposons, which use a “cut and paste” mechanism (Gorbu-
nova et al., 2021). In total, transposons occupy about 1.4 bil-
lion bp in the human genome, which is 46.7 % of all DNA
sequences. The largest share is made up of autonomous LINEs
(0.63 billion bp) that do not contain long terminal repeats
(LTR) and non-autonomous SINEs (0.39 billion bp) containing
LTR REs (human endogenous retroviruses (HERVs)), which
make up 0.27 billion bp (Nurk et al., 2022). About 0.13 %
of the human genome is occupied by non-autonomous SVA
(SINE-VNTR-Alu) REs in the amount of about 3,000 ele-
ments (Frohlich et al., 2024). DNA transposons occupy
0.108 billion bp (Nurk et al., 2022). REs are important sources
of evolutionary emergence of ncRNAs such as microRNAs
(Mustafin, Khusnutdinova, 2023). This may explain the results
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of the analysis of the human genome using specific oligo-
nucleotides complementary to transposons, which showed
that RE sequences (not only the REs themselves, but also the
regulatory elements derived from them, introns, ncRNA genes
and tandem repeats) occupy at least 2/3 of the entire human
genome (de Koning et al., 2011).

The close relationship between the functioning of REs
and the ncRNAs they generate in regulating gene expression
suggests the role of transposons as drivers of epigenetic regu-
lation. Therefore, the failure of evolutionarily programmed
species-specific control due to individual RE sequence poly-
morphisms detected by GWAS (Nalls et al., 2019; Ohnmacht
et al., 2020; Bantle et al., 2021) under the influence of aging
(Gorbunova et al., 2021) and environmental factors (such as
past viral infections (Jang et al., 2009; Batman et al., 2015;
Marreiros et al., 2020; Park et al., 2021; Leblanc, Vorberg,
2022)) can cause epigenetic dysregulation in the brain, cha-
racterized by the most pronounced TEs activity (Mustafin,
Khusnutdinova, 2020). As a result, a neurodegenerative pro-
cess develops, in which the accumulation of AS and Lewy
bodies may reflect a failure in the protective mechanisms of
cells against hyperactivated REs, which is due to the role of
AS in antiviral processes.

The role of alpha-synuclein in antiviral defense

REs evolved from exogenous viruses (Mustafin, 2018), which
explains one of the modern concepts of aging being caused by
hyperactivation of REs (Gorbunova et al., 2021), which stimu-
late the antiviral interferon response with the development of
systemic aseptic inflammation, progressive degeneration of
organs and tissues (De Cecco et al., 2019). Therefore, the role
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of REs in the development of PD may be evidenced by both
the influence of viruses on PD and the protective function of
AS against viruses. Indeed, according to meta-analyses and
systematic reviews of the scientific literature, PD is caused by
influenza viruses, Coxsackie, HI'V, Japanese encephalitis B,
West Nile virus (WNV), St. Louis (Jang et al., 2009), influ-
enza A viruses, herpes viruses and flaviviruses. An increased
risk of developing PD after hepatitis B and C infections has
been identified (Wang et al., 2020; Leblanc, Vorberg, 2022).
Influenza A HINI virus has been found to promote proteo-
stasis disruption and AS aggregation (Marreiros et al., 2020).
Coxsackie virus B3 induces formation of AC-associated in-
clusion bodies in neurons acting as PD triggers (Park et al.,
2021). Neuroinvasive WNV activates AS expression in neu-
rons (Beatman et al., 2015).

A model was presented in which WNV-induced AS lo-
calized to endoplasmic reticulum membranes, modulating
virus-induced stress signaling and inhibiting viral replication
(Beatman et al., 2015). Experiments with infection of mice
with the WEEV (western equine encephalitis virus) revealed
protein aggregation in many areas of the brain, including the
substantia nigra, with loss of dopaminergic neurons, per-
sistent activation of microglia and astrocytes (Bantle et al.,
2021). HIV promotes accumulation of AS in neurons, which
explains the development of cognitive and motor disorders in
HIV-infected patients, among whom the frequency of SNCA/
alpha-synuclein staining is higher than in healthy people of
the same age (Santerre et al., 2021).

AS has many biophysical characteristics of antiviral pep-
tides, binding to virus-carrying vesicles. AS promotes neuronal
resistance to viral infections by signaling the immune system
and recruiting neutrophils, macrophages, and activating
dendritic cells. It has been noted that chronic gastrointestinal
infections can lead to the accumulation of AS forming neuro-
toxic aggregates, as from there AS enters the brain, providing
immunity before infection (Barbut et al., 2019).

The mechanism of AS-induced immune responses to RNA
viral infections was investigated and it was determined that
AS is required for neuronal expression of interferon-stimu-
lated genes. Human AS knockout neurons failed to induce
a broad range of interferon-stimulated genes. In the nuclei
of interferon-treated human neurons, AS accumulates, with
interferon-mediated phosphorylation of STAT2 depending on
its expression and localized together with AS after such stimu-
lation. Increased levels of phosphoserine129 alpha-synuclein
are expressed in brain tissue from patients with viral (WNV
and VEEV) encephalitis (Monogue et al., 2022). A systematic
review of the scientific literature in 2024 showed that SARS-
CoV-2 induces AS aggregation, promoting the development
of PD by stably binding alpha-synuclein to the S1 protein
and activating AS as part of the immune response to infection
(Iravanpour et al., 2024).

Direct role of transposable elements

in the development of Parkinson’s disease

AS plays a critical physiological role in immune responses
and inflammation. Similar to amyloid-beta in Alzheimer’s
disease, AS fibrillation represents the brain’s innate immunity
against viruses (Vojtechova et al., 2022). Since REs have an
evolutionary relationship with viruses (Mustafin, 2018), it
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can be assumed that mRNA of pathologically activated REs
also contributes to the fibrillization of AS. This is evidenced
by the results of a study of the abdominal cavity, in which AS
is involved in the normal functioning of the immune system,
being a mediator of immune responses and inflammation
(Alam et al., 2022). Similar to exogenous viruses, degradation
and processing products of Res transcripts are stimulators of
the interferon response, which contributes to the development
of inflammation (Gazquez-Gutierrez et al., 2021). This can
be induced not only by LINET1, but also by non-autonomous
Alu, which use the enzymes of activated LINE1 for their own
transpositions (Elbarbary, Maquat, 2017). As a result, aseptic
inflammation characteristic of aging develops (De Cecco et al.,
2019), which has been detected in the brain of mice modeled
for PD (Ghosh et al., 2016).

In the brain of patients with PD, activation of the immune
cytokine network and increased levels of toll-like receptor 3
in response to double-stranded RNA are detected. A C3 com-
plement antisense oligonucleotide, which switches splicing
and promotes splicing of unproductive C3 mRNA, has been
shown to prevent AS changes (Thomas et al., 2023). The
accumulation of pathological AS aggregates (Lewy bodies)
in PD may be due to the ineffectiveness of AS action on
pathologically activated REs. In the normal brain, REs are
also activated, but the interaction of proteins with them may
play a role in specific functions of neurons and glial cells.
However, in pathological interactions caused by the activation
of REs that are not specific to certain structures of the brain
(which is due to the spatiotemporal features of REs activation
during neuronal differentiation (Mustafin, Khusnutdinova,
2020)), protein conglomerates are formed, especially under
the influence of aging (Gorbunova et al., 2021), viruses (Jang
etal., 2009; Beatman et al., 2015; Marreiros et al., 2020; Park
etal., 2021; Leblanc, Vorberg, 2022) and in the presence of a
genetic predisposition caused by polymorphisms in the loci
of the location of TEs (Blauwendraat et al., 2019; Nalls et al.,
2019; Ohnmacht et al., 2020) (Fig. 1).

Despite the enormous number of REs in the human ge-
nome, only a small fraction of them have retained the ability
to transpose. This is due to the accumulation of many inac-
tivating mutations during evolution, and the conservation of
sequences is due to the use of retroelements by the “hosts” as
sources of regulatory elements and ncRNA genes (Mustafin,
Khusnutdinova, 2017). For example, LINEs are distributed
in the human genome as over 1 million copies, of which less
than 100 have been confirmed to be capable of retrotranspo-
sition. Such REs are called “RC-LINE1” (retrotransposition
competent LINE1). In addition to these RC-LINE1s, which are
contained in the reference genome, there are a small number
of non-reference LINEI insertions (Pfaff et al., 2020).

However, the persistence of activity of even hundreds of
REs causes significant insertional polymorphism between
individuals, meaning the presence or absence of REs in cer-
tain regions of the human genome. Statistical analysis has
shown that new Alu insertions occur in every 40th newborn,
new LINE]1 insertions, in every 63rd, and those of SVA, in
every 63rd (Feusier et al., 2019). Whole-genome sequencing
showed association of 16 highly active RC-LINE1s with PD
compared to healthy controls (Pfaff et al., 2020). 81 reference
SVAs were also identified that were polymorphic in presence
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AGING

Immune system dysregulation

Fig. 1. Scheme of retroelements’involvement in Parkinson’s disease pathogenesis.

or absence in PD patients, of which seven were associated with
disease progression and PD-specific gene expression changes
(Pfaff et al., 2021).

The presence or absence of human-specific SVA 67 cor-
relates with PD progression. SVA_67 exerts a regulatory
effect throughout the human genome, being polymorphic in
its variable-number tandem repeat (VNTR) domain (Frohlich
et al., 2024). The analysis of polymorphic 2886 Alu, 360 L1,
128 SVA, which are not included in the reference human
genome, by their presence or absence in PD compared with
healthy controls allowed us to detect REs that have a signifi-
cant effect on longitudinal changes in clinically significant
outcomes of PD (Koks et al., 2022).

LINE1 insertional polymorphisms influence PD progres-
sion, as most novel LINE1 insertions are able to regulate gene
expression in trans. An association with longitudinal changes
in PD progression has been identified for 70 LINE1 markers
of degeneration and disease severity (Frohlich et al., 2023).
Using bioinformatics studies and whole-genome sequenc-
ing data from 1,000 genomes from different populations,
46 polymorphic HERV-K insertions have been identified.
Further analysis of experimental factor ontology enrichment

has shown that polymorphic HERV-K insertions (rs12185268,
rs17577094, rs17649553, rs183211, rs199515, rs199533,
15415430, rs8070723, 1s2395163, 1s9275326) are associated
with PD features (Wallace et al., 2018).

Non-allelic recombination between homologous repeat
elements Alu and LINE1 is widespread in the human genome
with tissue-specific features that may act as recombination
hotspots. An association between recombination of these REs
and genomic instability in PD has been identified (Pascarella
et al., 2022). REs are also the cause of most large deletions
due to non-homologous end joining (NHEJ) in monogenic
forms of PD caused by mutations in the PARK2 gene (Morais
etal., 2016). Structurally variable SVAs (SV-SVA) associated
with PD and differential gene expression in this disease were
identified, which are associated with SNP and differential
expression of the BCKDK gene associated with the risk of
developing PD. The BCKDK gene encodes branched-chain
keto acid dehydrogenase kinase.

The minor risk allele rs14235, located in the BCKDK exon,
is associated with a 1.36-fold increase in the mean number of
Lewy bodies in PD (Van Bree et al., 2022). Experiments in
En+/—mice, a model of PD, revealed loss of heterochromatin
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Fig. 2. Mechanisms of retroelements’influence on the development of Parkinson’s disease.

and increased LINE1 expression in dopamine neurons. De-
generation of these cells was blocked by direct transcriptional
repression using the nucleoside analogue reverse transcriptase
inhibitor stavudine, LINE1-targeted small interfering RNAs
and expression of viral Piwil, as well as the specific protein
Engrailed, which directly suppresses LINE1 in dopaminergic
neurons. LINEI activation promoted DNA double-strand
breaks (Blaudin de Thé et al., 2018). In another study, over-
expression of multifactorial protein Gadd45b, involved in
DNA demethylation, was induced in the midbrain. In these
mechanisms of neurodegeneration, DNA damage was pre-
ceded by activated LINE1s with changes characteristic of PD.
It has been suggested that aging-related changes in the brain
contribute to dopaminergic neurons degeneration with poten-
tial implications for PD (Ravel-Godreuil et al., 2021). REs
are also sources of DNA damage during aging, which leads
to neurodegeneration in PD (Peze-Heidsieck et al., 2022).
The development of PD is also influenced by somatic
transpositions in the brain, which affect the biosynthesis of
dopamine, serotonin, 3-methoxytyramine, homovanillate,
phenethylamine and taurine (Abrusan, 2012). In PD pa-
tients, Alu integration into mitochondrial genomes disrupts
populations of these organelles in neurons, contributing to
the progression of neuronal dysfunction (Larsen etal., 2017).
Inhibition of mitochondrial chain complex I in a PD model
results in a significant increase in LINE1 element ORF1
protein expression in human dopaminergic LUHMES cells.
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Activation of these REs was accompanied by loss of DNA
cytosine methylation. These mechanisms were blocked by the
mitochondrial antioxidant phenothiazine. Such activation of
LINEI is a consequence of mitochondrial distress, which is
characteristic of PD (Baeken et al., 2020).

A study of the SVA influence in the composition of the genes
of the major histocompatibility complex HLA in patients with
PD showed that the expressed alleles of the SVA and HLA
genes in circulating leukocytes are differently coordinated
in the regulation of immune responses, as well as in the pro-
gression of PD (Kulski et al., 2024). Thus, the development
of PD can be influenced by structural polymorphisms in the
REs genes, the characteristics of the distribution of REs in
the genome, reflected in their recombinations and somatic
transpositions (Fig. 2).

Role of retroelement-derived microRNAs
in Parkinson’s disease development
An analysis of the scientific literature on changes in the
expression of microRNAs originating from REs (according
to a published systematic review (Mustafin, Khusnutdinova,
2023)) in PD revealed 35 such microRNAs (see the Table).
Pathological activation of REs in PD may influence the
expression of their derived microRNAs in several ways
(Fig. 3). First, activated REs act as “sponges” for microRNAs
by complementarily binding to nucleotide sequences due to
their evolutionary relationship, thus blocking the effects of
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Retroelement-derived microRNAs associated with Parkinson'’s disease

Source

of microRNA

ERVL-MaRL

LINE2

LINE2

SINE/Alu

SINE/Alu

LINE2

LINE2

LINE2

LINE2

LINE2

LINE1

SINE/MIR

SINE/MIR

SINE/tRNA-RTE

LINE2

LINE2

LINE2

SINE/tRNA

SINE/MIR

LINE1

LINE1

SINE/MIR

LINE2

ERV-L

microRNA/

change in level in the disease/references

miR-1246/
increased/(Hossain et al., 2022)

miR-1249/
increased/(Soreq et al., 2013)

miR-1271/
decreased/(Ma, Zhao, 2023)

miR-1273/
decreased/(Kamenova et al.,, 2021)

miR-1303/
decreased/(Boros et al., 2021)

miR-151/
decreased/(Martins et al., 2011)

miR-211/
increased/(Motawi et al., 2022)

miR-28/
increased/(He S. et al., 2021)

miR-31/
increased/(Li L. et al., 2021)

miR-320b/
decreased/(Soreq et al., 2013)

miR-320d/
decreased/(Chatterjee, Roy, 2017)

miR-330/
increased/(Ravandis et al., 2020)

miR-335/
decreased/(QOliveira et al., 2021)

miR-342/
increased/(Wu et al., 2019)

miR-374a/
increased/(He S. et al., 2021)

miR-374b/
increased/(He S. et al., 2021)

miR-421/
increased/(Dong et al., 2021)

miR-4293/
decreased/(Soreq et al., 2013)

miR-4317/
increased/(Soreq et al., 2013)

miR-450b/
increased/(Khoo et al., 2012)

miR-466/
increased/(Kamenova et al., 2021)

miR-487b/
decreased/(Kern et al., 2021)

miR-493/
decreased/(Kern et al., 2021)

miR-495/
increased/(Ravandis et al., 2020)

Function of microRNA/references

Inhibits the expression of the CKS2 (regulatory subunit of cyclin-dependent
kinase 2), TAPBP (TAP-binding protein) genes/(Hossain et al., 2022)

Regulates the VEGFA and HMGAZ2 genes/(Chen et al., 2019)

Suppresses PAX4, Grb2, NADPH genes expression, inhibits the Wnt/beta-
catenin pathways/(Ma, Zhao, 2023)

Regulates PDP2 gene expression/(Kamenova et al., 2021)

Interacts with IncRNA NEAT1/(Boros et al., 2021)

Regulates CRK, FAM5C, RBM5, TWIST1 genes expression/
(Martins et al., 2011)

Regulates CHOP gene expression/(Motawi et al., 2022)

Suppresses FOXO gene expression/(He S. et al., 2021)

Regulates apoptosis by potentiating PI3K/AKT signaling/(Li L. et al., 2021)

Inhibits the FOXM1 gene (encodes a transcriptional activator that regulates
cell proliferation)/(Jingyang et al., 2021)

Suppresses the expression of TUSC3 (tumor suppressor)/
(Yufeng et al., 2021)

Targets mRNAs of proteins involved in activity-dependent synaptic
plasticity in the hippocampus/(Ravandis et al., 2020)

Suppresses LRRK2 gene expression/(Oliveira et al., 2021)

Suppresses the expression of PAK1, GLT1, GLAST, TH genes,
Whnt signaling pathways and anti-apoptotic genes/(Wu et al., 2019)

Inhibits translation of the Wnt5a gene mRNA/(Sun et al., 2018)

Inhibits translation of the Wnt5a gene mRNA/(Sun et al., 2018)

Inhibits translation of the mRNA of the MEF2D gene
(encodes myocyte-specific enhancer factor 2)/(Dong et al., 2021)

Inhibits WFDC21P gene expression/(Zhang Q. et al., 2021)

Inhibits FGF9 and CCND2 genes expression/(He X. et al., 2018)

Inhibits the KIF26B gene (encodes an intracellular protein
that transports organelles along microtubules)/(Li H. et al., 2019)

Inhibits PPARGCTA and GSK3B genes expression/(Kamenova et al., 2021)

Suppresses inflammation and neuronal apoptosis by targeting the mRNA
of the Ifitm3 gene/(Tong et al., 2022)

Directly affects mRNA of the Wnt5A gene, inhibits p-PI3K/p-AKT and c-JUN
with an increase in p21/(Bian et al., 2021)

Inhibits the expression of the CDKT gene encoding the serine/threonine
protein kinase factor G2/M transition in the cell cycle/(Tang et al., 2021)

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 295



R.N. Mustafin

The role of retroelements
in Parkinson’s disease development

Table (end)

Source microRNA/ Function of microRNA/references

of microRNA change in level in the disease/references

SINE/Alu miR-5095/ Inhibits the expression of the LRP10, PRKN, RBBP5, SLC14A1 genes/
increased/(Kamenova et al.,, 2021) (Kamenova et al., 2021)

SINE/Alu miR-520d/ Inhibits ceruloplasmin expression/(Jin et al., 2018)
increased/(Jin et al., 2018)

LINE1 miR-576/ Inhibits the expression of the SGKT gene, which encodes serine/threonine
increased/(Liu et al., 2023) protein kinase, responsible for stress responses and neuronal excitability/

(Greenawalt et al., 2019)

ERV-L/MaLR miR-585/ Regulates PIK3R3 (phosphatidylinositol 3-kinase), influencing apoptosis/
increased/(Zhang Y. et al., 2020) (ZhangY. et al., 2020)

SINE/Alu miR-6088/ Regulates DNA polymerase eta (POLH)/(Sonobe et al., 2024)
increased/(Marsh et al., 2016)

LINE1 miR-619/ Inhibits the expression of the LRP10, PRKN, RBBP5, SLC14A1 genes/
increased/(Cai et al., 2021) (Kamenova et al., 2021)

LINE1 miR-625/ Inhibits the expression of the HMGAT gene/(Zhong et al., 2023)
decreased/(Zhong et al., 2023)

LINE1 miR-626/ Inhibits the expression of the LRRK2 gene/(Qin et al., 2021)
decreased/(Qin et al., 2021)

LINE/CR1 miR-769/ Regulates HEYT gene expression (encodes a protein of the helix-loop-helix
decreased/(Soreq et al.,, 2013) family of basic transcriptional repressors)/(Han et al., 2018)

SINE/MIR miR-885/ Inhibits IGF-1 expression by affecting the PI3K/Atk/GSK-33, CTNNB1
increased/(Behbahanipour et al., 2019) (key regulatory protein of Wnt signaling) signaling pathways/

(Behbahanipour et al., 2019)
LINE2 miR-95/ Regulates the expression of genes of glutamate ionotropic receptors

microRNA gene

microRNA

increased/(Nair, Ge, 2016)

Origin in evolution

Retroelement

RNA

siRNA microRNA

Target mRNA for microRNA

GR1D1 and GR1A2, metabotropic receptors GRM4/(Nair, Ge, 2016)

Origin in evolution

microRNA gene

microRNA

mRNA

Target mRNA for microRNA

Fig. 3. Scheme of the pathways of influence of retroelements on microRNAs derived from them.
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RNA interference on the mRNAs of the target genes of these
microRNAs (Cornec, Poirier, 2023). This regulatory principle
has been identified not only in animals but also in plants. For
example, the transcript of the LTR-containing retroelement
MIKKI (translated from Korean as “bait”), expressed in rice
roots, is a mimic for miR-171, which destabilizes the mRNA
of root transcription factors like SCARECROW. Processed
MIKKI transcripts act as decoys for miR-171, triggering their
degradation and promoting the accumulation of root-specific
mRNA transcription factors (Cho, Paszkowski, 2017).

Second, LTR-containing REs transcripts (Lu et al., 2014)
and LINEls function as long ncRNA molecules, interacting
with specific chromatin regions and regulating the expres-
sion of genes controlled by microRNA molecules (Honson,
Macfarlan, 2018).

Third, some miRNAs are formed directly from REs genes,
which are the basis for pre-miRNA hairpin structures. Such
miRNAs lead to spatiotemporal dynamic expression networks,
for the analysis of which the Brain miRTExplorer web appli-
cation was created (Playfoot et al., 2022). Therefore, patho-
logical activation of REs leads to the formation of various
microRNAs from their transcripts, which affect the regulatory
networks of other microRNAs in the body.

Fourth, REs exert regulatory effects on miRNAs by generat-
ing small interfering RNAs (siRNAs) from REs transcripts.
In these mechanisms, siRNAs are competitive molecules for
binding to mRNA targets of microRNAs, neutralizing their
effect on gene expression. This effect is associated with the
host cells’ defense systems against activated REs in their
genomes, triggering the degradation of REs transcripts by
ribonucleases to miRNAs. The latter exert post-transcriptional
inhibition of gene mRNAs due to partial complementarity
(McCue et al., 2013).

Fifth, one of the ways in which microRNAs interact with
REs in regulating gene activity is also the suppression of their
expression when microRNAs bind to specific DNA structures
formed by REs embedded in these regions.

In the human genome, the Z-form of DNA is formed by
endogenous retroviruses, which provide functional genes
with alternative promoters (Lee et al., 2022). In addition, the
phenomenon of RNA-directed DNA methylation (RADM)
has been described in humans, due to which microRNAs
(Playfoot et al., 2022) and miRNAs (McCue et al., 2013)
formed from REs transcripts can affect the expression of
REs through complementary interactions of sequences in the
genome structure (Chalertpet et al., 2019).

Conclusion

The data presented in the review suggest that the development

of PD is caused by the activation of REs as a result of indi-

vidual characteristics of their distribution and the presence of

polymorphisms associated with PD in them. This is evidenced

by the following:

1) The results of scientific studies on the association of specific
RC-LINELI sets with PD were obtained.

2) The influence of LINEI insertional polymorphism on the
development of PD was revealed.

3) The significance of 360 LINE1s, 128 SVAs and 2886 Alu
in the progression of PD was determined.
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4) PD is associated with aging, which is characterized by
the activation of REs and the associated inflammation and
neurodegeneration.

5) 35 RE-derived microRNAs, the expression of which was
significantly altered in PD, were identified.

6) The role of Alu distribution in the genome as a source of
mutations in PD was discovered.

7) The influence of Alu insertions into mitochondrial genomes
on the progression of PD was determined.

8) The role of synuclein in antiviral protection, with the in-
fluence of viruses on the formation of aggregates of this
protein, was described.

Similarly, transcripts of pathologically activated REs,
evolutionarily related to and interacting with exogenous and
viral REs, can stimulate synuclein expression and fibrilliza-
tion. The probable cause of damage to the substantia nigra is
the spatiotemporal features of activation of specific REs in
neurons of the brain, which is reflected in the results of their
pathological activation in certain most vulnerable areas.
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Abstract. Precocious puberty (PP, E30.1, E22.8, E30.9 according to ICD 10, MIM 176400, 615346) in children is a disorder
in which secondary sexual characteristics appear earlier than the age norm. The timing of puberty is regulated by a com-
plex interaction of genetic and epigenetic factors, as well as environmental and nutritional factors. This study aimed to
search for pathogenic, likely pathogenic variants or variants of uncertain significance (VUS) in the KISS1, GPR54, DLK1,
and MKRN3 genes in patients with the clinical picture of PP and normal karyotype by massive parallel sequencing.
All identified genetic variants were confirmed by Sanger sequencing. The pathogenicity of identified genetic variants
and the functional significance of the protein synthesized by them were analyzed according to recommendations for
interpretation of NGS analysis results using online algorithms for pathogenicity prediction (Variant Effect Predictor,
Franklin, Varsome, and PolyPhen?2). Clinically significant genetic variants were detected in the heterozygous state in the
KISSTR, DLK1,and MKRN3 genes in 5 of 52 probands (9.6 %) with PP, including 3 of 33 (9.1 %) in the group with central
PP and 2 of 19 (10.5 %) in the group with gonadotropin-independent PP. Two children with gonadotropin-independent
PP had VUS in the KISSTR gene (c.191T>C, p.lle64Thr and ¢.233A>G, p.Asn78Ser), one of which was inherited from the
father and the second, from the mother. The remaining patients with central PP had likely pathogenic genetic variants:
DLK1:c.373delC(p.GIn125fs) de novo and DLK1:c.480delT(p.Gly161Alafs*49) of paternal origin. The third proband had a
VUS variant in the MKRN3 gene (c.1487A>G, p.His496Arg), inherited from the father. All identified genetic variants were
described for the first time in PP. Thus, in the present study, genetic variants in the KISSTR, DLK1, and MKRN3 genes in
girls with PP were characterized.
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AHHoTauuma. MpexpespemeHHoe nonosoe cospesaHue (MMNC, E30.1, E22.8, E30.9 no MKB 10, MIM 176400, 615346) y fe-
Teil — 3aboneBaHue, NPV KOTOPOM BTOPMYHbIE MONOBbIE NPU3HAKM NOABMAIOTCA PaHbLUe BO3PacTHOWM HopMbl. CPOKM
NMOMIOBOro CO3PEBAHUA PEryNNPYIOTCA CIIOKHBIM B3aUMOAENCTBNEM FeHETUYECKUX U SMNUreHeTnyeckux GakTopos, a
TakKe GaKTOPOB OKpyXatoLelr cpeabl U nNuTaHuA. Llenb HacToALlero nccnefoBaHna — NOUCK FreHETUYECKUX NMPUYMH
dopmmpoBaHMA y AeBoyek KnuHuyeckon KapTuhbl MMNC. MoUCK KINMHUYECKM 3HAUNMbIX FeHEeTUYECKX BapuaHToB (na-
TOTEHHbIX, BEPOATHO NAaTOreHHbIX BAPVAHTOB UM BAPUAHTOB C HeoMNpeaeNleHHbIM KIMHNYeCKUM 3HadeHreMm (variant of
uncertain significance, VUS)) nposezeH B reHax KISS1, KISST1R (GPR54), DLK1 n MKRN3 'y peBo4ek C KNMMHUYECKOW Kap-
THOM MMC 1 HopManbHbIM KapMOTUIMOM METOAOM TapreTHOro MacCOBOrO NapasienbHOro cekBeHpoBaHusa. Bce Haii-
[EHHble reHeTuYecKne BapuaHTbl O6binn noaTBepKaeHbl MeTofom cekBeHnpoBaHua HK no CaHrepy. MaToreHHOCTb
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Genetic variants of the DLK1, KISSTR, MKRN3 genes
in girls with precocious puberty

NAEHTUOULMPOBAHHbBIX FeHETUYeCKNX BapuvaHTOB U GyHKLUMOHaNbHaA 3HAUMMOCTb KOAMPYEMOro ummu 6enka npo-
aHaNM3MpPOoBaHbl C UCMONIb30BaHMEM OHJIAH-anropUTMOB NPOrHO3MpoBaHus natoreHHocTw Variant Effect Predictor,
Franklin n Varsome, a Takxe PolyPhen2 (cornacHo pekomeHaaunsam no MHTepnpeTauun pesynstatoB aHanmsa NGS).
KnuHnyeckn 3HaumMmble reHeTnyeckre BapuaHTbl 6biny 06HapyXeHbl B FreTepO3NroTHOM cOCTOAHUN B reHax KISSTR,
DLKT n MKRN3'y 5 n3 52 npo6aHgos (9.6 %) c MMNC, n3 Hux 3 n3 33 (9.1 %) - B rpynne ¢ yeHTpanbHbim NMNC n 2 3 19
(10.5 %) — B rpynne c roHagoTponuH-He3aBucumon dopmoin MMNC. [IBa pebeHKa ¢ roHagoTPONunH-He3aBUcmMon Gpop-
Mo MMNC nmenn VUS B reHe KISSTR (c.191T>C, p.lle64Thr 1 ¢.233A>G, p.Asn78Ser), ofuH 13 KOTOPbIX ObiN yHaceaoBaH
OT 0TLIa, BTOPOW — OT MaTepu. Y OCTanbHbIX NALMEHTOB C LieHTpanbHbIM MNIMC 661y BEpOATHO NaTOreHHbIE reHeTUuYecKne
BapuaHTbl DLKT:c.373delC(p.GIn125fs) de novo n DLK1:c.480delT(p.Gly161Alafs*49) oTyoBCKOro nponcxoxaeHus. Ewe
oaviH npobaHa umen sapuaHT VUS B reHe MKRN3 (c.1487A>G, p.His496Arg), yHacnefoBaHHbI OT oTua. Bce BbifBneH-
Hble reHeTUYecK e BapraHTbl onvcaHbl Brepsble npu MMC. Takum 06pa3om, B HaCToALLEM UCCef0BaHNW HaEeHbI HO-
Bble reHeTu4Yeckune BapraHTbl B reHax KISSTR, DLKT u MKRN3 y neBouek C npexaeBpemMeHHbIM NMONTOBbIM CO3peBaHNEM.
KnioueBble cnoBa: npexxaeBpeMeHHOe MoJIoBOe CO3peBaHue; rmnoTanamo-runoprsapHo-roHagHas ocb; reHbl DLKT,

KISS1, KISSTR, MKRN3

Introduction

Precocious puberty (PP, E30.1, E22.8, E30.9 according to
ICD 10, MIM 176400, 615346) is a disorder in which se-
condary sexual characteristics appear before the age of 8 in
girls and before the age of 9 in boys, and, as a rule, there is
an advancement of bone age by more than 2 years (Maione
et al., 2021). The incidence of PP is 10-20 times higher in
girls and varies widely across geographic regions, ranging
from 0.217 to 26.28 per 10,000 girls and from 0.02 to 0.9 per
10,000 boys. The prevalence of familial cases of PP is 27.5 %
(Brito et al., 2023).

PP can be gonadotropin-dependent (true, central), complete
and incomplete, caused by premature reactivation of the hy-
pothalamic-pituitary-gonadal (HPG) axis, and gonadotropin-
independent (peripheral), developing as a result of excessive
secretion of sex hormones by the gonads or adrenal glands,
ovarian cysts, or human chorionic gonadotropin. The second
form of PP is much less common, accounting for only 20 %
of all PP (Shim et al., 2022). The causes of PP cannot be
identified in most girls, therefore it is called idiopathic. If
untreated, early puberty can lead to several serious compli-
cations, including short stature (caused by premature closure
of the growth zones of tubular bones) and the formation of
a dysplastic constitution (short limbs, elongated trunk, wide
pelvis), psychological discomfort for girls and their parents.
In girls, menstrual cycle disorders are observed, manifested
in abnormal uterine bleeding, the development of polycystic
ovary syndrome, premature ovarian failure, and, accordingly,
early menopause. Earlier menarche in girls is also associated
with an increased risk of breast cancer, endometrial cancer,
obesity, type Il diabetes, and cardiovascular diseases. PP
can also be associated with organic brain lesions such as
hypothalamic hamartoma, suprasellar arachnoid cysts, and
hydrocephalus (Lagno et al., 2018; Peterkova et al., 2021).

Clinical features of PP include advanced growth spurt,
progressive breast development in girls, and increased testicu-
lar volume in boys, and reflect high gonadotropin-releasing
hormone (GnRH) levels and gonadotropin-stimulated sex
steroid action (gonadarche). Accelerated growth velocity
(>6 cm/year) and advanced bone age relative to biological
age (>1 year or 2 SDS (standard deviation) points of chrono-
logical age) are common features of advanced PP. Hormonal
findings supporting the diagnosis of PP include pubertal
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basal levels of luteinizing hormone (LH) or GnRH (Brito et
al., 2023).

The timing of puberty depends on genetic, epigenetic, and
environmental factors. In recent years, genetic variants in
the DLK1 (14g32), MKRN3 (15g11.2), KISS1 (1932.1), and
KISS1R (GPR54, 19p13.3) genes have been identified as he-
reditary causes of PP (Shim et al., 2022). However, in sporadic
forms of PP, genetic variants in these genes are detected in
only 10 % of cases (Canton et al., 2021, 2024). These genes
primarily affect premature reactivation of the HPG axis and
are directly involved in the formation of central PP. However,
based on gene function, the clinical picture of peripheral PP
may subsequently lead to central PP. For example, the presence
of thelarche in girls after 2 years of age with a gonadotropin-
independent form of PP increases the risk of subsequently
developing central PP (Peterkova et al., 2021).

The KISS1 gene (MIM 603286) and its receptor KISS1IR
(MIM 604161) are responsible for the secretion of GnRH,
participating in the regulation of endocrine function and the
onset of puberty. The KISS1 gene encodes the kisspeptin
protein, which stimulates the secretion of GnRH, and KISS1R
is a regulator of this process and a key factor in the initiation
of puberty, acting as a potent stimulator of the secretion of
GnRH-dependent luteinizing hormone. It is expressed in vari-
ous endocrine and gonadal tissues (Teles et al., 2008).

DLK1 (MIM 176290) is an imprinted gene expressed only
on the paternal homologue and encodes an EGF-like growth
factor. It is a membrane-binding protein that is involved in
the Notch signaling pathway and promotes cell proliferation
signals during neurogenesis. The product of this gene is also
involved in osteogenesis, adipogenesis, hematopoiesis, and
hepatocyte proliferation (Gomes et al., 2019; Macedo, Kaiser,
2019). In mice, DIK1 is expressed prenatally in neuroendo-
crine tissues, including the pituitary gland, and postnatally in
the hypothalamus, including the mediobasal hypothalamus,
the control center for GnRH secretion (Shim et al., 2022).
The product of this gene is also important for adipose tissue
homeostasis. Genome-wide association studies have shown
that paternally inherited single nucleotide variants in the
DLK1 gene are associated with an earlier onset of menarche
(Perry et al., 2014).

The imprinted and also paternally expressed MKRN3 gene
(MIM 603856) encodes the macorine protein RING-finger 3,
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which belongs to the macorine family and is involved in
controlling the onset of puberty by blocking the release of
GnRH from the hypothalamus, thereby delaying the onset of
puberty (Abreu et al., 2020). MKRNS3 is responsible for protein
ubiquitination, in which a ubiquitin moiety is attached to an
intracellular protein to transfer it to the proteasome. Ubiqui-
tination can also be an indicator of signal transmission for
regulation of the cell cycle, differentiation, and morphogenesis
(Abreuetal., 2020). Pathogenic and likely pathogenic variants
in the MKRN3 gene are the most commonly known factors
in genetic etiology of central PP, accounting for 19-33 % in
familial and 2-3.9 % in sporadic cases (Valadares et al., 2019;
Roberts, Kaiser, 2020).

This study aimed to identify clinically significant genetic
variants in the KISS1, KISS1R (GPR54), DLK1, and MKRN3
genes in girls with a clinical picture of PP.

Material and methods
In the course of this study, a sample of 52 families (202 people
in total) was formed based on the Scientific Center for Fami-
ly Health and Human Reproduction Problems, Irkutsk. Each
family consisted of a female proband with a clinical picture of
PP, her parents and, in some cases, sisters and grandmothers.
The study was conducted according to the provisions of
the Helsinki Declaration of the World Medical Association.
The study was approved by the Bioethics Committee of the
Scientific Center for Family Health and Human Reproduction
Problems (Protocol No. 1.1 dated 12.01.2023). Informed con-
sent for participation in the study and DNA diagnostics was
obtained from the patients’ parents. The clinical picture in the
probands included PP with isosexual gonadotropin-dependent
(ICD-10: E22.8, n = 33, age 7.4+ 1.6 years) and gonadotro-
pin-independent (ICD-10: E30.9, n = 19, age 6.9+0.8 years)
forms. Girls with organic lesions of the central nervous system
were not included in the study.
Description of patient subgroups:
girls with the isosexual gonadotropin-dependent form
of PP, under 8 years old, exhibiting accelerated physical
development (height SDS +1 or more), with their sexual
development corresponding to Tanner stages 2—4, levels of
pituitary gonadotropic hormones corresponding to pubertal
values, and a positive buserelin test. Additionally, they
have enlarged mammary glands and uterus confirmed by
ultrasound, and their biological age does not match their
chronological (passport) age;

» girls with the gonadotropin-independent form of PP, under
8 years old, with either accelerated or normal physical
development (height SDS +1 or more), advanced sexual
development corresponding to Tanner stage 2, levels of
pituitary gonadotropic hormones corresponding to prepu-
bertal values, and a negative buserelin test. Additionally,
they exhibit enlarged mammary glands and uterus, which
is confirmed by ultrasound.

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

2025
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Genomic DNA was isolated from venous blood by phenol-
chloroform extraction. The concentration of the original sam-
ples was estimated using a Nanodrop 1000 spectrophotometer
(ThermoFisher Scientific, USA). Genotyping of all exons in
the KI1SS1, GPR54 (KISS1R), DLK1, and MKRN3 genes was
performed using targeted massive parallel sequencing (NGS)
of these genes using a MiSeq sequencer and a MicroKit
(2x150) (Illumina, USA). For this purpose, amplification of
long DNA fragments (Long-range PCR) was used. To obtain
the nucleotide sequence, the UCSC In-Silico PCR genome
browser was used, which contains information on genome
sequences (hg38 assembly). The obtained nucleotide sequence
was then used to select primers using the Primer-BLAST
bioinformatics program provided by the National Center for
Biotechnological Information (NCBI) (Table 1).

Amplification of target fragments was performed using the
BioMaster HS-Taq PCR (2x) kit (Biolabmix, Russia) accord-
ing to the manufacturer’s protocol with the following PCR
conditions: 95 °C for 5 min; 36 cycles: 95 °C for 40°s, 60 °C
for 505, 68 °C for 1 min. The concentration of target fragments
was determined using a Qubit 4.0 fluorimeter (ThermoFisher
Scientific, USA). The reaction products were purified from
impurities using a Sephadex G50 solution (Sigma, USA).
The quality of reads was assessed using FastQC v0.11.8, after
which trimming of the remaining adapter sequences and low-
quality reads was performed using Trim-Galore.

All detected genetic variants were confirmed using Sanger
sequencing. The primer sequences are presented in Table 2.
The pathogenicity of the identified genetic variants was
analyzed using online pathogenicity prediction algorithms:
Variant Effect Predictor (http://www.ensembl.org/Tools/
VEP), Provean (http://provean.jcvi.org/genomesubmit_2.
php?species=human), Franclin (https://franklin.genoox.
com/clinical-db/variant/snp/chr15-23621174-GC-G-hg38),
VarSome (https://varsome.com/variant/hg19) and PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/) according to the
recommendations for interpreting the results of NGS analy-
sis (Eijkelenboom et al., 2019; Ryzhkova et al., 2019). The
following databases were used to determine the frequency
of identified mutations in population samples in order to ex-
clude polymorphic variants in patients: Exome Aggregation
Consortium (http://exac.broadinstitute.org/), Exome Variant
Server (http://evs.gs.washington.edu/EVS), 1000 Genomes
Project (http://browser.1000genomes.org/index.html), which
are recommended for interpreting data obtained using NGS
(Eijkelenboom et al., 2019; Ryzhkova et al., 2019).

The study was conducted using equipment from the Core
Medical Genomics Facility of the Tomsk National Research
Medical Center of the Russian Academy of Sciences, Tomsk.

Results

Clinically significant genetic variants (likely pathogenic and
variants of uncertain significance (VUS)) were identified in
the KISS1R, DLK1 and MKRNS3 genes in five of 52 probands
(9.6 %) with PP, including three of 33 (9.1 %) in the group
with central PP and two of 19 (10.5 %) in the group with
gonadotropin-independent PP.
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Table 1. Sequences of the oligonucleotide primers used to generate libraries for targeted massive parallel sequencing
of the KISS1, KISSTR, DLK1, and MKRN3 genes

Primer name Primer sequence, 5'-3' Length of product, bp Position in genome (UCSC In-Silico PCR, hg38)
DLK1

DF1 TATGGCTAAGATGGGAAATCTGTGC 6,196 chr14:100725325-100731520
DR1 CCGTCAGGAATCAAGAAACCTGTTA
DF2 GCTCAATAGTTCTAATTTCCCTGGC 4,040 chr14:100731378-100735417
DR2 CCGCTAAATCTCAAATCAATCGGAA
DF3 GCTATCTCTTGTGTCAAATCTGGTG 4,689 chr14:100734980-100739668
DR3 CCTTCAGTGTGGTCATGTTATTTCC

MKRN3
MF1 GGCAGACAGATACGAAAATACAACG 3,642 chr15:23565341-23568982
MR1 ATTTGCAGTTGATGCAGATCATACG
MF2 GCTGCTCATCTGTTTGTTTACAGTT 5,062 chr15:23567720-23572781
MR2 AACTGTGATTCCCTCATCGTTTGTA
MF3 TTCTAAACTGACTGTGACTAGGTGC 4,998 chr15:23626497-23631494
MR3 ATACCGAAATCTCATCCCATCTTGG
MF4 AATGTCTCACCTTCCCTCTACAAAC 5,629 chr15:23620915-23626543
MR4 GTGGGAGATGATAGCAGAATAAGCA
MF5 TAGTTCTATTATCAGCCATTGCCCC 6,048 chr15:23614951-23620998
MR5 TGGCAGAACTCTACAGAAAATCGAA

KISST1

KF5 GCAAGGCTCATTAAGTTCACTG 6,203 chr1:204191506-204197708
KR5 CAGCCCTAATGGGTGTGATAAT
KF7 CTGGAAGATGGTTAGAGGAACC 4,106 chr1:204188621-204192726
KR7 GCAAAATGAGCTTTCCCGTATT

KISSTR
KRF2 CAAGTTCGTCAACTACATCCAG 3,436 chr19:918644-922079
KRR2 AAAAGTAAAGTGCCTAAGACCG
KRF3 CAAATGGAAGCACCTTTTTCTTC 5,316 chr19:915605-920921
KRR3 ATCAATAGCAAACTTCACAACGA

Table 2. Sequences of oligonucleotide primers used for Sanger sequencing of the KISSTR, DLKT and MKRN3 genes

Primer name Primer sequence, 5'-3’ Length of product, bp  Position in genome (UCSC In-Silico PCR, hg38)
DLKT1

c373del_F TAAACCCTCTTACTCCAGACCC 294 chr14:100731920-100732213
c373del_R CATTAGATCACACACAGGAAGGA
c480delF GTGTTTTAAGCACCTGCCCCTTA 329 chr14:100734030-100734358
c480delR CAGGTCTTGTCGATGAAGCCG

MKRN3
c1487A>GF GGAGAGGGCAACATGCTCTATAA 254 chr15:23567136-23567389
c1487A>GR CAGTAAGAGTGTCAACACAGGGA

KISSTR
c233A>GF GTGCCGCTCTTCTTCGC 265 chr19:917635-917899
c233A>GR CCACAGGGAAAAGATTCGAGG
c191T>CF GGGCTATAAACGCTCGGC 448 chr19:917300-917747
c191T>CR CCGATGTAGAAGTTGGTCACG
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Table 3. The main clinical characteristics of the phenotype of patients with the identified genetic variants
Patient PP, clinical form Age of onset  Clinical features Presence Age, years
No. of PP, years of obesity
biological bone
19 Gonadotropin-dependent, 6 Telarche and pubarche - 6.5 9
incomplete form at 6 years old
45 Gonadotropin-dependent, 7 Thelarche, pubarche and menarche - 7 11-11.5
complete form from 7 years old
47 Gonadotropin-dependent, 6 Pubarche from 6 years of age, Stage 2 9 11-11.5
complete form thelarche from 8 years,
menarche from 9 years old
10 Gonadotropin-dependent, 5 Thelarche, adrenarche Stage 1 5 7
incomplete form
14 Gonadotropin-dependent, 6 Pubarche from 5 years, Stage 1 7 8.5-9
incomplete form thelarche from 7 years old
Table 4. Position and characteristics of the identified genetic variants in patients with precocious puberty
Patient Gene Genetic Amino acid Presence Frequency Genetic Variant ACMG Inheritance
No. variants variants of polymorphic in population Identifier Pathogenicity
variants (GnomAD) (Varsome, Franklin)  Score (Varsome,
(rs, dbSNP No.) Franklin)
19 DLK1 c.373delC  p.GIn125fs*8 - - Frameshift variant ~ LP De novo
45 DLK1 c480delT  p.Gly161Alafs*49 - - LP Paternal
47 MKRN3 c.1487A>G p.His496Arg rs749506944 0.000016 Missense variant VUS Paternal
14 KISSTR  c191T>C  p.lle64Thr - 0.0004 VUS Paternal
10 KISSTR  ¢.233A>G  p.Asn78Ser rs540538484 0.000013 VUS Maternal

Note. LP - likely pathogenic variant, VUS - variant of uncertain significance.

The main clinical characteristics of the phenotype of
patients with the identified genetic variants are presented in
Table 3. It is noteworthy that in three cases, the patients had
obesity, which could contribute to the development of PP
(Song et al., 2023).

The clinically significant variants identified resulted in
missense amino acid substitutions in three cases. Two variants
were represented by single nucleotide deletions resulting in
a reading frame shift. Table 4 and the Figure describe the
spectrum of genetic variants identified in patients, which
were registered in the heterozygous state in all cases, and also
present their pedigrees.

A total of five genetic variants located in the coding re-
gion of the studied genes were identified. Two likely patho-
genic variants were identified in the DLK1 gene (c.373delC,
p.GIn125fs and ¢.480delT p.Gly161Alafs*49) (Table 4, the
Figure a, b). The first was located in the exon 4, and the
second, in the exon 5. In both cases, these variants led to a
reading frame shift and the formation of a stop codon and,
as a consequence, to a shortening of the synthesized protein.

The DLK1 gene has five exons. The DLK1 protein struc-
ture consists of a transmembrane domain with six epidermal
growth factor (EGF)-like repeats and a protease-sensitive se-

quence — target of tumor necrosis factor a-converting enzyme
(TACE), a transmembrane domain, and a short cytoplasmic
domain (Sanchez-Solana et al., 2011).

In the present study, both the first and second variants
are located in the region containing EGF repeats, which are
crucial for inhibiting the activity of Notch transmembrane
proteins. These proteins act as transcriptional activators in
complex with CSL family transcription factors (Baladron et
al., 2005; Gomes et al., 2019). The first variant is located in
the third repeat, and the second, in the fourth repeat. Both
genetic variants are described for the first time in PP. Previ-
ously, the ¢.479delC(p.Pro160fs*50) variant was described
for this pathology (Gomes et al., 2019; Yuan et al., 2022);
it is located near the DLK1:c.480delT(p.Gly161Alafs*49)
variant described by us.

One missense variant of uncertain clinical significance
(c.1487A>G, p.His496Arg, rs749506944) was found in the
exon 4 of the MKRN3 gene. The frequency of this variant in
the GnomAD database is extremely low (0.000016), and it
is found only in the European population. The MKRN3 pro-
tein has four zinc finger domains: three RNA-binding C3H1
motifs and one protein-binding domain C3HC4, which is
responsible for the activity of ubiquitin ligase. The MKRN-
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AAGGACTGCCAGAAAAAGG GGGAAAGGACTGCCAGA

. DTO - :
' |

CTCGGG GGACTGCCAGAAAAAG

GCCCCCCTGSYTYYYM

DLK1:c.373delC/WT
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DLK1:c.480delT/WT

GGGACTTGCTTCRTTATGAGCTGG

MKRN3:c.1487C>T/WT

ACTTGCTTCRTTATGAGCTGG GGGACTTGCTTCATTATGAGC

MKRN3:c.1487C>T/WT | WT
GGGACTTGCTTCRTTATGAGCTGG

MKRN3:c.1487C>T/WT

d
GCCCCCCTGGYTYYYM TGGTCATCTACGTCAT CGCTGGTCATCTACG
!
DLK1:c.480delT/WT KISSTR:c.191C>T/WT | wrt
TCGCTGGTCAYCTACGTCAT
KISS1Rc.191C>T/WT
e
GACCGTGACCARCTTCTACAT
? KISSTR:c.233A>G/WT
GACCGTGACCAACTTCTACAT ACCGTGACCARCTTCTACAT
wT KISS1R:.233A>G/WT
CCGTGACCAACTTCTACAT GACCGTGACCARCTTCTACAT
wT KISS1R:c.233A>G/WT

Pedigrees of patients with mutations in the KISSTR, DLK1, and MKRN3 genes available for familial segregation analysis.

Pedigrees of patients: a — No. 19; b — No. 45; ¢ — No. 47; d - No. 14; e — No. 10; squares represent male family members; circles represent female family members;
black symbols represent clinically affected family members; white symbols represent clinically unaffected carriers; black dot represents clinically unaffected car-
riers with a detected genetic variant; question mark represents unknown phenotype; exclamation mark represents the proband in each family; WT represents

the wild-type genotype status.

specific Cys-His domain, which is part of the protein, has
an unknown function. The genetic variant identified in this
study is located in the region of RNA-binding C3H1motifs.
Predictive programs prediction and the low frequency of this
variant in the population indicate that this missense variant
can be associated with the development of PP.

Genetic variants in the DLK1 and MKRN3 genes were in-
herited from fathers and paternal grandmothers in two cases,
and de novo inheritance was observed in one family (No. 19)
(Table 4, the Figure a—c). These genes are imprinted and are
expressed only on the paternal chromosome. Fathers inherit
this variant from their mothers, so this genetic variant is not
active in fathers and there are no clinical manifestations of
this disease. Indeed, fathers in families No. 45 and 47 did not
have PP. At the same time, paternal grandmothers should have
clinical signs of PP, since they have an active homologue.
However, according to the survey, paternal grandmothers
also did not have such disorders, which indicates incomplete
penetrance of the identified genetic variants.

The other two genetic variants were found in the KISS1IR
gene, ¢.191T>C, p.lle64Thr and ¢.233A>G, p.Asn78Ser;
these were missense variants located in the first exon. In the
first case, the proband inherited the variant from her father,
who had no clinical manifestations of PP (the Figure d, €). In
the second family, in addition to the proband, the mother and
maternal grandmother had this genetic variant, and also had
no cases of PP. The proband’s sister was not diagnosed with
this disease. With regard to PP, all this indicates incomplete
penetrance of the clinical phenotype.
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The KISS1R gene has five exons. The protein coded by
this gene, GPR54, is located in the cell membrane and has
an extracellular N-terminal domain, followed by seven trans-
membrane helices with three intracellular and three extracel-
lular loops, and ends with a C-terminal cytoplasmic domain.
The variants identified in this gene are located in the first
transmembrane helix.

In two families, unique genetic variants were found that
were not repeated in unrelated patients (Table 4). In the re-
maining families, the genetic variants found in this study were
observed in population samples with frequencies ranging from
0.000013 to 0.0004 (according to GhomAD). As can be seen,
these variants are extremely rare in populations, which may
indicate their pathogenic nature.

Thus, in this study, it was shown that in the group of girls
with PP in the KISS1R, DLK1 and MKRN3 genes, in 9.6 %
(9.1 % in the group with central PP and 10.5 % in the group
with gonadotropin-independent PP) of cases, likely patho-
genic variants and variants with uncertain clinical significance
(\VUS) are present, which may be a potential cause of PP for-
mation. All genetic variants found in this study are described
in this disease for the first time. Identification of new genetic
variants will allow a better understanding of the contribution
of genetic causes to the development of PP.

Discussion

Female reproductive process is a well-organized and tightly
controlled system governed by the HPG axis. The main ele-
ment of this axis is the pulsatile secretion of GnRH, which
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regulates the production of gonadotropins (follicle-stimulating
hormone (FSH) and luteinizing hormone (LH)) by the anterior
pituitary gland during puberty and maintains normal cycles in
adults. GnRH and gonadotropin production are also regulated
by negative feedback from estrogens secreted by developing
ovarian follicles.

In most cases, PP is associated with variants in the DLK1,
MKRNS3, KISS1, and KISS1R genes. Indeed, in our study, we
found likely pathogenic variants and variants with uncertain
clinical significance in the DLK1, MKRN3, and KISS1R genes
in five of 52 probands (9.6 %) in a sample of girls with a clini-
cal picture of PP. This finding aligns with literature reports on
the frequency of detection of genetic variants in PP (Canton
etal., 2021, 2024). No genetic variants were identified in the
KI1SS1 gene in the sample of probands with a clinical picture
of PP. This may be due to the limited number of patients in
this study, as well as the low frequency of genetic disorders
in this gene associated with PP. Indeed, only a few genetic va-
riants in the KISS1 gene have been described in this pathology
(Silveira et al., 2010; Rhie et al., 2014). All identified genetic
variants were in the heterozygous state, which is consistent
with the literature data on the autosomal dominant nature of
inheritance of genetic variants of these genes in PP.

In the present study, we found genetic variants in the
KISS1R gene in girls with gonadotropin-independent PP, in
all cases accompanied by thelarche. Thelarche refers to the
development of the mammary glands and is a response to
estrogen synthesis. It has been determined that the KISS1 and
KISS1R genes are expressed in various tissues, including the
gonads, and are able to influence the level of these hormones
either through temporary activation of the HPG axis or di-
rectly through stimulation of the gonads (Hu K. et al., 2018;
Yarmolinskaya et al., 2016).

The low frequency (approximately 10 %) of detection of
genetic variants in the DLK1, MKRN3, KISS1, and KISS1R
genes, primarily in sporadic cases of PP, suggests that some
other mechanisms or genes may also be involved in the forma-
tion of PP. Indeed, epimutations (changes in the methylation
status of CpG dinucleotides) in the DLK1/MEG3:1G-DMR
and MKRN3:TSS-DMR imprinting centers, which control
the expression of the imprinted DLK1 and MKRN3 genes,
may also be the cause of formation of the clinical picture of
PP. In support of this, A.P.M. Canton et al. (2021) identified
various genetic and epigenetic disruptions in 36 (18 %) of
197 unrelated patients with PP, among which: in 24 cases
(67 %), genetic disruptions were found in the KISS1R, KISS1,
MKRN3 and DLK1 genes; in 7 cases (19 %), CNVs were
detected (3 patients had a de novo deletion of 7q11.23 (Wil-
liams—Beuren syndrome), 3 probands had an inherited dele-
tion of Xp22.33 and one patient had a de novo duplication of
1p31.3); epigenetic abnormalities of imprinted centers of the
DLK1 and MKRN3 genes accounted for 3 cases (9 %); iden-
tification of the genetic variants of genes using whole exome
sequencing revealed rare de novo variants of loss of gene
function in a dominant state in two probands (5 %) such as
pathogenic deletion with a reading frameshift in the TNRC6B
gene (p.Gly665Leufs*35) and a likely pathogenic variant of
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a reading frameshift in the AREL1 gene (p.Ser229Phefs*3).

The TNRC6B gene (trinucleotide repeat containing adap-
tor 6B, region 22¢13.1, OMIM 610740) encodes a protein with
RNA-binding activity, which is involved in the regulation of
gene expression. This gene plays a role in RNA-mediated gene
silencing by both micro-RNAs (miRNAS) and short interfer-
ing RNAs (siRNAs). The AREL1 gene (apoptosis-resistant
E3 ubiquitin protein ligase 1, region 14g24.3, OMIM 615380)
encodes a protein that activates ubiquitin protein transferases,
is involved in the negative regulation of apoptosis, protein
ubiquitination, and is located in the cytosol.

Meta-analysis of association studies has also expanded the
range of genes that could potentially cause the development
of PP. These include genes such as LIN28B and PROKR2,
although their roles in this process are not so obvious (Perry
et al., 2009).

The LIN28B gene (6g16.3, OMIM 611044) encodes a
highly conserved RNA-binding protein that blocks LET7
family microRNAs and helps maintain the pluripotent state
of embryonic stem cells by preventing differentiation, and is
involved in metabolism and oncogenesis. It may also play a
role in pubertal development. Several studies have shown that
LIN28B is involved in forming the clinical presentation of
PP, in particular, earlier development of thelarche, menarche,
and pubarche (Ong et al., 2009; Perry et al., 2009; Hu Z. et
al., 2016). However, another study assessed the association
between LIN28B variants in 178 Brazilian children with PP,
but did not find a causal relationship (Silveira-Neto et al.,
2012). Moreover, genetic variants in LIN28B such as rs314276
have been reported to be associated with obesity, which is
closely linked with PP (Ong et al., 2011). Thus, the role of
the LIN28B gene in forming the clinical presentation of PP
remains to be determined.

The PROKR2 gene (prokineticin receptor 2, 20p12.3,
OMIM 607123) is a G protein-coupled receptor that is in-
volved in the development of GnRH neurons, but neither
developing nor mature GnRH neurons express prokineticin
receptors. M. Fukami et al. (2017) reported that a PROKR2
variant is associated with the formation of central PP. In this
case, a girl presented with thelarche at the age of 3 years and
5 months with blood gonadotropin and estradiol (E2) levels
consistent with puberty. Molecular analysis revealed a hetero-
zygous deletion ¢.724_727delTGCT in this gene, resulting in
transcription terminations. This variant was also detected in
the patient’s mother, who did not have PP. It has been shown
that in the heterozygous state, this variant forms a heterodimer
with the wild type, which acts as a gain-of-function variant
leading to PP. Moreover, S. Sposini et al. (2015) demonstrated
that in the absence of the 6th and 7th transmembrane domains
in the PROKR2 gene, ligand-dependent signal transduction
is enhanced. Thus, only certain variants in the PROKR2 gene
in the heterozygous state can lead to the development of PP.

Conclusion

The onset of puberty is controlled by the interaction between
genetic, epigenetic and non-hereditary factors. PP is a result
of premature activation of these interactions. In the present
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study, it was shown that in the group of girls with PP, 9.6 %
(9.1 % in the group with central PP and 10.5 % in the group
with gonadotropin-independent PP) of cases had likely pa-
thogenic variants and variants with uncertain clinical signifi-
cance in the KISS1R, DLK1 and MKRN3 genes, which can
be a potential cause of PP. All genetic variants detected in
this study are described in PP for the first time. Analysis of
familial segregation showed that in all cases, the probands
had genetically significant variants in the heterozygous state,
which confirms the autosomal dominant nature of inheri-
tance. In all cases where family material was available, only
the probands exhibited the clinical picture of PP, indicating
incomplete penetrance of the disease.

Identification of genetic variants is necessary not only for
molecular genetic confirmation of the diagnosis, but also for
choosing the right tactics for patient management and medical
genetic counseling of the family. A comprehensive and step-
by-step study of genetic, epigenetic and non-hereditary factors
can improve our understanding of the exact mechanism of PP.
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Identification of fungal diseases in strawberry by analysis
of hyperspectral images using machine learning methods
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Abstract. Leaf spot, leaf scorch and phomopsis leaf blight are the most common fungal diseases of strawberry in
Western Siberia, which significantly reduce its yield and quality. Accurate, fast and non-invasive diagnosis of these
diseases isimportant for strawberry production. This article explores the ability of hyperspectral imaging to detect and
differentiate symptoms caused to strawberry leaves by pathogenic fungi Ramularia tulasnei Sacc., Marssonina potentil-
lae Desm. and Dendrophoma obscurans Anders. The reflection spectrum of leaves was acquired with a Photonfocus
MV1-D2048x1088-HS05-96-G2-10 hyperspectral camera under laboratory conditions using the line scanning method.
Five machine learning methods were considered to differentiate between healthy and diseased leaf areas: Support
Vector Machine (SVM), K-Nearest Neighbors (KNN), Linear Discriminant Analysis (LDA), Partial Least Squares Discrimi-
nant Analysis (PLS-DA), and Random Forest (RF). In order to reduce the high dimensionality of the extracted spectral
data and to increase the speed of their processing, several subsets of optimal wavelengths were selected. The follow-
ing dimensionality reduction methods were explored: ROC curve analysis method, derivative analysis method, PLS-DA
method, and ReliefF method. In addition, 16 vegetation indices were used as features. The support vector machine
method demonstrated the highest classification accuracy of 89.9 % on the full range spectral data. When using vegeta-
tion indices and optimal wavelengths, the overall classification accuracy of all methods decreased slightly compared
to the classification on the full range spectral data. The results of the study confirm the potential of using hyperspectral
imaging methods in combination with machine learning for differentiating fungal diseases of strawberries.

Key words: hyperspectral imaging; fungal diseases of strawberries; machine learning methods; dimensionality
reduction
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VigeHTudukamnyus rpuoHbIX 60/1e3Hel 3eMJISHUKY CaZloBOi
Ha OCHOBE aHa/Il3a I'UIepCcIIeKTPaabHbIX M300paskeHU
MeTOodaMM MalIMHHOTO O6yUeHs

A.®. YemkoBa

CnbnpcKkuin pepepanbHblii HayUHbIN LEeHTP arpobroTtexHonoruil Poccuiickoit akagemum Hayk, p. n. KpacHoo6ck, HoBocnbupckas obnacts, Poccua
@ cheshanna@yandex.ru

AHHoTauusA. benas, 6ypas 1 yrnosaTaa NATHUCTOCTU ABAAIOTCA Hambonee pacnpoCcTpaHeHHbIMY FPUOHBIMU 6ores-
HAMY 3eMAAHVKM CafoBoN B 3anagHoin Cnbrpu, 3HaUMTENbHO BAUAIOLUMM Ha e YPOXKalHOCTb 1 KauecTBo. TouHas,
ObICTPan N HEMHBA3UBHAA AMArHOCTMKA 3TUX 3a00/1eBaHU UMEET BaXKHOE 3HaueHVe B MPOMbILWIEHHOM NPOV3BOA-
CTBe 3eMNAHMKM. B HacToALen cTaTbe NCCenyloTCA BOSMOXKHOCTU NPUMEHEHNA METOA0B MaLUMHHOTO obyyeHus 1
rMnepcneKkTpanbHON Br3yanusaunm gna obHapyxeHnsa u anuddepeHumaLnuy Ha MUCTbAX 3eMAAHMKN CUMMNTOMOB, Bbl-
3BaHHbIX MaToreHHbIMK rpubamu Ramularia tulasnei Sacc., Marssonina potentillae Desm. n Dendrophoma obscurans
Anders. CnekTp oTpa)KeHs NNCTbEB PErMCTPUPOBaNM MnepcneKkTpanbHon kKamepoi Photonfocus MV1-D2048x1088-
HS05-96-G2-10 B 1abopaTopHbIX YCIOBUAX METOAOM JIMHENHOrO CKaHMpoBaHuA. Ona anddepeHumaumnm 30poBbix
1 MopakeHHbIX obnacTelt NMNCTbEB N3YyYeHO MATb METOAOB MALUVHHOIO 0B6yYeHNA: METOA OMOPHbIX BEKTOPOoB (SVM),
meTop K-6nmxanwumx cocegein (KNN), nMHeNnHbIN AUCKPUMUHAHTHBIN aHanu3 (LDA), AUCKPUMUHAHTHBIA aHanm3 ya-
CTUYHBIX HaMMeHbLunX KBagpaTtoB (PLS-DA) n cnyvainbin nec (RF). C uenbto ymeHbLUeHNA BbICOKOW pa3MepHOCTY U3-
B/IEYEHHbIX CMEeKTPasibHbIX AAHHbIX 1 YBEJIMUEHUA CKOPOCTY X 06PpabOoTKM ObII0 OTO6PAHO HECKOSIBKO MNOAMHOMXECTB
ONTUMAsbHbIX AAVH BOJH, HECYLLMX Hanbonee BaxkHYI CreKTpanbHyto uHdopmMaLuio. PaccMoTpeHbl criepytoe Me-
TOAbl COKpaLLeHNA pa3mepHOCTU: meTog aHanu3a ROC-KpuBbIX, MeTo aHanmsa npounssoaHbix, metog PLS-DA, meton
ReliefF. Kpome Toro, 16 BereTauoHHbIX UHAEKCOB 3a1eICTBOBAHO B KauecTBe MHGOPMATUBHbBIX NPU3HaKoB. Hanbonb-
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NaeHTndrKaumsa 6onesHen 3eMnsaHNKN
METOAOM FnepcrnekTPanbHO Br3yanusawumm

LIyI0 TOYHOCTb KnaccuourKkaumm, 89.9 %, nokasan MeTof OMOPHbIX BEKTOPOB Ha MOJIHOM CMeKTpe 3HaueHwni. Mpu nc-
MoJIb30BaHNMN BEreTaUMoHHbIX MHAEKCOB 1 HAGOPOB OMNTVMAsbHBIX AJIMH BOSH 06LLas TOYHOCTb KnaccubrKaLmm BCex
METOA0B CHM3MSIAaCb HE3HAUUTENbHO MO CPaBHEHMIO C Knaccudukaymein Ha NOMHOM CNeKTpe 3HaueHuin. Pesynbratsl
nccnefoBaHysA MOATBEPXKAAIOT NEPCNEKTUBHOCTb NMPUMEHEHV METOAOB MNepCneKTpanbHOWM BU3yanv3auum B coye-
TaHUW C MeToaMy MaLIMHHOTO 06ydeHuna ana auddepeHUmaLm rprbHbIX 6one3Hel 3eMNAHNKN CaoBOI.

KnioueBble cnoBa: runepcnekTpanbHble N306paxeHns; rpubHble 60Ne3HN 3eMIAHNKY; METOAbI MALUMHHOTO obyue-

HUA; COKpPalleHne pa3smepHOCTA

Introduction

Strawberry is one of the most popular fruits among consumers
by flavor, nutritional value and health benefits (Zheng et al.,
2021). Strawberry has high productivity and profitability and
is capable of rapid vegetative reproduction. One of the limit-
ing factors for increasing the production of strawberries is the
significant damage to cultivated varieties by fungal diseases,
which leads to a decrease in yield and economic losses. The
most common fungal diseases of strawberries in Western
Siberia are leaf spot, leaf scorch and phomopsis leaf blight
(Govorova, Govorov, 2015). Early detection of these diseases
is crucial for targeted application of appropriate plant protec-
tion measures.

Traditional disease diagnostic methods such as visual as-
sessment and microbiological laboratory analysis are time-
consuming, error-prone and labor-intensive, which limits their
application in precision agriculture. Recently, hyperspectral
image analysis (Mishra et al., 2017; Mahlein et al., 2018;
Cheshkova, 2022) has demonstrated great potential as an ef-
fective and non-invasive method for monitoring plant biotic
and abiotic stress. The influence of pathogens causes changes
of the physiological and biochemical parameters in the pro-
cess of disease occurrence, creating a reflectance spectrum
that is different from the spectrum of healthy plants. Modern
optical sensors register up to several hundred bands of the
electromagnetic spectrum over a wide range of wavelengths
and form a spectral profile for each pixel combining spectral
and spatial information (Mishra et al., 2017). Hyperspectral
imaging combines the advantages of computer vision and
optical spectroscopy, allowing simultaneous assessment of
both physiological and morphological parameters. Currently,
scientific publications provide examples of the successful
use of hyperspectral imaging for the recognition of various
strawberry diseases, such as powdery mildew (Mahmud et
al., 2020), anthracnose (Lu et al., 2017; Jiang et al., 2021),
verticillium wilt (Cockerton et al., 2019), gray mold (Wu et
al., 2023), and spotting (Cheshkova, 2023).

Machine learning is one of the most effective ways to
process and analyze the vast amounts of data obtained by
remote sensing techniques (Nagaraju et al., 2020; Benos et
al., 2021). Numerous studies show that using vegetation indi-
ces as features for building machine learning models allows
achieving good results in identifying and recognizing diseases
of agricultural crops (Mahlein, 2013; Lu et al., 2017).

Hyperspectral data has high collinearity. A large number of
wavelengths complicates models and reduces performance.
Dimension reduction is specific and significant for hyper-
spectral-based plant disease analysis, the purpose of which
is to remove spectral redundancy while preserving important
information. Optimal waveband selection has always been
a primary concern in hyperspectral data analysis (Liu et al.,

2014; Sun, Du, 2019). YMmenblieHHe pasMEPHOCTH MOXKET
OBITh IOCTHTHYTO 32 CYET BBIOOPA ONPEICIICHHBIX JTHH BOJH
7100 BbIACICHNS HHOOPMATUBHBIX IIPH3HAKOB.

The objective of this study was to determine the efficiency
of hyperspectral imaging techniques for differentiating sym-
ptoms on strawberry leaves caused by pathogenic fungi Ra-
mularia Tulasnei Sacc., Marssonina potentillae Desm. and
Dendrophoma obscurans Anders.; to assess the accuracy of
different machine learning methods for identifying fungal
diseases of strawberry; to explore the possibility of using
dimensionality reduction methods and vegetation indices to
optimize the machine learning models.

Materials and methods

Plant material and fungal diseases. In our study, three types
of fungal diseases of strawberry, most common in Western
Siberia, were considered: leaf spot, leaf scorch and phomopsis
leaf blight.

Strawberry leafspot is caused by Mycosphaerella fragariae
(Tul.) Lindau (conidial stage: Ramularia Tulasnei Sacc.). The
disease is first noticed as small, purplish circular spots on the
surface of young leaflets. As the lesion enlarges, the center of
the spot becomes gray to white and is surrounded by distinct
reddish-brown borders.

Strawberry leaf scorch is caused by Diplocarpon earliana
(Ell. et Ev.) Wolf (conidial stage: Marssonina potentillae
(Desm.) P. Magn., M. fragariae (Lib.) Ohl.). The marks of
the disease consist of many small irregular purple spots that
appear on the outward leaf’s surface. The lesions may enlarge
to 5 mm across and appear irregular.

Phomopsis leaf blight is caused by Dendrophoma obscurans
(Ell. et Ev.) H.W. Anderson (synonym: Phomopsis obscurans
(EllL. et Ev.) Sutton). Lesions begin as circular to elliptical,
purple spots that can appear identical to those of common
leaf spot or leaf scorch. The purple spots develop dark brown
centers as they enlarge. Some infected leaves display large
V-shaped lesions, with the widest part at the leaf edge.

The strawberry plants grown at the experimental field of
Siberian Federal Scientific Centre of Agro-BioTechnologies of
the Russian Academy of Sciences (Krasnoobsk, Novosibirsk
region, Russia) in 2021-2023 were used in the overall experi-
ment. During the growing seasons, 120 plants were selected,
including 30 healthy plants and 30 plants for each disease:
with visible symptoms of leaf spot, leaf scorch or phomopsis
leaf blight. One leaf from each plant was detached for further
research in the laboratory. Identification of the disease was car-
ried out through visual expertise by symptoms of the disease
(Garrido et al., 2011; Govorova, Govorov, 2015).

Image acquisition and calibration. Imaging was per-
formed by a Photonfocus MV 1-D2048x1088-HS05-96-G2-10
hyperspectral camera, with an IMEC CMV2K-LS150-VNIR
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sensor (Photonfocus AG, Switzerland, wavelength range
470-900 nm, spectral resolution 3 nm, spatial resolution
2048 x 1088 pixels) by the linear scanning method using a
moving platform. The software and hardware equipment as
well as related parameters can be referred to article (Maxi-
mov et al., 2023). The strawberry leaves were placed on a
white platform for imaging. The illumination source was
two halogen lamps. The scanning step, exposure time and
camera mounting height were determined experimentally.
Additionally, reference images were created for radiometric
correction. The dark image was obtained by covering the
camera lens with a non-reflective opaque black cap, and the
white reference image was obtained by surveying the spectral
image of the Teflon white board with 99.9 % reflectance. The
calibrated image was calculated using the following formula:

Is—1Ip
:—’
lw—1Ip

Identification of strawberry diseases
based on hyperspectral imaging

where |5 — intensity value of the sample image, Ip — intensity
value of the dark reference image, ly — intensity value of
the white reference image, R — the corrected hyperspectral
reflectance image.

Three-dimensional data sets (hypercubes) containing two
dimensions of spatial information and additionally one dimen-
sion of spectral information (2048 x 1088 x 131) were formed
from the scanning results.

Spectral features extraction and processing. The result-
ing image files were divided into two groups: 96 leaf images to
form a training set (24 in each of the four classes) and 24 leaf
images to form a validation set (six in each of the four classes).
Spectral data extraction was performed using ENVI 5.2 (NV5
Geospatial Solutions, Inc., USA). In each strawberry leaf
image, regions of interest (ROIs) corresponding to healthy leaf
tissue and to color spots of the diseased tissue were manual-
ly selected (Fig. 1). From each region, 250 pixels were ran-

Fig. 1. BROI selection: a — healthy regions, b — regions with symptoms of leaf spot, ¢ - regions with symptoms of leaf scorch,

d - regions with symptoms of phomopsis leaf blight.
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Table 1. Vegetation indices used as features

2025
29.2

NaeHTndrKaumsa 6onesHen 3eMnsaHNKN
METOAOM FnepcrnekTPanbHO Br3yanusawumm

No. Index
1 NDVI (normalized difference vegetation index)
2 RENDVI (red edge normalized difference vegetation index)
3 PhRI(physiological reflectance index)
4 RVSI (red-edge vegetation stress index)
5  MCARI (modified chlorophyll absorption ratio index)
6  TVI(triangular vegetation index)
7  VOGT (Vogelman index 1)
8  VOG2 (Vogelman index 2)
9  VOGS3 (Vogelman index 3)
10  PSRI (plant senescence reflectance index)
11 NRI(nitrogen reflectance index)
12 PSSRa
13 PSSRb (pigments specific simple ratio)
14 CRI(carotenoid reflectance index)
15 ARl (anthocyanin reflectance index)

16 PRI (photochemical/physiological reflectance index)

domly selected. As a result, a training dataset of 24,000 spec-

trum values (6,000 px for each class) and a validation data-

set of 6,000 spectrum values (1,500 px for each class) were
formed.

To smooth the spectrum and correct for scattering, the
Savitzky—Golay filter (Savitzky, Golay, 1964) and standard
normal variate normalization (Vidal, Amigo, 2012) were ap-
plied to the spectral data.

Optimal wavelengths selection. In order to decrease the
dimension of the raw spectral information and to find the
optimal wavelengths for classification we examined the fol-
lowing dimensionality reduction methods:

— receiver operating characteristic (ROC) analysis (Luo et al.,
2012); in this method, the area under curve (AUC) value is
used as a metric that determines the variable importance;
from the entire data spectrum, those wavelengths are left
for which the AUC exceeds a certain threshold value;

— the derivative analysis (Savitzky, Golay, 1964); in this me-
thod, the most important wavelengths are selected as the
high peaks and low valleys in the second derivative plot;

— partial least squares discriminant analysis (PLS-DA) (Meh-
mood et al., 2012); in this method, the wavelengths that
correspond to the highest absolute values of f-coefficients
are considered optimal wavelengths;

— ReliefF algorithm (Kononenko, 1994; Urbanowicz et al.,
2018); it’s a feature weighting algorithms that assigns dif-
ferent weights to features based on the category and correla-
tion of each feature; features with weights below a certain
threshold value are removed.

Equation

(Reoo — Re70)/ (Rgoo + Rez0)

(R750 = R705)/(R750 + R705)

(Rsso — Rs31)/(Rsso + Rs3)

[(R712 + R755)/2] = Ry3,

[(R700 = Re70) = 0-2:(R700 = Rss0)1(R700/ Re70)
0.5:[120:(R750 — Rs50) — 200+(Rg70 — Rs50)]
R740/R720

(R734 = R747)/(Ry15 + Ry26)

R715/R70s

(Rego— Rso0)/R7s0

(Rs70 = Re70)/ (Rs70 + Rez0)

Rsoo/Reso
Rsoo/Re3s
1/Rs10 = 1/Rss0
1/Rss0=1/Rz00

(Rs31 = Rs70)/(Rs31 + Rs0)

Vegetation indices extraction. Vegetation indices are
algebraic combinations calculated from reflectance spectrum
values for two or more selected wavelengths.

For our study, 16 vegetation indices (Table 1) were selected,
characterizing the photochemical reflectance (PRI), physio-
logy (NDVI, RENDVI, RVSI, PhRI), content of chlorophyll
(MCARI, TVI, VOGI1, VOG2, VOG3), pigments (PSSRa,
PSSRb, CRI, ARI), nitrogen (NRI) and carbon (PSRI) in plant
leaves (Wu et al., 2023).

Machine learning methods. Five machine learning me-
thods (SVM, KNN, LDA, PLS-DA, RF), most commonly used
in hyperspectral data classification (Singh et al., 2016; Benos
et al., 2021), were considered in our study to differentiate
healthy and diseased regions of strawberry leaves.

The Support Vector Machine (SVM) method. The main
idea of the SVM method is to transfer the original vectors to
a higher-dimensional space and search for the separating hy-
perplane with the largest gap in this space. The Gaussian radial
basis function was taken as the classifier kernel.

The K-Nearest Neighbors (KNN) method. The classifica-
tion is achieved by assigning the test object to the class that
is most common among its K-nearest neighbors, the classes
of which are already known. It applies the Euclidean distance
in the multidimensional space as a similarity measurement to
separate the test objects.

The Linear Discriminant Analysis (LDA) method. The
high-dimensional data are projected into a lower-dimensio-
nal space to promote class separability. The optimal projec-
tion in classical LDA is obtained by maximizing the distance
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Fig. 2. Average reflectance spectrum of healthy and infected regions of strawberry leaves.

between different classes and minimizing the distance within
a class.

The Partial Least Squares Discriminant Analysis (PLS-DA)
method. It is a variant of combining Partial Least Squares
regression (PLSR) and discriminant analysis (DA). Unlike
classical discriminant analysis, which searches for hyperplanes
of maximum variance of independent predictors, PLS-DA
builds a linear regression model by projecting predicted and
observed variables into a new reduced space.

The Random Forest (RF) method. It is a non-parametric
method that uses multiple decision trees to classify data and
is well suited to spectral data analysis.

The overall accuracy, calculated as the percentage of cor-
rectly classified objects to the total number of objects, was
used as a metric to evaluate the quality of the models.

All calculations and data analysis were performed in the
R software using the caret, kernlab, randomForest, klaR, pls,
CORElearn, class, MASS and terra packages.

Results

Spectral behaviors

Figure 2 shows the averaged reflectance spectra of healthy
and fungal disease-affected regions of strawberry leaves. The
spectral curves are typical for plants (Mishra et al., 2017).
A common feature of all spectral curves is a lower reflectance
in the visible wavelength range, compared to the near-infrared
range. At wavelengths around 670 nm, a decrease in reflec-
tance is observed, which is due to the strong absorption of
light by chlorophyll in the leaves. In the range of 670—760 nm,
the reflectance of leaves increases sharply due to light scat-
tering in the intercellular space. In the wavelength range of
760-900 nm, the reflectance remains high.

Certain differences between the spectra are observed.
Thus, healthy green leaf regions have a characteristic peak
at a wavelength of 550 nm (nitrogen absorption zone), while
diseased regions have a decline in this area. In the range of

720-810 nm, healthy regions and regions affected by leaf
scorch have a higher reflectance, compared to regions affected
by leaf spot and phomopsis leaf blight. And in the range of
810-900 nm, on the contrary, it is lower. The reflectance of
leaves affected by leaf spot disease increases uniformly over
the entire wavelength range.

Optimal wavelengths selection

Analysis of variance (ANOVA) revealed the statistically
significant differences between mean reflectance by disease
type for each of the wavelengths, according to the F-criterion
with a p-value < 0.001. In addition, a recursive feature elimi-
nation method was applied to each of the considered models,
which also revealed that all wavelengths were significant for
classification.

To reduce the dimensionality of the data, four different
techniques were considered, which determined four different
sets of optimal wavelengths (Figures S1-S4 in Supplementary
Materials)®.

Using ROC curve analysis, 23 wavelengths (nm) were
identified for which the AUC exceeded the threshold value
of 0.99: [541.39, 545.04, 548.92, 550.41, 553.99, 557.94,
561.3,565.18,568.58,745.48,748.98, 751.75,756.45, 759.36,
763.0,765.97,769.44,772.39,775.92,778.56, 781.11, 784.53,
787.2].

Using the second derivative analysis method with a thresh-
old value of 1.0, the following 15 wavelengths (nm) were
selected: [677.11, 680.47, 682.99, 685.28, 688.76, 691.62,
695.25, 697.97, 709.54, 712.19, 729.07, 732.25, 736.15,
739.20, 742.67].

Using the PLS-DA method, the following 16 wavelengths
(nm) were selected for a threshold value of regression coef-
ficients of 0.4: [498.68, 502.7, 505.97, 510.11, 513.5,517.33,
522.39, 526.49, 529.98, 533.99, 541.39, 680.47, 682.99,
688.76, 691.62, 722.02].

T Figures $1-55 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Cheshkova_Engl_29_2.pdf
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Fig. 3. Sets of optimal wavelengths determined by different methods.

Using the ReliefF method, the following 24 wavelengths
(nm) were selected for the weight threshold of 0.5: [537.27,
541.39, 545.04, 548.92, 550.41, 557.94, 561.3, 565.18,
657.08, 662.06, 664.83, 668.35, 670.93, 674.46, 677.11,
680.47, 682.99, 685.28, 688.76, 691.62, 751.75, 756.45,
759.36, 763.00].

A comparison of the sets of optimal wavelengths selected
by different methods (Fig. 3) allows us to conclude that the
most informative wavelength ranges for classification are
[542-565 nm] and [680—-691 nm].

Vegetation indices calculation and analysis

Sixteen vegetation indices were calculated using the cor-
responding formulas (Table 1) for each pixel in the dataset.
Analysis of variance (ANOVA) was performed for each index
to determine the statistical significance of differences between
mean values of indices by disease type. All 16 indices had
statistically significant differences between means with a
p-value < 0.001.

Classification results based

on the full range of wavelengths

In our study, five different models (SVM, KNN, LDA, PLS-
DA, RF) were applied to differentiate healthy and fungal
disease-affected strawberry leaves. First, models were built
for the full spectrum of wavelengths (131 wavelengths in the
range 470-900 nm). The following optimal hyperparameters
were selected using the cross-validation: SVM (sigma = 0.03,
C=6), KNN (K=9), RF (mtry = 11), PLS-DA (ncomp = 38).
The classification results are shown in Table 2. Analysis of
the results allows us to conclude that the main errors in clas-
sification occur when differentiating between leaf scorch
and phomopsis leaf blight, since these areas have a similar
reflectance spectrum.

The support vector machine method on the full range of
wavelengths demonstrated the highest classification accuracy
(90 %), while the K-nearest neighbors method showed the
lowest accuracy (85 %).

Classification results based on sets
of optimal wavelengths and vegetation indices
Each of the five classification models (SVM, KNN, LDA,
PLS-DA, RF) was trained on sets of optimal wavelengths
obtained by applying four different dimensionality reduction
methods (ROC curve analysis, derivative analysis, PLS-DA,
ReliefF), as well as on a set of 16 vegetation indices (Table 3).
As can be seen from the results presented in Table 3, the
overall classification accuracy of all methods decreased com-
pared to the classification using the full spectrum. The highest
classification accuracy for all models was obtained for the set
of vegetation indices and for the set of wavelengths selected
by the PLS-DA method.

Identification of fungal diseases of strawberry

Trained and optimized models can be used to detect and dif-
ferentiate fungal diseases of strawberry. Figure 4 shows an
example of the application of the SVM model for the diagnosis
of different types of fungal diseases.

Discussion

The analysis of hyperspectral images by machine learning
methods has already been successfully applied in scientific
research to detect strawberry diseases. For example, G. Wu
et al. (2023) focused on the potential of using hyperspectral
imaging (HSI) combined with spectral features, vegetation
indices (VIs), and textural features (TFs) for the detection of
gray mold on strawberry leaves under laboratory conditions.
Three machine learning models (ELM, KNN, SVM) were
trained and optimized. The overall classification accuracy of
the models reached 96 %.

In (Jiang et al., 2021) six machine learning methods (SVM,
ELM, KNN, PLS-DA, RF, NB) were developed based on the
selected spectral fingerprint features for early identification
of anthracnose and gray mold in strawberries using a hyper-
spectral imaging system. Most classification models obtain
relatively good accuracy (100 %) and robust performance,
recognizing asymptomatic fungus infections classes before
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Table 2. Confusion matrices for hyperspectral image classification by different methods using the full spectrum

Predicted Actual Overall
Healthy Leaf spot Leaf scorch Phomopsis leaf blight accuracy, %

SVM 89.90

Healthy 98.07 0.73 0.07 0.00

Leaf spot 0.73 95.13 1.07 1.27

Leaf scorch 0.33 3.20 92.67 25.00

Phomopsis leaf blight 0.87 0.93 6.20 73.73

KNN 85.17

Healthy 98.73 1.13 0.33 0.00

Leaf spot 0.27 90.80 1.27 1.73

Leaf scorch 0.27 533 92.13 39.27

Phomopsis leaf blight 0.73 2.73 6.27 59.00

RF 86.93

Healthy 98.20 0.87 0.20 0.00

Leaf spot 0.40 93.27 0.67 0.47

Leaf scorch 0.27 3.53 90.40 33.67

Phomopsis leaf blight 1.13 2.33 8.73 65.87

LDA 89.15

Healthy 99.00 1.00 0.07 0.0

Leaf spot 0.07 93.07 0.93 0.4

Leaf scorch 0.93 3.53 89.53 24.6

Phomopsis leaf blight 0.00 2.40 9.47 75.0

PLS-DA 87.63

Healthy 99.93 1.87 1.07 0.00

Leaf spot 0.00 94.60 1.87 0.33

Leaf scorch 0.00 1.47 81.13 24.80

Phomopsis leaf blight 0.07 2.07 15.93 74.87

Note. SVM - the support vector machine method; KNN - the K-nearest neighbors method; LDA - the linear discriminant analysis method; PLS-DA - the partial
least squares discriminant analysis method; RF — the random forest method.

Table 3. Overall classification accuracy (%) for different models using selected wavelengths and vegetation indices

Model Dimensionality reduction method 16 vegetation indices
ROC curve analysis Derivative analysis PLS-DA ReliefF

SVM 77.37 83.03 85.13 78.32 89.75

KNN 76.40 81.60 83.27 77.48 82.65

RF 77.55 82.67 83.50 78.57 84.25

LDA 74.32 80.55 85.88 76.93 84.62

PLS-DA 69.00 75.45 85.60 77.15 84.70

Note.SVM - the support vector machine method; KNN - the K-nearest neighbors method; RF - the random forest method; LDA - the linear discriminant analysis
method; PLS-DA - the partial least squares discriminant analysis method.
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Fig. 4. Visualization of strawberry disease classification using support vector machines on a full range of values.

The left column shows the original color images of the strawberry leaves and the right column visualizes the classification results after applying the SVM model

to the full spectrum in every single pixel in the images.

the obvious signs of disease appear notably in the strawberry.
In our study, the obtained accuracy of disease classification
did not exceed 90 %. This result can be explained by several
reasons. First, three types of disease were considered at once,
rather than one or two as in other studies. Secondly, successful
differentiation of diseases requires a difference in the spectral
characteristics of plant leaves affected by pathogens. Our study
revealed that the main errors in classification occur when
differentiating leaf scorch and phomopsis leaf blight, since

these diseases have a similar reflectance spectrum. A possible
way to improve classification accuracy is to use convolutional
neural networks that take into account not only spectral but
also textural characteristics of the affected leaves, such as
shape and location of spots.

The choice of classification method depends on the diseases
under study. Among the five popular machine learning models
we considered (SVM, KNN, LDA, PLS-DA, RF), the support
vector machine (SVM) demonstrated the best classification
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accuracy, which is in agreement with the results of other stu-
dies (Benos et al., 2021).

In order to reduce dimensionality and select optimal wave-
lengths for model building, researchers have applied various
methods. Thus, the CARS, CARS-RF, ReliefF, and ROC
algorithms were used in (Luo et al., 2012; Jiang et al., 2021;
Wu et al., 2023). In many studies, dimensionality reduction
does not reduce the accuracy of the models, but in our case, all
wavelengths were significant and the classification accuracy
decreased slightly compared to the full spectrum.

The obtained results of laboratory studies indicate the po-
tential of using hyperspectral imaging methods for diagnosing
fungal diseases of strawberries in agricultural production.
Scientific publications have already described examples of
successful application of hyperspectral sensors mounted on
UAVs for diagnostics of biotic and abiotic plant stresses (Yang
etal., 2017).

In our further research, we plan to test the application of
hyperspectral imaging methods in field conditions to automate
the diagnosis of fungal diseases of strawberries.

Conclusion

This study explored the feasibility of using hyperspectral
imaging technique combined with machine learning for
the detection and identification of leaf spot, leaf scorch and
phomopsis leaf blight diseases on strawberry leaves in the
presence of visible symptoms. In order to identify the straw-
berry leaves disease effectively, diverse classifiers (SVM,
KNN, LDA, PLS-DA, RF) were developed and evaluated
using the full spectrum. The Support Vector Machine (SVM)
demonstrated the highest classification accuracy of 89.9 %
on 131 wavelengths in the range of 470-900 nm. In order
to simplify the models and increase the speed of data pro-
cessing, four different dimensionality reduction methods
were considered (ROC curve analysis, derivative analysis,
PLS-DA, ReliefF). Moreover, 16 vegetation indices were
used as features. The overall classification accuracy of all
methods decreased slightly compared to classification using
the full spectrum. The set of 16 optimal wavelengths obtained
by the PLS-DA method and the set of 16 vegetation indices
had higher classification accuracy than the other wave-
length sets.
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Abstract. Currently, the breeding of agricultural plants is increasingly based on the use of molecular biological data on
genetic sequences, which makes it possible to significantly accelerate the breeding process, create new plant varieties
through genomic editing. These data have a large volume, variety and require a large amount of resources, both labor
and computing, to analyze the costs. Data analysis of such volume and complexity can be effective only when using
modern bioinformatics methods, which include algorithms for identifying genes, predicting their function, and evaluat-
ing the effect of mutation on plant phenotype. Such an analysis has recently become impossible without the use of
integrated software systems that solve problems of different levels by executing computational pipelines. The paper de-
scribes the CropGene software package developed for the comprehensive analysis of genomic and transcriptomic data
of agricultural plants. CropGene includes several blocks of bioinformatic analysis, such as analysis of gene variations,
assembly of genomes and transcriptomes, as well as annotation of genes and proteins. CropGene implements new
methods for analyzing long non-coding RNAs, protein domains, searching and analyzing polymorphisms, and genome-
wide association research. CropGene has a user-friendly interface and supports working with various types of data,
which greatly simplifies its use for researchers who do not have deep knowledge in the field of bioinformatics. The paper
provides examples of the use of CropGene for the analysis of agricultural organisms such as Solanum tuberosum and Zea
mays. With CropGene, genetic markers have been identified that explain up to 50 % of the variability in seed color pa-
rameters; potential genes that may become promising material for producing potato varieties; more than 100 thousand
new long non-coding RNAs. Orthogroups were also found, the domain structure of which shows a marked similarity
with the domain architecture of characteristic secreted A2 phospholipases. Thus, CropGene is an important tool for
scientists and practitioners working in the field of agrobiotechnology and plant genetics.
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CropGene: nmporpaMMHBbIi KOMIIJIEKC aHa/I3a reHOMHBIX
M TPAHCKPUIITOMHBIX JaHHBIX CEJIbCKOX03SACTBEHHBIX PACTEeHUN
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1 DepepanbHbIit NcCneoBaTeNbCKIiN LEeHTP UHCTUTYT LMTONOTUM 1 reHeTnKn CUBMPCKOro OTAeneHns POCCitckol akaaemin Hayk, HoBocubupck, Poccus
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AHHOTauusA. B HacTosLlee BpeMs ceneKkumn CenbCKOXO3ANCTBEHHbIX PacTeHUiA Bce HoMblue OnMpaeTcsa Ha UCMosb30-
BaHVE MOJNEKYNAPHO-OMONOrMYECKMX AaHHbIX O FEHETUYECKUX MOC/IefoBaTeNIbHOCTAX, UTO MO3BOJNIAET CyLECTBEHHO
YCKOPUTb CeNEKLVOHHBIV MPOLIeCC CO3AaHUA HOBbIX COPTOB PAaCcTEHMI 3a CYET FTeHOMHOTO PeAaKTVPOBaHUA. STV faH-
Hble UMetoT 6071bLLIoI 06bem, pasHoO6pa3Hbl 1 TPeByIOT 418 aHaNM3a 3aTpaT 60MbLIOTO KOMYeCTBa PecypCoB, Kak Tpy-
[OBbIX, TaK W BbIUMCIIUTENbBHbIX. AHANIN3 AAaHHBIX C TaKMK OGBEMOM 1 CJIOKHOCTbIO MOXET ObITb 3GGEKTUBHBIM NNLLb
C NPYIMEHEHVEM COBPEMEHHbIX METO0B GMOVHPOPMATUKY, BKIIOYAIOLWMX aNropuUTMbl MAeHTUOUKaLMM reHoB, npes-
CKazaHuA UX GYHKLUY, OLEHKY BMAHNUA 3pdeKTa MyTaumm Ha GeHoTUN pacTeHuid. Takol aHanm3 B nocnefHee Bpems
CTan HeBO3MOXHbIM 6€3 NCMOoNb30BaHUA UHTEMNPUPOBAHHBIX MPOrPaMMHBIX KOMIIEKCOB, peLualoLmxX 3afayr pasHoro
YPOBHS 3a CUET BbINOJIHEHMA BbIUMCIIUTENbHBIX KOHBeepoB. B cTaTbe onmcaH nporpammHblii komnnekc CropGene, pas-
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CropGene: MporpaMmHbI KOMMIeKC aHas3a reHOMHbIX
1 TPAHCKPUNTOMHbBIX JaHHbIX CENTbCKOXO3ANCTBEHHDBIX PACTEHWI

paboTaHHbIN 41 KOMMIEKCHOrO aHanm3a reHOMHbIX 11 TPAaHCKPUMTOMHbIX AaHHbIX CENbCKOXO3ANCTBEHHBIX PACTEHA.
Cuctema BK/oYaeT B cebA HeCKOIbKO 6/10KOB 6MOMHGOPMATNUYECKOro aHann3a, Takix Kak aHanv3 Bapvialuin reHos,
c6opKa reHOMOB 1 TPAHCKPUMTOMOB, @ TakXXe aHHOTaLMA reHoB 1 6enKkoB. B Komnnekce peann3oBaHbl HOBble METOLbI
aHanmsa AnHHbIX Hekoampytowmx PHK, 6enkoBbix JOMEHOB, NomcKa 1 aHanm3a noanMopdr3MoB 1 NOIHOreHOMHOro
nccnefoBaHna accoumaumii. B pabote npeactaBneHbl npumepsl npumeHeHnsa CropGene Ansa aHanmsa cenbCKOX03AM-
CTBEHHbIX OPraHn3moB, Taknx Kak Solanum tuberosum, Zea mays. C NOMOLLbt0 JAHHOTO MPOrPaMMHOTO MaKkeTa HaAeHbI:
reHeTNYecKre MapKepbl, 06bAcHALLWME A0 50 % M3MEHUMBOCTM NapamMeTPOB OKPACKM CEMSH; MOTEHLMaNbHbIe reHbl,
KOTOPbIE MOTYT CTaTb NEPCMNEKTUBHBIM MaTEPMASIOM ANIS NONyUYeHnsa copToB KapTodens; 6onee 100 TbiC. HOBbIX ANMMHHbIX
Hekogupytowmx PHK. Tak»ke 06Hapy»KeHbl OpPTOrpymnrbl, LOMEHHas CTPYKTYpa KOTOPbIX NPOABAET 3aMEeTHOE CXOACTBO C
LOMEHHOW apXUTEKTYPOIA XapakTePHbIX cekpeTnpyemblx dochonnnas A2. Takum obpasom, CropGene npeacTaBnaeT co-
601 BaXXHbI MHCTPYMEHT AJ/1A YUYeHbIX U MPaKTMKOB, paboTatoLmnx B 0611acTyi arpoOUOTEXHONOMMIA U FEHETUKIN PacTEHUI.
KntoueBble cnoBa: 6MonHpopmMaTniecKunin KoHaerep; nporpammHbii naket; SNP; aHanus nonvmopdramos; ngeHTndu-

KaLusi reHoB

Introduction

In contemporary agricultural science, the development of
plant breeding strategies is increasingly dependent on the
utilization of molecular biological data, particularly ge-
netic sequence information. Genetic sequence information
facilitates a significant acceleration of the breeding process
(Khlestkina, 2014) and enables the creation of novel plant
varieties through advanced genomic editing techniques. The
extensive size, high dimension, and inherent complexity
of these data sets demand substantial computational and
labor resources for thorough investigation. The effective
interpretation of such large-scale and intricate data is achiev-
able only through the application of modern bioinformat-
ics methodologies, which encompass algorithms for gene
identification, functional annotation, and the assessment
of mutational impacts on phenotypic expression. In recent
years, the integration of computational modeling and deep
learning algorithms has become indispensable for such
analyses. Furthermore, the development of automated com-
putational pipeline technologies is advancing to streamline
and optimize data processing workflows within the field of
bioinformatics.

The investigation of genetic and transcriptomic informa-
tion in plant species involves numerous crucial endeavors,
notably the examination of genetic variety. Genetic diver-
sity is an important basis for identifying genes associated
with resistance to biotic and abiotic stresses, as well as for
developing novel, highly adaptive, and high-yielding crop
varieties. The assessment of genetic diversity is conducted
through a variety of genetic analysis methodologies. No-
tably, genetic markers play a pivotal role in such studies
(Khlestkina, 2014). Among these markers, single-nucleotide
polymorphisms (SNPs), which represent single-nucleotide
substitutions occurring at varying frequencies within plant
populations, are of particular significance (Sukhareva,
Kuluev, 2018). SNP analysis is extensively employed to
examine allelic polymorphism, analyze haplotypes and pe-
digrees, and facilitate genotyping and the construction of
genetic maps.

In addition to SNP analysis, copy humber variation (CNV)
is employed to investigate genetic diversity. CNV represents
a form of genetic polymorphism characterized by differ-

Key terms

Intronic IncRNAs - overlap with the intron of a gene

Antisense IncRNAs - oriented against the direction of
transcription of a protein-coding gene

Intergenic IncRNAs - located between two gene loci

Genome-Wide Association Studies (GWAS) — a method of
genome research aimed at finding statistical relation-
ships between genetic variations and certain pheno-
type traits

Transcriptome — a set of all transcripts present in a cell at
a certain stage of development or under certain phy-
siological conditions

Gene network - a group of coordinated functioning
genes interacting with each other both through their
primary products (RNA and proteins) and through a
variety of metabolites and other secondary products
of gene network functioning

ences in the number of copies of specific genomic regions
among individuals. These variations encompass deletions
or duplications of individual genes or clusters of linked
genes. CNVs can span extensive genomic regions, ranging
from several kilobases to millions of base pairs, and play a
significant role in contributing to genomic variability and
phenotypic diversity.

Genome-wide information on SNPs across hundreds
of samples can be obtained through next-generation high-
throughput sequencing technologies. SNP identification is
achievable using two primary strategies: whole-genome
sequencing (WGS) and genotyping by sequencing (GBS)
(Scheben et al., 2017). The GBS approach is notably faster
and more cost-effective compared to WGS. This efficiency
is achieved by sequencing genomic DNA fragments only in
proximity to restriction enzyme recognition sites, thereby
reducing the overall sequencing cost. However, this method
results in fragmented genome coverage and yields a lower
density of SNPs compared to comprehensive whole-genome
sequencing. Despite these limitations, the data generated
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through GBS are sufficiently robust to characterize the ge-
netic diversity of agricultural plant populations with accept-
able accuracy. Furthermore, GBS data are widely utilized in
genome-wide association studies (GWAS), a powerful tool
for identifying genes associated with complex quantitative
traits (Burghardt et al., 2017).

In addition to providing fundamental insights into the
genetic mechanisms underlying traits of interest, GWAS
also facilitate the discovery of genetic markers that can be
directly applied to breeding programs (Tsai et al., 2010;
Zatybekov et al., 2017; Larkin et al., 2019; Mugaddasi et
al., 2020).

Another area of bioinformatics research in agricultural
plants involves the assembly of genomes and transcriptomes.
Genome assembly represents a foundational step in genomic
analysis, providing essential insights into the organization
of protein-coding genes, regulatory elements, and mobile
genetic elements. The transcriptome, on the other hand,
serves as a crucial link between an organism’s genome
and its phenotypic expression (Velculescu et al., 1997).
Currently, the most widely used method for transcriptomic
analysis is RNA sequencing (RNA-seq), a high-throughput
technology that enables comprehensive profiling of the
transcriptome using next-generation sequencing platforms
(Shendure, 2008).

The most widely recognized application of RNA-seq is the
identification of differentially expressed genes in compara-
tive experiments, such as those involving experimental and
control conditions (Drewe et al., 2013). However, beyond
this, RNA-seq technology has several other critical applica-
tions, including de novo transcriptome assembly (Cardoso-
Silva et al., 2014), detection of genetic polymorphisms
(Piskol et al., 2013), and the discovery of novel splicing
variants. When sequencing and reconstructing the genomes
of non-model organisms, transcriptome sequencing is often
performed in parallel, as it significantly aids in genome
annotation, prediction, and functional characterization of
protein-coding genes. Nevertheless, due to the extensive
genomic and morphological diversity within species, driven
by structural variations, a single reference genome is insuf-
ficient to capture the complete gene repertoire of a species.
To address this limitation, the concepts of pan-genome and
pan-transcriptome have been introduced.

Reconstructing genomes and transcriptomes across a po-
pulation enables the generation and analysis of pan-genomes
and pan-transcriptomes in plants (Pronozin et al., 2021). The
pan-genome concept encompasses sequences that are subject
to structural variation and may be absent from the reference
genome of a single representative of the species (Vernikos
et al., 2015). Numerous studies have demonstrated that
analyzing pan-genomes and pan-transcriptomes enhances
the efficiency of research and increases the total number of
predicted genes, compared to relying solely on the genome
of a single representative (Jin et al., 2016). This approach
improves the accuracy and completeness of the gene set
under investigation.
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Another area of bioinformatic analysis is the annotation
of the genome and transcriptome. For protein-coding genes,
an important part of their annotation is the identification of
protein domains, a structural fragment of a protein that acts
as an independent functional unit. It can form a unique struc-
ture or be part of multi-domain proteins, functioning both
independently and in combination with other domains. For
the functional identification of proteins, it is also significant
to search already known genomes for orthologs, proteins that
perform the same functions in different organisms.

Note also that more than 90 % of all transcripts are not
translated into proteins (Carninci et al., 2005) and are non-
coding sequences. Noncoding RNAs (ncRNAs) perform a
number of important functions in plant genomes related to
the regulation of gene expression and homeostasis of plant
physiological parameters. One essential class of ncRNASs is
long noncoding RNAs (IncRNASs) (Nazipova, 2021). The
IncRNAs are a class of linear or circular RNA molecules
200 nucleotides or more in length that do not code proteins
(Kim, Sung, 2012). The participation of IncRNAs has been
revealed in the regulation of gene expression, formation
of the structure of macromolecular complexes, interaction
with proteins, and pathogenesis. To date, more than half a
million IncRNA sequences have been identified for various
organisms.

Data on gene expression levels obtained from transcrip-
tomic experiments are widely used to reconstruct gene
networks (Johnson, Krishnan, 2022). Gene networks, in
turn, make it possible to model the dynamics of specific
processes in an organism and predict its behavior under
various conditions.

This paper presents the CropGene system for complex
analysis of genomic, transcriptomic data, features of mo-
lecular evolution of agricultural plant genes. The system
includes blocks of bioinformatic data analysis: analysis of
gene variations, assembly of genomes and transcriptomes,
annotation of genes and proteins.

Materials and methods

The CropGene software package includes the software

packages shown in Figure 1.

The structure of the software package includes the fol-
lowing blocks for solving problems:
Module for the analysis of genome-wide associations.

This module implements the following analysis steps:

* analysis of phenotyping data. The phenotyping data is
processed using the R, pastecs, and psych packages (Gros-
jean et al., 2018),

* processing of genotyping data. The step is aimed at pro-
cessing genotyping data obtained by the microarray geno-
typing method and the GBS method. Processing includes
the evaluation of raw data quality, mapping the reads to
the reference genome using BWA-MEM (Li, 2013), and
searching for genetic variants using vcftools (Danecek et
al., 2011). The variants identified by the above genotyping
methods are filtered by quality, minor allele frequency,
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Fig. 1. Diagram of the CropGene software package, with an indication of the main blocks of analysis (rounded rectangles in the
center) and specific tasks to be solved (ovals on the right).

heterozygosity, and the amount of missing data. This stage
is performed by the bcftools instrument (Danecek et al.,
2021). BEAGLE 5.2 is used to impute missing genotyping
data (Browning et al., 2018),

» genome-wide analysis of associations. At this stage,
genome-wide association analysis is carried out. It is
implemented in the R programming language using the
functions of the GAPIT3 package (Wang, Zhang, 2021),

* prioritization of genes at the identified loci. This module of
genome-wide association analysis is aimed at identifying
candidate genes associated with traits of interest. First of
all, using the functions of the R “genetics” package, the
boundaries of loci are determined, which include variants
significantly associated with the phenotype. Further, based
on published data on gene expression in the studied or-
ganism and on the resources of the Knetminer platform

all chromosomes of the reference genome. The detected
CNVs are filtered as follows: length greater than 1,000 bp,
p-value <0.01, q0 <50 %, pN <50 %. The intansv R pack-
age is used to compare the identified CNVs with the genes
of the reference genome (Jia et al., 2020),

for subsequent processing, the CNV list was presented in
the form of a matrix in which the rows correspond to a
specific genotype, and the columns correspond to the gene
of the reference genome. Each element of the matrix is
represented in three variants: +1 (potential duplication),
—1 (potential deletion) and 0 (absence of a significant
CNV). Next, principal component analysis (PCA) is
performed using the Scikit-learn v1.1.2 package, which
makes it possible to assess genetic diversity (Pedregosa
etal., 2011).

Bioinformatic pipeline GBS-DP. This software module

is aimed at analyzing the data obtained by the GBS method

and consists of three main stages (Pronozin et al., 2023):

» data preprocessing includes checking the quality of raw
FastQC readings, removing fast adapters (Chen et al.,
2018), and building a reference genome index,

* the search for polymorphisms consists of mapping pre-
processed reads to the Bwa-Mem2 reference genome (Li,
Durbin, 2009), sorting mapped SAMtools reads (Li et al.,
2009), and searching for single-nucleotide polymorphisms
Bcftools (Li, 2011),

* the analysis of genetic diversity is divided into two data
processing options: if the data obtained exceed the oc-
cupied memory capacity of 1 TB and if the data obtained
do not exceed the occupied memory capacity of 1 TB.
The appropriate option is selected automatically and is

(Hassani-Pak et al., 2021), the genes are prioritized among

the detected loci.

Module for the CNV analysis. This module is aimed at
solving the tasks of estimating and analyzing variations in
the number of copies in the genome. It implements several
stages of analysis:

* the sets of raw reads are filtered by quality and length
using the fastp program (Chen et al., 2018). Then the
filtered and processed reads are mapped to the reference
genome of potato using the BWA program (Li, Durbin,
2009). Duplicates in the mapped reads are marked and
deleted, after which the reads are sorted and indexed using
SAMtools (Li et al., 2009),

* the BAM files are used as input in CNVpytor (Suvakov
et al., 2021). Copy number variations are detected on
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associated with an increased load on the computer’s RAM

when working with big data. The R — SNPrelate package

is used to analyze the main components filtered by SNPs

(Zheng, 2013), and the SNPrelate package is used to build

a phylogenetic tree.

Transcriptome reconstruction module. This module
includes realisation of the following analysis stages:

* contig reconstruction from RNA-seq libraries. Several pro-
grams are implemented during this stage: Trinity (Grab-
herr et al., 2011), Trans-ABySS (Robertson et al., 2010),
rnaSpades (Bushmanova et al., 2019),

* aggregation of contig sets obtained during the previous
stage and redundancy removal with the tr2aacds.pl tool
from the EvidentialGene toolbox,

* quality control of the resulting sequences; the BUSCO
software (Simdo et al., 2015) assesses transcriptome
completeness; kallisto (Bray et al., 2016) shows percent-
age of initial RNA-seq libraries used in transcriptome
reconstruction; rnaQUAST (Bushmanova et al., 2016)
evaluates several metrics, including homology with ge-
nome sequence of reference organism or closely related
organism in case the study is performed on non-model
species.

Pangenome reconstruction and analysis module. This
module implements the following analysis steps:

« reconstruction of each genome based on paired short
reads using the MaSuRCA genome assembler (Zimin et
al., 2013),

» masking of mobile genetic elements using RepeatMasker
and further de novo annotation of reconstructed masked
genomes with further translation of open reading frames
using the AUGUSTUS program (Stanke et al., 2004),

* identification of orthologous groups in a set of amino acid
sequences obtained on the basis of open reading frames
using OrthoFinder (Emms, Kelly, 2019).

Gene expression evaluation module. The estimation
of gene expression in this module can be performed either
based on the reference genome or based on the de novo
reconsructed transcriptome:

* to quantify the expression of reference genome genes,
short read alignment to the genome sequence is performed
using the Dart (Lin, Hsu, 2018) software. Next, based on
genome annotation and known positions of genes, the
number of reads mapped to each gene is estimated using
the featureCounts (Liao et al., 2014) software,

* to evaluate expression based on the previously recon-
structed transcriptome, the kallisto software is used,
which performs so-called pseudoalignment of reads to
determine to which transcript they belong to; this allows
for quantification of expression levels of these transcripts.
Bioinformatic pipeline ICAnnoLncRNA. This module,

aimed at identifying and annotating INCRNAs, implements
three stages of processing transcriptomic sequences (Pro-
nozin, Afonnikov, 2023):

1) quality control. This stage includes two operations: the
construction of an index file for the genomic sequence by
the gmap program (Wu, Watanabe, 2005) and the training
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of the IncRNA recognition model by the LncFinder v1.1.4

program (Han et al., 2019).

2) IncRNA identification. This block consists of three stages:
prediction of IncRNA candidates from the input set of
transcripts using the LncFinder method; filtering of the
obtained candidate sequences based on the identification
of transmembrane segments in the OPC; alignment of
filtered IncRNA candidate sequences to the reference
genome,

3) annotation. The annotation includes the determination
of INcRNA sequence types by alignment to protein-
coding genes, identification of conserved IncRNAs, and
analysis of the structural features of IncRNAs and their
expression.

Module for analyzing protein evolution OrthoDOM.
The module implements four key stages of protein sequence
analysis:

1) the input data is validated and the presence of functional
domains specified by the user for reference proteins is
checked for,

2) the presence of key domains in the reference sequences
is checked for,

3) the Orthofinder program runs for the studied proteomes,

4) the identified orthologs are checked for the presence of
sets of specified domains in their sequence.

Results and discussion

The modules of the CropGene software package have been
used to solve various problems of bioinformatic analysis of
genomes and transcriptomes of agricultural plants.

A software pipeline that detects CNVs based on genome-
wide data was previously used in the analysis of the structure
of potato genomes of domestic varieties (Karetnikov et al.,
2023). It allowed us to identify all the copy number varia-
tions in potato genomes and to conduct a comparative analy-
sis of the number of copies of genes with South American
potatoes. The analysis revealed that the frequency of CNV
occurrence in four of the 48 known genes associated with
tuber formation and photoperiod response differs between
the genomes of Russian varieties adapted to long daylight
hours in northern latitudes and local Andean cultivars
adapted to short daylight hours.

This work used GBS-DP to analyze 219 varieties of bar-
ley. 61,620 SNPs were identified. Based on the identified
polymorphisms, clustering was performed using the prin-
cipal component method (Fig. 2) and a dendrogram con-
structed using the hierarchical clustering method (Fig. 3).

The genome-wide association analysis module was used
in the search for candidate genes of common winter wheat
associated with pre-harvest sprouting and red grain color
(Afonnikova et al., 2024). In addition to the discovery of
genetic markers that explain up to 50 % of variability in
grain lightness, red and blue color, the work has identified
two candidate genes associated with the formation of grain
color. The first gene, TraesCS1D02G319700, is located
on chromosome 1D and participates in the synthesis of
flavonols in the biosynthesis of flavonoids. The other gene,
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Fig. 2. Visualization of the genetic diversity of 219 barley libraries using the PCA method.
The first and second main components are directed along the X and Y axes, respectively.
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Fig. 3. A dendrogram characterizing the genetic diversity of 219 barley libraries constructed by hierarchical clus-
tering based on GBS data.

The dendrogram is constructed on the basis of the found single nucleotide polymorphisms.
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INncRNA, respectively (b).

TraesCS7B02G482000, is localized on chromosome 7B
and encodes phytoene synthase involved in one of the
initial stages of carotenoid synthesis. The main candidate
gene for the resistance to pre-harvest sprouting is the
TraesCS6B02G147900 gene encoding the aleurone layer
morphogenesis protein. Genetic markers were also identified
that explain up to 25.3 % of the variability of pre-harvest
sprouting traits — the germination index at the milk/hard
dough stage of grain development.

Based on the transcriptome analysis module, the tran-
scriptome of four potato varieties of Solanum tuberosum
group phureja (Bintier, Siverskij, Sudarynya, Evraziya) and
wild-growing S. stoloniferum L. was constructed. Genes
encoding proteins of the Nucleotide-binding site — Leucine
rich repeats (NBS-LRR) family involved in the formation
of the plant immune response were detected (Kochetov et
al., 2021). It was found that the repertoires of these genes
in the studied potato varieties and in wild nightshade differ
significantly, which is consistent with the available data on
the rapid evolution of these genes. Some of the NBS-LRR
family genes observed in this work had not previously been
detected in Solanaceae and potatoes in particular. These
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genes may become promising material for producing potato
varieties that are more resistant to various pathogens and
parasites.

The ICAnnoLncRNA pipeline was used to investigate
54 barley transcriptomes. 143,279 new IncRNAs were
identified. Of these, 29,987 belong to the class of intronic
IncRNAs, 48,369, to intergenic INCRNAs, 64,923, to anti-
sense INcCRNAs. Analysis of the INCRNA structure showed
that the majority (60 %) contain only one exon. At the same
time, the average exon length is 371 nucleotides, a small
proportion of exons are up to 10 bp long, the vast major-
ity are from 10 to 1,000 bp long, and their distribution has
two characteristic peaks, one wide, with a maximum in
the region of 100 bp, and the other narrow, in the region
of 250-300 bp (Fig. 4). Tissue specificity analysis showed
that the majority of INcRNAs are expressed in the tissues of
barley sprouts (Fig. 5a). This is observed for both conserva-
tive and non-conservative INCRNAs. The same is true for
mRNAs (Fig. 5a).

The use of the OrthoDOM conveyor to detect phospho-
lipase A2 family proteins in barley and wheat allowed us
to confirm their presence in the genomes of these plants.
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The PLA2 beta domain is marked in red, PLA2 alpha is pink, and PLA2G12 is
orange.

During the study, two orthogroups were found. The domain
structure (Fig. 6) of these groups shows marked similarity to
the domain architecture of characteristic secreted A2 phos-
pholipases (Larkin et al., 2019). The length of phospholi-
pase A2 sequences in the orthogroups can be estimated as
approximately 150 amino acids, with the PLA2 domain
being the predominant part of the sequences, which cor-
responds to the known structure of secreted PLA2 forms.

Conclusion

The developed CropGene software package includes the
main blocks of programs necessary for the analysis of ge-
nomic and transcriptomic data of agricultural plants. These
are blocks related to the assembly and analysis of the genome
and transcriptome, including the formation of a pan-genome
and a pan-transcriptome, analysis of GBS data, analysis of
gene expression, recognition of long non-coding RNAs in
plant transcriptomes, necessary for a comprehensive analysis
of genomic, transcriptomic data, and features of the molecu-
lar evolution of agricultural plant genes. The use of these
modules has made it possible to solve a number of important
tasks in the analysis of genomic and transcriptomic data for
crops such as potatoes, wheat, and barley.
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