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Abstract. To assess the possibility of integrating extracellular double-stranded DNA fragments into the recipient genome
of hematopoietic stem cells, a complex substrate was constructed consisting of the entire M13F-Alul-M13R fragment
and its two restrictive derivatives, appearing after hydrolysis with restriction endonucleases EcoRl and Hindlll: M13F-
Alul-EcoRl and M13R-Alul-Hindlll. The substrate contained a pBlueScript+ plasmid polylinker sequence, absent in the
human genome, which framed the human Alul fragment cloned at the EcoRV site. Human bone marrow cells were treated
with the DNA of the constructed complex substrate; taking into account the repair time of pangenomic single-strand
breaks, preparations of metaphase plates were obtained. FISH revealed specific fluorescent signals. Simultaneously, DNA
isolated from colonies obtained from bone marrow cells treated with a complex substrate was sequenced. Two rounds
of sequencing were carried out: whole-genome and selective after targeted hybridization on metal beads. The results
obtained indicate that homologous exchange between extrachromosomal and chromosomal DNA is possible. Integration
into the genome via the single-strand annealing mechanism, involving microhomologies, is also possible. Intermediates
were discovered that suggest the existence of an unusual integration into the genome at the nick of one end of the
fragment and the other end of the fragment hanging freely into the interchromosomal space. A direct assessment of
the possibility of integrating TAMRA-labeled fragments of fragmented human DNA and E. coli DNA into the genome of
recipient cells was carried out using a human bone marrow cell model. The results obtained indicate that specific signals
of homologous DNA are distributed throughout the chromosome body (human bone marrow cell model). Signals from
nonhomologous E. coli DNA are predominantly concentrated in the centromeric regions of chromosomes. The ratio of
the number of obtained reads with integration elements and FISH signals suggested the existence of a strong interaction
between extracellular fragments and chromosomal DNA. Experiments have been conducted showing that linear plasmid
DNA, after internalization into hematopoietic stem cells, forms a monomer ring. Internalized into the intracellular space,
extracellular plasmid DNA is isolated together with chromosomal DNA after stringent purification and fractionation
procedures. This fact suggests the existence of a strong ring associate of plasmid DNA and chromosome DNA formed
without the participation of a protein framework in the form of a looped chromosomal strand.
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Integration of extracellular double-stranded DNA fragments
into the genome of hematopoietic stem cells
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AHHOTaumA. [1nA OUEHKN BO3MOXHOCTW MHTErpaumv B pPeLunmMeHTHbI reHOM remMOMO3TUYECKNX CTBOJSIOBbIX K/1ETOK
JKCTPaKeToUHbIX GparmeHTOB fByLenoyeyHor HK 6bin CKOHCTPYPOBaH CI0XKHO COCTaBMIEHHbIN CyOCTpaT, COCTOALLMIA
n3 uenoro M13F-Alul-M13R ¢parmeHTa 1 ABYX €ro NPOM3BOAHbIX, NOABAAIWMXCA NOCAe TMAPOM3a pecTpuKTasamm
EcoRI n Hindlll: M13F-Alul-EcoRl n M13R-Alul-Hindlll. B cy6cTpaTe 6bina npeactaBieHa NocnefoBaTeNbHOCTb MON-
NUHKepa nnasmugpbl pBlueScript+, oTcyTcTBylOLWan B reHOMe YenoBeKa, KoTopasa obpamsana KNOHUPOBAHHBIN MO CalTy
EcoRV Alul dparmeHT yenoseka. KneTku KOCTHOro mo3ra yenoeka 6b11nm 06paboTtaHbl JHK CKOHCTPYPOBaHHOIO CIOXKHO
COCTaBfIEHHOro cybcTpaTta, U C YYeTOM BpeMeHU pernapauimy naHreHOMHbIX OAHOLIENOYeUHbIX Pa3pbiBOB M3 KINETOK
BbIPOCLUMX KOJIOHWI MOJlyyeHbl npenapatbl MeTadasHbix MnacTvHoK. MNpoeeneHHasa FISH BbiaBuna cneuunduryeckme
curHanbl cseveHusa. OpgHospemeHHO [IHK, BbigeneHHas W3 KOMOHWIA, MOJSyYEHHbIX W3 KNETOK KOCTHOro MO3ra,
06paboTaHHbIX CJIOXKHO COCTaBMIEHHbIM CY6CTpaToOM, Obina cekBeHMpOBaHa. [poBeaeHO ABa payHAa CEKBEHMPOBaHWS:
NOSIHOrEHOMHOE 1 CENIEKTUBHOE MOC/E TapreTHOW rmbpransaumm Ha MeTanmyeckux bycax. MonyyeHHble pesynbraTbl
CBMAETENIbCTBYIOT, YTO TOMOJSIOTMYHBIA OOMEH MeXAy 3SKCTPaxpPOMOCOMasbHOM 1 XpomocomHor [HK BO3MOXeH.
TakKe BO3MOXHa WHTErpauvsa B FEHOM MO MexaHVW3My OAHOHMTEBOrO OTXWra, C yyacTMeM MWUKPOroMOJSIOrUN.
O6Hapy»eHbl MHTepMeAnaTbl C OAHUM KOHLIOM pparMmeHTa, MHTErpUPOBaHHbBIM B FEHOM MO YYacTKy MUKPOTrOMOSIOruY,
1 APYrM KOHLIOM $pparmeHTa, CBO60AHO CBMCAIOLUM B MEXXPOMOCOMHOE NPOCTPaHCTBO. [IpoBeAeHa NpAMas oLeHKa
BO3MOXHOCTK MHTerpaumm TAMRA-meueHbix ¢pparmeHToB asyuenoveyHor [HK venoseka u E. coli B peLunmeHTHbIN
reHOM Ha MOZENN KNeToK KOCTHOro Mo3ra yenoBeka. ObHapy»eHo, UTo crneundunyeckre curHanbl romonormyHon JHK
pacnpeneneHbl No Teny XpoMocom (Mofenb KNeTOoK KOCTHOrO Mo3ra yenoBeka). CurHanbl HeromonoruyHon AHK E. coli
npenMyLLeCcTBEHHO CKOHLIEHTPUPOBaHbI B LIEHTPOMEPHbIX pafioHax XpoMocom. COOTHOLLIEHVE KONMYecTBa NosTyYeHHbIX
pVAOB C 3nemeHTaMM MHTerpaumn u curHanos FISH npepnonarano cyuwlectBoBaHvWe MPOYHOrO B3aMMOAENCTBUA
SKCTpakneTouHblx ¢parmeHToB U [JHK xpomocom. B 3KkcnepumeHTax nokasaHo, YTo nuMHenHaa nnasmuaHaa OHK
nocne MHTepHann3aummn B reMmonosTMyeckre CTBOSIOBble KneTkn GopMupyeT KosbLo MOHOMepa. VIHTepHannu3oBaHHas
BO BHYTPUKIIETOYHOE MPOCTPAHCTBO 3KCTpakneToyHasa nnasmuaHaa [HK sbigensetca cosmectHo ¢ [IHK xpomocom
nocsie XeCcTKMX Mpouefyp OYMCTKM 1 PpakuMoHMpoBaHWA. ITOT daKT npepnonaraeT CyWecTBOBaHME MPOYHOrO
konbuesoro accoymnata HK nnasmugbl n IHK xpomocom, cdopmmpoBaHHOro 6e3 yyactua 6enkoBoro Kapkaca B popme
3aKOJIbLIOBaHHON XPOMOCOMHOW HUTW.

Kntouesblie cnosa: FISH; nonHoreHomHoe ceKBeHMPOBaHME; UHTErpaLMa B FreHOM; SKCTPaXPOMOCOMaJsIbHbIE KOJbLieBbIE

CTPYKTYpbI

Introduction

This article, the fourth in a series, further develops the
concept that extracellular double-stranded DNA (dsDNA)
fragments — linear DNA molecules of variable origin and
size (200-2,000 bp or more) — are naturally delivered to
hematopoietic stem cells (HSCs). The internalization pro-
cess is facilitated by the general positive charge of HSCs,
a characteristic determined by specific proteins within the
HSC glycocalyx (Dolgova et al., 2012; Petrova et al., 2022;
Ritter et al., 2022). The mobilization and internalization

processes involve proteins containing heparin-binding
domains or clusters of positively charged amino acids.
The introduction of dsDNA into the cell has been shown to
induce genome-wide single-stranded DNA breaks, which
subsequently result in terminal hematopoietic stem cell
differentiation (Ruzanova et al., 2024).

The process of terminal differentiation has been demon-
strated to be associated with the reorganization of higher-
order chromatin structure (Ruzanova et al., 2024). This
process triggers the activation of a recombinogenic situation
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in the cell, with its enzymatic machinery determining the
appearance and repair of pangenomic single-chain breaks
and leading the cell to the path of development of a specific
hematopoietic sprout (Jacobson et al., 1975; Farzaneh et
al., 1982; Johnstone, Williams, 1982).

The recombinogenic situation in the cell is defined as the
state in which the mechanisms of chromatin DNA metabolic
transformations are activated. These processes include the
following: activation of supervising kinases, modulation
of the cell cycle, induction of replicative stress, and acti-
vation of the repair and recombination mechanisms. The
structure of the latter includes the enzymatic machinery of
the mechanism, as well as DNA substrates that form meta-
bolic intermediates of the DNA core. Cumulatively, in the
event of pangenomic single-strand breaks, this process is
instrumental in ensuring the restoration of continuity and
the integrity of the primary DNA sequence of chromosomes
(Likhacheva et al., 2008; Ruzanova et al., 2024).

The introduction of DNA fragments into the cell has
been shown to initiate nick formation (Ruzanova et al.,
2024), leading to a recombinogenic situation and triggering
extensive cellular alterations. The molecular mechanisms
that initiate this process, as well as the causal relationships
among the initiating factors, remain to be elucidated.

The research on the intracellular behavior of extrachro-
mosomal, non-viral DNA commenced in the 1980s (Smith,
Berg, 1984). Nowadays, this subject is not a prevailing
area of research. The existing body of research provides
an incomplete account of intracellular events triggered by
dsDNA fragment entry and the resulting activation of cel-
lular surveillance mechanisms.

Cell cycle progression control systems were reported
to be activated in response to the appearance of DNA in
the form of synthetic oligonucleotides, SV40 DNA, and
apoptotic cells in the nuclear space (Yakubov et al., 1989;
Holmgren et al., 1999). Additionally, mechanisms underly-
ing the internalization of plasmid DNA through artificial
means were described (Smith, Berg, 1984; Lin J. et al.,
1985; Thomas et al., 1986). Several studies demonstrated
cellular checkpoint responses to be activated upon the
internalization of synthetic (dA/dT),, oligonucleotides
within the nucleus. The induction of cell cycle control
systems in the absence of any genomic DNA damage or
aberrant replication suggests that the structures of syn-
thetic paired oligonucleotides may mimic intermediates
arising from aberrant replication or genomic DNA dam-
age, such as single-stranded DNA, blunt double-stranded
ends, single-stranded site-duplex junctions, and cruciform
shapes. The process of oligonucleotide pairing is as-
sumed to lead to the creation of DNA molecule ends from
paired fragments. These fragments function as inducers of
ATM/ATR-dependent checkpoint cellular response through
amechanism that relies on regulators of hierarchical kinase
activity such as RPA, RADI, TopBP1, and claspin (Yoo
et al., 2004, 2006; MacDougall et al., 2007; Zou, 2007).

MOJIEKYJIAPHAA U KNETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY
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Studies examining molecular processes involved in DNA
uptake indicate that single-stranded DNA fragments do
not trigger cellular regulatory mechanisms (Kumagai,
Dunphy, 2000). The analysis of the minimum number of
linear molecules capable of inducing a checkpoint response
demonstrated that more than 30 molecules containing
ssDNA/duplex structures activated a sufficient checkpoint
response required to determine the level of Chkl phos-
phorylation (MacDougall et al., 2007). However, with the
presence of fewer than 30 linear DNA fragments located in
the extrachromosomal space of the nucleus, the cell stress
monitoring system remains quiescent. Consequently, this
quantity of linear DNA molecules may enter the nucleus
without activating the hierarchical kinase system, sugges-
ting that the transient presence of extracellular fragments
circulating in the plasma is the norm.

Extracellular linear dsDNA fragments within the cell
have been observed to undergo a process of cross-linking,
resulting in the formation of concatemeric and ring struc-
tures with a size range of up to 10 kbp (Perucho et al.,
1980; Lin J. etal., 1985; Lin Y., Waldman, 2001; Rogachev
et al., 2006; Potter et al., 2017, 2024). Furthermore, it has
been observed that linear plasmid DNA fragments located
in HSCs are processed to a depth of up to 1 kbp (Dolgova
et al., 2013). Consequently, the collective evidence sug-
gests that the presence of extracellular dsSDNA fragments
within the cell initiates cellular repair and recombination
pathways. This assertion is supported by experimental
evidence (Pierandrei et al., 2016). RT2 Profiler PCR Array
platform (SABioscience, Qiagen) was utilized to analyze
the expression of 84 genes during the transfection of extra-
cellular dsDNA fragments into the cell. The fragments of
dsDNA that were delivered to the cell were found to activate
genes of various cellular systems, including those involved
in DNA repair and homologous recombination, as well as
genes regulating the cell cycle and epigenetic modifications.
In summary, the principal molecular systems responsible
for regulating cellular DNA metabolism are subjected to a
stressed condition.

Nicks, as well as the double-stranded ends of extracel-
lular fragments delivered to the nucleus, were found to
serve as triggers for repair and recombinogenesis (Vriend,
Krawczyk, 2017; Maizels, Davis, 2018). While sharing
some overlapping signaling pathways, the mechanisms
and factors triggered by these two structures differ (Ru-
zanova et al., 2024). Consequently, the presence of two
DNA metabolites (nicks in the DNA of chromosomes and
double-stranded ends of extracellular fragments delivered
to the nucleus) in the cell triggers unidirectional repair and
recombination processes. Apparently, the factors of both
processes are likely to be involved in certain molecular
relationships that have yet to be disclosed. A comprehen-
sive analysis is required to assess the viability of such a
scenario within the framework of the concept under con-
sideration.

165



S.G. Oshikhmina, V.S. Ruzanova, G.S. Ritter ...
N.A. Kolchanov, A.S. Proskurina, S.S. Bogachev

The introduction of fragments into cells using a variety
of transfection techniques constitutes a standard procedure.
The most common technique is the knockout method.
Three independent researchers, Mario R. Capecchi, Oliver
Smithies, and Sir Martin J. Evans, won the Nobel Prize in
2007 for this approach. This method relies on the principle
that homologous dsDNA fragments within the nucleus will
recombine, resulting in a knockout mutation. Consequently,
the process of the natural exchange of genetic information
between extrachromosomal DNA and chromatin DNA can
be objectively confirmed to exist. This exchange represents
an intrinsic property of the metabolic activity of the cell,
associated with the interaction of chromatin DNA and ex-
trachromosomal DNA (Perucho, Wigler, 1981; Kucherlapati
et al., 1984; Smithies et al., 1985; Murnane et al., 1990;
Hastings et al., 1993; Leung et al., 1997; Li et al., 2001;
LinY., Waldman, 2001).

Following their entry into the nucleus, the dsDNA
fragments then engage in the processes they trigger. The
introduction of recombinogenic nicks and double-stranded
ends into the nucleus will inevitably initiate recombination
processes, which we hypothesize to result in the emergence
of new genetic information within the cell stored in the
internalized dsDNA fragments of initially extracellular
localization.

The present part of the study evaluates the possibility
for extracellular DNA fragments to be integrated into the
genome of HSCs and for ring-like associates to be formed
between fragment DNA and chromosome DNA.

Materials and methods

Human bone marrow cells. In this study, we used cells
from cryopreserved bone marrow separates of Hodgkin’s
lymphoma patients provided by the cryobank of the Re-
search Institute of Fundamental and Clinical Immunology
(RIFCI). The Clinic of Immunopathology of RIFCI (the
Department of Hematology equipped with a bone marrow
transplantation unit) provides the treatment of patients
with hemoblastosis using high-dose chemotherapy and
transplantation of autologous or allogeneic peripheral
HSCs. When harvesting peripheral stem cells, along with
the main apheresis product (which is transplanted to the
patient), two or three samples (satellite tubes) of separated
cells are prepared for quality control of the apheresis pro-
duct and scientific research. Such samples were used in the
present work along with the main sample. Comprehensive
documentation, including patient-signed informed consent
and approved protocols for bone marrow research and treat-
ment, is provided for each bone marrow separate sample
and satellite samples, adhering to established regulatory
guidelines. Subsequent to treatment and use of the primary
product, satellite samples undergo disposal conforming to
Sanitary Rules and Regulations or are allocated for scien-
tific applications. Documentation pertaining to each bone
marrow sample is archived in the RIFCI cryobank and is
readily available upon request.

Integration of extracellular double-stranded DNA fragments
into the genome of hematopoietic stem cells

Alul double-stranded DNA probe. The amplification of
the human Alul repeat (M13F-Alul-M13R fragment) was
performed by means of PCR. The matrix was the repeat
DNA cloned in plasmid pUC19 incorporating the start and
the end of the tandemly repeated AluJ and AluY sequences
(NCBI: AC002400.1, 53494-53767) (Dolgova et al., 2012).
The amplification was performed using either standard M 13
primers (M13 for: 5 GTAAAACGACGGCCAGT 3',M13
rev: 5" CAGGAAACAGCTATGAC 3') or Alul-specific
primers (Dolgova et al., 2012). The PCR fragment was
resuspended in 0.1 V NaAc 3 M pH 5.2 and 1 V isopropa-
nol for 10 min at —20 °C, followed by centrifugation. The
precipitate was washed in 70 % ethanol and dissolved in
sterile water.

DNA preparations. The hDNA# preparation (a human
genome DNA reconstructor) is a human double-stranded
DNA in the form of 200-2,000 bp fragments. The hDNAe"
preparation was isolated from the placentas of healthy
women, fragmented by ultrasonic disintegration to the size
0f 200-2,000 bp, deproteinized by proteinase K treatment,
and isolated by phenol/chloroform extraction.

The human DNA was isolated from the placentas of
healthy women using a similar method without fragmen-
tation.

The E. coli DNA was isolated in a standard manner using
lysozyme, ultrasonic cell disruption, proteinase K depro-
teinization, and phenol/chloroform extraction.

Design of a probe for bone marrow cell processing.
For analyzing potential nonhomologous integration and/or
homologous exchange, a probe was constructed consisting
of an A/ul fragment embedded in the pBlueScript+ (pBS)
polylinker by the EcoRV site and restricted to sequences
extending to and including the M13 primer landing sites.
The internalization experiments involved using a mix-
ture of the whole M13F-4/u/-M13R fragment and two
of its derivatives, generated through EcoRI and HindIII
restriction enzyme hydrolysis: M13F-A4/ul-EcoRI and
M13R-A/ul-HindIII.

For analyzing possible direct integration, fragmented
human and E. coli genomic DNA was tagged with a nucleo-
tide containing the TAMRA fluorochrome using a random
sequence primer (stat primer) in an amplification reaction
with Taq polymerase (Medigen LLC).

The internalization analysis of the TAMRA-tagged
M13F-Alul-M13R PCR fragment into Ehrlich carcinoma
cells was performed according to the procedure described
in (Ruzanova et al., 2022).

FISH was performed according to a standard pro-
cedure using TAMRA-labeled probes using the method
described in Supplementary Material 1'. The examination
of FISH results was performed with an AXIOSKOP 2
Plus microscope (Zeiss, Germany). Microimage recor-
ding and processing were performed using a CCD camera
(CoolCube 1, METASystems, Germany), Set 49 filter set

1 Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Oshikh_Engl_30_2.pdf
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(G 365, FT 395, BP 445/50) (Zeiss, Germany), ET-orange
#1 (ET 546/22 xET 590/33) (CHROMA, USA), and ISIS5
software (METASystems GmbH, Germany). The number
of metaphases analyzed ranged from 14 to 30 metaphase
plate images.

Bone marrow cell cultivation within a methylcellulose
medium. Brain tissue samples were procured via percuta-
neous aspiration from the RIFCI cryobank. Standard thaw-
ing methods preserve up to 90 % viability of bone marrow
cells, confirmed by FACS analysis to include CD34+ cells,
eliminating the need for additional verification.

Human bone marrow cells contained in the aspirate
were washed with RPMI medium and introduced into the
experiment. Control cells and probe-treated cell samples
were precipitated for 10 min at 400g and resuspended in
IMDM + 2 % FBS medium. Myeloid progenitor quan-
tification and analysis were performed using MethoCult
H4034 methylcellulose medium (Stem Cell Technologies)
for both treated and control cell samples. Cell culturing
took 10 to 15 days, on average, depending on the purpose
of the experiment. Cells were analyzed and isolated from
methylcellulose medium after cultivation according to the
manufacturer’s instructions.

Targeted sequencing. Sequencing was performed
using DNA isolated from cells treated with the compound
probe: M13F-Alul-M13R, M13F-A4/ul-EcoRI, and M13R-
Alul-HindIII. Library enrichment was performed by
hybridization with biotinylated polylinker DNA of pBS
plasmid immobilized on Dynabeads® Streptavidin mag-
netic particles (Life Technologies, USA) according to the
method proposed by T. Maricic et al. (2010). The Illumina
MiSeq platform (TruSeq® DNA Sample Preparation Kit
(Illumina)) was used for sequencing using a MiSeq Reagent
Kit v2 (300 cycles).

Whole-genome sequencing. Sequencing was performed
using DNA isolated from cells treated with the com-
pound probe: M13F-4/ul-M13R, M13F-Alul-EcoRI, and
M13R-Alul-HindIII. A NovaSeq 6000 instrument (I1lumina)
with a read length of 2 x 150 bp was used. The Q30 value
accounted for at least 90 %. TruSeq Nano DNA Library
Prep kit (Illumina) was used for library preparation. Ultra-
sonic DNA fragmentation was performed on an ME220
Focused-ultrasonicator (Covaris). Capillary electrophoresis,
performed using a TapeStation 4200 instrument (Agilent),
was utilized for the assessment of DNA library quality.
The Ugene and Blastn platforms were used to analyze the
sequences obtained. Raw sequence data, stored in FASTQ
format, are accessible upon request.

Ring formation by extracellular dsDNA fragments
internalized by HSCs and their closest progeny. A
detailed schematic of the experimental design is de-
scribed in the “Experimental proof of ring formation by
long dsDNA fragments internalized in HSCs and their
looping of the chromosome DNA strand” subsection. All
the experimental procedures were performed according to
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the protocols described in practical manuals (Maniatis et
al., 1984; Glover, 1988).

The bone marrow cells were treated with DNA prepara-
tion, washed of DNA, and incubated for 2 hours in a CO,
incubator in a complete RPMI nutrient medium. Then,
the cells were harvested and washed with physiological
saline. The cytoplasmic membrane was solubilized with
0.2 % Triton X-100, layered on a 10 % sucrose gradient,
and centrifuged at 500 g for 20 min. Saline-washed nuclei
underwent lysis with 1 % SDS and 50 mM EDTA. Depro-
teinization was accomplished by treating with 200 pg/ml
proteinase K at 58 °C for two hours, followed by phenol-
chloroform extraction. The resulting lysate was applied to
a 10-30 % NaCl stepwise (5 %) gradient and centrifuged
at ~300,000g (L-8 centrifuge, SW 50.1 rotor, 47,000 rpm)
for 2 hours at room temperature. The scheme displays DNA
molecular weight markers located within the designated
percentage gradient zones near the last tube on the right
(Glover, 1988; Dolgova et al., 2013). The 7th region of
the gradient contains DNA with a size greater than 40 kbp,
forming a precipitate at the bottom of the test tube. Precipi-
tation of the DNA supernatant was achieved through the
addition of an equal volume of isopropanol, prepared from
a 0.3 M sodium acetate solution (pH 4.8), and incubation
at —20 °C overnight. Following centrifugation and saline
washing, fractions 1-6 were dissolved in 36 pl of H,O.
Following a 70 % ethanol wash, the DNA precipitate from
fraction 7 was subsequently dissolved in 36 pl of H,O.
12 pl of material (1/3 of the total volume) was spread on an
agarose gel.

Sample 7 (sediment at the bottom of the gradient) was
analyzed, with a Qubit DNA concentration of 1 ng/pL. The
total yield was 36 ng. Gradient analysis was performed
using one-third (12 ng) of the sample. Quantification of
pEGFP-N1 plasmid DNA in the kanamycin resistance
gene region was accomplished via Real-Time PCR using
another one-third of the sample (12 ng). The remaining
third of the sample (12 ng) underwent a transformation into
electrocompetent DH-5 cells, yielding a titer of 107108,

The transformation of 12 ng of fraction 7 produced
a count exceeding 50 large colonies and approximately
5,000 small colonies. All large colonies used for DNA
isolation (8 colonies) contained the pEGFP-N1 monomer.
Small colonies were not found to contain plasmid DNA.
The DNA extracted from large-scale bacterial colonies
was subjected to enzymatic hydrolysis using the restriction
enzymes HindlIll, EcoRI, and Haelll.

Results

Detection of synthetic DNA substrate by FISH

on metaphase plates obtained from colony cells

Colony formation, as described above, is a consequence of
a single bone marrow hematopoietic stem cell undergoing
division. Therefore, cells within a given colony exhibit
identical genetic profiles, mirroring the genotype of the
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Fig. 1. Experimental design overview.

progenitor CD34+ HSCs (Fig. 1). Should the original
HSC acquire genomic changes due to inducer treatment,
these alterations will be amplified in the resulting colony
to a detectable level, unlike the inherent difficulty of such
detection within individual CD34+ bone marrow HSCs
(property of LLC “ES LAB DIAGNOSTIC”).

The experimental protocol necessitated the creation of
an artificial substrate for hematopoietic stem cell proces-
sing and a fluorescent probe to identify the integration
of artificial substrate components. The options selected
are detailed below. The amplified polylinker of the pBS
plasmid was taken as foreign DNA, which is absent in
the human genome. This DNA fragment, labeled with
the TAMRA fluorophore, served as a hybridization probe
(pBSM13-TAMRA+). Simultaneously, we used a complex
substrate including an A/ul repeat cloned at the EcoRV site,
framed by the pBS polylinker, and emr fragments contai-
ning a portion of the pBS polylinker with an adjacent Alul
repeat and bounded by EcoRI or HindIII restriction sites
(M13F-Alul-M13R, M13F-Alul-EcoRI, and M13R-A/ul-
HindIlI). The internalization of TAMRA was assessed via
spectrophotometry, electrophoresis, and visualization in an
Ehrlich carcinoma ascites cell model (a standard procedure
for assessing the fact of internalization). This approach to
assessing DNA labeling in materials is a routine laboratory
technique. Supplementary Material 1 provides a summary
of the preliminary findings.

The resultant construct was used to treat human bone
marrow cells. On day 15 of methylcellulose cultivation, the
colonies were harvested, washed free of the medium, and
treated with colchicine. Then, metaphase preparations were
prepared. Next, FISH with TAMRA-labeled probe pBSM13
(pBSM13-TAMRA+) was performed. Figure 24 presents
the hybridization results. The preparations were found to
exhibit multiple signals. The results obtained indicated a
possible integration of the artificial probe into the recipient
genome. Also, it was possible for extracellular DNA to be
firmly associated with the chromosome body. When analy-
zing images of metaphase plates (up to 40), we did not focus
on mapping the TAMRA signals. Therefore, we were not
to achieve a complete representation of the karyotype in
the images. The primary objective of the experiments was
to ascertain the specificity of hybridization signals, which
was confirmed through analysis of the resulting images.

Integration of extracellular double-stranded DNA fragments
into the genome of hematopoietic stem cells
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C I
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Part of the cell samples used to obtain the metaphase
plates under analysis were also used for targeting and full
genomic sequencing (total DNA isolated from cells).

Furthermore, experiments employing fluorochrome-
labeled DNA probes were conducted to directly ascertain
the presence of labeled material in (in association with)
chromosomes. Human bone marrow cells, treated with
TAMRA-labeled human and E. coli DNA, were cultured
in methylcellulose. At 15 days, the cells were washed and
treated with colchicine, followed by the metaphase plate
analysis (Fig. 2B). The presence of specific signals was
observed on a number of metaphase plates. In the case of
human DNA, the labeled material was found to be detected
at multiple sites on the chromosome body. In the case of
bacterial DNA, the specific label proved to be concentrated
to a greater extent in centromeric regions.

All the experiments with metaphase plates used meta-
phase preparations obtained from colony cells grown from a
sample of bone marrow cells untreated with DNA substrate
as control samples.

Proof of recombination interaction

of the artificial probe with the HSC genome

using modern sequencing technologies

In order to prove the recombination interaction of the
M13F-Alul-M13R, M13F-Alul-EcoRI, and M13R-A/lul-
HindIII DNA substrates with the genome of human HSCs,
we employed the same cell material as used for meta-
phase preparation and FISH. We constructed a library and
performed two types of sequencing: (1) whole-genome
sequencing and (2) sequencing involving increasing the
number of target fragments by enriching the library by
hybridization with biotinylated polylinker DNA of the pBS
plasmid included in the DNA substrate used, immobilized
on Dynabeads® Streptavidin magnetic particles (Life
Technologies, USA) according to the method of (Maricic
etal., 2010). The results obtained were summarized in one
section.

Figure 34 schematically depicts the substrates used for
cell treatment and those present in the mixture. To sum up,
the following derivatives of the original substrate were pre-
sent in the mixture: M13F-A/ul-M13R, M13F-Alul-EcoRI,
EcoRI-M13R, M13R-A/ul-HindIll, and HindIII-M13F.
The sequences of nucleotides in the substrates are listed
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Fig. 2. Analysis of the presence of specific FISH signals after treatment of bone marrow cells with the selected probe and specific
signals detected after direct interaction of fluorochrome-labeled dsDNA probes and bone marrow cells on metaphase chromosomes.

A - FISH with the pBSM13-TAMRA+ probe of metaphase chromosomes obtained after colchicine treatment of colonic cells grown from HSCs without
treatment (Control) and treated with a complex substrate (M13F-Alul-M13R, M13F-Alul-EcoRl, and M13R-Alul-Hindlll) as part of bone marrow cells. Ar-
rows indicate multiple hybridization sites. B — distribution of TAMRA-tagged material on metaphase chromosomes derived from human colony cells
after treatment of these cells with TAMRA-tagged human and E. coli DNA. The arrows indicate multiple localization sites of the tag in the sample treated
with human DNA and centromeric regions in the sample treated with E. coli DNA.

in Supplementary Material 2. Both forward and reverse
orientations of the reads were analyzed for each chain.

Nucleotide sequence analysis of the selected clones

We identified the reads with distinctly cut-off ends ter-
minating at the HindlIII site and the primer sequences for
M 13 for. This indicates that the fragments from the original
substrate are present in the cell in a “free state”. It should
be noted that these are short fragments containing only
part of the polylinker and the primer sequence for M 13 for.

MONEKYNAPHAA N KNIETOYHAA BUOJIOTA / MOLECULAR AND CELL BIOLOGY

The observed fragments may have survived 15 days of cell
cultivation, localized either to a single quiescent HSC or
dispersed amongst its progeny. Their size (<100 bp) may
have shielded them from enzymatic processing, e. g., ring
formation, concatemerization, or nuclease degradation
(Supplementary Material 2).

Atotal of 56 sequences were found to contain a polylinker
region from the pBS plasmid extending past the EcoRV site.
Most of them were found to contain sequences flanked by
the same inverted repeats (TIR) adjacent to both halves of
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Fig. 3. Schematic representation of the complex substrate used and several of its intermediates resulting from induced

recombination processes.

A - schematic representation of the substrate: the M13F-Alul-M13R, M13F-Alul-EcoRI, and M13R-Alul-Hindlll fragments used for
cell treatment. The original fragment and the same fragment hydrolyzed by EcoRI and Hindlll restriction enzymes; B, C — schematic

representation of sequencing-derived sequences.

the Alul cloning site of the EcoRV fragment (Fig. 381). Four
reads had the 4/ul repeat replaced by an 84-nucleotide DNA
sequence bounded on both sides by 10-bp terminal inverted
repeats (TIRs) adjacent to the halves of the EcoRV cloning
site (Fig. 3B2). The 21st read had the sequence terminating
towards the left half of the conserved Alul EcoRV cloning
site, failing to reach the opposite half of the EcoRV site,
and bounded by the same inverted repeat (TIR) adjacent to
the conserved left EcoRV site (Fig. 383). This 21st read is
represented by three different sequences, one being 37 bp
and the other two being approximately 100 bp in length
and containing small regions (5—7 bp) of homology with
the Alul repeat from the substrate.

Eleven reads include an intact full-length EcoRV site
with no insertion, indicating the recombination of the Alul
sequence cloned at the indicated site and the recovery of
the original EcoRV (Fig. 3B4).

Fifteen reads match the original substrate containing part
of the Alul repeat.

Two reads were found with long (54 and 57 bp) regions
of genomic DNA joined to the end of the M13 for se-
quence. These comprise a complete M 13 for primer and a
polylinker site terminating at a residual HindIII restriction
site (Fig. 3C).

Furthermore, we identified reads exhibiting internal
recombination at the A/ul-EcoRV cloning site, those with
chaotically shuffled polylinker sites, and one featuring DNA
segments of non-substrate origin.

Experimental proof of ring formation by long

dsDNA fragments internalized in HSCs

and their looping of the chromosome DNA strand

The apparent discrepancies in the number of fluorescent
signals in FISH hybridization experiments, the findings of
a direct analysis of the integration of extrachromosomal
fragments into the genome, and the results of whole-genome
sequencing suggested a potential mechanism for the forma-
tion of stable associates between DNA fragments localized
in the nucleus and DNA strands of the chromosome. Given
the lack of detectable large-scale single nonhomologous
integration, a different mechanism is proposed for the
formation of stable complexes. One type of associates
that does not require protein anchoring is the DNA loop
formed on the chromosome strand. This loop could have
been formed by fragments of extracellular dsSDNA delivered
into the nuclear space. Experiments, largely replicating the
methodology of a prior study (Dolgova et al., 2013), were
performed to assess the assumption concerned.

The experiments involved analyzing events and changes
at the molecule level occurring with the substrate, plas-
mid pEGFP-N1, used for prolonged processing of HSCs
(Fig. 44). The analysis of the native plasmid sample re-
vealed the presence of the dimeric form and the absence
of the monomeric form. The transformation of 100 pg of
linearized pEGFP-N1 (the amount equivalent to that ob-
tained from the experimental sample DNA isolated from the
bottom of the salt gradient, see below) into electrocompe-
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Fig. 4. Experimental evidence of ring formation by long dsDNA fragments internalized in HSCs and their looping of the chromosome
DNA strand.

A - substrate of plasmid pEGFP-N1 used for processing of HSCs. Electrophoresis in agarose gel of native pEGFP-N1 plasmid hydrolyzed by HindlIl.
Transformation of pEGFP-N1 plasmid hydrolyzed by Hindlll into E. coli, strain DH-5; B — the overall design of the experiment; C- electrophoresis of
samples in 0.7 % agarose; D — analysis of the amount of pEGFP-N1 plasmid DNA in the kanamycin resistance gene region; E - transfection of 12 ng
of fraction 7 resulted in more than 50 large colonies and about 5,000 small colonies; F, G - agarose and acrylamide gels with different variants of
hydrolyzed and non-hydrolyzed plasmid DNA: the original pEGFP-N1 and one of the transformants (large colony). F - DNA isolated from large colonies
was hydrolyzed by Hindlll and EcoRI. Restriction analysis indicates intact Hindlll and EcoRI polylinker sites. G - restriction analysis indicates an intact

Haelll monomer pattern and, thus, no intraplasmid recombination occurs. H - a putative schematic representation of the looped form of the plasmid
formed around the chromosome after it enters the cell.
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tent DH-5 cells yielded no transformants, thus confirming
the absence of the ring form of the plasmid.

Figure 4B presents a schematic overview of the experi-
mental design. A detailed step-by-step description is given
in the “Materials and methods™ section, specifically in the
“Ring formation by extracellular dsSDNA fragments inter-
nalized by HSCs and their closest progeny” subsection.

An examination of fractions from high-speed salt-
gradient centrifugation by electrophoresis revealed the
presence of DNA, as detected by ethidium bromide fluo-
rescence, only in the final fraction (fraction 7, sediment)
(Fig. 4C).

A quantitative analysis of the pEGFP-N1 plasmid DNA
within the kanamycin resistance gene locus revealed that
fraction 7 (12 ng) contained approximately 100 pg of ho-
mologous DNA (Fig. 4D).

The transformation of 12 ng of fraction 7 yielded over
50 macroscopic colonies and approximately 5,000 micro-
scopic colonies (Fig. 4E). The macroscopic colonies were
cultivated and inoculated in a liquid medium supplemented
with 50 pg/mL kanamycin. The microscopic colonies ex-
hibited growth in the liquid medium but did not develop
further. No plasmid DNA in the form of monomer or dimer
was found in the microscopic colonies. All the macroscopic
colonies from which DNA was isolated (eight colonies)
contained the pEGFP-N1 monomer. DNA isolated from
the macroscopic colonies was treated with HindIII, EcoRI
(Fig. 4F), and Haelll (Fig. 4G) restriction enzymes.

Taken together, the results obtained in this series of ex-
periments indicate the following:

« Bone marrow cells were treated with plasmid DNA lin-
earized by the HindlII site. The presence of the original
plasmid as a dimer and its monomer form in the result-
ing transformants suggests the recovery of the ring form
linearized by HindIII plasmid within the bone marrow
cells (BMCs).

Restriction analysis with Haelll, HindIII and EcoRI
confirms the absence of intraplasmid recombination
(Fig. 4 F, G).

Stringent fractionation of plasmid and chromosomal
DNA via NaCl gradient ultracentrifugation, following
exhaustive proteinase K digestion and phenol-chloroform
extraction, reveals a stable plasmid-chromosome DNA
complex.

The most likely scenario involves genomic DNA loop-
ing facilitated by the plasmid ring, which is formed dur-
ing the linear pEGFP-N1 cyclization upon cellular entry
(Fig. 4H).

The disparity between the pEGFP-N1 kanamycin re-
sistance gene copy number, the number of transformants
obtained, and the DNA yield, as determined through com-
parison, suggests the following explanation. Following
transformation, multiple degraded plasmids, all possessing
a kanamycin resistance gene, may have produced a single
kanamycin resistance protein, manifested as small colonies.
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It is these fragments that were evaluated by quantitative
real-time PCR. Analysis of large transformants indicates
fewer than one plasmid DNA molecule per cell with DNA
capture capability. Viable transformants may have resulted
from plasmid rings released during chromosomal DNA iso-
lation. The remaining portion, associated with chromosomal
DNA, failed to yield transformants, thereby compromising
the accuracy of quantification.

Our findings corroborate those presented by E.V. Dol-
gova et al. (2013), confirming the ring closure of inter-
nalized dsDNA fragments within HSCs in both experimen-
tal contexts. At the moment of closure, some rings seem to
stochastically encompass the DNA strand of the chromo-
some, forming a stable complex.

Discussion

The experimental system demonstrated recombination
activity between chromatin DNA and double-stranded
extrachromosomal DNA fragments, which functioned as
interacting partners in this process. A number of publica-
tions characterize experimentally verified and theoretically
predicted intermediates resulting from the recombination
of chromosomal DNA, single-stranded chromosomal DNA
breaks, and extrachromosomal double-stranded DNA frag-
ments (Hastings et al., 1993; Leung et al., 1997; Cromie
et al., 2001; Li et al., 2001). Figure 5 offers schematic
illustrations of the aforementioned intermediates. The re-
lationship may be categorized into two variants. The first
scenario presents an active recombinogenic condition that
generates an enzymatic mechanism for recombination.
This can occur at any genomic site through the interac-
tion of double-stranded fragment ends participating in
a reciprocal exchange with homologous chromosome

Fig. 5. Schematic representation of recombination processes
(single-strand annealing, gene conversion, microhomology pair-
ing) occurring in the cell involving genomic DNA and dsDNA frag-
ments delivered to the cell.

A -recombination due to the open double-stranded ends of the delivered
fragments; B — recombination due to single-strand breaks in genomic
DNA.
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sequences (Fig. 54). In the second scenario, it is the DNA
strand termini exhibiting the nick that are recombinogenic
(Fig. 5B).

This work explored the potential for incorporating extra-
cellular DNA into the genome. Two methodologies were
employed: FISH and whole-genome sequencing. In pursuit
of this objective, a composite probe was developed, con-
sisting of an A/ul fragment as its core, framed by the left
and right pBS polylinker sequences and a number of their
derivatives. Hydrolysis with EcoRI and HindIII restriction
enzymes yielded derivative fragments representing portions
of the complete substrate. Figure 34 depicts a mixture
containing five distinct elements. A hypothesis was for-
mulated suggesting that the successful association of probe
and chromosome DNA would result in the observation of
specific signals on metaphase chromosomes through the
application of FISH.

The structured nuclear hybridization signals revealed
through image analysis might demonstrate specific charac-
teristics. The FISH signal indicated potential homologous
and nonhomologous substrate integration into the genome.
An alternative hypothesis regarding the origin of specific
signaling was proposed. This phenomenon was associ-
ated with the integration of extrachromosomal elements
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into actively transcribed chromatin regions, resulting in
the formation of stable chromatin complexes between ex-
trachromosomal and chromosomal DNA, persisting until
metaphase (Moller et al., 2018; Wu et al., 2019; Zhu et al.,
2021; Pecorino et al., 2022). This issue is considered in the
last part of the “Discussion” section.

Whole-genome and selective sequencing methodologies
were implemented to test the stated hypotheses. These
methods enabled the identification of two intermediate
variants, suggesting recombination between extracellular
dsDNA and nuclear chromosome DNA fragments.

1. Over 20 genomic DNA sequences with discernible A/ul
fragment substitutions were detected using EcoRV cloning
sites for identification. The genomic DNA segment extends
significantly from the A/ul cloning site of the EcoRV frag-
ment on both its left and right flanks, or it is positioned
between the two halves of the EcoRV cloning site. Without
exception, this genomic segment is situated adjacent to the
halved EcoRV cloning site, with the boundary defined by
specific sequences constituting a 10 bp terminal inverted
repeat (TIR). In some reads, this fragment exhibits homol-
ogy with cloned Alul, while others contain small regions
(57 bp) of homology with the Alul repeat of the substrate

(Fig. 6).
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Fig. 6. Schematic representation of possible events during the formation of one of the detected intermediates identified

by analyzing the full-genome sequencing reads.

1 — genomic DNA and substrate delivered to the cell. Homologous regions are highlighted in blue; 2-4 — sequential steps
of recombination events, with regard to AT looping of AT-rich nonhomologous sites; 5, 6 — predicted recombinant products, with

sequencing data included.
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The TIR is known to flank the sequence of the mobile
genetic element hAT-5 Rlr. hAT elements are a superfamily
of DNA transposons that are moved around in the genome
by the transposase enzyme. Their presence has been con-
firmed within the genomes of plants, fungi, and animals.
In mammals and humans, however, these elements exhibit
no activity. They are approximately 2.5-5 kbp in size and
contain terminal inverted repeats (TIR). The analysis of
the structures of the final intermediates reveals that the
complete substitution of the A/ul repeat of the original sub-
strate for the DNA sequence bounded by terminal inverted
repeats occurred exactly on the flanks of the A/ul repeat, a
mobile genetic element of the human genome (Hagan et al.,
2003). One intermediate, in which substitution preserved
both halves of the A/ul-EcoRV cloning site, exhibits clear
homology with the Alul substrate.

Central to the analysis is the observation that, in all in-
stances, the centrally located A/ul nucleotide sequence has
been replaced solely by genomic sequences at the EcoORV
cloning site. Recombination was limited to homologous
sequences between the genome and the A/ul substrate,
with nonhomologous plasmid DNA excluded. The analysis
revealed no reads in which plasmid DNA sequences were
enclosed by genomic DNA sequences, thus suggesting
nonhomologous insertion events. A logical interpretation of
recombinational events in a read, showing complete pres-
ervation of substrate structure and complete replacement
of the genomic sequence with the 4/ul DNA sequence, is
depicted in Figure 6.

2. Two reads were identified, with the right side of the
hydrolysate (HindIII-primer M13 for) of the starting frag-
ment being in the same continuous sequence as the human
genome segment (54 and 57 bp), joined through the M 13 for
and genome microhomology site (Fig. 7). Moreover, the
second part of both reads terminates with a cut-off strictly
at the HindlIII restriction site, which is the “terminus” of
the substrate. It should be noted that the genomic DNA
region of the two reads is 95 % homologous, implying that
the integration may have occurred either in different parts
of the genome or in the same part of the genome but in
different cells where the acceptor sequences are not 100 %
homologous.

A hypothesis is proposed to explain the discovered struc-
ture. The genomic sequence of the intermediate experienced
a single-stranded break at its outset, or four letters before
the start of the genomic sequence of the hybrid read. In this
region, four nucleotides within the genomic sequence are
complementary (homologous) to the four terminal nucleo-
tides of the M 13 forward primer. The fusion of extrachro-
mosomal and genomic DNA within the polylinker matrix
resulted from single-strand annealing, a process initiated by
microhomology-based complementary pairing and D-loop
formation (McVey, Lee, 2008; Hastings et al., 2009). The
characteristic feature of both read sequences is their strict
termination at the HindllI restriction site. The probability
of the original DNA undergoing a precise, HindIlI-clear
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Fig. 7. Schematic representation of possible events during the
formation of intermediates detected when analyzing the results
of full-genome sequencing, in which a section of genomic DNA is
combined with a plasmid polylinker.

It is suggested that recombination occurs at the site of a single-stranded
genomic DNA break by a single-stranded annealing mechanism due to
complementary microhomology pairing. The genomic DNA sequence is
indicated in blue. The green color indicates the section of genomic DNA
detected in the two derived reads. The yellow color indicates the micro-
homology section. The pBS polylinker (MCS pBS) is indicated in red.

double break during simultaneous ultrasonic processing
of two fragments is rather low. This finding demonstrates
that HindIII-terminated tails are extranuclear and persist
freely in the nucleus for 15 days without genomic integra-
tion. Figure 7 illustrates potential intermediates from the
aforementioned process.

So, intermediates were found that indicate the possibility
of homologous exchange between extracellular DNA and
chromatin DNA.

Additionally, unusual structures were identified that
exhibited covalent attachment at one terminus to the re-
cipient genome, while the opposing terminus was cleaved
at the restriction site employed in substrate preparation
(Fig. 3C). The data suggest that this part of the sequence
is either free within the nucleus, lacking association with
the second DNA strand, or is associated with a protein
structure required for chromatin compaction into chromo-
somes and subsequent cell cycle events. We hypothesize
that the observed association in these cases resulted from
microhomology-driven interactions between genomic and
M13 primer DNA at the single-strand break.

The identification of several intermediates is indicative
of substrate DNA recombination. The identified reads ex-
hibited multiple, chaotic permutations of both substrate and
non-substrate sequences. These findings further support the
occurrence of active recombination within the cell.
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Schematic representation of the sequence of events

and intermediate variants occurring during

the act of homologous recombination

An intermediate resulting from recombination of an
internal A/ul repeat cloned at the EcoRYV site and framed
by polylinker regions bounded by primers to M13 with
genomic DNA. The genomic DNA sequence located after
the first terminal inverted repeat (TIR) is homologous to
segments of the Alul repeat that are separated by AT-rich
regions (spacers) (Fig. 6). A possible explanation for
the convergence of the 4A/ul spacer-containing substrate
sequence to a homologous genomic region involves the
looping-out of AT-rich spacer sequences, followed by the
linear convergence of A/ul substrate segments exhibiting
homology with the genomic DNA. In this scenario, it is pos-
sible that homologous recombination took place between
the genomic sequence and the substrate used in the cellular
treatment. This case involved the complete replacement
of the Alul repeat element in the extrachromosomal DNA
with a genomic DNA fragment. Such events can arise
from reciprocal homologous recombination at either open
chromatin sites or arbitrary genomic locations. This result
indicates an active process of homologous precisional
recombination between extracellular DNA and chroma-
tin DNA.

A part of the polylinker that terminates at the HindII11
restriction site at one end and is joined at the other end
to DNA of genomic origin by microhomology. Geno-
mic restructuring in differentiating cells is initiated via
pangenomic single-strand breaks, which resolve within
one week. The observed intermediates appear to correlate
with the presence of single-stranded DNA breaks concur-
rent with the nuclear entry of extracellular DNA probe
fragments (Fig. 7).

The situation allows for two possible interpretations.
The integration event may have occurred during the initial
committing phase, with intermediates emerging and exis-
ting prior to metaphase formation. The intermediary steps
may have taken place concurrently with, or shortly prior
to, DNA isolation on day 15 of cell culture. This variant
involves the prolonged retention of short substrate frag-
ments in the nucleus space. The retention of intermediate
products throughout the duplication process is not clearly
established. Considering the integration, it is probable that
embedding occurred following chromosome doubling at
those sites. The significance of such post-replicative disrup-
tions to chromatin condensation and metaphase chromo-
some formation is seemingly negligible. The polymerase is
unlikely to adopt such intermediate conformations during
replication, which would require subsequent correction by
specialized complexes.

The genomic DNA regions in both strains share 95 %
homology, as previously stated. This indicates integration
events at either different genomic loci or at the same locus
in cells with non-identical acceptor sequences.

MOJIEKYJIAPHAA U KNETOYHAA BUOJIOTUA / MOLECULAR AND CELL BIOLOGY

WHTerpaumna ¢parmeHToB SKCTpaKkneToyHon AsyuenoyeyHon IHK 2026
B Fr€EHOM reMOMO3TUYECKMX CTBONOBbIX KNETOK 30.2

Reads with multiple chaotic permutations of substrate
sequences and non-substrate sequences. Figure 8 presents
a schematic representation of sequences exhibiting multiple
chaotic permutations generated through sequencing.

In the last series of experiments, the feasibility of inte-
grating extracellular fragments into the genome by direct
detection of the integrated fragment was evaluated. Two
types of TAMRA-labeled DNA, homologous human DNA
and E. coli DNA, were used. The main conclusion of these
experiments is that, in the case of human DNA, specific
signals are detected throughout the chromosomes. In the
case of E. coli DNA, these signals were found to be more
localized in centromeric heterochromatin. Assuming that
integration into the genome has occurred, the mode of this
integration will be different for homologous and heterolo-
gous DNA, namely homologous incorporation of the human
substrate and nonhomologous integration of E. coli DNA.
Centromeric heterochromatin is a bulk (conglomerate) of
repeats corresponding by mass to 1/3 of the chromosome
mass, creating its known three-dimensional architecture.
Assuming integration into centromeric heterochromatin, the
considerable size and specific organization of a-satellites
suggest that the addition of DNA does not compromise the
functional integrity of the centromeric locus. This observa-
tion may clarify the process by which heterologous DNA
is integrated.

Discrepancies between the results of FISH,

direct detection of the fluorescently

labeled probe at metaphases, and the data

of whole-genome sequencing

An analysis was conducted on the results of FISH, i. e.
direct detection of possible integration of a fluorescence-
labeled probe into the genome, and data of full genomic
sequencing in the experiments performed using a probe
consisting of a mixture of M13F-A4/ul-M13R, M13F-A/ul-
EcoRI, and M13R-A/ul-HindIIl fragments. This analysis
revealed the apparent discrepancy between the number of
hybridization signals, or simply specific fluorescent signals,
and the number of reads demonstrating the actual covalent
association of the substrate sequence and the chromosome
sequence. The most apparent initial assumption attributed
the result to methodological artifacts. However, analysis
of different experimental variants, and in particular, the
nuclear signal patterns, indicated atypical and specific sig-
nal characteristics. Therefore, supplementary experiments
were undertaken in an attempt to clarify the underlying
mechanism of metaphase signaling.

The findings have redirected our focus to a currently de-
bated phenomenon: the presence of substantial ring-shaped
extracellular DNA (Pecorino et al., 2022).

The study of naturally occurring extrachromosomal cir-
cular DNA (eccDNA), abundant in diverse tumor cell types,
commenced over six decades ago with the identification
of double minutes, circular extrachromosomal structures
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Fig. 8. Schematic representation of sequences obtained by sequencing (A) and a possible variant of the reparative

process (B).

lacking centromeres and telomeres (Spriggs et al., 1962).
The lack of centromeres leads to a random distribution of
extracellular DNA during cell division, with the informa-
tion encoded in them being transmitted in a non-Mendelian
manner. These structures are formed from chromosomal
material. Two structural categories are identified, the first
characterized by single DNA sequences, and the second,
by a chimeric structure composed of multiple chromosomal
fragments. This observation indicates that chromosomal
DNA fragments, detached through undetermined mecha-
nisms, are randomly joined to form ring structures. Some
of these DNA structures are up to 1 million bp in size and
contain numerous genes and regulatory regions. Micro
extrachromosomal circular DNAs of 100-2,000 bp in
length are more prevalent in healthy cells. These DNAs
contain ribosomal genes, DNAs of mobile elements, and
telomeric ring DNAs. In tumor cells, these extrachromo-
somal structures can reintegrate into the genome, with
“non-native” chromosomal regions with homogeneous
staining containing amplified genes (Pecorino et al., 2022).
Extrachromosomal circular DNA has been found to bind

closely to the polymerase complex (RNAPII) and is thought
to associate with actively transcribed chromosome domains
with which it forms chromatin concentration foci (Wu et
al., 2019; Zhu et al., 2021). This finding suggests that as-
sociations of extrachromosomal ring DNA and chromosome
DNA are stable and can persist in various phases of the
cell cycle.

Similar DNAs were reported to be present in human
myocytes and leukocytes, indicating that these structures
appear to be a common extrachromosomal object and rep-
resent a general biologic phenomenon (Meller et al., 2018).

Taking into account the above, it can be hypothesized
that in our study, the probe containing the plasmid tag
formed chromatin concentration foci with chromosomes
without integrating into the chromosome DNA molecule.
These associates persisted until metaphase and gave rise to
multiple specific hybridization signals. Is there consistency
between this assumption and the data obtained? Is such a
form of intermediates possible?

The findings of whole-genome sequencing indicate that
homologous probe integration is possible through either

176 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 2



C.I. OwmnxmuHa, B.C. Py3aHosa, [.C. PutTep ...
H.A. KonuaHos, A.C. lMpockypuHa, C.C. boraues

microhomology pairing or homologous recombination in
the analyzed case of the A/ul sequence. However, the num-
ber of reads-integrates obtained does not correspond to the
hybridization pattern, with numerous specific signals (as
initially assumed hybridization sites) detected at metaphases
and, especially, concerning their patterning in interphase
nuclei. Additionally, the results of direct integration analysis
using fluorescently labeled homologous and heterologous
probes, showing multiple specific signals (Fig. 2), require
further clarification.

There is a lack of consistency between the quantified
sequencing data and the observed hybridization pattern.
Sequencing necessitates 40 ng of DNA, representing ap-
proximately 4,000 nuclei. Cumulatively, two repeats of
the whole-genome reads revealed approximately 50 tag-
carrying reads for each sequence. Thus, there is one
substrate molecule per 80 cells. This is also inconsistent
with the hybridization pattern, as multiple specific signals
(hybridization signals) are detected at both metaphase and
interphase nuclei (Fig. 2).

The facts and their analysis are more likely to suggest the
formation of a large number of strong associates, which,
together with the actual integration, give the overall FISH
picture. The question remains as to why these multiple
associations are not detected by full-genome sequencing.
One suggestion is a technical problem.

The internalization of dSDNA fragments (nine telomeric
repeats, 54 bp) into human and murine CD34 cells was
experimentally confirmed, with results indicating that the
dsDNA probe was successfully delivered to both CD34+
and CD34- cell populations (Ruzanova et al., 2024).

In CD34+ cells, the dsDNA substrate treated with the
cells was found to be retained in its original form as an
intact fragment. At the same time, in a small percentage of
CD34-— cells, the delivered fragments were concatemerized
and possibly cyclized (Dolgova et al., 2013), with the num-
ber of monomers (54 bp) reaching seven units (~350 bp).
After capturing the fragments, the CD34+ cells do not seem
to be able to process them until reaching a committed state.
Two potential scenarios can be suggested. The first scenario
involves CD34— cells of the first echelon of commitment,
which have retained the ability to capture extracellular
DNA, process it, and cyclize internalized monomers. In
the second scenario, CD34+ cells undergo terminal differ-
entiation upon incubation with extracellular DNA substrate
due to intracellular DNA fragments. This leads to CD34
marker loss and the acquisition of the ability to process the
internalized fragments, forming detectable ring-like struc-
tures characteristic of CD34— cells. These DNA-associated
structures successfully reach metaphase stages.

The Illumina platform full-genome sequencing technique
involves fragmenting genomic DNA into 100-200 bp
fragments. The quantitative likelihood of a 100-300 bp
ring remaining intact following sonication is high. How-
ever, plasmid tag sequences (approximately 200 bp in this
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experiment) will not be detected, although they are fully
present on the chromosomes. It is this assumption that we
believe to account for the contradictory findings yielded by
FISH, whole-genome sequencing, and direct detection of
fluorescently labeled probe integration.

A comparative analysis of the size of the ring formed by
the oligonucleotide (about 350 bp) (Ruzanova et al., 2024),
the diameter of it encompassing a linear molecule of the
interphase chromosome, and the size of the polymerase
complex suggests the possibility of the replicative enzy-
matic machinery moving freely through the ring during rep-
lication, with dsDNA strand thickness ~2 nm, one 10.5 bp
dsDNA strand ~3.4 nm, 300 bp fragment ~100 nm, 300 bp
dsDNA ring diameter ~32 nm, and polymerase complex
~300 kDa ~20 nm (https://www.dynamic-biosensors.com/
project/list-of-protein-hydrodynamic-diameters/). The ring
structure remains intact until the metaphase stage, at which
point it is detectable via FISH.

Direct evidence for the long fragments

of extracellular dsDNA (pEGFP-N1 linearized HindlIl)
forming a ring spanning the chromosome strand

The objective contradictions and doubts raised prompted
a necessary inquiry into the signaling processes occurring
on metaphase chromosomes.

Our previous research (Dolgova et al., 2013) using the
example of linearized plasmid pEGFP-N1 (4.7 kbp) de-
monstrated that once a recombinogenic situation is induced
in HSCs (mouse model), triggered by double-strand breaks
as a result of the cross-linking cytostatic cyclophosphamide
(““death window” phenomenon), linear plasmid fragments
internalized into these cells undergo metabolic changes.
The concatamers arrange themselves into ring formations,
with a maximum of four monomers per ring. A subset of
fragments undergoes end hydrolysis to a depth of 1 kbp,
maintaining this structure within the nucleus. Of key impor-
tance is the observation that plasmid ring forms are isolated
along with chromosomal DNA at the bottom of'a 15-30 %
NaCl gradient (~300,000g) subsequent to exhaustive pro-
teinase K digestion and phenolic extraction. Specifically,
plasmid DNA interacts with chromosomal DNA within a
rigidly fractionated environment, while lacking any protein-
mediated structural linkage. Common sense suggests two
possibilities: plasmid integration into the chromosome
or plasmid circularization around the chromosome, both
resulting in cosedimentation with genomic DNA in the
salt gradient. The significance of this fact was not initially
recognized during the results analysis.

The present study shows that, similar to the results of
the cited work, in human HSCs, when extracellular dsSDNA
fragments enter them, a recombinogenic situation is in-
duced, provoked by the nicks that these fragments initiated.
A comparison of the results obtained in the second part of
this study (Ruzanova et al., 2024) with the earlier findings
(Dolgova et al., 2013) indicates that during the two re-
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combinogenic situations with different origins (induced by
double-strand breaks and nicks), after entering the cell, the
extracellular fragments undergo similar changes at the first
stage of metabolic transformations. Their concatamerization
(cross-linking/ligation at the ends) possibly implies that all
other transformations of the fragments in the nucleus are
similar to those shown previously (Dolgova et al., 2013).
In other words, the fragments are either concatamerized
and/or form a ring, and in the process of cyclization in the
stochastic mode, the DNA strand of chromosomes can be
looped by the cyclized plasmid. We can thus conclude that
all experiments examining metaphase chromosome fluo-
rescence signals have implicitly identified these structures.

To validate the aforementioned hypothesis, a set of
experiments was conducted, closely replicating those
conducted earlier (Dolgova et al., 2013) (Fig. 4). With
the exception of the cell model (murine vs human bone
marrow), the key differentiating factor was the method of
recombinogenic state induction. Previous studies utilized
double-strand breaks (interchain cross-links), whereas the
current investigation uses nicks. The results obtained were
virtually indistinguishable. Upon entry into hematopoietic
stem cells, the linearized plasmid undergoes cyclization
via the cohesive HindIII ends, resulting in a ring structure.
Cyclization involves plasmid-induced looping of the chro-
mosomal DNA, which co-purifies with the chromosomal
DNA fraction at the bottom of a 15-30 % NaCl gradient
during density gradient centrifugation. This structure, a
long-standing component of the nucleus, is likely detectable
“as a constituent” of the metaphase chromosome (Fig. 4).
This interpretation of events aligns with whole-genome
sequencing data, revealing no evidence of nonhomologous
large-scale integration resulting in multiple discernible
signals on metaphase chromosomes.

The processes governing the fate of these intermediate
structures during metaphase chromosome packaging and
division are yet to be elucidated. It can be hypothesized
that ring structures undergo either physical fragmentation
or enzymatic processing, resulting in linearization. Regard-
less, the stored genetic information may comprise an infor-
mational “reservoir” of currently undetermined function.
The loosely arranged rings formed by extracellular dsSDNA
fragments may be analogs of rings that are involved in the
mechanism of alternative telomere elongation.

Conclusion

The occurrence of pangenomic single-strand breaks (nicks)
consequently activates cellular repair and recombina-
tion processes, thereby inducing recombination between
chromatin DNA and exogenous dsDNA. It is worth noting
that no nonhomologous end joining (NHEJ) events were
detected between extracellular/extrachromosomal substrate
DNA and chromosomal DNA. These findings indicate the
potential for homologous genome modification during
this biological process while significantly reducing the

Integration of extracellular double-stranded DNA fragments
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likelihood of nonhomologous, random, and functionally
detrimental integrations. Extracellular DNA fragments
trapped in HSCs concatamerize, form rings, and establish
long-lasting spatial associations with chromosomal DNA.
It is possible for extrachromosomal rings to be the DNA
matrix used by the cell in the mechanism of alternative
telomere elongation. Finally, extracellular dsDNA frag-
ments in the cell under the pressure of the recombination
situation induced by both double-strand breaks and nicks
undergo similar metabolic transformations, indicating the
commonality and consistency of the two processes, which
do not “conflict” and can complement one another.
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Naive human iPSCs obtained by culturing the ICGi022-A cell line
with primed pluripotency in HENSM medium
efficiently differentiate into endothelial derivatives
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Abstract. Naive human pluripotent stem cells (PSCs) are a promising new tool in biomedical research. They provide access
to the early embryonic development programmes and offer breakthrough solutions in regenerative medicine. However,
the current inability to obtain long-term cultures of genetically and epigenetically stable naive human PSC lines poses
a challenge to their effective application in biomedicine. The recently proposed HENSM culture medium is claimed to
enable the obtaining and long-term maintenance of naive PSC lines. In this study, the potential of the HENSM medium for
obtaining stable naive human PSC lines was investigated. We successfully reset the primed induced pluripotent stem cell
(iPSC) line ICGIi022-A (K7-4Lf), derived from a healthy donor, to a naive state using the HENSM medium. Naive iPSCs grow in
the form of dome-shaped colonies, both with and without a feeder layer of cells. The resulting cells retained expression of
the key pluripotency factors and activated the naive PSC transcriptional programme, including expression of endogenous
retroviral elements, early epiblast marker genes and genes associated with totipotency. The naive iPSC line was capable
of differentiating into derivatives of the three primary germ layers, as well as producing trophoblast derivatives. Culturing
naive iPSCs in low-adhesion conditions resulted in the spontaneous formation of three-dimensional structures (blastoids)
resembling early human blastocysts. The X chromosome, which was in an eroded inactive state in the original cell line,
was reactivated in the naive cells, but returned to its normal inactive state when the naive cells were re-primed. Notably,
naive iPSCs demonstrated limited ability to directly differentiate into endothelial cells. However, their competence to give
rise to mature endothelial derivatives was restored upon returning to the primed state, achieving comparable efficiency
to the original primed iPSCs. Thus, the resulting naive iPSC line has significant potential for studying the early stages of
embryogenesis and for other biomedical applications, including disease modelling. However, the naive 1CGi022-A line
proved to be karyotypically unstable during long-term cultivation using HENSM medium. As there is a risk of karyotypic
aberrations during the maintenance of naive PSCs, further improvement of the culture conditions is necessary to obtain
reliable, karyotypically stable lines of naive pluripotent cells.
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models
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Naive ICGi022-A hiPSCs efficiently derive
endothelial cells

AHHOTauuA. HavBHble nopunoTeHTHble cTBoNoBble KneTkn (MCK) yenoBeka — HOBbIE MHOrOOOELLAOWMNIA NHCTPYMEHT
6MOMEeANLNHCKNX WCCNeAO0BaHUA, OTKPbIBAOWMIA [OCTYN K pPaHHUM MNporpammamM 3MOPMOHANIbHOMO PasBUTUA 1
NMPOPbLIBHBIM PELIEeHNAM 3afady pereHepaTuBHONM MeauuuHbl. MpenaTcTBMeM Ha nyTM K 3QdEKTUBHOMY BHEApeHU0
HauHbiIx MCK B 6riomeanunHy ABAAETCA OTCYTCTBME BO3MOXHOCTUN MONyYaTb AJINTENbHO KYSbTUBUPYEMbIE FEHETUYECKN 1
SNUreHeTNYECKN CTaburbHble MMHUKN HavBHbIX MNCK. PaHee 6bino 3asBeHO, UTO KynbTypanbHas cpega HENSM nossonset
VNHAYLMPOBaTb N AANTENbHO NoAAepXKMBaTb JIMHUM HaUBHbIX MIIOPUMNOTEHTHBIX CTBOJOBbLIX K/ETOK yenoseka. B pamkax
[JaHHOWN paboTbl Mbl MPOBEPUIN BO3MOXHOCTb MOMyyaTb CTabunbHble NMHUKM HamBHbIX MCK ¢ ncnonb3oBaHveM cpepbl
HENSM. C nomolpbto cpeabl HENSM mbl ycnewHo nepesenuv nuHuio 1ICGi022-A (K7-4Lf) npaiiMmpoBaHHbIX UHAYLIMPOBaHHbIX
MIOPUMNOTEHTHBIX CTBOMOBbIX KneTok (MMCK) 3popoBoro goHopa B HausHoe coctosHue. HausHble UMCK pactyT B popme
cheponofobHbIX KOMOHUI KaK Ha MUTAlOLWEM Crloe KNETOK, Tak 1 6e3 Hero. MonyyeHHble KNETKM COXPaHWUIN SKCNPeccuio
KnioyeBbIX GaKTOPOB MIOPUNOTEHTHOCTA M OLHOBPEMEHHO AKTUBMPOBANM TPAHCKPUMLMOHHYIO MPOrpaMmmy HauBHbIX
MCK, BKOYaIOLLYyI0 SKCMPECCHIO SHAOTEHHbIX PETPOBUPYCHBIX 3/1IEMEHTOB, FeHOB-MapKepOB paHHero anvbnacta 1 reHos,
aCCOLMMPOBAHHBIX C TOTUMOTEHTHOCTbIO. HamBHaa nuHuAa UMCK 6bina cnocobHa anddepeHunpoBaTbCa B MPOU3BOAHbIE
Tpex NepBUYHbIX 3apOAbILLEBbIX IMCTKOB, a TakXKe JaBaTb NPOW3BOAHble TpodobnacTa. Mpu KynbTUBMPOBAHMN HAaNUBHbIX
WMCK B HM3KOaAre3amBHbIX YCNOBUAX HAabMIOAANoCh CMOHTaHHOe GOPMUPOBaHUE TPEXMEPHDbIX CTPYKTYp — 61acTonaos,
MOPGONOrMUYECK/ HaNMOMMHAKOLWMX PaHHUE 6RacToLMCTbl YenoBeka. X-XpOMOCOMa, UMEBLUAA HapyLWEeHUs B HEAKTUBHOM
cTaTyce B UCXOQHOW IMHWW KNETOK, PeakTBMPOBaNach B HaMBHbIX KNETKaX 1 BOCCTaHaBMBaNa HOpManbHOEe HeaKTUBHOe
COCTOAIHNE MPW MOBTOPHOM MepeBofe HaVBHbIX KNETOK B MpariMMPOBaHHOE COCTOAHME. BaXXHO OTMeTUTb, YTO HauMBHble
WMCK npogeMoHCTpUpOBanu HK3Kyl CMOCOBHOCTb K NPAMON HanpaBneHHon AnddepeHUMpPOBKe B SHAOTENMOLMUTHI,
OAHAKO MX KOMMETEHTHOCTb AaBaTb 3pesible SHAOTeNnnasnbHble NPOW3BOAHbIE BOCCTAHaBAMBAaNacb Nnocie MX BO3BpaTa
K MpaliMMpoBaHHOMY COCTOAHMIO, AocTuraa 3GPEeKTUBHOCTM, COMOCTaBUMON C TaKOBOWM Y MCXOAHBIX MPaiMMpOBaHHbIX
WIMCK. Taknum obpasom, nonydyeHHas nnHUA HaveHbix UMCK obnafaeT 3HaunTeNnbHbIM NOTEHLMANIOM Af1A UCCNeAoBaHUsA
paHHMX CTaguii smbproreHesa 1 APYrux GMOMeAULIMHCKMX MPUIOKEHWIA, BKIOYasa MOAenMpoBaHue 3aboneBaHuin. Tem
He MeHee Npu ANUTENIbHOM KyNbTMBUPOBaHUW C ncrnonb3oBaHnem cpefdbl HENSM HamBHaa nuHua ICGi022-A okasanacb
KapuoTunuueckn HectabmnbHOW. MOCKONbKY PUCK KaproTunmyeckmx abeppauuii npu nopnepxaHuy HaumsHbix MCK
COXpaHAETCA, B faNbHENLLEeM ANA NONYUYeHNA HAAEXHbIX, KAPUOTUMUYECKN CTabMIIbHBIX MHUA HAUBHBIX MAOPUNOTEHTHbIX
KNeTOK HEO6XOAMMO COBEPLUEHCTBOBAHME YCIIOBUIA KyNbTVBUPOBaHNA.

KntoueBble cnoBa: NpaiMnpoBaHHbIE 1 HaWBHbIE MIKOPUMNOTEHTHbIE CTBOIOBbIE KNETKM YeNloBeKa; HanpaBneHHas SHhoTe-

nranbHas auddepeHLMPOBKa; KNETOUHbIE MOLENN HACTEACTBEHHbIX 3a601eBaHNI

Introduction

Cultures of human pluripotent stem cells (hPSCs) can reflect
various stages of embryonic development. The majority of
hPSC lines obtained and used to date are in a primed state,
resembling the post-implantation epiblast. These cells are
stable in long-term cultivation and are widely used in biomedi-
cal research and clinical trials. However, they exhibit limited
developmental and differentiation pathways, demonstrating the
epigenetic memory phenomenon that biases differentiation to-
wards specific lineages (Stadtfeld, Hochedlinger, 2010; Gafni
et al., 2013; Valamehr et al., 2014; Lee et al., 2017; Hu et al.,
2020; Yuetal., 2021; Dekel et al., 2022). They cannot be used
to model the earlier stages of embryonic development, such
as X chromosome inactivation, and their chromatin is more
closed, making them less accessible to genome editing by pro-
grammable nucleases. They also often demonstrate impaired
X chromosome inactivation, termed erosion (Mekhoubad et
al., 2012). In contrast, naive hPSCs are in a more primitive
developmental state that closely mirrors the pre-implantation
epiblast. This gives them broader developmental plasticity than
conventional (primed) hPSCs (Theunissen et al., 2016; Collier,
Rugg-Gunn, 2018; Rostovskaya, 2022). This unique plastic-
ity includes the ability to contribute to both the embryonic
and extraembryonic lineages (Theunissen et al., 2014, 2016;
Pham et al., 2022), enhanced proliferation and improved clonal
expansion through tolerance of single-cell passaging. Greater
amenability to genome editing and erased epigenetic memory
through reduction of repressive chromatin marks also render
naive hPSCs a promising platform for advancing regenerative
medicine, disease modelling and the study of early human de-

velopment. Recent advances have demonstrated the feasibility
of resetting primed hPSCs to the naive state in defined media
composed small molecules and growth factors (Chan et al.,
2013; Gafni et al., 2013; Takashima et al., 2014; Theunissen
etal.,2014; Ware et al., 2014; Duggal et al., 2015; Zimmerlin
etal.,2016; Guoetal.,2017; Leeetal., 2017; Szczerbinska et
al., 2019; Bayerl et al., 2021; Khan et al., 2021; Buckberry et
al., 2023). Despite these advantages, deriving and maintaining
naive hPSCs in the long term remains challenging. A major
concern is the genomic and epigenetic instability reported in
naive cultures, particularly under prolonged or suboptimal
conditions. Chromosome aberrations, karyotype abnormalities,
and variable X-chromosome reactivation status have all been
observed (Theunissen et al., 2014, 2016; Fischer et al., 2025).
These vulnerabilities underscore the need for well-defined,
optimized culture systems.

The recently developed HENSM medium shows promise
in supporting the long-term stable propagation of naive hPSC
lines while preserving the key molecular and functional fea-
tures of naive pluripotency (Bayerl et al., 2021). During the
medium formulation, it was recognised that WNT signalling
activity was the main cause of cell heterogeneity, imprinting
loss, and chromosomal rearrangements in naive hPSC cultures.
Thus, the medium lacks WNT activators, such as GSK3 kinase
inhibitors, and ensures almost complete downregulation of
WNT signalling through tankyrase inhibition. The medium
also contains LIF growth factor and MEK kinase inhibitor,
two components that are common to all naive conditions. LIF
activates JAK/STATS3 signalling pathway, which is necessary
for naive pluripotency. The MEK inhibitor, together with
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the PKC and SRC kinase inhibitors in the HENSM medium,
downregulates the MEK/ERK cascade, which is responsible
for primed pluripotency. The medium was tested on several
ESC and iPSC cell lines. It was claimed that HENSM helps
preserve genomic imprints and allows long-term naive hPSC
maintenance, which is crucial for accurate disease modelling
and developmental studies. However, there are still no reports
of long-term cultured naive hPSCs obtained in the HENSM
medium.

The aim of this study is to obtain stable naive induced
pluripotent stem cells (hiPSCs) in HENSM medium by de-
riving them from an existing primed hiPSC line, ICGi022-A
(K7-4Lf), from a healthy donor (Malakhova et al., 2020). The
primed K7-4Lf line is widely used for disease modeling, drug
screening, and stem cell research due to its well-characterized
genetic background and robust pluripotency (Malakhova et
al., 2020; Klepikova et al., 2022; Ustyantseva et al., 2022;
Zakharova et al., 2022, 2024; Grigor’eva et al., 2023, 2024;
Kopytova et al., 2023; Sheveleva et al., 2023, 2024; Yarkova
et al., 2024; Pavlova et al., 2024a, b; Rezvova et al., 2024,
Nadtochy et al., 2025). Reprogramming K7-4Lf cells into a
naive state provides an opportunity to evaluate the develop-
mental and differentiation capabilities of naive pluripotency.

In this study, we reset primed hiPSCs into the naive state
and examined their developmental potential and differentiation
abilities. We successfully derived naive hiPSCs that exhibited
key features of early embryonic cells, including spontaneous
blastoids formation. Additionally, we investigated the ability
of naive hiPSCs to give rise to differentiated derivatives, with
a particular focus on endothelial cells. Furthermore, we ana-
lysed the dynamics of X chromosome regulation, focusing on
H3K27me3 and XIST RNA as indicators of epigenetic fidelity.
Our findings emphasise the functional benefits and epigenetic
challenges of naive pluripotency, highlighting the necessity of
improved resetting and culture protocols to maintain genomic
and epigenetic stability.

Materials and methods

hiPSCs cultivation and differentiation. The human induced
pluripotent stem cell line ICGi022-A (hPSCreg identifier:
RRID:CVCL ZE02) (Malakhova et al., 2020) with a karyo-
type of 46, XX was utilised in this study. The ICGi022-A
line was derived and maintained under conditions typical of
primed pluripotent cells on a layer of mitotically inactivated
mouse embryonic fibroblasts. The medium was composed
of DMEM/F12 (1:1), with the addition of 15 % serum re-
placement KnockOut SR (Thermo Fisher Scientific), | mM
GlutaMax (Thermo Fisher Scientific), 1 % non-essential amino
acid solution (NEAA) (Thermo Fisher Scientific), 50 U/ml
penicillin and 50 pg/ml streptomycin (InvivoGen), as well as
0.25 mM 2-mercaptoethanol (Thermo Fisher Scientific) and
10 ng/ml bFGF (Sci-store).

Complete HENSM medium (Bayerl et al., 2021), for induc-
tion and maintenance of naive state, consisted of a 1:1 mixture
of Neurobasal and DMEM-F12 media, supplemented with
1% N2,1% B27, 1 mM GlutaMAX, 1 % NEAA (all Thermo
Fisher Scientific), 50 U/ml penicillin and 50 pg/ml strepto-
mycin (InvivoGen), 0.2 % Geltrex (Thermo Fisher Scienti-
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fic), 50 pg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich),
20 ng/ml recombinant LIF (Sci-store), and kinase inhibitors:
1 uM GSKi PD0325901, 2 uM TNKi XAV939, 2 uM PKCi
G066983, 1.2 uM SRCi CGP77675 (all R&D) and 5 uM ROCKi
thiazovivin (Stemolecule).

In order to expand cell cultures, colonies of both naive and
primed pluripotent cells were dissociated using a TrypLE en-
zyme (Thermo Fisher Scientific) and subsequently transferred
into fresh medium containing 10 uM of the ROCKi thiazovivin
(Stemolecule). The seeding ratio was established at 1:10 for
primed iPSCs and at 1:3 for naive iPSCs.

The spontaneous differentiation of naive hiPSCs into
derivatives of three primitive germ layers was performed in
a monolayer. To achieve this, the cells were seeded at 30 %
confluence on Matrigel (Corning), and the HENSM medium
was replaced with a differentiation medium containing a 1:1
DMEM/F12 mixture (Gibco), 10 % fetal bovine serum (FBS)
(Cell Technologies), 1 mM GlutaMax (Thermo Fisher Sci-
entific), 1 % NEAA solution (Thermo Fisher Scientific),
50 U/ml penicillin and 50 pg/ml streptomycin (InvivoGen).
The medium was changed every other day. The results of the
spontaneous differentiation were analysed after 23 days using
immunofluorescence.

The directed differentiation protocol for trophoblast deriva-
tives started with the dissociation of confluent naive IPSC
colonies using TrypLE, followed by seeding at a density of
2x10° cells on a 10 cm? culture surface treated with colla-
gen IV (Sigma-Aldrich) in HENSM medium. After two days,
TSC medium was added to the cells as described in (Okae et
al., 2018). The TSC medium comprises a 1:1 DMEM/F12
mixture (Gibco), 0.2 % FBS (Cell Technologies), 0.3 % BSA
(Sigma-Aldrich), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich),
1 % ITS-X (Gibco), 1.5 uM ascorbic acid (Sigma-Aldrich),
50 ng/ml EGF (Peprotech), 2 uM CHIR99021 and 0.5 uM
AS83-01, 1 uM SB431542 (all R&D), 0.8 mM valproic acid
(Sigma-Aldrich), 5 uM thiazovivin (Stemolecule), 50 U/ml
penicillin and 50 pg/ml streptomycin (InvivoGen). The me-
dium was changed daily. On day 5 after the addition of the
TSC medium, once the flattened colonies had reached 50-70 %
confluence, they were expanded using TrypLE enzymatic
disaggregation at a ratio of 1:4. Homogeneous trophoblast
cell cultures were formed by the fifth passage. Thereafter,
trophoblast cells were passaged with TrypLE every three to
four days at a ratio of 1:4 to 1:6. At the tenth passage, the
cells were plated on coverslips and stained with antibodies
for specific markers.

Endothelial derivatives of hPSCs were obtained through
mesodermal progenitor derivation and subsequent endothelial
differentiation, according to the Gu protocol with modifica-
tions (Gu, 2018). First, the pluripotent cells were seeded onto a
matrigel-treated surface (Corning) at a confluence of 6070 %,
in the original iPSC culture medium. The next day, differentia-
tion in the mesodermal direction was started in RPMI 1640
medium containing 1 % B27 supplementation without insulin
(all Thermo Fisher Scientific), 50 U/ml penicillin, 50 pg/ml
streptomycin (InvivoGen), and the GSK3 kinase inhibitor
CHIR99021 (R&D). The concentration of CHIR99021 in the
differentiation medium was 6 uM for two days, after which
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it was reduced to 3 uM for the following two days. The dif-
ferentiating cells were then transferred to EGM-2 medium
(Lonza), supplemented with 50 ng/ml VEGF, 25 ng/ml bFGF
(both Sci-Store) and 10 uM SB431542 (R&D), for endothelial
growth. For the next eight days, half of the endothelial medium
were changed daily. The proportion of cells containing the
CD31 marker of mature endothelial cells was determined using
aFACSAria Il device (BD, USA) after precipitating the cells
with the appropriate antibodies (Supplementary Material 1)!
and analysing 10* events. Unstained cells and cells incubated
with fluorescently labelled mouse IgG1 were used as negative
controls. The experiment was repeated three times. The sta-
tistical significance of the differences was measured using the
Wilcoxon test with Bonferroni correction. Mature endothelial
derivatives of hiPSCs were selected using magnetic sorting
with antibodies to the human CD31 surface antigen (Miltenyi
Biotec) and seeded onto a collagen IV-coated culture surface
(Sigma-Aldrich) in EGM2 medium (Lonza).

Generation of human blastoids from naive human iPSCs
maintained in HENSM medium. For the generation of blas-
toids, naive hiPSCs with 60—70 % confluence were dissociated
into single cells using TrypLE Express at 37 °C for 3 minutes.
The cells were then collected by centrifugation at 200g for
5 minutes and resuspended in fresh HENSM medium. The
resulting cell suspension was incubated in a gelatinised tissue
culture plate for 30 minutes at 37 °C in 5 % CO, to remove
the feeder cells. The medium containing naive human iPSCs
was collected and passed through a 40 pum cell strainer. The
AggreWell 400 (STEMCELL Technologies) was prepared by
rinsing with an anti-adhesion solution (STEMCELL Technolo-
gies), followed by centrifugation at 2,000g for 5 minutes and
incubation at room temperature for 10 minutes, according to
the manufacturens instructions. After incubation, wells were
washed once with HENSM medium, after which 0.5 ml of
fresh HENSM containing 5 uM hiazovivin (Stemolecule) was
added.

Approximately 30,000 cells (around 25 cells per micro-
well) were resuspended in 1 ml HENSM with 5 uM thia-
zovivin (Stemolecule) and seeded into one well of a prepared
AggreWell 400 24-well plate. The plate was centrifuged at
200g for 1 minute and placed at 37 °C. Aggregates were
formed within 12—16 hours. The HENSM medium was then
changed to TDM medium and replaced every two days for six
days. The TDM previously described for 5iLA-naive hPSCs
was slightly modified to adjust the HENSM protocols using
the following: 1:1 (v/v) mixture of DMEM/F12 and Neuro-
basal medium, 0.5x N2 supplement, 0.5 % 0.5% GlutaMAX,
0.5x non-essential amino acids (all Thermo Fisher Scientific),
0.5x B27 supplement (Thermo Fisher Scientific), 0.1 mM
B-mercaptoethanol (Sigma-Aldrich), 1 % ITS-X (Gibco),
0.5 % KnockOut SR (Thermo Fisher Scientific), 0.1 %
FBS (Cell Technologies), 50 mg/ml BSA (Sigma-Aldrich),
50 U/ml penicillin and 50 pg/ml streptomycin (InvivoGen),
1 uM G66983, 1 uM PD0325901, 0.5 uM CGP77675, 0.5 uM
A83-01, 1.25 uM CHIR99021, 0.5 uM SB431542 (all R&D),
25 ng/ml recombinant human LIF (Sci-Store), 10 ng/ml EGF

' Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx12.pdf

Naive ICGi022-A hiPSCs efficiently derive
endothelial cells

(Peprotech), 0.75 pg/ml L-ascorbic acid, and 0.4 mM valproic
acid (both from Sigma-Aldrich). After six days, the blastoids
were isolated and treated with a 4 % formaldehyde fixative
solution in PBS for immunostaining with OCT4 antibody.

RNA isolation, cDNA synthesis and semi-quantitative
real-time PCR. RNA was isolated from primed and naive
iPSCs using a TRIzol reagent (Thermo Fisher Scientific) and
a DNA-free kit (Thermo Fisher Scientific). cDNA was syn-
thesised using a reverse transcriptase (M-MuLV) (Biolabmix)
and a random hexamer primer (Thermo Fisher Scientific),
according to the manufacturers’ instructions. The relative
gene expression levels of NANOG, TFCP2L1,KLF17, TFE3,
LTR7Y, DAZL and LEUTX were determined by semi-quantita-
tive real-time PCR using the AACt method, normalised to the
levels of the housekeeping genes ACTB, TFRC and B2M. The
experiment was performed in three biological and two techni-
cal replicates. The results were analysed using the qBase+ soft-
ware (CellCarta, https://cellcarta.com/genomic-data-analysis/)
and the generalised AACt method was employed, taking into
account the reaction efficiency, which was calculated from the
calibration curve results. The sequences of the oligonucleotides
synthesised at Biosset (https://www.biosset.com/) are given in
the Supplementary Material 2.

Immunofluorescent staining and RNA FISH. We used in-
direct immunofluorescence staining to detect surface antigens,
transcription factors, and the epigenetic state of the X chro-
mosome in hiPSCs, as well as markers of their differentiated
derivatives. During cell preparation and antibody staining, we
follow the protocol described previously (Vaskova et al., 2015;
Zakharova et al., 2017, 2022). The cells were fixed in a 4 %
formaldehyde solution for 10 minutes, permeabilised with a
0.5 % Triton X-100 solution (Sigma-Aldrich) for 30 minutes
(this step was omitted for surface antigens), and blocked with
a 1 % bovine serum albumin solution in 1x PBS. All proce-
dures were performed at room temperature. Primary antibody
incubation was conducted overnight at 4 °C. Precipitation
between cells and fluorescently labelled secondary antibodies
was performed in the dark at room temperature for one hour.
Cell nuclei were stained with DAPI. The preparations were
visualized and imaged using a Ti-E inverted fluorescence
microscope (Nikon) and NIS Advanced Research software.
Antibodies, their manufacturers, species of origin, and dilu-
tions are listed in Supplementary Material 2.

To examine the epigenetic state of the X chromosome,
immunofluorescent staining with antibodies to chromatin
modification of the inactive X chromosome was combined
with RNA FISH with probes to the RNA XIST (BAC clone
RP11-256P2) and X-linked gene HUWEI (BAC clone RP11-
975N19), according to the protocol given in (Vaskova et al.,
2015). Images were acquired and analysed using a Nikon
Ti-E inverted fluorescent microscope (Japan) and NIS Ele-
ments AR software. At least 300 nuclei were analysed in each
experiment.

STR analysis. The short tandem repeat (STR) profile of
the primed and naive PSC line was determined by polymerase
chain reaction with the COrDIS EXPERT 26 reagent kit
(Genoanalytica, https://www.genoanalytica.ru/) according to
the manufacturer’s protocol, followed by amplicon separation
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on a 3130 Genetic Analyzer capillary electrophoresis instru-
ment (Applied Biosystems). Electropherograms of the STR
profiles obtained by PCR are available upon request from the
authors. Table with STR results is provided in Supplementary
Material 3.

Mycoplasma and episome detection. The absence of
mycoplasma and episome contamination in the cells was
detected by PCR. The primer sequences are provided in the
Supplementary Material 2. Parameters for episome detec-
tion: 95 °C for 5 minutes, followed by 35 cycles of 95 °C for
15 seconds, 58 °C for 15 seconds and 72 °C for 20 seconds,
then 72 °C for 5 minutes. Parameters for mycoplasma detec-
tion: 95 °C for 3 minutes, followed by 35 cycles of 95 °C for
15 seconds, 67 °C for 15 seconds and 72 °C for 20 seconds,
then 72 °C for 5 minutes.

Karyotyping. Naive hiPSCs were karyotyped at passages
12, 15 and 18. Metaphase chromosome spreads were obtained
by methanol-acetic acid fixation, as previously described
(Grigor’eva et al., 2024). The karyotype of naive iPSCs was
determined according to the International System of Human
Cytogenetic Nomenclature.

Results

Several media have been proposed to date that allow primed
human PSCs to be reset to a naive state (Chan et al., 2013;
Gafni et al., 2013; Takashima et al., 2014; Theunissen et al.,
2014; Ware et al., 2014; Duggal et al., 2015; Zimmerlin et al.,
2016; Guo et al., 2017; Lee et al., 2017; Szczerbinska et al.,
2019; Bayerl et al., 2021; Khan et al., 2021; Buckberry et al.,
2023). Among these, the HENSM medium has been shown
to capture a naive state that closely resembles the early pre-
implantation epiblast (Bayerl et al., 2021). It has been claimed
that naive PSC lines obtained with the HENSM protocol are
karyotypically and epigenetically stable during long-term
cultivation. In this study, we aimed to return a primed hiPSC
line to a naive state using HENSM conditions. We used K7-4Lf
iPSCs that were obtained and described previously (Malak-
hova et al., 2020). However, direct transferring K7-4Lf cells
from a DMEM/F12 medium supplemented with KnockOut
SR and FGF2 into a complete HENSM medium resulted in
extensive cell death, preventing further progression of the
resetting process. To overcome this barrier, we adopted a
stepwise approach (Fig. la), first culturing the K7-4Lf cells
in a primed cell medium supplemented with an SRC kinase
inhibitor (CGP77675) and LIF. This pre-conditioning phase
was lasted for three passages before the cells were transferred
into a DMEM/F12-based HENSM naive-induction medium
that still omitted N2B27 supplements but contained KnockOut
SR and FGF2, as well as the complete HENSM small mo-
lecule set and growth factor LIF. By the fourth passage in the
naive-inducing medium, the K7-4Lf colonies had begun to
exhibit a transition towards the compact, dome-shaped mor-
phology characteristic of naive-like human pluripotent stem
cells (Fig. 1b). At this stage, the cultures were transferred to
complete N2B27-based HENSM medium supplemented with
Geltrex. Under these conditions, the cells exhibited stable
growth and could be propagated enzymatically using TrypLE
in the presence of a ROCK inhibitor.
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Following the establishment of the naive culture, we
removed FGF2 from the N2B27-based HENSM medium.
While FGF2 supports initial cell survival during resetting, its
continued presence can hinder the efficient acquisition of the
naive state. Notably, the resulting K7-4Lf cells maintained
hallmark features of naive pluripotency after FGF2 withdrawal
at passage 6 of the resetting process, indicating that they had
achieved FGF2-independent pluripotency. Furthermore, these
cells were capable of forming compact, spherical colonies
under feeder-free conditions when cultured on Matrigel-coated
plates (Fig. 1¢). However, during the early stages of reset-
ting to the naive state, we observed that K7-4Lf cells failed
to maintain under feeder-free conditions, even in complete
HENSM medium. This suggests a transient dependency on
FGF2 and/or feeder support during the initial phases of reset-
ting to the naive state.

The resulting naive K7-4Lf cells demonstrated robust sta-
bility under enzymatic passaging and could be cryopreserved
and thawed without any apparent loss of viability or naive
morphology. The naive K7-4Lf line maintained as mycoplasma
free culture (Fig. 1d). It showed no signs of the episomes that
had been used to derive the original K7-4Lf, indicating that
resetting to a naive state was free from the expression of exo-
genous reprogramming factors. We also demonstrated that the
original cell line and its naive derivative have identical STR
profiles (see Supplementary Material 3).

Naive K7-4Lf hiPSCs characterisation

The resulting naive K7-4Lf cells demonstrated characteristics
commonly associated with pluripotent cells. A histochemical
assay revealed alkaline phosphatase activity (Fig. le), and
immunostaining confirmed the presence of the transcription
factors OCT4 and NANOG, as well as the conventional surface
marker TRA-1-60 (Fig. 1e). Additionally, the cells expressed
the naive-specific markers CD75, KLF17, and TFE3 (Fig. 1f).
Notably, TFE3 nuclear translocation is considered a pivotal
event in the induction of naive pluripotency and a defining fea-
ture of the naive pluripotent state (Gafni et al., 2013; Mathieu
etal., 2019). Functionally, these cells were able to differentiate
into derivatives of all three germ layers (Fig. 1g), as well as
into trophoblast cells that expressed surface markers typical of
early placentation (Fig. 1/4). Furthermore, naive K7-4Lf cul-
tures exhibited spontaneous self-organisation into blastoid-like
structures under low-adhesion conditions (Fig. 17), indicating
that the cells possess developmental potency attributable to
the naive pluripotent state.

Furthermore, we analysed the expression of pluripotency-
associated genes using RT-PCR. We focused specifically on
how gene expression differs in naive K7-4Lf cultures with and
without FGF2. To monitor transcriptional dynamics over time,
we analysed gene expression profiles at passages 6 and 11.
Generally, we found that the naive K7-4Lf line exhibited robust
upregulation of naive-specific transcription factors compared
to the original primed cells (Fig. 2).

Previous studies have demonstrated that NANOG and
TFCP2LI play a significant role in the acquisition and main-
tenance of the naive pluripotent state (Theunissen et al., 2016;
An et al., 2020). We found that NANOG expression increased
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Fig. 1. K7-4Lf hiPSCs after induction of naive pluripotency in HENSM medium.

a - schematic representation of the conversion stages from primed to naive state; b — colony morphologies of naive hiPSCs on a layer of
mitotically inactivated mouse embryonic fibroblasts, Scale bar is 100 um; ¢ — colony morphologies of naive hiPSCs on Matrigel-treated
surface; Scale bar is 100 um; d — absence of episomal vectors and mycoplasma contamination in naive K7-4Lf line; e - common pluripo-
tency markers: alkaline phosphotase (AP), TRA-1-60 (red), OCT4 (red), NANOG (green) detected in naive hiPSCs line. Nuclei are stained
with DAPI (blue). Scale bar is 100 pm; f — specific markers of naive pluripotency: surface antigen CD75 (red), transcription factors KLF17
(green) and TFE3 (red). Nuclei are stained with DAPI (blue). Scale bar is 100 um; g - ability of naive iPSC line to differentiate into deriva-
tives of three germ layers; h — morphology of early trophectoderm cells derived from naive hiPSCs and immunostaining with antibodies
to early placentation markers TACSTD2 (red) and ENPEP (red). Nuclei are stained with DAPI (blue). Scale bar is 100 pm; i — representative
image of blastoid obtained by self-aggregation of naive K7-4Lf iPSCs under low-adhesive conditions. Pluripotent cells are stained green
with antibodies to OCT4. Nuclei are stained with DAPI. Scale bar is 10 um.

substantially in FGF2-independent naive K7-4Lf cells com-
pared to those maintained with FGF2. Naive K7-4Lf cultures
also demonstrated concomitant 7FCP2L1 upregulation. In
line with previous findings that FGF2 impairs the efficient
resetting to naive pluripotency, TFCP2L1 levels were signifi-
cantly higher in the FGF2-free condition. NANOG expression
increased through passage 6, but then declined by passage 11.
In contrast, TFCP2L1 expression remained consistently high
across both time points. The expression patterns of KLF17
and TFE3 mirrored the dynamic profile of NANOG, indicat-
ing coordinated regulation during the maturation of naive
identity.

In vivo studies of the early epiblast showed marked activ-
ity of transposable elements, particularly HERVH and LTR7Y
(Szczerbinska et al., 2019). Mounting evidence implicates
these endogenous retroviral elements as functional regulators
of early human development. Consistent with this, we observed
robust LTR7Y expression in naive K7-4Lf cultures, with tran-
scription levels progressively increasing over passages. This
contrasted with the NANOG expression pattern, potentially
indicating a transition into a developmental state beyond the
NANOG-regulated phase of naive pluripotency.

The expression of a DAZL gene, which is also known as a
naive hPSCs marker, was also examined. DAZL orchestrates
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Fig. 2. Semi-quantitative analysis of NANOG, TFCP2L1, TFE3, KLF17, LTR7Y, DAZL and LEUTX gene expression in the origi-
nal primed K7-4Lf line and its naive derivatives cultured in KoSR/FGF/HENSM (Naive/FGF) as well as in N2B27/HENSM

(Naive) at 6 and 11 passages.

Statistically significant differences (p < 0.05) are marked with an asterisk.

the initial stages of PGC commitment and is involved in the
upregulation of TET1, which balances the level of 5-hydroxy-
methylcytosine (Welling et al., 2015). DAZL expression was
elevated in naive K7-4Lf hiPSCs and remained consistently
higher in FGF2-independent naive cultures. This finding sug-
gests that the cells have acquired a molecular profile conducive
to both germline differentiation competence and stable naive
pluripotency.

Strikingly, the naive K7-4Lf cells also activated genes as-
sociated with a totipotent-like state. Specifically, we observed
increased expression of the LEUTX gene, which encodes a
chromatin protein involved in zygotic genome activation at
the eight-cell stage (Mazid et al., 2022), with higher levels
detected in FGF2-independent cultures. This is in line with
our previous findings and suggests that the removal of FGF2
enables a more advanced reprogramming trajectory towards
earlier embryonic-like states (Shevchenko et al., 2025).

In parallel with transcriptional analyses, we monitored chro-
mosomal stability across passages. Karyotype analysis of naive
K7-4Lf cells at passage 12 revealed a normal chromosomal
complement (Fig. 3). However, by passage 15, we detected
signs of aneuploidy and polyploidy, indicating chromosomal
instability during long-term cultivation. The subsequent karyo-
type analysis at passage 18 revealed a deletion in the short arm
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of chromosome 15 (Fig. 3) in more than 70 % of cells. This
highlights the importance of ongoing genomic surveillance
during long-term culture and suggests that medium composi-
tion and culture conditions can affect the karyotype stability
in naive hPSCs obtained and maintained in HENSM.

X chromosome epigenetics in primed, naive

and re-primed K7-4 iPSCs

In primed hPSC lines with two X chromosomes, one is ac-
tive (Xa) and the other is inactive (Xi) due to X chromosome
inactivation (XCI), which is complete by this developmental
stage (Vallot et al., 2015; Disteche, 2016; Patel et al., 2017,
Sahakyan et al., 2017). However, in most primed hPSC lines,
the inactive state on Xi often becomes disrupted and under-
goes erosion (Xe). XCI erosion is characterised by the loss of
inactive chromatin marks and the partial reactivation of genes,
preventing Xe from being re-inactivated during differentiation.
This erosion is undesirable for hPSC application in biomedi-
cal research. Some naive media, including HENSM, enable
pluripotent cells to restore an inactive state on Xe when the
cells are returned to a primed state and differentiated into
germinal and somatic cells (Sahakyan et al., 2017; Vallot et
al., 2017; An et al., 2020; Raposo et al., 2025). In this study,
we evaluated the epigenetic state of the X chromosome in the

187



M.A. Arssan, A.l. Shevchenko
S.M. Zakian, |.S. Zakharova

Naive ICGi022-A hiPSCs efficiently derive

endothelial cells

Passage 12 Passage 15 Passage 18
46, X 46, X 46, XX, der(15)
‘f\ «v" “: , 3
\ by ¥ ¢ 2 1':
Wl i DI LG N B | i I
I i M P A (A L A
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
.. : 'i 17 7y me 41 19 1 “ A\§ r ol 1y
i “ T e » -
O IR TI V00 U T TR | 1 LV AL | I 1 Air o h
6 7 8 9 10 1 12 6 7 8 9 10 11 12 6 7 8 9 10 1" 12
bi 4 02 TR TN I i b Be oM T |
13 14 15 16 17 18 13 14 15 16 17 18 13 14 15 16 17 18
ty 1% aa bt I‘ N Ak fe ﬂ( 1 Je ‘e %2 )’
19 20 21 22 X Y 19 20 21 22 X Y 19 20 21 22 X Y
Fig. 3. Naive hiPSCs K7-4Lf karyotyping at passages 12, 15 and 18.
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Fig. 4. X chromosome epigenetic state in the original primed, naive and re-primed K7-4Lf hiPSCs, detected by RNA FISH
with probes to RNA XIST (green) and HUWET gene (red) as well as immunostaining to H3K27me3 histone mark (green).
Nuclei are counterstained with DAPI (blue). Scale bar is 10 pum.

original primed hiPSC line K7-4Lf, focusing on the changes
that occur when the cells are reset to the naive state and when
the naive cells are returned to the primed state (re-primed).
Using RNA FISH and immunofluorescence, we showed
that in the original primed K7-4LfhiPSC line, 96.0+1.2 % of
nuclei lacked XIST RNA and H3K27me3 histone modification
clouds, which are attributable to the Xi territory and are main
XClI participants (Fig. 4). Thus, it can be stated that erosion on
the inactive X chromosome is observed in the original K7-4Lf
line. However, in primed K7-4Lf hiPSCs, the majority of cells
(96.5+2.1 %) exhibited just one HUWEI signal per nucleus,
suggesting that it is transcribed on Xa and remains inactive on
Xe. Reactivation of HUWE! on Xe is considered a late ero-

sion event, suggesting that XCI erosion in the original K7-4Lf
line is at an early stage (Vallot et al., 2015; Patel et al., 2017,
Raposo et al., 2025).

Naive K7-4Lf cells cultured in HENSM medium show bial-
lelic expression of the X-linked gene HUWE! in 95.0+1.6 %
of nuclei. Biallelic expression of XIST RNA is also detected
in some cells (27.5+2.1 %). Accumulation of the inactive
H3K27me3 modification on X chromosomes was not detected.
This epigenetic state is typical of naive hPSCs and reflects the
intermediate stages of the X-chromosome reactivation that is
characteristic of the early pluripotent state in humans (Vallot
et al., 2015; Theunissen et al., 2016; Sahakyan et al., 2017,
Bayerl et al., 2021; Khan et al., 2021).

188 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 2



M.A. ApccaH, A.W. LeBueHKo HaungHble UMCK I1CGi022-A 3¢ dekTnBHO 2026
C.M. 3akusH, N.C. 3axapoBa anddepeHumpytoTca B SHAOTENNI 30.2
a Mesoderm induction Endothelial cells specification EC purification
RPMI + B27 (- Insulin) EGM2 + 50 ng/ml VEGF + 25 ng/ml .
. CD31 sorting
Medium 6UMCHR | 3uMCHIR bFGF + 10 uM SB431542
_____ | | | e mm -
Days I I I I >
4 0 2 4 12
b % c Primed Naive Re-primed
* *
40 -
s | 0 [
2 30f
3
&
=™ 20
)
]
I
10
0

Primed +
Naive
Re-primed -

Fig. 5. Directed differentiation of original primed, naive and re-primed K7-4Lf hiPSCs into endothelial derivatives.

a - schematic representation of the differentiation protocol; b — quantification of mature EC using CD31 (PECAM1) surface marker.
Statistically significant differences (p < 0.05) are marked with an asterisk; c — hiPSC derived endothelial cells are stained with antibody
to CD31 (red). Nuclei are counterstained with DAPI (blue). Scale bar is 100 um.

In K7-4Lf cells derived from naive hiPSCs after re-priming,
we observed pattern of completed XCI (95.5+1.3 % of nuclei).
It appears as one distinct RNA XIST or H3K27me3 cloud cor-
responding to Xi and as one signal of X-linked gene HUWE
located apart from, corresponding to Xa (Fig. 4).

Thus, obtaining cells in naive state from primed K7-4Lf
hiPSC line in HENSM medium, and re-priming or differentiat-
ing them, allows us to get rid of erosion and obtain a culture
with normal XCI.

Directed differentiation of naive hiPSCs

into endothelial derivatives

Although naive pluripotent cells have an expanded differen-
tiation potential, they may not differentiate efficiently into
somatic lineages directly (Lee et al., 2017; Rostovskaya et al.,
2019; Guo et al., 2021; Buckberry et al., 2023). To achieve
efficient differentiation into specific somatic cell types, naive
hPSC:s first need to be returned back to the primed state, after
which their somatic derivatives can successfully be obtained
according to protocols previously established for primed
hPSCs.

In this study, we evaluated the effect of naive pluripotency
on the ability of hiPSCs to differentiate into endothelial-like
cells (ECs), which had not been investigated previously. We
compared the ability of the original primed K7-4Lf line, naive
and re-primed K7-4Lf cells to produce mature endothelial
derivatives. Re-priming entails placing naive K7-4Lf cultures
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in the medium used for maintaining primed K7-4Lf hiPSCs
for 48 hours prior to directed EC differentiation.

We differentiated primed, naive and re-primed K7-4Lf cells
into ECs using a two-step directed protocol (James et al., 2010;
Gu, 2018; Zakharova et al., 2024) (Fig. 5a). It comprises
(1) mesoderm induction by WNT pathway activation and
subsequent (2) endothelial specification using VEGF and FGF
in EGM2 medium along with TGFf} pathway inhibition to sup-
press smooth muscle cell lineage. On day eight of endothelial
specification, we used flow cytometry to quantify mature ECs
for the endothelial marker CD31 (PECAM1) (Fig. 5b).

We found that attempts to directly differentiate K7-4Lf
cells maintained in a naive state resulted in poor induction of
endothelial derivatives. This suggests that naive hiPSCs have
an impaired or incompatible background for endothelial spe-
cification. However, re-primed and primed K7-4Lf cells ex-
hibited a significant proportion of mature endothelial cells,
which did not differ significantly from each other and were
comparable with endothelial specification experiments per-
formed in other studies (Shevchenko et al., 2023; Zakharova
etal., 2024). Thus, we found that re-priming renders the naive
K7-4Lfline competent to differentiate into endothelial cells ata
level comparable to the original primed K7-4Lf cells (Fig. 5b).

In conclusion, endothelial cells obtained from all three
K7-4Lf sources through this differentiation protocol by
magnetic sorting were positive for CD31 (Fig. 5¢), which is
consistent with their identity as vascular endothelial cells.
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Discussion

The rigorous selection of HENSM medium composition,
taking into account the influence of its components on chro-
mosomal, epigenetic and genetic stability, allowed optimal
conditions for long-term cultivation of naive hPSCs to be
identified. This potentially paves the way for the mass pro-
duction of stable naive hPSC lines and their broader use in
biomedical research.

In this study, we successfully reset the primed K7-4Lf
hiPSC line to the naive state using the HENSM medium. The
characteristics of the resulting naive iPSCs were summarised in
the preliminary cell line passport (Supplementary Material 4).
However, transferring primed hiPSCs directly into HENSM
medium resulted in extensive cell loss, hindering efficient
reprogramming and the establishment of stable naive cultures.
To address this issue, we optimised the induction protocol by
introducing a transitional phase, culturing the hPSCs in SRC
kinase inhibitor and LIF-supplemented medium prior to naive
induction. This intermediate step was crucial, as it conferred
the necessary competence for naive induction, reducing to
minimum cell death and improving the efficiency and stability
of the resetting process. The effectiveness of the transitional
stage likely stems from its ability to reset the cellular signal-
ling and epigenetic landscape, thereby priming the cells for
subsequent naive resetting. By modulating key pathways and
reducing lineage priming, the transitional culture creates a
more permissive environment for acquiring naive pluripotency.
Our optimised protocol, which included enzymatic passaging
with TrypLE, consistently generated stable naive hPSCs. These
cells exhibited robust expression of pluripotency markers and
significant upregulation of naive-specific genes. Notably, the
naive hPSCs produced using our protocol exhibited the unique
ability to form trophoblast cells and blastoid-like structures
in vitro, highlighting their developmental potential and fidelity
to the naive state.

Our naive K7-4Lf cells showed upregulation of LEUTX,
which is a key marker of totipotent-like subpopulations that
are active during early embryonic development. The increase
in LEUTX expression following the withdrawal of FGF2 is
consistent with our previous study (Shevchenko et al., 2025),
which found that removing growth factors such as FGF2
increases the number of LEUTX-positive cells. This indicates
a shift towards a totipotent-like transcriptional state within
naive hPSC cultures.

Naive hPSCs demonstrate superior competence in generat-
ing neural stem cells, progenitors and primordial germ cell-like
cells, compared to their primed counterparts (Irie, Surani,
2016; Kisa et al., 2017; Lee et al., 2017; Ozaki et al., 2022;
Buckberry etal., 2023). This enhanced differentiation potential
positions naive hPSCs as a promising platform for various
lineage specifications. However, naive hPSCs appear to be
limited in their ability to generate endothelial cells directly
in vitro. This phenomenon may be explained by the absence
of key transcription factors, such as OTX2 and ZIC2/3, which
are essential for initiating gastrulation and subsequent somatic
lineage specification. These genes are typically expressed in
the post-implantation epiblast, a developmental stage that is
mimicked by primed hPSCs (Warr et al., 2008; Di Giovan-

Naive ICGi022-A hiPSCs efficiently derive
endothelial cells

nantonio et al., 2021; Ee et al., 2024; Hossain et al., 2024), but
are absent in the naive state. Consistent with this, we found that
re-priming naive hPSCs restores their ability to differentiate
into endothelial cells. Therefore, the ability of naive hPSCs
to generate mesodermal and endodermal derivatives appears
restricted unless the cells undergo a transient re-priming
process (Guo et al., 2017; Lee et al., 2017; Liu et al., 2017;
Buckberry et al., 2023).

The loss of nuclear XIST RNA and H3K27me3 foci in the
original K7-4Lf line indicates erosion of the inactive X chro-
mosome. Despite the fact that it occurs frequently, the erosion
is often disregarded in stem cell research. XCI erosion leads
to the aberrant expression of X-linked genes, which impairs
the differentiation potential of hPSCs. This results in abnor-
mal descendants that fail to accurately model physiological
conditions (Anguera et al., 2012; Mekhoubad et al., 2012;
D’ Antonio-Chronowska et al., 2019; Motosugi et al., 2022).
Importantly, XCI erosion persists after differentiation, com-
promising the reliability of disease models and drug screening
platforms (Mekhoubad et al., 2012; Vallot et al., 2015; Patel
et al., 2017). Differentiated derivatives with erosion may be
non-functional and at risk of oncogenic transformation. There-
fore, monitoring and preventing XCI erosion is essential for
ensuring the fidelity of hPSC-derived models and clinical
applications. Resetting to the naive state enables reactivation
of the X chromosome, but this is neither complete nor ho-
mogeneous, either between cell lines or between cells within
a culture. Contrary to previous findings, a recent study has
demonstrated that human pre-implantation epiblasts display
two active X chromosomes marked by H3K27me3 (Alfeghaly
et al., 2024). These observations suggest that generated naive
hPSCs exist in a metastable, transitional state that does not
fully recapitulate the pre-implantation epiblast in vivo (Al-
feghaly et al., 2024). Nevertheless, re-primed hiPSCs regained
XIST RNA and H3K27me3 foci, indicating re-establishment
of the normal inactive X chromosome state.

Chromosomal instability is a well-recognised challenge
in naive hPSC cultures. Previous reports indicate that naive
hPSCs typically retain a normal karyotype for up to nine
passages when maintained in 5iLAF medium before abnor-
malities arise (Theunissen et al., 2014). In our study, naive
hiPSCs generated using our optimised protocol retained
normal karyotypes for up to 15 passages, exceeding earlier
benchmarks. However, chromosomal abnormalities were de-
tected by passage 18. These results imply that, although our
approach increases the period of genomic stability, the risk
of karyotypic aberrations continues with prolonged culture.
Ongoing monitoring and further refinement of culture condi-
tions are necessary to ensure the genomic integrity of naive
hPSCs for research and therapeutic applications.

Conclusion

In summary, we successfully reset the primed K7-4Lf hiPSC
line to a naive pluripotent state, using these cells to explore
the developmental and functional properties of human naive
pluripotency. Our findings demonstrate the potential of naive
reprogramming in accessing early developmental stages and
modelling key aspects of embryogenesis by blastoid formation.
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We identified the expression of totipotent-like genes within the
naive hPSC cultures, which reinforces the developmental plas-
ticity of this state. In parallel, we demonstrated that re-priming
can effectively recapitulate somatic differentiation compe-
tence. This enables the efficient generation of endothelial-like
cells, thereby underscoring the developmental relevance of
transitioning between pluripotent states. Naive pluripotency
opens up new opportunities to control and understand X chro-
mosome reactivation and inactivation epigenetics in humans.
However, this topic remains challenging and requires further
study. Moving forward, the field must strive to develop more
refined, stable and clinically translatable naive hPSC systems
that preserve the benefits of this state while mitigating its dis-
advantages. As progress continues, naive hPSCs will remain
pivotal in exploring human development and pioneering next-
generation regenerative therapies.
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Molecular genetic variability in coenopopulations
of Caragana jubata (Pall.) Poir. (Fabaceae) in the mountains
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Abstract. The genetic structure was studied using five ISSR markers in 44 individuals of samples obtained from eight coeno-
populations (CPs) of Caragana jubata (Pall.) Poir. in the mountainous conditions of Central Asia - in the Western Pamirs and
Inner Tien Shan (Kyrgyzstan) and in Southern Siberia — in Altai (Republic of Altai), Western (Republic of Tyva) and Eastern
(Republic of Buryatia) Sayan. We studied the species in a range of geographical distances of more than 2,500 km and in the
range of absolute altitudes of 1,570-3,680 m. Caragana jubata is listed in the Red Data Books of eight subjects of the Russian
Federation. The species population is declining, including due to anthropogenic impact. The aim of the current work is to
identify genetic diversity and heterogeneity in C. jubata coenopopulations depending on their geographic and altitudinal
confinement in the mountains of Central Asia and Southern Siberia. It was shown that in undisturbed locations, the studied
CPs of this species were characterized by a high number of individuals and by the occupied area of more than 100 m2. Almost
every sample from the C. jubata CP studied by us (except for representatives from CP7) contained genotypes possessing
unique DNA fragments. The highest proportion of such genotypes (75 %) was found in the sample from CP3 (Inner Tien Shan,
Teskey-Ala-Too Ridge, absolute altitude 2,550 m). We did not find unique fragments in the genotypes of individuals from
the studied sample of CP7 (Western Sayan, Republic of Tuva). Anthropogenic impact on plants at this location is a possible
reason for that. The revealed predominance of intrapopulation genetic variability over interpopulation genetic variability in
samples from eight C. jubata CPs studied by us may indicate the stability of representatives of this species within the parts
of the range studied by us.
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MosieKyIapHO-TeHeTrnYecKast M3MeHUIMBOCTb 110 ISSR-MmapKkepam
y Caragana jubata (Pall.) Poir. (Fabaceae) B ropax CpenHeit A3un
1 IO>xHO1I Cubupu
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T CbMpCcKMint IHCTUTYT GU3nonorum n Groxummumn pacteHuin Cubmpckoro otaeneHus Poccuinckon akagemny Hayk, MpkyTek, Poccus

2 |leHTpanbHblii cUBUPCKMin 6oTaHnueckmii cag CUBUPCKOro oTaeneHns Poccuinckon akagemun Hayk, Hosocnbunpck, Poccus

3 AnTaiickuin dunman LleHTpanbHoro cbupckoro 60TaHnueckoro caga Cubnpckoro otaeneHns POCCUICKON akageMmum Hayk
«[opHo-AnTaickunin GotaHuueckuin cagy, Kamnak, Pecny6nuka Antan, Poccus

4 HoBOCBMPCKIIM HALMOHANbHbBINA UCCNIeA0BaTENbCKNNM FOCYAAPCTBEHHDbIN YHUBEpCUTeT, HoBocubupcek, Poccus
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M3meHumBocTb no ISSR-mapkepam Caragana jubata (Fabaceae)
B ropax CpenHeii Azuun n tOxHoin Cnbnpn

AHHOTauuA. WccnepoBaHa reHeTnyeckaa CTPyKTypa no nAtn ISSR-mapkepam y 44 ocobell B BblbOpKax U3 BOCbMU
ueHononynauwin (UM) Caragana jubata (Pall.) Poir. B ropHbix ycnosusax LleHTpanbHol A3nm — Ha 3anagHom Mamupe 1
BHyTpeHHeMm TaHb-LUaHe (KbiprbidctaH) n B FOxkHOM Crnbupwm — Ha Antae (Pecnybnuka Antan), 3anagHom (Pecnybnuka TbiBa)
1 BoctouHom (Pecny6nuka Bypatus) CasaHe. Bug usyyeH B guanasoHe reorpaduyeckmx paccToaHUiA, cocTaBnaoLwmx 6onee
2.5 TbiC. KM 11 B nanasoHe abcontoTHbIX BblcoT 1570-3680 m. Caragana jubata 3aHeceHa B KpacHble KHUMM BOCbMI CYyOBbeKTOB
Poccuinckon ®egepauun. Lenb HacToswwen paboTbl — BbIABIEHUE FEHETMYECKOrO pa3sHoobpasna u reteporeHHocT B LM
C. jubata B 3aBUCMMOCTUN OT KX reorpadryeckort 1 BbICOTHOM MPUYPOUYEHHOCTM B ropax LleHTpanbHon A3um n KOxHoN
Cnbupu. iccnenosaHna nokKasany, YTO B HEHaPYLUEHHbIX MECTOHAXOXAEHUAX n3ydyeHHble LM 3Toro Bupa xapaktepusosa-
JINCb BbICOKMMU MapameTpamyi YMCIIEHHOCTU ocober v 3aHumManu nnowaab Gonee 100 M2 MpakTUYECKU B Kaxkpou
n3yyeHHow Hamu Bbibopke 13 LM C. jubata (kpome npepctasuteneii 3 LIM7) obHapy<eHO Hannume reHOTUMOB, COAepKaLLmX
YyHUKanbHble dparmeHTbl AHK. Hanbonbwasn gons (75 %) Takux reHOTUNOB yCcTaHOBMEHa B Bblbopke u3 LIM3 (BHyTpeHHMI
TaHb-LWaHb, xp. Tecken-Ana-Too, abcontoTHasa BbicoTa 2550 M). Hamun He HalldeHO YHVKanbHbIX GparMeHTOB B reHOTMNax Yy
ocobeit 3 nccnefoBaHHon Bbi6opkn B LIM7 (3anagHbiii CasH, Pecny6nuvka TbiBa). Bo3MOXKHas NpuymHa — aHTPONoreHHoe
BO3[eNCTBME Ha pacTeHNA B AAHHOM MECTOHaxoXAeHWW. BbiaBneHHoe npeobnagaHvie BHYTPUNOMYNALNOHHONM reHeTnYe-
CKOW U3MEHUYMBOCTY HaJ MeXMOonynALMOHHOW B BbibopKax 13 BocbMu n3ydeHHbix LM C. jubata moxeT cBUaeTenbCTBOBaTh
06 yCTONUMBOCTY NPeACTaBUTeNElN STOFO BUAA B NpeAenax UcciefoBaHHbIX HaMK YacTel apeana.

KnioueBble cnioBa: KaparaHa rpuBacTas; yA3BMMbIA BUA; LEHONOMyNALUM; reHeTMyeckuin nonnmopdusm; napameTpbl

reHeTn4yeckoro pa3H006pa3|/|ﬂ

Introduction

Caragana jubata (Pall.) Poir. (camel’s tail caragana)
is a Neogene (Miocene-Pliocene) relict that diverged
from its closest relatives more than 4.8 million years
ago (Zhang M.-L. et al., 2016). It is a thorny monoe-
cious shrub with bisexual flowers, 0.3-2.5 m tall. It is
a heliophilous, predominantly high-mountain species, a
mesopsychrophyte that grows in the forest (from 1,100
to 3,000 m above sea level — on the Stanovoy Highlands
and Tien Shan, respectively) and high-mountain belts (up
to 4,700 m above sea level — on the Tibetan Plateau), in
the Arctic tundra (up to 500 m above sea level — in the
Kharaulakh Mountains) on rocky placers and cliffs, along
the banks of rivers, under the canopy of sparse forests
(Koropachinsky, Vstovskaya, 2012; Churyulina, 2021;
Oorzhak et al., 2024). The modern range of this relict
species is Pan-Asian and disjunctive: from the Tibetan
Plateau, the Himalayas, Tien Shan, Altai, Sayan, and
Stanovoy Highlands to the Kharaulakh Mountains and
the Kolyma Highlands (Churiulina, Bocharnikov, 2019).
Optimal conditions are found in the upper part of the
spruce forest belt in the Central Tien Shan, where the
plants are well-foliated, bear fruit abundantly, and reach
a height of 2.0-2.5 m (Lysova, 1967).

C. jubata is listed in the Red Data Books of eight
constituent entities of the Russian Federation. In the Red
Data Books of the Republic of Altai (2017), Magadan
Oblast (2019), and Krasnoyarsk Territory (2022), it is
assigned rarity status category 3 (R) —a rare species with
a relict disjunctive range. In the Republics of Buryatia
(2023) and Sakha (Yakutia) (2017), Irkutsk Oblast
(2020), Trans-Baikal (2017), and Khabarovsk (2019)
Territories, it is assigned rarity status category 2 (VU) —
a species declining in numbers, including as a result of
overexploitation by humans.

FTEHETUKA U CEJIEKUMA PACTEHUI / PLANT GENETICS AND BREEDING

Limiting factors for the spread of C. jubata may
include the isolation of populations from each other
and their low abundance, as well as the demand for the
basic composition of rocks due to growth primarily on
limestones and carbonate sandstones. Furthermore, exo-
genous geomorphological processes, such as landslides
and floods, pose a threat to populations of this species
(Semenova, 2007; Koropachinsky, Vstovskaya, 2012).
C. jubata is widely used in folk medicine in Eastern
Siberia, which leads to unsystematic harvesting of raw
materials and the felling of shrubs for medicinal pur-
poses, since harvesting is carried out year-round and
plants are harvested whole, including the root system.
Livestock grazing also leads to the depletion of natural
populations (Semenova, 2007; Parygin, Khudonogova,
2017; Churyulina et al., 2020).

According to the study of the composition of bio-
logically active substances and the pharmacological
activity of an aqueous extract of aerial plant parts, the
dominant fraction of biologically active substances in
C. jubata are polyphenolic compounds (flavonoids),
primarily mono- and diglycosides, which are derivatives
of O-hydroxylated flavonols. The antioxidant activity of
C. jubata aqueous extracts in vitro, their hepatoprotec-
tive, antiviral, anti-inflammatory and wound-healing
activity were revealed, while the absence of toxicity was
noted. Therefore, aqueous extracts are recommended for
the treatment of skin and mucous membrane diseases
associated with bacterial inflammatory processes (Kako-
rin et al., 2020).

Decoctions and alcoholic extracts of the aerial parts of
C. jubata were found to possess hepatoprotective, antitu-
mor, anti-inflammatory, and antiviral properties (Kakorin
etal., 2018a, b). An ethanol extract of C. jubata is used
in traditional Chinese medicine to treat hypertension and,
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in an experiment on rats, reduced infarct size, reduced
cerebral edema, and improved neurological parameters
in induced ischemic stroke (Wang et al., 2020; Zhao et
al., 2023). Methanol extracts of C. jubata roots exhibited
cytotoxic activity against hepatocellular carcinoma cell
lines (Yang et al., 2015).

Studies of the genetic structure of C. jubata popula-
tions are extremely limited. For example, intraspecific
differentiation and phylogeography of this species were
studied using sequencing studies of nuclear and chloro-
plast markers in samples from Tibet, Tien Shan, Eastern
Sayan, and the northeastern coast of the Sea of Okhotsk
(Zhang et al., 2016; Hantemirova et al., 2024). Using
SSR markers, the effect of altitudinal gradients on the
genetic structure of alpine C. jubata plants was studied
(Yao et al., 2025). We found no literature sources on the
study of patterns of variability for ISSR markers in CPs
from geographically distant locations at different abso-
lute altitudes, which affect the genetic differentiation of
C. jubata CPs.

In areview by T. Ohsawa and I. Yuji (2008), they sum-
marized data on the influence of absolute elevations of
herbaceous perennials and dendroflora on intrapopula-
tion polymorphism using neutral molecular markers at
regional scales (approximately 1-10 km). Larger scales
(>102 km) were not considered, since, according to the
authors, large horizontal distances influence genetic
variability no less than limited vertical distances. Iso-
enzymes, RAPD, or SSR were used to assess genetic
polymorphism. According to the authors’ conclusions, a
specific locus or allele at a given locus can exhibit clear
differentiation between populations at different eleva-
tions as a result of natural selection.

It was shown that in studies of the genetic het-
erogeneity of coenopopulations (CPs) of different
plant species along altitudinal gradients, the ge-
netic diversity within a CP varied according to one
of four patterns of intrapopulation genetic variabil-
ity, usually represented by expected heterozygosity:
L<M>H,L>M>H,L<M<H, orL=M=H, where
L, M, and H represent low, medium, and high altitudes,
respectively. In particular, a number of studies (Oyama
et al., 1993; Yifru et al., 2006) have shown that CPs at
intermediate altitudes had greater genetic diversity than
those in lower and higher habitats, since geographi-
cally central populations, according to the authors, are
in optimal environmental conditions, while peripheral
populations are in suboptimal conditions. For example,
in Arabis serrata Franch. & Sav. (cressweed) on an ab-
solute altitude gradient of 1,440-2,400 m and Triticum

ISSR marker variability of Caragana jubata (Fabaceae)
in the mountains of Central Asia and Southern Siberia

turgidum subsp. durum (Desf.) Husn. (durum wheat) —
1,500-3,300 m, the highest intrapopulation variability
was observed in middle parts of their altitudinal ranges,
respectively, examined with enzyme loci and 29 nSSR
loci (Oyama et al., 1993; Yifru et al., 2006).

X. Zhang et al. (2006) found that highly heterogeneous
environmental conditions imposed by elevational gra-
dients can influence neutral regions closely associated
with the genomic region under selection. Even in cases
where differentiation is not detected, intrapopulation
genetic variability often changes along elevational gra-
dients.

Identification of the status of genetic variation depend-
ing on absolute altitude will help to determine future
research directions. In particular, the effectiveness of
selection of the most resistant forms of C. jubata during
introduction to cultivation will be significantly increased
by using propagation material from individuals from
the most genetically heterogeneous CPs. Therefore, it
is crucial to study the genetic diversity and population
structure of wild vulnerable plant species to ensure their
most rational use (Liu et al., 2024; Yao et al., 2025).

The aim of the current study was to identify genetic
diversity and heterogeneity in C. jubata coenopopula-
tions depending on their geographic and altitudinal dis-
tribution in the mountains of Central Asia and Southern
Siberia.

Materials and methods

We collected the research material in 2015 and 2023—
2024 in the central areas of five regions located in moun-
tainous conditions: in Kyrgyzstan (Western Pamir— CP1,
CP2 and Inner Tien Shan — CP3) and in three constituent
entities of the Russian Federation (Southern Siberia):
in the Republics of Altai (CP4), Tyva (CP5-CP7) and
Buryatia (CP8) at altitudes of 1,575-3,680 m above sea
level (Fig. 1, Supplementary Material 1)!.

For the genetic analysis, leaves from 5-6 individuals
in each CP were collected. DNA was isolated from the
leaves using a standard CTAB-based method (Nabieva
et al., 2020). PCR was performed on a C1000 ampli-
fier (Bio-Rad, USA) in a volume of 25 pl. The reaction
mixture contained: 1.5 units of Taq DNA polymerase
(Medigen, Russia); 2.7 mM of MgCl,; 0.8 mM of ISSR
primer (Medigen, Russia); 2 pul of DNA solution; 2 ul
of mQ H,O. The amplification program consisted of a
DNA denaturation step for 90 s at 94 °C and 35 cycles,
each of which included 40 s at 94 °C, 45 s of primer an-

1 Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Kriv_Engl_30_2.pdf
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Fig. 1. Locations of the studied specimens of C. jubata in Kyrgyzstan (CP1-CP3) and the Russian Federation:
in the Republics of Altai (CP4), Tyva (CP5-CP7) and Buryatia (CP8).

nealing, and 90 s at 72 °C. The final step of nucleotide
chain elongation lasted 5 min at 72 °C.

Electrophoretic separation of the amplification pro-
ducts was performed in 1.5 % agarose gel in 1x TAE
buffer at a voltage of 4 V/cm. To estimate the length of
the PCR products, the DNA marker 100 bp DNA Ladder
(no stain) (BIORON GmbH, Germany) was used.

In total, we tested five ISSR primers that showed
the highest efficiency in working with rare plant spe-
cies (Dorogina et al., 2023; Zhmud et al., 2023, 2024):
HB12 ((CAC)3GC), UBC834 ((AG)8YT), UBC856
((AC)8YA), UBC857 ((AC)8YG) and UBC881
((GGTG);). Of these, UBCB57 was selected, as it turned
out to be the most informative (Fig. 2, Supplementary
Material 2).

The primary analysis of the study results was per-
formed via GenAlEx6.1, a software package and special-
ized macro for MS-Excel (Smouse et al., 2017). Further
analysis and results visualization were performed using
the R programming environment (R Core Team, 2024).
Data preparation was conducted using the ‘tidyverse’
package (Wickham et al., 2019). The Hamming distances
and the UPGMA method were used to construct the den-
drogram, and the tree was visualized using the ‘ggtree’
package (Xu et al., 2022). Correspondence analysis was
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performed using the ‘adegenet’ package (Jombart et al.,
2008) and the result was used for additional visualiza-
tion of the genetic structure of the studied CPs. The
correspondence analysis, similar to principal component
analysis, allows for data dimensionality reduction and
visualization; however, it is designed for categorical
data and uses chi-squared distance, which is more suit-
able for genetic data, where relative allele frequencies
are important.

Isolation by distance analysis was performed according
to the method described by L.S. Nergaard et al. (2017),
and isolation by elevation analysis was performed ac-
cording to the method of M.-M. Shi et al. (2011). Both
analyses were performed using the ‘adegenet’ package
(Jombart et al., 2008), with Jaccard distances used as
genetic distances; the resulting plots were generated
using the ‘ggpubr’ package (Kassambara, 2023). Isola-
tion by distance is a phenomenon that describes patterns
of genetic variation in populations arising due to spatially
restricted gene flow and is defined as a decrease in the
genetic similarity between populations with increasing
geographic distances between them (Wright, 1974).
Isolation by elevation is a similar phenomenon but with
elevation differences between populations used as a
spatial component.

197



D.A. Krivenko, O.A. Chernysheva, I.N. Kuban ...
A.A. Achimova, O.Yu. Vasilyeva, O.V. Dorogina

Table 1. Alleles of genotypes with repetitive and unique fragments

in individuals from the studied CPs of C. jubata

ISSR marker variability of Caragana jubata (Fabaceae)
in the mountains of Central Asia and Southern Siberia

No. Individual No.  Alleles

Genotype variants with unique fragments

1 1.4 011111011
2 1.6 010010011
3 2.2 010001011
4 23 000111011
5 24 001111111
6 34 110110010
7 35 110000010
8 3.6 000100111
9 4.1 010110100
10 44 000001100
11 4.5 011100100
12 5.1 110111000
13 52 110000100
14 6.1 001111000
15 6.6 010111100
16 83 010110000
17 8.4 110110000
18 85 110010000

Genotype variants with repeating fragments (number)

19 1.2 010000011 (5)
20 25 -
21 3.1 -

Note. 1 - presence of an allele, 0 - absence.

Results

Our studies have shown that the C. jubata CPs we stu-
died are characterized by high individual abundances
and occupy areas exceeding 100 m? (Supplementary
Material 1). More than 200 individuals were identified in
CP1 and CP2, whereas in CP3—CP6, 20 to 50 individuals
were found. The individuals inhabited in general undis-
turbed sites with high grass cover that exceed 50 %. CP7
was an exception, as its few individuals (approximately
10 specimens) were subject to anthropogenic impact due
to the construction of a road through its location. In this
CP, the aboveground parts of the individuals appeared
damaged and lacked developed reproductive organs. The
grass cover in this location was also low (Supplementary
Material 1).

No. Individual No.  Alleles

22 3.2 -

23 3.3 -

24 1.3 010111011 (2)
25 1.5 -

26 1.1 010110011 (2)
27 2.1 -

28 5.3 010000100 (3)
29 5.4 -

30 55 -

31 4.2 010111100 (2)
32 5.6 -

33 7.1 110000000 (5)
34 7.2 -

35 7.3 -

36 7.5 -

37 8.2 -

38 6.2 010000100 (2)
39 6.3 -

40 6.4 010111000 (2)
41 8.1 -

42 43 010000000 (3)
43 6.5 -

44 74 -

Molecular genetic studies in samples from the CPs of
C. jubata showed that the number of genotypes contain-
ing unique fragments in the studied sample from all CPs
was 18, and the number of repeated variants was nine
(Table 1). In each of the seven studied CPs (CP1-CP6,
CPS8), except CP7, genotypes with unique fragments were
identified that were not observed in individuals from the
other studied CPs (Table 1). In the sample of individuals
from CP7, only two genotype variants identical to the
genotype variants of individuals 4.3 and 8.2 (respectively,
from CP4 and CP8) were identified (Table 1, Fig. 2).

The number of genotype variants in C. jubata individu-
als from the studied CPs varied from 2 to 5 (Table 2).
The proportion of genotypes with unique fragments in
the studied samples of the CPs varied from none (in CP7)
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Fig. 2. Electropherogram of DNA fragment amplification products with the UBC857 primer. Samples taken from
C. jubata CPs.

CP1-CP8 — CP numbers; M — the molecular weight marker; arrows indicate unique fragments of genotypes.

Table 2. Parameters of genetic diversity in samples from C. jubata CPs

cpP N Na Ne He

CP1 6 1.22 +£0.28% 131+£0.14 0.17 £0.07
CP2 5 1.56+0.24 144 +0.14 0.25+0.07
CP3 6 1.44+0.29 1.35+0.13 0.21 £0.07
CP4 5 1.33+0.33 146 +0.14 0.26 +0.07
CP5 6 1.22+0.32 1.29+0.11 0.19+£0.06
CP6 6 1.33+£0.33 1.44+0.13 0.26 £ 0.07
CP7 5 0.33+0.24 1.11+£0.11 0.06 £ 0.05
CP8 5 1.00+£0.33 1.33+£0.15 0.18 £0.08

uHe P, % Nu/Ng Nr Ratio Nu, %
0.19+0.08 444 2/5%* 3 40

0.28 +0.08 66.7 3/5 2 60
0.23+0.07 66.7 3/4 1 75

0.29 £0.08 66.7 3/5 2 60
0.20+0.07 55.6 2/4 2 50

0.28 £ 0.08 66.7 2/5 3 40

0.06 +0.06 1.1 0/2 0 0
0.20+0.09 444 3/5 2 60

* Stands for mean value * standard error; N - number of samples; Na - number of alleles; Ne - number of effective alleles; He — expected heterozygosity;
uHe - objective expected heterozygosity; P — proportion of polymorphic loci; Nu/Ng - ratio of the number of genotypes with unique fragments to the
number of genotype variants in the CP; Nr - number of repeating genotype variants in each CP.

**The denominator indicates the total number of genotype variants in the samples from the CP.

to 75 % (in CP3) (Table 2, Fig. 2). It was calculated as
the ratio of the number of unique genotypes contain-
ing unique fragments to the total number of genotype
variants in each CP. Representatives from CP3 grew
in high-mountain conditions at an absolute altitude of
2,550 m, i. e. they occupied an intermediate geographic
and altitudinal position between the Pamir and South
Siberian CPs (Supplementary Material 1).

According to the AMOVA analysis, in samples from
the eight studied CPs of C. jubata, the interpopulation
genetic variability was more than 1.5 times lower than
the intrapopulation one: 38 and 62 %, respectively.

FTEHETUKA U CEJIEKUMA PACTEHUI / PLANT GENETICS AND BREEDING

According to cluster analysis, the presence of two
particularly genetically distant groups of individuals was
revealed. These are samples from CP1-CP2 and CP5—
CP8. They are characterized by low genetic similarity, as
shown in the distribution diagram of C. jubata individu-
als according to their genotypic characteristics (Fig. 3),
and are located primarily in different clades. Based on
genotypic similarity, the studied C. jubata individuals
were divided into two main clusters that are in general
in agreement with their geographic distribution (Fig. 3a).

According to cluster analysis, the upper part of the
tree is predominantly composed of individuals from the
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ISSR marker variability of Caragana jubata (Fabaceae)
in the mountains of Central Asia and Southern Siberia
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Fig. 3. The clustering of C. jubata CPs into groups based on the similarity of genetic structure.

a - UPGMA dendrogram constructed using the ISSR spectra data obtained with the UBC857 primer; b — the result of correspondence
analysis. CP1 - individuals 1.1-1.6; CP2 - individuals 2.1-2.5; CP3 - 3.1-3.6; CP4 - individuals 4.1-4.5; CP5 - individuals 5.1-5.6; CP6 —
individuals 6.1-6.6; CP7 — individuals 7.1-7.5; CP8 - individuals 8.1-8.5.

mountainous regions of the Western Pamirs and Inner
Tien Shan (CP1-CP3). This group also includes some
southern Siberian individuals from samples of CP4-CP6
and CP8. The lower part of the tree is generally char-
acterized by a distinct distribution of southern Siberian
individuals (CP4—CP8). Individuals from CP7 are located
separately, and the closest groups to them are those from
southern Siberian CPs. The results of the correspondence
analysis also support this distribution (Fig. 3b).

According to the obtained data, individuals in the
geographically extreme CPs grew at distances of over
2,500 km from each other. Statistical analysis of the
data in the samples from the studied CPs revealed sig-
nificant correlations between genetic distances and both
geographic and elevational distances, indicating isolation
by distance and isolation by elevation. That is, as the
geographic and elevational distances in the samples of
individuals from these CPs increase, so do their genetic
distances (Fig. 4).

Discussion

Genome sequencing data for representatives of the genus
Caragana Fabr. revealed that its center of origin is lo-
cated on the Tibetan Plateau (Zhang M.-L. et al., 2016).

During the xerothermic period of the Pleistocene, C. ju-
bata penetrated through mountain systems to the west
and north. This is supported, in particular, by data on its
modern distribution, which is associated with mountain-
ous regions: the eastern part of the Tibetan Plateau, the
northeastern Himalayas, the Central and Southern Tien
Shan, the Sayan Mountains, and the Stanovoye High-
lands (Churiulina, Bocharnikov, 2019).

We studied C. jubata in samples from the Central Plain,
also growing over a wide geographic range. Their loca-
tions are situated in five mountainous regions of Central
Asia — the Western Pamirs, the Inner Tien Shan, and in
southern Siberia — the Altai, Western and Eastern Sayan.
C. jubata CPs were studied across an elevation gradient
of more than 2,000 m (Supplementary Material 1) and
geographic distances of more than 2,500 km. This wide
geographic and altitudinal range of C. jubata distribu-
tion is consistent with the current understanding that
C. jubata species exhibits high ecological heterogeneity
(Talovina, 2019).

Within the studied altitudinal range of over 2,000 me-
ters and distances of 2,500 kilometers, we identified
18 genotype variants with unique fragments in samples
from 44 representatives of this species, a relatively high
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Fig. 4. Correlations of genetic distances of C. jubata CPs with geographic distances (a) and relative elevations (b) of their

locations.

Each point represents a comparison of two individuals, characterized by genetic distance (Y) and geographic/elevation distance (X).

number for a rare plant species. The value of genetic
diversity lies in the fact that a gene variation that is
neutral today can become adaptive later, when environ-
mental conditions change (de Lafontaine et al., 2018).
When environmental conditions change, a population
with higher genetic diversity is more likely to adapt to
the new environment than a population with less diver-
sity. Thus, maintaining a species’ genetic diversity can
significantly increase its chances of long-term survival
(Chung et al., 2023).

In mountainous environments, plant populations
growing at high altitudes demonstrate later flowering
and have a shorter flowering period compared to popu-
lations of the same species growing at lower altitudes
(Reisch et al., 2005). A simple explanation for differ-
ences in genetic variation among populations located at
the same altitude but separated by mountainous terrain
is the difficulty of their diaspore dispersal (Taberlet et
al., 1998). A study using paleobotanical and genetic data
for Fagus sylvatica L. (European beech) showed that
mountain ranges in Europe were not a geographic barrier
for this species, but rather facilitated its dispersal. On the
contrary, its dispersal was hindered by the presence of
large plains or valleys (Magri et al., 2006). From this,

the authors concluded that flat landscapes can act as a
barrier to the dispersal of diaspores, including those of
high-altitude species.

However, rare and endemic plant species are typically
characterized by significantly lower genetic diversity
and, consequently, higher homozygosity compared to
non-endemic species (Hamabata et al., 2019). Genetic
homogenization of populations, especially in rare plant
species, results in reduced heterozygosity among their
individuals. Populations lacking genetic variability are
unable to evolve in response to changing environmental
conditions and, therefore, may face an increased risk of
extinction (Dorogina, Zhmud, 2020).

In addition to genotypes with unique fragments, we
identified nine recurring genotype variants in C. jubata
specimens taken from the studied CPs. Specimens from
CP7 exhibited genotype variants similar to those in speci-
mens from other CPs. The absence of unique genotype
fragments in the sample from this CP may be explained
by anthropogenic impacts on its specimens in the area
where a road is being constructed. We observed a similar
situation, for example, in specimens of rare Siberian spe-
cies Adonis villosa Ledeb. (downy adonis), where only
four genotype variants were identified in 40 specimens
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studied in six CPs in the Republic of Altai. Road con-
struction was also carried out in its habitats, and damage
to plants and soil was observed (Zhmud et al., 2024).

We also found genetic homogenization in the habitat of
one of the CPs of the rare species Rhodiola rosea L. (rose
rhodiola) in the Republic of Altai. Individuals of this spe-
cies were damaged by trampling at a summer camp and
by grazing by cattle (yaks) (Dorogina et al., 2023). It is
possible that the C. jubata individuals remaining in CP7
are more resilient to soil damage, in this case related to
construction work. Genetic homogenization of individu-
als in this CP raises concerns about its sustainability and
may eventually lead to its complete extinction.

Cluster analysis of the distribution of the most poly-
morphic components detected via ISSR labeling showed
that the studied CPs were divided into different groups
according to their genetic structure. We previously noted
that the locations of the C. jubata CPs we studied differ
by more than 2,500 km at their extreme points. A statis-
tically confirmed trend of increasing genetic distances
between representatives from different CPs with increas-
ing spatial distance was found.

We also found a tendency toward an increased propor-
tion of unique genotypes (containing unique fragments)
in the C. jubata CP growing in the Tien Shan moun-
tains at an altitude of 2,550 m — the middle part of the
studied altitudinal range — compared to the Pamir and
South Siberian CPs. According to T. Ohsawa and 1. Yuji
(2008), such populations may experience more favorable
environmental conditions than peripheral populations
growing in suboptimal conditions. The authors believe
that mountain isolation plays a crucial role in the diver-
sification and evolution of species.

Adaptation of wild plants to stress with increasing
altitude is a complex process achieved through both
modification and genetic variability (Safaralikhonov,
Aknazarov, 2021). Molecular studies by P.K. Bhardwaj
et al. (2013) showed that C. jubata exhibits a predomi-
nance of genes encoding chaperones and genes involved
in growth and development at low temperatures, which
are among the main signals acting on plants at high
altitudes. According to these studies, such genes are
expressed in C. jubata in its natural habitat. Their homo-
logs in Arabidopsis thaliana (L.) Heynh. (Thal’s cress),
Glycine max (L.) Merr. (soybean), and Oryza sativa L.
(rice) do not exhibit a similar trend in gene expression
at low temperatures.

Constitutive expression and rapid regulation of the
mentioned genes suggest the ability of C. jubata to tune
its cellular machinery to support growth and development
in its ecological niche. This molecular and physiological
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plasticity allows C. jubata to thrive, particularly in the
cold, high-altitude desert of the Himalayas (Bhardwaj et
al., 2013). The trends in genetic differentiation that we
identified in the studied C. jubata CPs likely result from
the adaptation of this species to various ecological and
geographical conditions.

G.P. Semenova (2007) classified C. jubata as a me-
dium-potential species when introduced into the forest-
steppe zone of Western Siberia. Such species reproduce
by seed or vegetatively, require specific soil composition,
irrigation, and sites with specific lighting conditions, and
flower and fruit annually. However, they are susceptible
to frost, and their reproductive capacity may be reduced
in unfavorable years. G.P. Semenova (2007) also clas-
sified C. jubata as a perennial plant, as the lifespan of
the introduced population in local conditions reached
17 years.

The extensive range of this species and relatively high
genetic diversity suggest that individuals in samples
taken from most of the CPs we studied are stable and
can serve as source material for the creation of promising
introduction populations.

Thus, statistical analysis of genetic variability revealed
a significant effect of geographic isolation between
genotypes, due to the large distances between the studied
C. jubata CPs. The influence of altitudinal isolation on
genetic distances between individuals from different CPs
was also confirmed.

Conclusion

We studied C. jubata in samples from eight CPs growing
across a wide range of altitudes (over 2,000 m — from
1,575 to 3,680 m) and geographic distances (over
2,500 km) in the mountains of the Pamirs, Tien Shan, and
Southern Siberia. [ISSR analysis of polymorphic DNA
fragments revealed an increasing number of genotypes
with unique fragments and the proportion of polymorphic
loci in individuals of this species growing in the Tien
Shan Mountains at an absolute altitude of 2,550 m,
located in the middle of the studied elevation range. We
also found a statistically confirmed trend toward increase
of genetic distances in samples of representatives from
different CPs as geographic distance increase.

The prevalence of intrapopulation genetic variability
over interpopulation genetic variability we identified
in our studies may indicate the stability of these
CPs within the studied parts of this species’ range and
their good adaptive capacity. The exception was samples
of individuals from CP7, which grew in the Republic
of Tyva and were subject to anthropogenic impact, where
we did not detect any genotypes with unique fragments.
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Variability of organelle genomes
in a collection of early maturing soybean varieties
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Abstract. Variability of the genomes of cellular organelles (chloroplast and mitochondria) is an important component
of the overall variability of the plant genome. A large amount of data has already been obtained on the comparative
characteristics of the organization of organelle DNA sequences for different groups of plants. This paper presents new
original data on the variability of mitochondrial and chloroplast genomes in soybean (Glycine max (L.) Merr.), a crop of
great economic importance widely cultivated in Central Europe, including the Republic of Belarus. Initially, we supposed
that the peculiarities of soybean organelle DNA sequence or organization promote certain soybean cultivars to be
the best maternal and others, alternatively, the best paternal forms. As a result of the study, new complete nucleotide
sequences of chloroplast and mitochondrial genomes of 46 soybean samples were obtained by the next generation
sequencing method (NGS) on the lllumina platform. A comprehensive bioinformatic comparative study of intraspecific
organelle genome variability in 46 soybean varieties of diverse geographical origin was conducted. Polymorphic loci of
genomes were discovered. Data on DNA variability were verified by Sanger sequencing. The spectrum of organelle DNA
variability of cultivated soybean was represented by three chloroplast DNA haplotypes (C1-C3) and five mitochondrial
DNA haplotypes (M1-M5). A comparatively low level of intraspecific variability of organelle genomes in G. max was
revealed. The soybean chloroplast genome had a lower level of sequence variability than the mitochondrial genome.
A set of DNA markers for polymorphic loci of organelle genomes was developed, allowing the differentiation of varieties
of the studied group into plasmatypes. Additionally, 90 soybean samples from the collection were studied using PCR
followed by Sanger sequencing. The low level of intraspecific variability of organelle genomes in G. max was confirmed
on the extended group of samples. The majority of cultivars were represented by three plasmatypes - C1/M1, C2/M2
and C1/M3. 46 complete chloroplast DNA sequences have been deposited in NCBI GenBank. The hypothesis that
organelle DNA influences the combining ability of different varieties has not yet been confirmed. A more detailed study
of the mechanisms of nuclear-cytoplasmic interaction is required, as well as a search for nuclear markers that affect the
expression of organelle genes.
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KOMMOHEHTOWN 06LLell M3MeHUMBOCTM reHoMa pacTeHuit. MonyyeHo 60sbluoe KOMMYECTBO AaHHbIX O CPaBHUTENbHbIX
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Variability of organelle genomes
in a collection of early maturing soybean varieties

NYYWMN OTLOBCKUMUN dopMamu. MosyyeHbl HOBble MOJIHbIE HYKNeOoTMAHbIE MNOCNef0BaTeNbHOCTM XI0POMIACTHOIO
N MUTOXOHAPWANbHOIO reHoMoB 46 06pa3LoB KyNbTYpHOW COM C MPUMEHEHMEM METOfA CEKBEHVMPOBaHWA HOBOro
nokoneHuss (NGS) Ha nnatdopme Illumina. BbinonHeHO KomnnekcHoe 6OMOMHbOPMaTUYECKOe CpaBHUTENbHOE
nccnefoBaHve BHYTPBAOBOW N3MEHUMBOCTY FEHOMOB OpraHesnn y 46 COpTOB COM pa3HOO6pa3Horo reorpadpuyeckoro
NPONCXoXaeHWs. BbisiBneHbl nonMmopoHble NOKycbl reHoMoB. [aHHble 06 n3ameHumBocT [OHK BepuduumposaHsb
cekBeHMpoBaHunem no CaHrepy. CnekTp N3MeHUMBOCTM opraHenbHbix JHK, nccnefoBaHHbIX METOAOM NOHOFE€HOMHOTO
CEKBEHMPOBAHNA COPTOB COW, NpeAcTaBeH Tpema rannotunamm xnoponnactHon AHK (C1-C3) n naTbio rannotnnamm
mutoxoHapuanbHon AHK (M1-M5). O6Hapy»KeH CpaBHUTENbHO HU3KWIA YPOBEHb BHYTPUBMAOBOW N3MEHUYNBOCTU FeHO-
MOB opraHenn y G. max. XnoponnacTHbl reHOM cov 06nafian MeHbLUMM YPOBHEM U3MEHUYMBOCTM NOCIeA0BaTENbHOCTH,
yeM MUTOXOHApPUWaNbHbIA. Pa3paboTaH Habop OHK-MapkepoB K MONMMOPOHBIM JIOKycaM TE€HOMOB OpraHens,
nossonaowmi anddepeHUnpoBaTb copTa com Ha nnasmatunbl. Metogom MUP ¢ nocnepytowmm cekBeHMpoBaHueM No
CaHrepy JOMONHUTENBHO M3yuyeHo 90 06pa3LoB cou M3 Konnekuun. HU3Knin ypoBeHb BHYTPUBMAOBON U3MEHUNBOCTI
reHoMoB opraHenn y G. max NoaTBepXAeH Ha paclMpeHHol rpynne obpasyos. bonbluas yacTb Konnekummn 6bina
npepactasneHa Tpema nnasmatunamy — C1/M1, C2/M2 n C1/M3. 46 nonHbIx nocnefaoBaTeNbHOCTEN XS0POMAACTHOM
[HK nomeweHo B NCBI GenBank. [vnotesa BnuaHua JHK opraHenn Ha KOMOMHALMOHHYIO CMOCOOHOCTb Pa3NYHbIX
COPTOB B HaCTOsALLEe BpeMA He NOATBepAeHa. TpebytoTcsa 6onee feTanbHOe N3yyeHre MEXaHU3MOB AAEePHO-LUTOMNa3-

MaTMYeCKOro B3aMoaencTBus, NonNcK AOQEePHbIX MapKepoB, BINAKLWWNX Ha 3KCNpecCcuto yntTonsiasmatnyeCKnx reHoB.
KnioueBble cnoBa: cos; Glycine max; reHetTnvyeckaa N3AMeH4YNBOCTb; OpraHessibl; XnoponiacTbl; MUTOXOHAPUW; NGS

Introduction

The study of the organization and function of cellular orga-
nelle genomes is a significant area of modern plant genetics.
Over the past decades, numerous studies have been dedi-
cated to this topic, addressing issues of taxonomy, phylogeny,
nuclear-cytoplasmic coadaptation, and genomic interactions
(Gualberto, Newton, 2017; Johnston, 2019; Tsunewaki et al.,
2019). The organelle genomes of major agricultural crops are
actively studied worldwide (Siniauskaya et al., 2020; Hu et
al., 2022; Yue et al., 2023).

Soybean (Glycine max (L.) Merr) has been grown in Belarus
for many years. In the 1980s, a national school of soybean
genetics and breeding originated at the Laboratory of Cyto-
plasmic Inheritance of the Institute of Genetics and Cytology
of the National Academy of Sciences of Belarus. The main
focus of soybean breeding in Belarus is the development of
early and ultra-early maturing cultivars with sufficiently high
yields and seed protein content.

The selection of initial material for hybridization is a key
element in the breeding of any crop. Cultivars are known to
differ in their ability to produce new hybrids and varieties.
Therefore, pedigree analysis and the search for such cultivars
are necessary. Based on a study of the pedigrees of hybrids
and cultivars developed by other researchers and on our own
data, we have identified soybean cultivars that are the most
promising as either maternal or paternal parents and are most
frequently used in crossbreeding. Given the strictly maternal
inheritance of organelles in soybeans, it can be assumed that the
observed differentiation of cultivars in their ability to produce
successful new gene combinations in hybrids is determined by
nuclear-cytoplasmic interactions, possibly due to the organiza-
tion and expression of organelle genomes.

The availability of collections of original plant breeding ma-
terial with wide variation in a range of economically valuable
traits is a necessary prerequisite for the development of new
promising varieties. The study of the phenotypic and genetic
variability of collections is one of the fundamental areas of
modern breeding, including marker-assisted selection.

The first molecular genetic studies on the variability of
the organelle genomes of cultivated and wild soybeans were
conducted in the 1980s using restriction fragment length poly-
morphism (RFLP) analysis. The classification of cultivated
and wild soybean lines into three chloroplast DNA (cpDNA)
haplotypes and five mitochondrial DNA (mtDNA) haplotypes
was the standard at that time (Shoemaker et al., 1986). The
RFLP method was used to assess the diversity of organelle
genomes in wild soybean (Glycine soja) lines (Abe et al.,
1999) and soybean varieties cultivated in China (Shimamoto
et al., 1998).

The possibility of a more detailed study of the diversity of
plant organelle genomes, including those of soybean, using
variation in the length of cpDNA microsatellite repeats (SSRs)
was demonstrated by W. Powell et al. (1995). This approach
enabled the expansion of knowledge on soybean cpDNA
variability and the acquisition of qualitatively new data. For
example, D. Xu et al. (2002) analyzed six chloroplast micro-
satellites and identified 52 haplotypes of G. soja and eight
haplotypes of cultivated soybean, with 75 % of G. max lines
belonging to a single most common haplotype.

The analysis of the variability of soybean chloroplast ge-
nomes began at the Institute of Genetics and Cytology of the
National Academy of Sciences of Belarus in the 2000s. As a
result of the PCR-RFLP study of the collection of 60 varieties
available in the Laboratory of Cytoplasmic Inheritance at that
time, three plasmatypes were identified, depending on the
absence or presence of EcoRI and Clal restriction enzyme
recognition sites in cultivars’ cpDNA. Most varieties (out of
more than 60 studied) had an additional Clal site, three lines
had an additional EcoRI site, and the cpDNA of two lines
lacked Clal and EcoRlI restriction sites (Siniauskaya et al.,
2004). Microsatellite repeats of cpDNA were also studied,
and the diversity of soybean varieties collections of various
origins was assessed (Aksyonova et al., 2007).

The results of the analysis of the molecular diversity of
organelle genomes obtained by a number of author groups
have consistently demonstrated that wild soybean has a higher
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level of cytoplasmic variability than its cultivated relative:
the majority of G. max varieties were assigned to one or two
major haplotypes (Shimamoto, 2001; Xu et al., 2002). Variet-
ies of Chinese origin were more genetically diverse than those
grown in North America and Europe (Yue et al., 2023). The
low level of polymorphism of organelle genomes in soybean
can be explained by many factors: uniparental inheritance
of organelles in soybean through the maternal line, which
excludes the possibility of recombination of genomes from
two parents; the peculiarities of the propagation of cultivated
soybean, for example, strict self-pollination.

The study of the structural features of organelle genomes
provides information that can be used to consider (and specu-
late on) possible microevolutionary changes within the genus
Glycine. The generally accepted theory is that the cultivated
soybean originated monophyletically from the ancestral form
G. soja. This hypothesis was put forward based on studies of
nuclear markers, whole-genome sequencing and nuclear SNP
panels (Jeong et al., 2019). However, several studies (Xu et
al., 2002; Fang et al., 2016) proposed a theory of repeated
processes of soybean domestication. The origin of modern
cultivated varieties from multiple primordial maternal lines
is indicated by features of the chloroplast and mitochondrial
genomes; in particular, in most varieties, organelle genomes
belong to one of two main plasmatypes. C. Fang et al. divided
all cpDNA haplotypes into two groups and suggested that
several maternal lines of wild soybean were involved in the
domestication of soybean, giving rise to two groups of plas-
matypes in modern varieties (Fang et al., 2016).

The development of next-generation sequencing (NGS)
methods has provided fundamentally new information on the
organization of plant organelle genomes, including those of
soybean, their sequences and variability. In 2023, Y. Yue et al.
analyzed NGS data from over 2,000 soybean lines from pub-
licly available databases and found that 69.2 % of all cultivated
soybean varieties belong to a single plasmatype, CT1/MT],
while 18.1 % belong to the CT2/MT2 plasmatype, which is
consistent with data from earlier studies (Yue et al., 2023).

We previously successfully applied whole-genome sequenc-
ing (Illumina platform) to study and assess the diversity of
cp and mtDNA in barley (genus Hordeum) (Siniauskaya et
al., 2020); an approach to analyzing the results of whole-
genome sequencing of organelle DNA was developed. In this
study, we aimed to use NGS (Illumina) to obtain new data
on whole-genome organelle DNA sequences and assess their
level of variability using samples from the collection of early
and ultra-early maturing soybean varieties of the Laboratory
of Cytoplasmic Inheritance of the Institute of Genetics and
Cytology of the National Academy of Sciences of Belarus.

Materials and methods

DNA extraction. The study material consisted of organelle
and total DNA samples of 46 early maturing soybean varieties
from the collection of the Institute of Genetics and Cytology,
including varieties of Belarusian breeding (the full list is given
in the Supplementary Material)!. The selected varieties were

' Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Alex_Engl_30_2.pdf
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successful maternal or paternal forms according to the authors’
long-term data (unpublished data).

To isolate organelles using a modification of the method
of S.O. Triboush et al. (1998), the first young leaves of 7- to
10-day-old soybean seedlings were used. The isolated orga-
nelles were lysed, and the organelle DNA was purified with
phenol-chloroform (standard protocol). The quality of the
organelle DNA preparation was evaluated by RFLP analysis
in 0.8 % agarose gel according to the method of S.O. Triboush
et al. (1998).

Total DNA was isolated using phenol-chloroform extrac-
tion from the leaves of plants grown in greenhouses or from
the first leaves of 7-day etiolated soybean seedlings (standard
protocol).

Next-generation sequencing. The organelle DNA was
analyzed by paired-end sequencing on an Illumina MiSeq plat-
form using the MiSeq Reagent Kit v3 (600 cycles) (Illumina
Inc., USA) following the manufacturer’s recommendations.
To prepare the DNA library, the [llumina DNA Prep, (M) Tag-
mentation (24 Samples, IPB) and Nextera XT Index Kit v2
Set A (96 indexes, 384 samples) (Illumina Inc., USA) kits were
used following with the manufacturer’s recommendations.

NGS data analysis. Whole-genome sequencing data were
processed according to a previously developed algorithm (Yer-
makovich et al., 2020), which included: alignment of reads
to reference sequences of the chloroplast and mitochondrial
genomes, conversion to bam files and their sorting, generation
of VCF files and their filtering. Read alignment files (bam)
were visualized using Unipro Ugene and IGV. The chloroplast
genome assemblies of the Bragg cultivar (GenBank acces-
sion number MW357264) and the mitochondrial genome of
the Aiganhuang cultivar (NC020455) were used as reference
genomes.

NGS data verification. A set of primers was designed for
polymorphic loci of organelle genomes identified after analysis
of whole-genome sequencing data to verify sites of variability
using Sanger sequencing.

Polymorphic DNA regions were amplified separately in
15 wl of a reaction mixture containing 30—40 ng of sample
DNA, 7.5 ul of 2x ArtMix reagent mixture (ArtBioTech LLC,
Republic of Belarus), and 1 pl of the corresponding primers
(5 pmol/pl) (Primetech ALC, Republic of Belarus). PCR was
performed on a C1000 amplifier (Bio-Rad Laboratories, Inc.,
USA) according to the following protocol: 5 minutes at 95 °C,
then 30 cycles, each of which included denaturation at 95 °C
for 30 seconds, primer annealing for 30 seconds, and elonga-
tion at 72 °C for 25-80 seconds, followed by a final elonga-
tion at 72 °C for 5 minutes. The PCR product was identified
in 1.5 % agarose gel.

Sanger sequencing of the studied samples was performed
on an Applied Biosystems 3500 Genetic Analyzer (Thermo
Fisher Scientific Inc., USA) using the BrilliantDye Termina-
tor v3.1 Cycle Sequencing Kit (NimaGen B.V., Netherlands),
according to the manufacturer’s recommendations. Sequencing
results were analyzed using Chromas and FinchTV software
by comparing the obtained DNA sequences with the G. max
reference genome (Bragg and Aiganhuang cultivars) from
NCBI GenBank.
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Phylogenetic analysis was performed by creating a pre-
sence/absence matrix based on cp and mtDNA polymorphisms
using Mesquite program (http://www.mesquiteproject.org),
calculating a distance matrix and constructing a dendrogram in
the phylip program (Felsenstein, 1989) based on the neighbor-
joining algorithm. Dendrogram visualization was performed
using the Iroki online service (Moore, 2020).

Chloroplast genomes assembly. Complete cpDNA se-
quences of all 46 cultivars used for the study were obtained
by manually editing the Bragg chloroplast genome reference
sequence to account for the identified polymorphisms.

Results and discussion

NGS of the chloroplast and mitochondrial genomes of 46 cul-
tivated soybean varieties was conducted to study their intra-
specific variability. The resulting NGS reads were processed
and aligned to the reference sequences (chloroplast genome
of the Bragg cultivar and the mitochondrial genome of the
Aiganhuang cultivar) to generate VCF files containing infor-
mation on the differences between the cp and mt genomes of
the studied varieties and the reference. As a result of compara-
tive analysis of the VCF files, polymorphic loci in chloroplast
and mitochondrial DNA were identified.

Chloroplast genome variability

Nine polymorphic sites were identified in cpDNA. Interva-
rietal variability in soybean cpDNA was represented by five
single-nucleotide polymorphisms (SNPs) and four microsatel-
lite repeat regions. Four out of the five identified SNPs were
located in the coding regions of the atpB, rps4, accD and rps3
genes; all were synonymous. Almost all of the detected SNPs
and repeats were located in the large single-copy region (LSC),
and only one SNP was in the small single-copy region (SSC).

In a number of studies searching for interspecific and inter-
generic variability in the chloroplast genomes of other crops,
“hot spots” of cpDNA variability have been identified, such as
cesA-ndhD, trnH-psbA, ndhG-ndhl, rps18-rpl20, rps15-ycfl,
psbZ-trnG-trnS, trnK-rpsli6, trnD-trnY, trnW-trnP, rpl33-
rps18, petG-trnW, atpB-rbcL and rpl32-trnL (Iram et al., 2019;
Mehmood et al., 2020). We did not find any differences in these
regions, except for the SSR locus in the intergenic sequence
atpB-rbcL, apparently due to the taxonomic similarity of the
soybean varieties studied.

Of the four polymorphic cpDNA microsatellite loci identi-
fied, the SSR locus at position 6,967 (T;,—T,,) corresponds
to the previously described gmep4 locus (Xu et al., 2002).
The remaining microsatellites are newly described and can be
used to identify genetic variability in the soybean chloroplast
genome.

A single nucleotide substitution at position 82,035 in the
coding sequence of the rps3 gene affects the Clal restriction
site and was previously described as a polymorphic locus by
which soybean varieties are differentiated into two types using
RFLP (Kanazawa et al., 1998). This same SNP in the 7ps3 gene
was included by Y. Yue et al. as a representative locus (posi-
tion 82,028 in the plastid genome of Zhonghuang 13). This
locus, according to the classification of Y. Yue et al., divides

Variability of organelle genomes
in a collection of early maturing soybean varieties

all varieties into two groups: the first group (1,848 lines) is
characterized by the presence of an alternative allele at position
82,028 (haplotypes CT1, CT4, CT7, CT22, CT28, CT33 and
CT44), the second group has a reference allele (the remaining
732 lines) (Yue et al., 2023).

As aresult of our study, nucleotide sequences of chloroplast
genomes of 46 soybean cultivars were obtained and published
in NCBI GenBank under accession numbers OQ148707—
0Q148730 and OR834463-OR834484.

Mitochondrial genome variability

Comparative analysis of mitochondrial genome sequences
obtained from whole-genome sequencing of 46 soybean va-
rieties revealed 15 polymorphic loci: three SNPs in noncoding
intergenic regions, eight polymorphic SSR loci, three INDELs
(insertion/deletion) and one inversion. Only two out of the
15 loci were located in putative coding regions: one mutation
in the orf110c microsatellite repeat (position 294,729 bp in
the reference genome of the Aiganhuang cultivar), and an
inversion in orf160b (position 205,470).

We identified variability in the intergenic regions atp6-1-
trnK, rps3-orfli4a, orf100c-orf136b, trnD-orfl114b, orfl51-
orf261, atp9-trnM and in the nad4 intron of the mitochondrial
genome. Similar data were obtained by Y. Yue et al. in 2023,
and the polymorphic positions were classified as representative
(marker) ones. These are positions 451,199, 284,000, 312,950,
489,992, 256,743, 295,084, and 484,505 in the mtDNA of
the Zhonghuang 13 cultivar, which correspond to the regions
mentioned above. These polymorphic loci allow differentiation
ofthe MT1 and MT2 haplotypes according to the classification
of Y. Yue et al. (2023).

To confirm the detected loci in the cp and mt genomic
DNA, a set of primers targeting sites of genomic variation was
designed, and a Sanger sequencing study of these polymor-
phic loci was conducted in 46 accessions. The primers were
designed to study the most important marker points of geno-
mic variation used to differentiate individual cp and mtDNA
haplotypes in soybean varieties: positions 6,967, 75,657, and
116,598 of the chloroplast genome, and positions 100,092,
197,000, 205,470, and 248,977 of the mitochondrial genome.
Primer combinations were also developed to study the most
ambiguous or difficult-to-interpret regions of the genome when
analyzing bam and VCF files: SSR locus 51,525 of cpDNA
and INDELSs at positions 158,807 and 321,983 of mtDNA. All
differences identified between the varieties were confirmed.

Genetic diversity of soybean organelle genomes

Based on chloroplast genome variability, the studied varieties
were divided into three haplotypes: 40 varieties (87 %) were
assigned to haplotype I, four varieties (Kitrossa, Lyubasha,
Oressa, and Voronezhskaya 31), to haplotype II, and the
Legenda and Schara varieties, to haplotype I11. The identified
haplotypes were designated C1-C3.

Based on 16 polymorphic loci in mitochondrial DNA, five
haplotypes were identified, designated M1-MS5. Ten INDELs
and four SNPs were present in the Lyubasha, Kitrossa, Oressa,
and Voronezhskaya 31 varieties (haplotype M2), one INDEL
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was found in the related varieties Vasilisa, Amazonka, McCall,
Ptsich, and Sahara (haplotype M3). Cultivars Optimus (M5)
and Zlata (M4) also differ from other varieties by an inversion
and one INDEL, respectively. Most varieties (76 %) belong
to the M1 haplotype. Tables 1 and 2 present the differences
identified in the organelle genomes and their distribution
among the various cp and mtDNA haplotypes.

Based on our data, an analysis of any of the soybean variet-
ies studied by microsatellite repeats No. 1 and 5 allow to dis-
tinguish between cpDNA types C1, C2, and C3. These repeats
can be recommended for use in studies of genetic diversity
in various soybean collections using the chloroplast genome
without the use of other cpDNA markers.

Additionally, Sanger sequencing was performed for 90 va-
rieties from the collection using primers differentiating the
corresponding haplotypes of cp and mtDNA. Based on the
summarized results of whole-genome sequencing and Sanger
sequencing, six organelle DNA plasmatypes are identified
among the studied varieties of our collection (the so-called
northern ecotype): C1/M1, C2/M2, C1/M3, C1/M4, C1/M5
and C3/M1. 65.4 % of soybean varieties (89 out of 136 stu-
died) belong to the C1/M1 plasmatype. 20 (14.7 %) and 23
(16.9 %) varieties have the C2/M2 and C1/M3 plasmatypes,
respectively. Three out of 136 varieties (2.2 %) belong to
the C1/M4 plasmatype. Plasmatypes C1/M5 and C3/M1 are
the rarest, comprising one (0.7 %) and two (1.4 %) varieties,
respectively (Table 3).

Based on the phylogenetic analysis, the identified plasma-
types are divided into two clades. One of these clades consists

M3meHUnBOCTb OpraHesibHbIX FreHOMOB 2026
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Table 1. Polymorphic loci of soybean chloroplast DNA
and haplotypes identified on their basis
No.  CpDNA polymorphism Haplotype
(relative to MW357264.1)
(@ C2 a3
1 6,967 (rbcl-atpB) (M1 (M4 (Mro
2 8,408 (atpB) G A G
3 15,507 (rps4) T A T
4 38,504 (rpoCT1 intron) (A), (A)s (A),
5 51,525 (atpA-trnR) (A)1g (A)13 (A)1q
6 57,873 (accD) C A @
7 75,657 (petD intron) (M4 (M5 (T)14
8 82,035 (rps3) G T G
9 116,598 (ndhA intron) T A T

of plasmatypes C1/M1, C1/M3, C1/M4, C1/M5, and C3/M1,
which are most similar to each other in terms of organelle
genome sequences. Haplotype C2/M2 constitutes the second
clade and has the greatest number of differences from haplo-
type C1/M1 — eight cpDNA polymorphisms and 13 mtDNA
polymorphisms (see the Figure).

Considering that the vast majority of soybean varieties we
studied have plasmatype C1/M1, it can be considered the main

Table 2. Polymorphic loci of soybean mitochondrial DNA and haplotypes identified on their basis

No. MtDNA polymorphism Haplotype
(relative to NC020455.1)

M1 M2 M3 M4 M5
1 66,782 (atp6-1-trnkK) (GCTTC), GCTTC (GCTTC), (GCTTCO), (GCTTC),
2 238,088 (orf151-0r261) (GCTTC), GCTTC (GCTTC), (GCTTC), (GCTTC),
3 294,604 (orf105b-0rf110c) (GCTTC), GCTTC (GCTTC), (GCTTC), (GCTTC),
4 321,983 (rps3-orf114a) (TATAA)3 (TATAA), (TATAA)3 (TATAA)3 (TATAA)3
5 350,927 (orf100c-orf136b) T TATAAA T T T
6 100,092 (nad4 intron) GCTCG (GCTCG), GCTCG GCTCG GCTCG
7 105,562 (trnD-orf114b) G T G G G
8 197,000 (orf113-orf160b) ACCTT TA ACCTT ACCTT ACCTT
9 221,263 (trnfM-3-orf151) C A C C C
10 238,213 (orf151-0rf261) TGTAGT (TGTAGT), TGTAGT TGTAGT TGTAGT
1 294,729 (orf110c) TGTAGT (TGTAGT), TGTAGT TGTAGT TGTAGT
12 333,070 (atp9-trnM) A T A A A
13 248,977 (ccmFn-rps4) T TTCAC T TTCAC T
14 158,807 (nad4L-1-nad6) TGCCTA TGCCTA (TGCCTA), TGCCTA TGCCTA
15 205,470 (orf160b) GA GA GA GA TC
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Table 3. Differentiation of soybean varieties into plasmatypes
based on NGS and Sanger sequencing results

Plasmatype  Soybean variety

C1/M1 Pripyat, Soer 6, Soer 7, Snezhok, Antratsit, Annushka,
Mezenka, Yaselda, Adoc, Venus, Gallard, Viliya, Ustya,
Maple Donovan, Lira, Viktoriya, Samer 1, Samer 2

etc.

C2/M2 Oressa, Kitrossa, Luybasha, Lotaro, He Nun 95,
Dornburger Stamm, Slavyanka, Volma,
Voronezhskaya 31, Violetta, Dobryn; Olvia,
Ranitsa, Ros, Selekta 101, Selena, Pamela,

Jing Yuan, Hava, Iney

C1/M3 Sahara, Amazonka, Vasilisa, USHI-6, Tundra, McCall,

Ptsich, Viola, AC Colombe, HM 648, Anilin, Barbaro,
Belgorodskaya 6, ES Compositor, ES Senator,

ES Professor, Lyumaria, OAC Cooper,

RGT Ruslana, Siberiya, Ugra, Suedina, Glasier

C1/M4 Zlata, Sharm, Vilana

C1/M5 Optimus

C3/M1 Legenda, Schara

one in the collection. Plasmatypes C1/M3, C1/M4, C1/M5 and
C3/M1 are most likely derived from it, since they differ from
C1/M1 by only one polymorphic loci in the chloroplast (C3)
or mitochondrial genomes (M2-M5).

The C1/M1 and C2/M2 plasmatypes identified by us are
consistent with the CT1/MT1 and CT2/MT2 plasmatypes
discovered by Y. Yue et al. in 2023. According to their study,
these plasmatypes are the most common among cultivated
soybean varieties — 69.2 and 18.1 %, respectively (Yue et al.,
2023). In our study, we confirmed that the CT1/MT1 plasma-
type (C1/M1 according to our classification) is also prevalent
among Belarusian varieties. We also identified rare differences
not previously described by other researchers. Based on these
differences, we identified five additional plasmatypes, of
which C1/M3 is more common than C2/M2 in our collection
of varieties. This is presumably explained by the geographic
and ecological characteristics of Belarus and the selection
of varieties that, based on a number of other traits, are most
suitable for cultivation in Belarus.

Unfortunately, the fundamental hypothesis of our study
regarding the possible organelle genome features that differ-
entiate the best maternal and paternal soybean varieties has
not yet been confirmed, as both varieties have similar cp and
mtDNA haplotypes. To clarify this issue, a more in-depth study
of the subtle mechanisms of interaction between the nucleus
and cytoplasm is required.

Conclusion

A comparative analysis of NGS data from 46 early maturing
soybean cultivars allowed us to identify polymorphic loci in
chloroplast and mitochondrial DNA and assess the intraspecific
diversity of organelle DNA in soybean varieties of diverse
geographic origin.

Variability of organelle genomes
in a collection of early maturing soybean varieties

C1m4

c2m2
(@)
M1
CIM5

cim3
0.21

Dendrogram of phylogenetic relationships in the studied collec-
tion of soybean varieties.

Nine loci in the chloroplast and 15 loci in the mitochondrial
genomes of cultivated soybean were identified. The entire
spectrum of soybean organelle DNA variability is represented
by three chloroplast DNA haplotypes and five mitochondrial
haplotypes. Combining variability across both organelle ge-
nomes allowed us to identify six organelle DNA plasmatypes
and differentiate varieties in the collection accordingly. Using
DNA markers for polymorphic loci in organelle genomes
developed based on NGS data analysis, we studied plasmon
variability in 90 varieties from the collection of Laboratory
of Cytoplasmic Inheritance, characterized by a wide range of
origins and sensitivity to day length. Forty-six complete soy-
bean chloroplast DNA sequences have been deposited in NCBI
GenBank under the accession numbers OQ148707-0Q148730
and OR834463-0OR834484.

Our results and analysis of the pedigrees of the varieties
confirm the data of other researchers indicating that the C1
and M1 haplotypes are the most common among varieties
cultivated in North America, Europe, and the CIS countries.
The C1/M1 plasmatype was also detected with the highest
frequency in the collection of soybean accessions we studied.
The C2 cpDNA and M2 mtDNA haplotypes are characteristic
of modern soybean varieties bred in China. Interestingly, the
C2/M2 plasmatype was quite common in our collection among
a number of accessions with indigenous Chinese maternal
forms in their pedigree.

The identification of six plasmatypes indicates a low level
of genetic diversity in the studied collection of soybean va-
rieties. The group of early and ultra-early maturing cultivars
we studied is an evolutionarily young and very narrow group
of varieties (these are varieties of the northern ecotype). Given
the targeted selection of these varieties for day length neutral-
ity, a low level of genetic diversity is quite expected in such
a limited group of soybean lines (Rosenzweig et al., 2003).

Identifying sources of cytoplasmic variation and varieties
with distinct cpDNA and mtDNA haplotypes, as well as in-
trogression of new genetic material into the breeding process
are essential for the productive development of new soybean
varieties for northern latitudes.
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Analysis of PR-1, PR-2, PR-10, chitinases
and chitinase-like proteins genes expression in pea roots
under the action of salicylic acid and methyl jasmonate

A .M. Egorova ®

Kazan Institute of Biochemistry and Biophysics of Kazan Scientific Center of the Russian Academy of Sciences, Kazan, Russia
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Abstract. Stress phytohormones - salicylic and jasmonic acids - participate in the plant defense response. The increase
in the content of these compounds during plant infection by pathogens leads to the activation of signaling pathways,
ultimately resulting in changes in gene expression and protein synthesis, including a group of pathogenesis-related
(PR) proteins. Phytohormone-dependent so-called marker genes, are used to assess the activation of these signaling
pathways. In this study, PR-1 genes, which are markers for salicylic acid signaling and expressed in pea roots, were
identified and characterized, and the effects of salicylic acid and methyl jasmonate on their expression were analyzed.
It was shown that in pea roots, PR-1, encoded by the Psat1g156240 gene, is among the most significantly expressed
genes in the control. Salicylic acid did not cause a change in the expression of this gene; however, it was induced
by methyl jasmonate after 24 h. Analysis of the expression of other genes encoding PR-1 proteins showed that
salicylate had no effect on their expression after 24 and 72 h. Analysis of the expression of genes encoding chitinases
and chitinase-like proteins showed that the former do not exhibit specificity in response to the salicylate and methyl
jasmonate, except for the Psat1g131280, the expression of which increased after 24 and 72 h of treatment with
methyl jasmonate. Genes Psat1g147600, Psat1g147560, Psat1g149120 encoding chitinase-like proteins, were barely
expressed in pea roots in control, and were specifically induced by salicylic acid. -1,3-glucanase genes were not
induced in roots by the studied phytohormones. The obtained results allowed to reveal specific genes including
chitinase-like proteins, the expression of which is salicylate-inducible. These genes can be used for the assessment of
the activation of the salicylate-dependent signaling pathway in pea roots.
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AHanu3s sKkcrnpeccum reHoB PR-1, PR-2, PR-10,
XUTUHA3 U XUTMHAa3a-IMOJ00HbBIX Oe/IKOB B KOPHSIX ropoxa
I10J1, BAVISIH/IEM Ca/IMIIVIJIOBOI KMCJIOTHI I MeTU/IDKacMOHAaTa

A.M. Eroposa S

KazaHcKuii MHCTUTYT 6roxummnm n 6modpusnkm — CTpykTypHoe nogpasaenerve OefepanbHoro NcciefoBaTenbCcKoro LeHTpa
«KazaHCKMIA HayuYHbI LeHTp Poccuinckon akagemmm Hayk», KasaHb, Poccua

egorova@kibb.knc.ru

AHHOTauuA. B peanusaumy 3aWwnTHOro OTBeTa PacTeHWI MPUHMMAIOT YyyacTMe CTPeccoBble (GUTOFOPMOHbI —
CannuMIoBas 1 »acMOHOBasA KUCNOTbI. [oBblleHe coaepKaHNA STUX COeAUHEHUA NPY NHOULMPOBAHUN PacTEHNIA
natoreHamu nNpmMBOANT K akTUBaL W CUTHabHbIX nyTe|7|, B KOHEYHOM NTOre N3MeHAKLWNX SKCNpecCnto reHoB 1 CUHTE3
6eNkoB, Cpeaun KOTOPbIX BblAeNAETCA rpynna NHAYLMPYEMbIX, CBA3aHHbIX ¢ natoreHe3om 6enkos (PR). nAa oueHKu
aKTMBaLMUN 3TUX CUFHaNbHbIX NyTEN MCMONb3yTCA GUTOrOPMOH-3aBUCUMbIE, Tak Ha3blBaeMble MapKepHble FeHbl.
B HacTosAwen paboTe BbiABEHbI 1 OXapakTepr3oBaHbl SKCNPeCCMpYoLMecs B KOPHAX ropoxa reHbl MapKepHbIX Ans
CanuunnaTHOro curHanuHra 6enkos PR-1. MpoaHann3npoBaHO BAMSHNE CANULWIIOBOM KACIOTbI U METUHKAaCMOHaTa
Ha 1X 3Kcnpeccuio. MoKasaHo, UTo B KOPHAX ropoxa reH Psat1g156240, kogupytownii PR-1, BXogWT B YUMCNO Hanbonee
3HaUMTENbHO 3KCMpPeccupyoWwmxca reHoB. CanuumnnoBas K1cnoTa He Bbi3blBana M3MeHeHre 3KCMpPeccum 3Toro reHa,
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PR-reHbl, XUTUHa3bl XI/ITI/IHaBa-I'IO,ElO6HbIe 6enkn B KOPHAX ropoxa
npun }J,el;lCTBI/IVI CaﬂVILlI/IJ'IOBOI?I KUCNOTbl U MeTUNKaCMOHaTa

B TO »Ke BpeMA OH MHAYLMPOBanca MeTUIXKAaCMOHATOM Yepes 24 y. AHann3 3KCnpeccun [pyrux reHoB, KOAMPYIoLMX
6enku PR-1, nokasasn, 4to canmumnat He BANAN Ha X SKCNpeccuto yepes 24 1 72 u. MNpy aHanm3e 3KCNpeccum reHoB
XWUTMHA3 1 XUTMHa3a-NofobHbIX 6enKkoB nepBble He MPOoABAANN cneundUYHOCTb OTBETa Ha AeNCTBME canuumiata
N MEeTWIKaCcMOHaTa, 3a WCKYeHneM reHa Psat1gl131280, akcnpeccusas KOTOPOro MoBbilanacb yepes 24 n 72 4
npv AencTBuy MeTuKacMoHaTa. leHbl XUTMHa3a-nofobHbIX 6enkoB, Psat1gl147600, Psat1g147560, Psat1g149120,
NpakTUYeCcKkn He SKCNPeCccrpoBanmcb B KOPHAX rOpoxa KOHTPOJIbHOrO BapraHTa 1 cneunduyHo MHAYLMPOBaNnChL
canuuunoBol Kucnotol. feHbl 3-1,3-rmoKaHas He MHAYLMPOBANNCh UCCNEe[OBaHHbIMU GUTOFOPMOHAMM B KOPHSIX.
MonyuyeHHble pe3ynbTaTbl MO3BOMAWAN OMNPELeNNTb KOHKPETHble reHbl, KOAMpYlolWmue XUTrHa3a-nofobHble 6enku,
JKCMPeCcna KOTOPbIX MHAYLMPYETCA CanvUMNOBON KUCNOTOW. 3TU reHbl MOTFyT ObiTb MCMOMb30BaHbl ANA OLEeHKM
aKTMBALMUN CanuLmMnaT-3aBUCMOro CUrHaNbHOTO MYTU B KOPHAX ropoxa.

KnioueBble cnoBa: MapKepHbIl reH; PR-6eNKY; CUrHanvHE; canvumnoBas KUCIOTa; >KaCMOHOBAsA KNCOTa; XMTUHAa3a-

nofo6Hble 6enku; PUTOUMMYHUTET

Introduction

Throughout their lifestyle, plants are constantly exposed to
pathogens and unfavorable environmental conditions. Phyto-
immunity enables plants to cope with pathogen attacks, over-
come these unfavorable conditions, and survive. Furthermore,
plants have evolved a wide array of defense mechanisms in
response to stressors and pathogen attacks. These include
pathogen-specific resistance genes, antimicrobial compounds
such as phytoalexins, and pathogen-induced defense proteins
(de Wit, 2007).

Salicylic acid (SA) and jasmonic acid (JA) are key phyto-
immunity factors involved in the realization of plant defense
responses (Ding P., Ding Y., 2020; Wang et al., 2021). SA
is generally associated with defense against biotrophic and
hemibiotrophic pathogens, which feed on living plant tissues,
whereas JA is primarily involved in defense against necrotro-
phic pathogens and herbivorous insects (Glazebrook, 2005).
Pathogen attack on plants leads to the production of signaling
molecules and the activation of signaling pathways involving
one of the immunity factors mentioned above (Ding L.N. et
al., 2022). Activation of these signaling cascades alters gene
expression and protein synthesis. These proteins either have
direct antimicrobial properties or are involved in the synthesis
of defense compounds.

When studying plant responses to various factors, it is often
necessary to assess the activation of specific signaling path-
ways to understand the mechanisms underlying the response.
This is most commonly achieved by analyzing the activation
of expression of so-called marker genes. These genes have
primarily been characterized in model plants such as Arabi-
dopsis, tobacco, and rice, and mainly in aboveground organs.
Nevertheless, results obtained from model plants are not al-
ways relevant to other plant species, particularly to significant
agricultural crops. For example, research on Brassica rapa
has shown that widely used marker genes for salicylate- and
jasmonate/ethylene-dependent signaling pathways lack speci-
ficity in their expression in response to these hormones, and
their expression levels differ between shoots and roots (Papa-
dopoulou et al., 2018). In another study on Capsicum annuum,
the PR-1 gene, a marker for salicylate signaling, was found to
be a more suitable candidate for the JA/ethylene-dependent
pathway rather than the SA pathway (Perez-Aranda et al.,
2024). In Brachypodium distachyon, analysis of BdPR -4 and
BdPR1-5 gene expression revealed that they are regulated by
both SA and JA (Kouzai et al., 2016).

In the post-genomic era, advances in omics technologies
enable the generation and analysis of large datasets, including
gene expression and protein synthesis data. The available
pool of transcriptomic data allows for the analysis of the
full spectrum of genes expressed in a specific organ, both
constitutive ones and those altered under various conditions.
The identification and characterization of such genes, which
play a role in plant adaptation, can be useful for breeding of
resistant cultivars (Tyagi et al., 2022).

Pathogen-induced proteins with antipathogenic activity
(Pathogenesis-Related or PR proteins) play a crucial role
in the realization of plant defense responses. Based on their
functional characteristics, they are classified into 17 classes.
Many PR proteins are induced not only by pathogens but
also by stress-related phytohormones (van Loon et al., 2006).
Salicylate-dependent genes are important in mediating plant
defense responses (Maleck et al., 2000; Blanco et al., 2009).
One of the most well-known marker genes for salicylate-
dependent signaling is PR-1 (Breen et al., 2017). Alongside
with PR-1, other members of the PR gene family — such as
B-1,3-glucanases (PR-2) (Hennig et al., 1993; Jayaraj et al.,
2004) and chitinases (PR-3, 4, 8, 11) (Davis et al., 2002;
Tarchevsky et al., 2010) — are also regulated by SA.

In recent years, significant attention has been paid to the
processes occurring in the rhizosphere and to the interactions
between plant roots and pathogens, symbiotic bacteria, and
other soil inhabitants. The crop yield also depends on these
relationships, since infection of roots with pathogens and the
efficiency of symbiosis formation with nodule bacteria (for
legumes) significantly impact plant growth and yield (Solomon
etal., 2024). Furthermore, roots play a crucial role in plant life
not only as “providers” of water and minerals but also as active
participants in defense responses. Certain compounds with
antipathogenic properties, such as alkaloids and terpenoids,
are synthesized in the roots and transported to aboveground
organs. In addition to this, roots implement their own specific
defense mechanisms (Erb, 2012).

Previously, in our work, we observed a difference in the
proteomic response of pea leaves and roots to exogenous SA
application, which may also reflect a difference in their defense
responses. In pea leaves, SA upregulates the content of several
PR proteins — chitinases and -1,3-glucanases (Tarchevsky et
al., 2010) — whereas in the roots, the content of chitinase-like
proteins belonging to glycoside hydrolase family 18 (GH18)
increased the most significantly (Egorova, 2025). Obviously,
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the differing environmental conditions of aerial organs and
roots effect the specifics of their responses to various stimuli.
Therefore, identifying the characteristics of root responses,
including those to pathogen attacks, is important as the data
can be utilized in breeding cultivars resistant to soil-borne
pathogens and in developing agrobiotechnology approaches to
protect specific crops from soil pathogens. When studying the
features of root defense responses and assessing the activation
of specific signaling pathways, the use of adequate marker
genes is essential. In this context, the search for, characte-
rization of, and understanding of the expression patterns and
specificity of these genes in response to particular signaling
compounds represents an important task.

In this study, we identified and characterized genes encoding
PR-1, chitinases and chitinase-like proteins, B-1,3-glucanases,
and PR-10 in the Pisum sativum roots. We analyzed the expres-
sion of these genes in the control and in response to SA and
methyl jasmonate (MeJA). Gene expression was assessed us-
ing comparative transcriptomic analysis of control, SA-treated,
and MeJA-treated pea roots.

Materials and methods

Plant growth and treatment. Pea (P sativum L.) seeds
(cultivar Tan) were surface-sterilized in 0.05 % potassium
permanganate solution for 20 minutes and then thoroughly
rinsed with distilled water. The seeds were germinated on
moist filter paper in the dark for 3 days. The seedlings were
grown in Y4-strength Hoagland—Arnon liquid medium under
a 16-hour photoperiod at 25 °C. Eight-day-old seedlings
were used for subsequent experiments. For the experimental
treatments, 50 uM SA (Sigma, USA) or 20 uM MeJA (Serva,
Germany) was added to the growth medium. The compounds
were first dissolved in 500 pl of ethanol. The control group
consisted of seedlings grown on Y4-strength Hoagland—Ar-
non solution supplemented with a corresponding volume of
ethanol, calculated to account for dilution. Pea roots were
harvested and frozen in liquid nitrogen at 24 and 72 h post-
treatment.

Transcriptome analysis. Total RNA was isolated from
200 mg of pea roots using the ExtractRNA reagent (Evrogen,
Russia) according to the manufacturer’s protocol. RNA con-
centration and quality were assessed using an Implen Nano-
Photometer (Implen, GmbH) and by 1 % agarose gel electro-
phoresis. The preparation of cDNA libraries, high-throughput
sequencing, and bioinformatic analysis of the transcriptomic
data were performed by Novogene (Beijing, China).

RNA quality was verified using the Agilent Nano 6000 As-
say Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). mRNA was enriched from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in First
Strand Synthesis Reaction Buffer (X5) (Thermo Fisher, USA).
First-strand ¢cDNA was synthesized using random hexamer
primers and M-MuLV Reverse Transcriptase (Thermo Fisher,
USA). Second-strand ¢cDNA synthesis was subsequently
performed using DNA Polymerase I and RNase H. After ad-
enylation of the 3’ ends of the DNA fragments, Adaptor with
hairpin loop structure was ligated to prepare for hybridization.

PR genes, chitinases and chitinase-like proteins in pea roots
under salicylic acid and methyl jasmonate treatment

In order to select cDNA fragments preferentially 370-420 bp
in length, the library fragments were purified with the AMPure
XP system (Beckman Coulter, USA). PCR products were puri-
fied (AMPure XP system) and library quality was assessed on
the Agilent Bioanalyzer 2100 system (Agilent, USA).

After clusters were generated on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-HSv3-cBot-HS
(Illumina, USA), the library preparations were sequenced on
an [llumina NovaSeq 6000 platform (Illumina, USA), gene-
rating 150 bp paired-end reads. Raw data were processed
using Perl scripts. At this stage, reads containing adapters,
poly-N sequences, and low-quality reads were removed to
obtain clean data. Quality metrics Q20, Q30, and GC content
were calculated. All downstream analyses were based on these
high-quality clean data. The P. sativum_v1la genome (Kreplak
et al., 2019) was used as the reference (https://urgi.versailles.
inra.fr/Species/Pisum). The reference genome was indexed,
and the clean reads were aligned to it using Hisat2 v2.0.5.

The number of reads mapped to each gene was counted
using feature Counts v1.5.0-p3. The FPKM (Fragments
Per Kilobase of transcript sequence per Millions base pairs
sequenced) for each gene was calculated based on the gene
length and the mapped read count. FPKM simultaneously ac-
counts for the effects of sequencing depth and gene length on
the read count (Trapnell et al., 2010).

Differential gene expression analysis was performed using
the DESeq?2 R package (1.20.0) (Love et al., 2014). The resul-
ting p-values were adjusted using the Benjamini and Hochberg
approach for controlling the false discovery rate. Genes with
an adjusted p-value <0.05 and an absolute log?2 fold change >1
were considered differentially expressed. A minimum of three
biological replicates was used for each condition.

In this study, gene expression levels are presented as FPKM
values, as not all analyzed genes were differentially expressed.
Figures display FPKM values with standard deviations. Dif-
ferentially expressed genes are indicated in the figures with
an asterisk (*). The sequencing data have been deposited in
the NCBI SRA (BioProject PRINA1358375).

Bioinformatic analysis. BLAST searches for predicted
pea genes and protein sequences were performed against the
P sativum genome_v.1a (Kreplak et al., 2019) in the Ensemble-
Plants database (https://plants.ensembl.org/Pisum_sativum/
Info/Index). Multiple alignment of protein sequences was
conducted using the MEGA v.10.2.6 software (Kumar et al.,
2018). Full-length amino acid sequences for multiple align-
ments were retrieved from the UniProt and NCBI databases.
Protein domain organization was analyzed and predicted using
the Conserved Domains Database (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi).

Results

A transcriptomic analysis of pea seedling roots of control plants
and those treated with SA (24 and 72 h) and MeJA (24 and
72 h) was performed. Each sample contains between 36 and
57 million reads. The quantity, quality, and characteristics of
the obtained data are presented in the Supplementary Material'.

' Supplementary Material is available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx15.xIsx
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Alignment of the reads to the reference pea genome (P. sa-
tivum_vla) (Kreplak et al., 2019) identified approximately
20 thousand transcripts. After 24 h, SA altered the expression
of 1,476 genes, of which 635 were upregulated and 841 were
downregulated. After 72 h of SA treatment, the expression of
2,420 genes was altered, with 977 upregulated and 1,443 down-
regulated. MeJA treatment for 24 h changed the expression
of 3,384 genes (1,546 upregulated, 1,838 downregulated).
After 72 h, MeJA altered the expression of 5,462 genes, with
2,218 upregulated and 3,244 downregulated ones.

This study analyzed the expression of PR-1, chitinase and
chitinase-like protein, B-1,3-glucanase, and PR-1/0 genes in
pea roots to assess their potential as markers for salicylic acid
signaling and to identify specific isoforms induced specifi-
cally by SA. These gene groups were selected because PR-1,
chitinases, p-1,3-glucanases, and PR-10 have been shown to
be induced by SA (Davis et al., 2002; Li et al., 2005; Spoel
et al., 2007; Xu et al., 2024) and to possess antipathogenic
activity (van Loon et al., 2006), while chitinase-like proteins
are significantly induced by SA in pea roots (Egorova, 2025).
The expression of the identified genes was evaluated under the
influence of both SA and MeJA, as both hormones are involved
in plant defense responses and determine the features of the
implemented defense strategy.

Identification and expression analysis

of PR-1 genes in pea roots

PR-1 belongs to the family of cysteine-rich secretory proteins
(CAPs), and pea genome contains 12 sequences putatively
assigned to this family. A BLAST search in the pea genomic
database using characterized PR-1 sequences from tobacco
(P09042) and Arabidopsis (AT2G14610) revealed similar
sequences in pea. Analysis of the expression of the revealed
PR-1 genes in the pea genome showed that nine CAP genes
are expressed in the control roots (Fig. la). The expression
of genes Psat7g104840, Psat6g069320, and Psatlg21192
was low (<10 FPKM), and they are not discussed further in
this work.

To characterize the pea proteins, a multiple alignment of
the amino acid sequences of PR-1s, encoded by genes ex-
pressed in roots, with annotated proteins from Arabidopsis
and tobacco, was performed. The protein encoded by the most
highly expressed pea roots gene, Psatlg156240, shares 60 %
amino acid sequence identity with the PR-1 protein P09042
from Nicotiana tabacum and with AtPR1 (AT2G14610) from
Arabidopsis. The protein encoded by the gene Psatig213200
shares 66.4 % identity with PRIA_ TOBAC (P08299) and
65 % with AtPR1. CAP proteins are characterized by the pre-
sence of conserved CAP motifs (CAP1- CAP 4) and a CAPE
peptide (Han et al., 2023). The two PR-1 proteins encoded by
genes Psatlg211480 and Psat0s4615g0040 have a truncated
CAPE peptide and lack the CAP2 motif (Fig. 15), while other
conserved motifs are present in their sequences.

In the control, the expression of Psatigl/56240 and
Psatlg213200 was the highest compared to other PR-/
genes. The effect of SA and MeJA on the expression of
PR-1 genes was assessed (Fig. 1a). The analysis showed
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that Psatlgl56240 is upregulated by MeJA at 24 h. SA did
not cause a significant change in the expression of this gene.
The expression of the Psatig213200 gene was not changed
significantly by SA but decreased under the action of MeJA
(Fig. 1c¢). The expression levels of the Psatig211480 and
Psat0s4615g0040 genes in the control were lower compared
to the two previous genes and did not change in response to
either SA or MeJA at the studied time points. The expression
of other CAP genes — Psat0ss9363g0160, Psat4g090120,
Psat2g163240, Psatlg211840, and Psat0ss9363g0200 — was
low in the control, did not change under the action of SA, but
was downregulated by MeJA (Fig. la).

Identification and analysis of chitinase

and chitinase-like protein gene expression in pea roots
Chitinases (E.C. 3.2.1.14) belong to glycosyl hydrolase
families 18 (GH18) and 19 (GH19). The chitinase genes
Psat3g016800, Psat1g084840, Psat2g145680, Psat3g016400,
Psat5g291720, Psat2g128240, Psatdg175600, Psat4g175720),
Psat0s794g0040, Psat5g256760, Psat5g298520,
Psatlg169040, Psat4gl71240, Psat4g177760, Psat5g020240,
Psat6g166120, Psat6g194800 are either not expressed in roots
or their expression level is low (<10 FPKM) and are therefore
not discussed further in this work (see the Supplementary
Material).

Transcriptomic data analysis revealed that six chitinase
genes encoding proteins from the GH18 family and two genes
from the GH19 family are expressed in pea roots, which in
turn belong to different PR protein groups (Fig. 2a). All GH19
chitinases expressed in pea roots contain a lysozyme-like do-
main, including the most highly expressed gene Psat5g000800
(Fig. 2a). SA and MeJA did not cause a significant change
in the expression of this gene. The expression of the second
GH19 chitinase gene, Psat4g103520, which was significantly
lower than that of the first gene, also did not change under the
action of SA or MeJA.

The expression of genes encoding GH18 family proteins in
the control was lower compared to the GH19 genes. Chitinases
belonging to PR-3 contain a hevein-like domain. The expres-
sion of the genes Psat3g005200 and Psat6g194680, belonging
to acidic endochitinases, did not change under salicylate treat-
ment, but the expression of Psat3g005200 decreased under the
action of MeJA after 72 h. The expression of Psat6g194680
did not change under SA or MeJA treatment (Fig. 2a). The
expression of Psatlgl31280, annotated as hevamine A, in-
creased thousands of times under the action of MeJA after 24
and 72 h (Fig. 2). The expression of Psat0s5923g0040, also
belonging to GH18, was slightly increased by SA and MeJA
after 24 h (Fig. 2a).

Another member of the GH18 protein family, the product of
the gene Psat3g007040, contains a barwin domain in addition
to the chitin-binding domain. Proteins with this domain are
classified as PR-4 proteins. Neither SA nor MeJA influenced
the expression of this pea chitinase representative (Fig. 2a).

In the previous study (Egorova, 2025), significant induc-
tion of a group of proteins belonging to the GH18 family in
pea roots by salicylate was shown. The identified proteins
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a Gene Contr SA24h
Psatigi56240 2473 1929
Psatlg?13200 084 403
Psatig211480 10 145
psaros4615g0040 |
Psat0s59363g01 60 49
Psardg090120 27
Psat2gi63240 13
Psatig?11840 11
Psar0s59363g0200 13

b

P33154 | PR1_ARATH
P09042 | PR1IC TOBAC
Psat1g156246
Psatlg213200
Psatlg211480
Psat0s4615g0040
Psat0ss9363g0160
Psat4g090120
Psat2gl163240
Psat0ss9363g0200

P33154|PR1 ARATH
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Psatlgl56240
Psatlg213200
Psatlg211480
Psat0s4615g0040
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Psat0ss9363g0200

PR genes, chitinases and chitinase-like proteins in pea roots
under salicylic acid and methyl jasmonate treatment
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Fig. 1. Cysteine-rich secretory proteins whose genes are expressed in pea roots.

a - list of CAP proteins (PF 00188) expressed in pea roots in the control (Contr) and under the action of SA (50 uM) and
MelJA (20 uM) for 24 and 72 h. The color scale represents highly expressed (red) and weakly expressed (blue) genes; the
expression level is shown in FPKM; b — multiple sequence alignment of PR-1 proteins from Arabidopsis (P33154), tobacco
(P09042), and CAP proteins of pea roots. Black rectangles indicate conserved CAP1-CAP4 domains, conserved cysteine,
histidine, glutamic acid residues, and the caveolin-binding motif (CBM) responsible for sterol binding. The CAPE peptide
is highlighted in red; c — differentially expressed CAP genes in pea roots under SA and MeJA treatment.

Here and in Figures 2-4: data represent + SD mean values of three to five biological replicates. * Indicates significant differences in gene
expression in SA- and MeJA-treated samples compared to the control (p <0.05 and |log2 FC| = 1).

are encoded by the genes Psatigl47560, Psatigl47600,
Psatlgl49120 and Psatlgl48600. Analysis of the chitinase
activity of these proteins revealed that they do not degrade chi-
tin and are thus classified as chitinase-like proteins (Egorova,
2025). A previous transcriptomic analysis of the effect of SA

on these genes showed that the expression of all four genes
was significantly increased by SA treatment, while being low in
the control (Egorova, 2025). In the present work, we analyzed
the influence of MeJA, which had no effect on the expression
of any of the four genes studied (Fig. 3).
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Fig. 2. Effect of salicylic acid and methyl jasmonate on the expression of chitinases in pea roots.

a - List of GH18 and GH19 chitinase genes expressed in pea roots in the control (Contr) and under the action of SA
(50 uM) and MeJA (20 uM) for 24 and 72 h. The color scale represents highly expressed (red) and weakly expressed (blue)
genes; expression level is shown in FPKM; b — expression of the Psat1g131280 gene in pea roots under the action of SA

and MeJA.
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Fig. 3. Expression of chitinase-like protein genes in pea roots under the action of SA (50 pM) and MeJA (20 uM) for 24

and 72 h (FPKM).

Identification and analysis

of PR-2 and PR-10 gene expression in pea roots

Our previous work demonstrated the induction of B-1,3-
glucanases (PR-2) and a disease resistance response protein
(PR-10) in pea leaves by SA (Tarchevsky et al., 2010). A pro-
teomic analysis of SA-treated pea root proteins showed an in-
creased abundance of disease resistance response proteins and
ABA-responsive proteins belonging to the PR-10 group, but
we did not detect changes in the content of f-1,3-glucanases
(Tarchevsky et al., 2010). The pea genome was searched for
genes encoding these proteins, and their expression was ana-

lyzed based on transcriptomic data. In this part of the study,
we focused on the most highly expressed genes in pea roots
(>100 FPKM), as genes with lower expression levels did not
show significant changes in response to phytohormone treat-
ment (see the Supplementary Material).

More than 50 genes encoding B3-1,3-glucanases were iden-
tified in the pea genome, of which approximately 20 were
expressed in roots at varying levels (see the Supplementary
Material). Psatig161880 was highly expressed in the control,
and its expression did not change in response to SA or MeJA
(Fig. 4). The expression of Psat3g165080 was independent
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Gene Contr SA24h  SAT2h MeJA24h MeJAT72h  Annotation

PR-2 Psatlgl6l880 310 460 135 174 Glucan endo-1.3-beta-glucosidase
Psat3gl65080 83 124 Glucan endo-1,3-beta-ghicosidase 11
Psat7gl79640 27 9 Glucan endo-1_3-beta-ghicosidase

PR-I0  PsardgI180800 4654 4696 5324 4000 3280"Pathogenesis-related protein Bet v I family
Psarlglic920 2405 2555 2784 1744 2675 ABR17
Psatlgli7240 567 1247 1627* 422 579 Disease resistanse response protein Pil76
Psatlgli7360 362 1065 841 327 293 Disease resistanse response protein Pi49
Psarlgl57200 Maniigny 418 Disease resistanse response protein Pid9

Fig. 4. List of some most highly expressed (>100 FPKM) PR-2 (3-1,3-glucanase) and PR-10 genes in pea roots in the
control (Contr) and under the action of SA (50 uM) and MeJA (20 uM) for 24 and 72 h. The color scale represents highly
expressed (red) and weakly expressed (blue) genes; expression level is shown in FPKM.

of SA and MeJA. The gene Psat7gl179640 was practically
not expressed in the control but was activated by SA after
24 h (Fig. 4).

More than 10 genes encoding PR-10 proteins are expressed
in pea roots. One of the representatives of this group, encoded
by Psat4g180800, was the most highly expressed gene in pea
roots. Neither SA nor MeJA significantly affected the expres-
sion of this gene. The Psatigl56920, the product of which is
annotated as an ABA-responsive protein 17, was also highly
expressed, and its expression was not altered by the studied
phytohormones. After 72 h, SA upregulated expression of
Psatlgl57240, the product of which is annotated as a disease
resistance response protein (Fig. 4).

Discussion

When working with non-model plants, which include the
majority of agricultural species, discrepancies with results
obtained on model plants arise. In particular, data on marker
genes, the activation of expression of which is associated
with the onset of specific phytohormone-dependent signaling
pathways, were established using model plants like Arabidop-
sis and tobacco. This is important in studying plant defense
mechanisms, as the findings can be applied to develop defense
strategies for these species and in the breeding of resistant
cultivars.

The main object of our research is pea, and we have previ-
ously studied the effect of phytoimmunity factors — salicylic
and jasmonic acids — on the pea roots protein spectra, identify-
ing the most significant changes in protein content (Tarchevsky
et al., 2010; Yakovleva et al., 2013; Egorova, 2025). This
study analyzed the expression of certain classes of PR genes
and chitinase-like protein genes to assess their response to
salicylate and MeJA, since we were faced with the need to
choose adequate marker genes to evaluate the activation of the
SA-dependent pathway in pea roots. The hormone treatment
time points were based on our prior proteomic studies showing
changes in the protein spectra at 72 h, and our interest in early
events following the activation of phytohormone-dependent
defense mechanisms.

First, we analyzed the expression of the widely accepted
SA-dependent marker gene PR-1 and its paralogs in pea

roots. The PR-1 protein was first isolated from TM V-infected
tobacco leaves and could constitute up to 2 % of total protein
in infected leaves (Alexander et al., 1993). However, not all
PR-1 protein isoforms were induced upon infection. Early
studies showed that PR-1 proteins participate in plant growth
and developmental processes unrelated to pathogenesis — they
accumulate in senescing plants leaves (Fraser, 1981) and in
sepals of developing flowers (Lotan et al., 1989). Several
studies demonstrated that overexpression of PR-/ enhances
resistance to fungi (Sarowar et al., 2005) and bacteria (Kiba
et al., 2007), with transgenic plants showing increased patho-
gen resistance (Ali et al., 2018). The protective functions of
PR-1 proteins may be linked to their ability to interact with
sterols and the presence of the CAPE peptide in their structure
(Breenetal., 2017; Han, 2023). The CAPE peptide was shown
to be induced in plants by mechanical wounding and MeJA
treatment, cleaved from the N-terminus of PR-1 proteins at
a conserved CNYx sequence, and to activate the expression
of proteinase inhibitor genes, PR-1, PR-7, and ERF-5 (Chen
et al., 2014). The most highly expressed PR-/ genes in pea
roots, Psatigl56240 and Psatig213200, contain the CAPE
peptide and the CNYx sequence (Fig. 1) and the expression
of Psatlgl56240 was upregulated by MeJA at 24 h (Fig. 1¢).
This gene is used by researchers as an SA-dependent marker
in pea leaves (Barba-Espin et al., 2011). Our results indicate
that, at least in pea roots, this gene cannot be used to assess
the activation of salicylate signaling. Conversely, the proteins
encoded by Psatlg211480 and Psat0s4615g0040 contain a
truncated CAPE peptide and lack the CNYx sequence. In
pea roots, these genes are expressed at low levels and do
not alter their expression in response to SA at the studied
time points (Fig. 1a, b). It is possible that activation of these
genes occurs earlier than 24 h. Activation of PR-1 genes by
MeJA and other stimuli has been demonstrated previously.
Activation of the AtPRBI gene by JA/ethylene was shown in
Arabidopsis roots (Santamaria et al., 2001). In rice, various
PR-1 genes responded to SA and MeJA in a distinct manner,
and organ-specific variation in their expression levels was
observed (Mitsuhara et al., 2008).

Chitinases (EC 3.2.1.14) belongs mainly to glycosyl hy-
drolase families 18 and 19, and degrade chitin, a cell walls
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component in many pathogenic microorganisms (Davies,
Henrissat, 1995). Since chitinases were among the most sig-
nificantly induced proteins in pea leaves under SA treatment
(Tarchevsky et al., 2010), we analyzed expression of chitinase
genes in roots. Furthermore, induction of chitinase transcripts
by salicylate was demonstrated in pine (Davis et al., 2002).

According to transcriptomic data, the gene Psat5g000800
is highly expressed in pea roots, encodes a protein belonging
to the GH19 family, and is characterized by the presence of
a lysozyme-like domain. The expression of this gene is not
sensitive to SA or MeJA (Fig. 2). It is suggested that GH19
chitinases play an important role in defense against soil-
borne pathogens and are secreted into the rhizosphere (De-la-
Peia et al., 2010). The number of expressed chitinase genes
in pea roots encoding GH18 proteins is greater compared to
GH19, but their expression levels are lower than those of
GH19 chitinase genes. Moreover, they do not show specifi-
city in regulation by the studied phytohormones, except
for Psatlgi31280, the expression of which is significantly
upregulated by MeJA (Fig. 2b). These data indicate that the
chitinase isoforms expressed in pea roots cannot be used to
assess the activation of the SA-dependent pathway.

Alongside genes encoding active chitinases, plant genomes
contain genes encoding inactive chitinase-like proteins. During
evolution, these proteins lost the ability to hydrolyze chitin due
to amino acid substitutions in catalytically important domains
and features of tertiary structure formation (Kesari et al.,
2015). We identified significant activation of four chitinase-
like protein genes in pea roots by SA (Fig. 3). Moreover, these
genes were salicylate-dependent and not sensitive to MeJA.
This makes them suitable candidates to use as markers of the
SA-dependent pathway in pea roots, with the exception of
Psatlgl148600. We have shown that the content of the protein
encoded by Psatigl48600 increases under action of the NO
donor — sodium nitroprusside (Egorova, Tarchevsky, 2024).

Plant B-1,3-glucanases work in concert with chitinases,
catalyzing the degradation of a microorganism’s cell wall
components, -1,3-glucans and chitin (Jongedijk et al., 1995;
Dos Santos, Franco, 2023). The expression of 8-1,3-glucanases
and chitinases in pea roots is comparable and is represented by
one highly expressed gene each. While some chitinase genes
are induced by SA and MeJA, the B-1,3-glucanase encoded
by Psat7g179640 is induced only by SA. The expression of
other B-1,3-glucanase genes did not change under either SA
or MeJA treatment.

As mentioned earlier, Psat4gl80800 encoding a PR-10
protein is the most highly expressed gene in pea roots, and
its expression was not altered by SA or MeJA. Other genes
encoding PR-10 proteins are largely insensitive to these phy-
tohormones, and their expression remains unchanged under
their influence.

One of the characteristics of PR proteins is their induction
upon pathogen infection or under the action of stress phy-
tohormones. Transcriptomic data analysis and our previous
proteomic data indicate that in pea roots, the expression and
content of some PR proteins are high — genes encoding cer-
tain PR proteins are among the most highly expressed genes
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in the control. These include the PR-1 gene Psatlgl56240,
and the PR-10 genes Psat4g180800 and Psatlgl56920. This
may be because roots are in constant contact with rhizosphere
inhabitants, including pathogenic organisms. The existing pool
of proteins with antipathogenic activity in roots allows them
to be prepared for potential infection, and upon activation
of the salicylate-dependent defense response, the expression
and synthesis of chitinase-like proteins are activated, likely
representing an additional defense mechanism in pea roots.

Conclusion

The transcriptomic analysis of basal and inducible expres-
sion of certain PR genes in pea roots conducted in this work
demonstrates that when selecting marker genes to assess the
activation of salicylate signaling, attention to their specific
expression patterns in the particular organ must be paid. Pea
roots are characterized by a high level of expression of genes
encoding antipathogenic proteins. Transcriptomic analysis
revealed that the most highly expressed PR-/ genes in pea
roots cannot be used to evaluate the activation of salicylate
signaling. Chitinases and B-1,3-glucanases, induced by SA
in pea leaves, did not show specificity in response to SA in
roots. The obtained data indicate a difference in the response of
leaves and roots to stress phytohormones. Using pea plants as
an example, we showed that genes encoding salicylate-induced
antipathogenic proteins in leaves are expressed at high levels
in roots under normal conditions, while salicylate-induced
genes in roots are those encoding chitinase-like proteins, which
also have antipathogenic activity (unpublished data). In ad-
dition, the genes of chitinase-like proteins are practically not
expressed in the control and are salicylate-inducible, which
is an advantage when assessing the expression of these genes
in order to evaluate the activation of the salicylate-dependent
signaling pathway.
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Abstract. Mutation serves as a pivotal source of diversity in plant breeding. This study focused on identifying stable
rice mutant lines. Fourteen rice mutant lines, along with four conventional cultivars, were evaluated in a randomized
complete block design with three replicates across three Iranian locations (Rasht, ChaparSar, and Fars province) during
two growing seasons (2015, 2016). All statistical analyses were performed using the ‘metan’ (multi-environment trial
analysis) R package. Single-environment ANOVA indicated significant genotypic effects for all traits. Likelihood ratio
tests (LRTs) confirmed significant environment and genotype-by-environment interaction (GEI) effects for all traits. The
first three principal components (PCs) captured 68.13, 14.46, and 9.76 % of the GEl variation, respectively. Heatmap
visualization of yield performance and WAASB (weighted average of absolute scores based on best linear unbiased
prediction, BLUP) highlighted genotypes G3, G9, G6, G12, and G5 as both high-yielding and stable. Multi-trait stability
index (MTSI) analysis, designed to reveal genotypic strengths and weaknesses, selected only genotypes G7, G5, and G1.
The top five genotypes based on the harmonic mean of the relative performance of genotypic values (HMRPGV) were
G5, G12, G7, G2, and G1. The superior performance of certain mutants demonstrates that mutation has effectively
generated significant genetic diversity. Notably, genotypes G12, G5, and G9 exhibited a clear advantage over the other
genotypes and warrant consideration for selection or cultivar release; however, only G5 was selected based on all traits
in the MTSI index and could therefore undergo selection or cultivar introduction processes.
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OTO60p CcTabMIBHBIX MYTAHTOB p1ICa C IIOMOIIbIO
JIMHEeMHbIX MoJe/iell co cMellaHHbIMU 3 dekramu (LMM)
I MTHOEKCOB CTaOMJIbHOCTU

IT. apudu 1@, A.A. D6aan?, M.T. Xaarapaxsiu3, X. AMyHmaHax!

! NenaptameHT arpoHomum, Micnamckuii yrusepcntet Asag, Pewr, VipaH

2 MpaHcKunii nccnefoBaTtenbCcKnii MHCTUTYT prica, OpraHm3aimns no ceNnbCKoX0o3ANCTBEHHbIM NCCNeA0BaHNAM, 06pa3oBaHmio
1 pacnpocTpaHeHuto 3HaHui (AREEO), PewwT, MpaH
HayuHo-nccnefoBaTenbCKuii MHCTUTYT AfepPHbIX HayK 1 TexHonoruii VipaHa, TerepaH, MpaH

@ peyman.sharifi@iau.ac.ir

AHHoTauuA. MyTauMOHHbIE U3MEHEHNA CITY>KaT OCHOBHbIM NCTOYHNKOM pa3Hoobpasna B cenekumny pacteHnin. [laHHoe
nccnefoBaHme 6bifIo COCPEAOTOUYEHO Ha BbIABNEHNM CTabWbHbBIX MyTaHTHbIX IMHWIA puca. YeTbipHaaLaTb MyTaHTHbIX
JIMHWIA 1 YeTblpe 0ObIYHbIX COpPTa prca ObIIN OLEHEHbl B PaHAOMMU3VMPOBAHHOM MOCEBE C TPEMsA MOBTOPEHUAMYU B
Tpex pervoHax MpaHa (Pewr, Yanapcap v npoBrHuma ®apc) B TeueHre ABYX BereTaumMoHHbIX ce30HoB 2015 1 2016 rr.
Bce cTtaTMcTUUYecKne aHanv3bl BbIMOMHEHbI C MCMOMb30BaHWEM nakeTa R ‘metan’ (multi-environment trial analysis).
OpHodakTopHbIn ANOVA nokasan 3Haummble reHoTunuyeckre 3pdekTbl Ans BCeX NMPU3HaKoB. TeCTbl OTHOLWWEHWA
npasagonogo6bua (LRT) noatBepanny 3Haummble 3bdeKTbl cpeabl U B3aumoaencTeua reHotun-cpepa (GEI) gns scex
npu3HaKkoB. [lepBble TpW rMaBHble KOMMOHeHTbl onpefenanu 68.13, 14.46 n 9.76 % Bapuaunn GElI cooTBeTCTBEHHO.
Busyanusauma Tennosow KapTbl ANA BblpakeHHOCTU ypoxanHoctn n WAASB (B3BelleHHOe cpefHee abCOMOTHbIX
6ans0B Ha OCHOBE HaWJyyLLero IMHEMHOrO HeCMeLLeHHOro nporHo3a, BLUP) nossonuna Bbigenutb reHotunbl G3, G9,
G6, G12 1 G5 Kak BbICOKOYpOXKaliHble 1 CTabusibHble. AHaNM3 C MOMOLLbIO MHAEKCA MYSIbTUMPU3HAKOBOW CTabUIIbHOCTH
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OT60p CTabUNbHBIX MYTaHTOB PUCa C MOMOLLbIO IMHENHbIX Mogenelt 2026
co cmelaHHbiMK 3ddpektamut (LMM) 1 nHAEKCOB CTabunbHOCTH 30.2

(MTSI), pa3paboTaHHbIli A1 BbIABAEHUA CUMbHbIX U CNlabblx CTOPOH FreHOTUMOB, 0TObpan Tonbko reHotunbsl G7, G5 n G1.
C ncnonb3oBaHMeM MapaMeTpa rapMOHNYECKOTO CPefHEro OTHOCUTENbHOWN MPOU3BOAMTENBHOCTU FeHOTUMMYECKNX
3HayeHnn (HMRPGV) 6biny oTMeueHbl NATb Nyylumx reHotunos — G5, G12, G7, G2 n G1. Bbicokasa Bblpa)KeHHOCTb
NPU3HAKOB Y HEKOTOPbIX MYTAaHTOB AEMOHCTPUPYET, YTO MyTaLMOHHbIe M3MeHeHUs MoryT 3$dEeKTUBHO co3faBaTb
3HauMTeNbHOE reHeTnYeckoe pasHoobpasune. B yacTHocTy, reHoTunbl G12, G5 1 G9 nmenn ABHOE NPerMyLLeCTBO Nepes,
APYrMMU FeHOTMMaMU 1 MOTyT ObITb UCMONb30BaHbl ANA NOCNeAyoLWen cenekunm nnu ana co3ganna copta. OgHako
TONbKO reHoTun G5 6bin 0TobpaH ¢ yyeTom MHAeKca MTSI Ha ocHOBe BCeX MPU3HAKOB U, ClefoBaTeNbHO, MOXET ObiTb
MCMOMb30BaH B AasibHeNLweM cenleKLMOHHOM MnpoLecce Un AnsA co3haHunsa copTa.
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WAASB

Introduction

Rice stands as a critical cereal crop, serving as a primary food
source for over half of the global population. It assumes a vital
role in ensuring food and nutritional security, while concur-
rently contributing to poverty alleviation (Khush, 2005). Crop
production is susceptible to abiotic stresses, including drought
and salinity, necessitating the evaluation of genotypes across
diverse environments. This approach facilitates the identifi-
cation of adaptable genotypes suitable for broad or specific
environmental conditions (Sharifi, 2020).

Mutation is a key source of generating variation in plant
breeding programs, allowing for the development of novel
traits or the improvement of existing ones. This process relies
on alterations within the genetic structure, leading to new
heritable traits that can spread within plant populations (Shu,
2012). Mutation breeding is often used to develop cultivars
that are more tolerant to biotic and abiotic stresses, enhance
quality, or alter other plant characteristics (Ebadi et al., 2019).
This strategy is a useful complement to existing germplasm
and can help in the development of new cultivars. As plant
phenotypes are affected by genotype-by-environment inter-
action (GEI), stability analysis is essential to understand the
performance of genotypes across different environments and
guide breeders in selecting superior genotypes (Sharifi et al.,
2017). Consequently, yield stability and adaptability analyses
in multi-environment trials are a critical component of geno-
type evaluation programs before a new breeding line is released
as a commercial variety (Kang, 1988). This demonstrates the
plant’s ability to maintain yield potential despite environmental
fluctuations (Yan et al., 2000).

Stability analysis has become an important part of research
and plant breeding. Various statistical models, including
univariate and multivariate methods, are used to assess the
stability and adaptability of genotypes. The simultaneous se-
lection index named as grain yield in a single non-parametric
index (GSI), which is based on the sum of ranks for yield sta-
bility and performance, is often used as a criterion for stability
analysis (Farshadfar, 2008). Yan (2016) noted that mean per-
formance and stability are not always equally important when
evaluating genotypes. Stability is more of a concern when
genotypes are tested in only a few environments. However,
when genotypes are adequately tested, information about their
stability may already be reflected in their mean performance,
because highly unstable genotypes — those that perform very
well in some environments but poorly in others — will not be
among the top performers across all environments. Newer
indices for evaluating stability based on linear mixed mo-

dels (LMMs) include WAASB (weighted average of absolute
scores based on best linear unbiased prediction (BLUP)) and
WAASBY (WAASB stability index and yield performance,
for simultaneous selection based on yield performance and
stability) (Olivoto et al., 2019b). This approach combines
additive main effects and multiplicative interaction models
(AMMI), graphical tools with the predictive precision of
BLUP (Olivoto et al., 2019b). The relative importance of mean
performance and stability can vary when making selection
decisions, which can change how genotypes are ranked (Yan,
2016). This explains why many breeders and variety evaluation
organizations base their decisions only on mean performance,
yet still achieve significant breeding progress (Yan, 2016).
Given the importance of the WAASBY index, it can be used
for all stability indices instead of the GSI (Farshadfar, 2008),
allowing for the identification of the most superior genotypes.

In addition to high yield, which remains the primary breed-
ing objective, a cultivar must meet minimum requirements
for every trait that is significant to growers, processors, and
end-users (Yan, 2021). Consequently, when data on multiple
traits are available, the multi-trait stability index (MTSI) has
several valuable applications for the simultaneous selection of
mean performance and stability. Indeed, the greatest challenge
in plant breeding is to combine all desirable traits within a
single genotype, as key breeding objectives are often nega-
tively correlated due to genetic linkage or pleiotropy (Yan,
2021). These indices are used in the stability analysis of rice
(Sharifi et al., 2021), lentil (Karimizadeh et al., 2020), forage
(Santos, Marza, 2020), barley (Ahakpaz et al., 2021), and
wheat (Verma, Singh, 2020). An alternative analysis for stabil-
ity studies based on mixed models is the harmonic mean of
genotypic values and of the relative performance of genotypic
values (HMRPGYV), which provides information on stability,
adaptability, and yield performance of genotypes in the same
unit and scale as the evaluated trait (Resende, 2007). Selecting
genotypes with the highest values of the harmonic mean of
genotypic values (HMGYV), relative performance of genotypic
values (RPGV), and HMRPGYV allows for simultaneous se-
lection for yield performance and stability. This approach is
used to evaluate grain yield stability in rice (Colombari-Filho
et al., 2013), wheat (Coan et al., 2018; Verma, Singh, 2020),
and corn (Rodovalho et al., 2015).

Several studies have assessed GEI in rice mutant lines.
Dushyanthakumar and Shadadashari (2007) found signifi-
cant effects of genotypes, environment, and their interactions
when evaluating the yield stability of 15 rice mutants across
nine environments. They used regression coefficients and
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deviations from regression to identify stable mutants. Dewi
and Dwimahyani (2019) evaluated 12 mutant rice genotypes
at 16 locations and estimated yield stability using regression
lines. Rahayu (2020) used AMMI analysis to differentiate
stable mutant rice lines from 25 genotypes. Relatively few
studies have used linear mixed models for rice stability analy-
sis. Donoso-Nanculao et al. (2015) analyzed 10 rice genotypes
using BLUP and identified superior genotypes. Balestre et al.
(2010) also used BLUP to analyze the stability of rice geno-
types and found that phenotypic means had lower predictive
potential compared to BLUP.

The objectives of this study were to (1) evaluate GEl in rice
genotypes across diverse environments in Iran, and (2) iden-
tify stable and high-yielding mutant lines.

Materials and methods

Plant material and experimental design

Fourteen rice mutant lines, along with their parental cultivars
(Hashemi, Tarom, and Khazar) and the Gilaneh variety as a
control (Table 1), were evaluated in a randomized complete
block design (RCBD) with three replications. The experiment
was conducted across three geographically distinct research
stations in Iran: Rasht, ChaparSar, and Fars province. Data
were collected over two years (2015, 2016). In both years,
sowing took place in April, and transplanting was carried out
in May at the 4-5 leaf stage. Harvesting occurred in August
in both years as well.

The rice mutant lines originated from seeds of the parental
cultivars subjected to 300 Gray of gamma irradiation from a
Cobalt-60 source. Irradiation was performed at the Iranian
Agricultural Atomic Research Institute in Tehran in 2009, with

Table 1. The origin/pedigree of rice genotypes
used in this experiment

Genotype code Genotype Pedigree

G1 TM6-230-VE-7-5-1 Parent: Tarom

G2 TM6-230-VE-8-4-1

G3 TM6-250-10-7-1

G4 TM6-B-2-1-E

G5 TM6-B-7-1

G6 TM6-B-19-2

G7 HM5-250-E-1-1 Parent: Hashemi

G8 HM5-250-E-3-2

G9 HM5-250-6-6

G10 HM5-250-7-6

G11 HM5-300-12-1

G12 HM5-300-3-1

G13 HM5-300-5-1

G14 KM5-200-4-2-E Parent: Khazar

G15 Khazar IR36/TNAU4756

G16 Hashemi Iranian landrace

G17 Tarom Iranian landrace

G18 Gilaneh Saleh x Abjibuji
224
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seed moisture content maintained at eight percent. Following
irradiation, the M1 generation was grown in the field. Surviv-
ing plants were self-pollinated, and seeds from the M2 genera-
tion were collected. This self-pollination process was repeated
through the M5 generation to achieve homozygosity.

Prior to sowing, seeds of all experimental genotypes (mutant
lines and cultivars) were surface-sterilized with a 20 % sodium
hypochlorite solution for 10 minutes, followed by rinsing with
sterile distilled water. This procedure was carried out in May
of each year. Seeds were then placed in Petri dishes containing
moistened filter paper to initiate germination. Germination oc-
curred in a controlled environment at 35 °C and 70 % humidity.
Seedlings were subsequently transplanted into 120 cm*60 cm
boxes within greenhouses, ensuring suitable conditions for
transplant production.

Twenty-five-day-old seedlings (approximately 30 cm tall)
were transplanted to the main field at a planting density of
25 plants per square meter. Each plot measured two square
meters. Data were collected from ten randomly selected plants
within each plot. The following traits were measured: plant
height, tiller number, panicle length, number of filled grains per
panicle, number of unfilled grains per panicle, fertility percent-
age, and hundred-grain weight. Grain yield was determined
on a per-square-meter basis.

Statistical analysis

To assess genotypic stability and adaptability, the harmonic
mean of genotypic values (HMGYV) and the relative perfor-
mance of genotypic values (RPGV) were calculated. The har-
monic mean of the relative performance of genotypic values
(HMRPGV) was employed for the simultaneous evaluation of
stability, adaptability, and yield. These indices were computed
using the following formulas (Resende, 2007):

___E
HMGV, = —— 1, (1)
IZIGVU
_ 1y GV
RPGV;=£ 3", o @)
HMRPGV, = —— 1 — El , (3)
7=1GV/W

where L, represents the general mean for the j-th environment;
E denotes the number of environments; and GV ;: u;+g;+ge;;
indicate the genotypic value of the i-th genotype in the j-th
environment. Here, u; is the mean of the j-th environment,
while g; and ge;; are the BLUP values of the i-th genotype and
the interaction between the i-th genotype and j-th environment,
respectively.

The weighted average of absolute scores from the singular
value decomposition (SVD) of BLUP-estimated interaction
effects (WAASB;) was computed using equation (4) (Olivoto
etal., 2019a):

P |IPCA, <EP,|

WAASB; = >
k=1 EPx

“)

where IPCA; is the score of the i-th genotype (or environment)
in the k-th IPCA, and EP;, is the value of the explained variance
by the &-th IPCA. The k-th IPCA is the &-th interaction principal
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Table 2. Evaluation of significance of factors for random effects (E and GEI) by LRT (x?) and for fixed effect (G)
by ANOVA and estimation of variance components by REML
Sov Plant height,  Tiller Panicle Number of Number of Fertility Hundred-grain  Grain yield,
cm number length, cm filled grains unfilled grains  percentage  weight, g kg-ha-!
per panicle per panicle
Mean Square
Genotype 102.7%* 9.39%* 8.64** 59.31** 40.13** 19.76%* 0.049** 224817**
LRT ()
Environment  109.5** 39.63** 81.07** 102.1%* 0.0000014" 211" 95.98** 71.75%*
Gen:Env 384.3** 240.9%* 184.9%* 540.8** 931.3** 0.089** 379.2%* 577.6**
Variance components
REML Estimates (%)
GE 592.1(94.11) 5.19(45.64) 9.96(80.42) 421.9(79.57) 0.00000016 3.62(6.57) 0.047 (75.73) 306144 (52.25)
(0.00000017)
GE/R 0.40 (0.06) 0.19 (1.73) 0.012(0.09) 0.14(0.03) 0.00000021 0(0) 0(0) 1181 (0.20)
(0.00000023)
6? 30.14(4.79) 4.23(37.20) 1.52(12.30) 96.48(18.20) 87.66 (96.76) 49.66 (90.17) 0.012(19.75) 252401 (43.08)
cﬁ 6.49 (1.03) 1.75(15.43) 0.88(7.18) 11.68 (2.20) 2.93(3.23) 1.79 (3.26) 0.0028 (4.51) 26182 (4.46)
o’ 629.2 11.38 12.39 530.2 90.60 55.07 0.063 585907

Note. The numbers in parentheses indicate the percentage of variance accounted for by the phenotypic variance. LRT, likelihood ratio test. Gé,
environmental variance; Gé/R' Block-within-Environment variance (or Environment/Replication variance); Gf, Genotype x Environment interaction

variance; Gﬁ, residual variance; 62, phenotypic variance.

ns, non-significant, *, **: significant at 5 % and 1 % probability levels, respectively.

component axis (IPCA) in AMMI, used to compute WAASB.
The genotype with the lowest WAASB value is considered the
most stable (Olivoto et al., 2019a).

The WAASBY index, which allows simultancous selection
based on grain yield and stability, was derived using the fol-
lowing formula (Olivoto et al., 2019a):

_ (rGixBy) + (rW;x 0s) 5
B 0y 05 )

WAASBY,

Where WAASBY; is the superiority index for the i-th geno-
type, and By and 04 are the weights for seed yield and stability
(WAASB), respectively. The rescaled values (0—100) for the
response variable (rG;) and WAASB (rW,) were calculated
as follows:

1000

rGi - GmaX_Gmin X (Gl _Gmax)+ 100, (6)
0-100

W=y Wi W) 0. ™)

The multi-trait stability index (MTSI) for the i-th genotype
was calculated as follows (Olivoto et al., 2019b):

TSt =[S0 7y -Fp?] (®)

Where, Fj; is the j-th score of the i-th genotype, and the ideo-
type (F}) is an ideal reference genotype with the most desirable
values for each trait, f represents the number of traits (vari-
ables) included in the analysis. The ideotype has the highest
WAASBY (100) for all analyzed variables (Olivoto et al.,
2019b). The genotype with the lowest MTSI is then closer to
the ideotype and therefore presents a high mean performance
and stability (MPE) for all analyzed variables.

Selection differential (SD), selection gain (SG), and percent-
age of selection differential (% SD) represent the difference

between the mean of selected genotypes (X) and the entire
population, the expected genetic progress, and the relative
selection intensity, respectively.

SD = X~ Xo, )
SG = 12 x SD, (10)
%SD:%X 100. an

0

Xg: mean of selected genotypes; X,: mean of the entire popula-
tion; A% heritability of the trait.

The selection differential for mean performance and the
WAASBY index was calculated for each trait considering a
selection intensity of 15 %.

Al statistical analyses were performed using the ‘metan’
(multi-environment trial analysis) R package (Olivoto, Lcio,
2020). An example of statistical analysis using R can be seen
in the Supplementary file!.

Results

Analysis of variance, estimation of variance components
and predicted grain yield

Single-environment ANOVA indicated significant genotypic
effects for plant height, tiller number, panicle length, number of
filled grains per panicle, number of unfilled grains per panicle,
fertility percentage, hundred-grain weight, and grain yield.
Likelihood ratio tests (LRTs) confirmed significant environ-
ment and genotype-by-environment interaction (GEI) effects
for all traits. Analysis of variance also indicated a significant
effect of genotype on all traits (Table 2).

' Supplementary file is available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx16.pdf
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Principal component analysis

and biplot interpretation

The first three principal components (PCs) captured 68.13,
14.46, and 9.76 % of the GEI variation, respectively (Fig. 1).
A type III biplot (WAASB values vs grain yield, Fig. 2 and
Fig. 3) was used to visualize genotypic stability.

Genotypes G14 and G15, along with environments E3 and
E6, positioned in the first quadrant, exhibited below-average
grain yield and high WAASB values, indicating instability
and a substantial contribution to GEI. Conversely, genotypes
G2, G7, and G8, and environments E1, E4, and ES5, in the
second quadrant, showed above-average grain yield but were
also unstable with significant GEI contributions. Environ-
ments E3, E4, and E6 displayed the highest WAASB values,
indicating greater discriminating ability. Genotypes G4, G6,
G9-G11, G13, G16, and G17, located in the third quadrant,
demonstrated low yield and high stability (low WAASB). The
most desirable genotypes — G1, G3, G5, G12, and G18 — oc-
cupied the fourth quadrant, characterized by high yield and
stability. Environment E2, also in this quadrant, showed high
yield performance but low WAASB values, indicating poor
genotypic discrimination ability (Fig. 2).

Genotype ranking based on stability

and performance weights

Figure 3 illustrates genotype rankings based on varying
weights assigned to WAASB (stability) and grain yield. Rank-
ing of 18 rice genotypes was based on the WAASBY index,
illustrating variations in genotype performance under different
weighting schemes for stability (WAASB) versus grain yield
(BLUPs). The weights (0) range from 0 (prioritizing yield
alone) to 1 (prioritizing stability alone), with 6 = 0.5 represent-
ing equal emphasis on both traits. Ranking based solely on
stability (WAASB weight = 1) identified genotypes G6, G9,
G3, G10, G13, and G17 as most stable. Ranking based solely
on yield (yield weight = 1) identified G1, G2, G5, G7, and
G12 as the highest-yielding genotypes.

Hierarchical clustering revealed distinct genotype group-
ings based on stability and yield: (1) G4, G8, G14, and G15
were the least desirable; (2) G10, G11, G13, G16, and G17
were stable but low-yielding; (3) G1, G2, G7, and G18 were
high-yielding but unstable; and (4) G3, G5, G6, G9, and G12
(particularly G5) were both high-yielding and stable.

Factor analysis, multi-trait stability index (MTSI)

and genotype selection

Factor analysis of the WAASBY index retained two principal
components (eigenvalue > 1), explaining 71.5 % of the total
variation (Table 3). Factorial loadings after varimax rotation
and communalities obtained in the factor analysis are repre-
sented in Table 4. The eight traits were grouped into two fac-
tors: FA1 (agronomic and plant stature traits including plant
height (PH), filled grains per panicle (FG), unfilled grains
per panicle (UNFQ), fertility percentage (FP), hundred-grain
weight (HGW), grain yield (GY)), and FA2 (panicle-related
traits contain tiller number (TN) and panicle length (PL)).
While primarily associated with FA1, FG, UNFG, and GY
also exhibited high scores on FA2 (Table 5).

Selecting stable rice mutants
with linear mixed models (LMM) and stability indexes
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Fig. 1. Eigenvalues of the BLUP_GEI matrix for grain yield of
18 rice genotypes across six environments.
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Fig. 2. Biplot of grain yield vs WAASB of 18 rice genotypes
evaluated over six environments (combinations of two cultiva-
tion years in three locations).

Ranking based on MTSI identified G7 (MTSI = 1.97), G5
(MTSI=2.07), and G1 (MTSI = 2.24) as superior genotypes
(Fig. 4, cutoff at MTSI =2.24). The cutoff value (MTSI = 2.24)
was determined following the methodology of Olivoto et al.
(2019b), where the Multi-Trait Stability Index (MTSI) ranks
genotypes based on their stability and multi-trait performance.
This threshold represents the upper limit of the top-performing
genotypes (G1, G5, G7), beyond which stability and perfor-
mance decline significantly. The selection of this cutoft aligns
with standard MTSI applications, where natural breaks in the
index distribution or percentile-based thresholds are used to
distinguish superior genotypes. The genotype with the lowest
MTSI is then closer to the ideotype and therefore presents a
high MPE for all analyzed variables (Olivoto et al., 2019b).
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Fig. 3. Ranks of 18 rice genotypes with different weights for stability and grain yield.

Table 3. Eigenvalues and explained variance obtained in the factor analysis

5

10

15

Genotype ranking

30-2

PC Eigenvalues
PC1 4.61

PC2 1.1

PC3 0.997

PC4 0.636

PC5 0.343

PC6 0.22

PC7 0.073

PC8 0.00898

Variance, %
57.6
13.9
125
7.95
4.29
2.75
0913
0.112

Cum. variance, %

57.6
715
84.0
91.9
96.2
99.0
99.9
100.0

Table 4. Factorial loadings after varimax rotation, and communalities obtained in the factor analysis

Traits FA1 FA2 Communality Uniquenesses
Plant height (PH) -0.908 0.133 0.841 0.159
Tiller number (TN) -0.152 -0.872 0.784 0.216
Panicle length (PL) -0.0767 -0.670 0.455 0.545
Filled grains per panicle (FG) -0.570 -0.330 0.434 0.566
Unfilled grains per panicle (UNFG) -0.717 -0.623 0.902 0.0981
Fertility percentage (FP) -0.713 -0.639 0.917 0.0829
Hundred-grain weight (HGW) -0.728 -0.229 0.582 0.418
Grain yield (GY) -0.653 -0.617 0.807 0.193
Table 5. The related traits and genotypes for each factor
Factor Related traits to FA Related genotypes to FA
FA1 PH, FG, UNFG, FP, HGW, GY G18, G2, G4, G5, G6, G1, G10, G14, G15
FA2 TN, PL G7,G8,G9,G11,G12,G13,G17,G3
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Fig. 4. Genotype ranking and genotypes selected for MTSI.

The MTSI resulted in positive selection differentials
(SD) for WAASBY of all traits, ranging from 13 % (TN) to
49.5 % (HGW) (Table 6). Negative SDs for mean performance
were observed for PH and UNFG, while positive SDs were
noted for the remaining traits. This led to negative selection
gains (SG) for PH (-0.35 %) and UNFG (—47.5 %), and posi-
tive SG for FG, FP, HGW, GY, TN, and PL (0.996 % < SG <
<16.2 %). These results indicate that the selected genotypes
exhibited improved genotypic stability compared to the
original population, and indicate that MTSI is effective for
genetic breeding.

Visualization of strengths and weaknesses

Figure 5 visualizes the strengths and weaknesses of each
genotype. The contribution of each factor (FA1 and FA2) to the
MTSI is ranked for each genotype, with the most contributing

Selecting stable rice mutants
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Fig. 5. The strengths and weaknesses of genotypes are shown
as the proportion of each factor on the computed multi-trait
stability index (MTSI) of all genotypes.

The smaller the proportion explained by a factor (closer to the external
edge), the closer the traits within that factor are to the ideotype. FA1: PH,
FG, UNFG, FP, HGW and GY; and FA2: TN and PL.

factor near the plot center and the least contributing factor near
the plot edge (Olivoto et al., 2019b). Genotypes associated
with a specific factor demonstrate high mean performance and
stability (low WAASB) for the traits primarily influenced by
that factor. Ten genotypes (G1, G2, G4, G5, G6, G10, G14,
G15, G16 and G18) showed strengths related to FA1 (Fig. 5),
indicating desirable combinations of high mean performance
and stability for FAl-related traits: reduced PH and UNFG,
and increased FG, FP, HGW, and GY. Eight genotypes (G3,
G7, G8, G9, G11, G12, G13, and G17) exhibited strengths
related to FA2 (Fig. 5). For G5, the second-ranked genotype
by MTS]I, significant FA1 contribution confirms its favorable

Table 6. Selection gains for mean performance of 18 rice genotypes obtained in a multi-trait selection

with the multi-trait stability index (MTSI)

Traits Factor Goal Mean performance (BLUP) WAASBY index
Xo Xs SD %SD  SG SG% | Xo Xs SD % SD

Plant height (PH) FA1 Decrease 123 123437 -0437 -0.354 -0.409 -0332 557 642 849 152
Filled grains per panicle (FG) Increase ' 91.7 94.2 249 2.72 2 2.18 444 539 956 216
Unfilled grains per panicle (UNFG) Decrease 13.5 7.1 -643 475 -595 -439 833 958 125 149
Fertility percentage (FP) Increase 88 92.7 4.63 5.26 4.21 4.78 781 937 156 199
Hundred-grain weight (HGW) 255 28 0246 9.64 0.23 9.09 572 857 285 495
Grain yield (GY) 4360 5065 705 16.2 623 14.3 599 751 153 255
Tiller number (TN) FA2 Increase 166 16.8 0.166  0.996 0.13 0.81 617 698 806 13
Panicle length (PL) 258 262 0469 1.82 0.42 1.63 517 616 9.86 19.1

Note. Xo: mean performance (BLUP) and WAASBY index of the original population; Xs: mean performance (BLUP) and WAASBY index of the selected
genotypes; SD: selection differential; % SD: percentage of selection differential; SG: selection gain.
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Table 7. Ranking of the genotypes in all environments evaluated for adaptability parameters of genotypic values

for the grain yield of rice genotypes evaluated in six environments

GEN Grain yield, kg-ha-" HMGVT HMGV_order RPGV RPGV*t  RPGV_order HMRPGV HMRPGV*1  HMRPGV_order
G1 4607 4537 5 1.058 4612 5 1.054 4597 5
G2 4699 4640 4 1.084 4727 4 1.073 4680 4
G3 4418 4333 8 1.012 4414 8 1.009 4401 8
G4 4227 4096 12 0.965 4207 12 0.959 4183 12
G5 5684 5652 1 1.313 5725 1 1.306 5696 1
G6 4237 4181 10 0.974 4247 10 0.972 4236 10
G7 4904 4884 3 1.138 4962 3 1.124 4901 3
G8 4466 4430 7 1.039 4531 6 1.017 4436 7
G9 4323 4276 9 0.994 4333 9 0.993 4330 9
G10 4240 4164 1 0.973 4241 1" 0.969 4225 11
G11 4157 4023 14 0.948 4134 14 0.942 4105 14
G12 5470 5448 2 1.266 5519 2 1.257 5481 2
G13 4148 4061 13 0.950 4144 13 0.947 4130 13
G14 3353 2365 17 0.742 3236 17 0.589 2568 17
G15 3252 2288 18 0.716 3121 18 0.568 2477 18
G16 3908 3845 15 0.898 3917 15 0.894 3897 15
G17 3883 3832 16 0.892 3890 16 0.891 3882 16
G18 4504 4433 6 1.037 4521 7 1.028 4481 6

Note. T Performance genetic value (RPGV); RPGV*L: stability of genotypic values (HMGV), adaptability and stability of genotypic values (HMRPGV);
HMRPGV*Li: general mean of all environments; the parameters are expressed in kg-ha-1, except for RPGV and HMRPGV.

combination of reduced PH and UNFG, and increased FG, FP,
HGW, and GY. This genotype exhibited lower plant height
and unfilled grains per panicle, and higher tiller number,
hundred-grain weight, and grain yield, compared to the overall
average. Genotype G12 showed higher tiller number, fertility
percentage, and grain yield, along with lower plant height
and unfilled grains per panicle. While identified as superior
by other indices, G12 did not rank highly using MTSI. This
discrepancy is likely due to the low selection gain for traits in
FA1, specifically hundred-grain weight.

Genotypic stability and adaptability assessment

using HMRPGV

Based on the Harmonic Mean of Relative Performance of
Genotypic Values (HMRPGV), the top five genotypes for
stability and adaptability, relative to check varieties, were
G1, G2, G7, G12, and G5. The HMRPGV multiplied by the
overall mean (HMRPGV*}) for these genotypes were 4597,
4680, 4901, 5481, and 5696 kg-ha!, respectively (Table 7).
Selecting these genotypes would result in a 16.35 % increase
in grain yield compared to the overall mean (4360 kg-ha!).
This selection, based on stability, adaptability, and yield, high-
lights the positive response of these genotypes to improved
environmental conditions and their consistent performance
across diverse environments.

Discussion

A broad genetic base is crucial for successful rice breeding
programs, and induced mutation represents a valuable tech-
nique for expanding genetic diversity (Cheema, 2006). The
significant effect of genotype observed across all environ-
ments, as indicated by simple analysis of variance, underscores
the genetic diversity present within the experimental material.
This result suggests that mutation has effectively contributed
to a reasonable level of diversity within the genetic material
under investigation. This finding aligns with the work of other
researchers who have assessed the stability of rice mutant lines
and demonstrated a significant impact of mutation in generat-
ing diversity with respect to grain yield and other important
traits, particularly yield components (Dushyanthakumar,
Shadadashari, 2007; Donoso-Nanculao et al., 2015; Dewi,
Dwimahyani, 2019; Rahayu, 2020).

Experimental trials designed to evaluate yield performance,
stability, and adaptability are essential for characterizing ge-
netic materials such as mutant lines before they are released
as new breeding lines or varieties (Shu, 2012). Conversely,
the observed variation in genotype grain yield across different
environments highlights the need to carefully determine the
yield performance and stability of genotypes in a range of
environmental conditions (Ebadi et al., 2019). Therefore, it is
crucial to investigate the yield stability of rice mutant lines and
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to identify those lines that exhibit both high yield potential and
stable performance across diverse environmental conditions.
The likelihood ratio test (LRT) conducted in this study revealed
significant effects of both the environment and genotype-by-
environment interaction (GEI). Similar results have been
reported by other researchers conducting multi-environment
trials with rice (Bose et al., 2011; Akter et al., 2015; Sharifi et
al., 2017; Rahayu, 2020). Variations in environmental condi-
tions from year to year and from location to location contribute
to a pronounced GEI effect, which underscores the role of
genetic factors in influencing genotype performance across
different environmental conditions (Dia et al., 2016).

The restricted maximum likelihood (REML) analysis con-
ducted in this study indicated that environmental variance con-
tributed more significantly to the phenotypic variance observed
for traits such as plant height, number of tillers, panicle length,
number of filled grains per panicle, hundred-grain weight, and
grain yield. In contrast, GEI had a greater contribution to the
observed variance in the number of unfilled grains per panicle
and fertility percentage. The first two principal components
derived from the GEI analysis accounted for 68.13 and 14.46 %
of the total genotype-by-environment interaction variation,
respectively. In line with this finding, other researchers have
acknowledged the substantial contribution of the first two
principal components in explaining genotype-by-environment
interaction effects on rice grain yield (Nayak et al., 2008; Akter
et al., 2015; Allahgholipour, 2017; Rahayu, 2020).

Genotype-by-environment interaction reduces the predict-
ability of genotype performance in target environments based
on observations made in test environments (Yan et al., 2011).
Numerous procedures and statistical methods have been deve-
loped to quantify genotype by environment interaction through
the evaluation of genotypes across multiple environments. In
addition to conventional multivariate methods like AMMI and
GGE biplot analysis, the best linear unbiased predictor (BLUP)
method has also been recommended for evaluating genotypes
in different environments and for quantifying genotypic sta-
bility. Several researchers have employed the BLUP method
to assess the stability of rice genotypes (Balestre et al., 2010;
Donoso-Nanculao et al., 2015). The use of restricted maximum
likelihood (REML) for estimating variance components offers
significant flexibility in analysis (Patterson, Thompson, 1971)
and can effectively handle complex data structures (Searle et
al., 1992).

The WAASBY index (Olivoto et al., 2019a) facilitates the
weighting between mean performance and stability (MPE) in
genotype evaluation. The primary advantage of this procedure
is its integration of AMMI’s graphical tools (Gauch, 2013)
with the predictive accuracy of BLUP for stability analysis
(Piepho, 1994; van Eeuwijk et al., 2016). Consequently, the
WAASB approach, which proposes the SVD (singular value
decomposition) of a two-way table with BLUPs for GEI in-
teraction (instead of the residual of the additive model as in
standard AMMI), allows for a graphical representation of a
random GEI structure. The WAASB index accounts for more
than one (stability based on IPCA1) or two (AMMI-stability
value) interaction principal component axes. In the present
research, the first three principal components accounted for

Selecting stable rice mutants
with linear mixed models (LMM) and stability indexes

over 82 % of the GEI variation in grain yield, making the
WAASB and WAASBY indices more effective in identifying
superior genotypes. On the other hand, the variation of certain
genotypes is explained by more IPCAs, making indices such
as WAASB necessary, which is calculated using additional
principal components. Consequently, we utilized this index and
identified genotypes G1, G3, G5, G12, and G18 as superior
(Fig. 2). The biplot based on this index was also employed to
assess the discriminating ability of environments, revealing
that the environments in the first two sections of biplot type I1I
(Fig. 2), particularly E6, exhibited the highest WAASB value
and strong genotype discrimination capability. However, the
genotypes in these two quadrants with a significant contribu-
tion to the GEI were unstable. In the fourth quadrant of this
biplot, genotypes G18, G1, G3, G5, and G12 emerged as the
most desirable, demonstrating high yield stability and perfor-
mance. The ranking of rice genotypes with varying weights for
grain yield performance and stability in Figure 3 illustrated the
diversity among rice mutant lines. In this heatmap, scenarios
with different weights of yield stability and performance were
simulated to display changes in genotype ranking. The grain
yield of mutant lines G5, G12, G2, G7, and G1 surpassed that
of parental varieties and Gilaneh, the control variety.

The HMRPGYV method evaluates grain yield performance,
stability, and adaptability simultaneously within a genotypic
context (Resende, 2007). The HMRPGYV of 1.306 for G5 indi-
cated a 30.6 % increase in grain yield over the general mean.
It appears that yield performance is prioritized over stability
in the HMRPGY, and the selection of genotypes is based more
on yield performance (as compared to Fig. 3) than on stability.

When data on several traits are available, the multi-trait
stability index (MTSI) has many useful applications for
simultaneous selection of mean performance and stability.
This index is an MTSI-based on factor analysis, designed
for simultaneous selection using both fixed and mixed effect
models for multiple traits (Olivoto et al., 2019b). The factor-
analytic variance-covariance structure accommodates different
variances across environments and covariances between pairs
of environments by approximating a completely unstructured
covariance matrix through factor analysis. Therefore, it is rea-
sonable to assume that the model will fit better than a standard
mixed effect model. This factor analysis of WAASBY, which
is the first step in computing the MTSI index, revealed that the
eight traits were grouped into two factors. A Euclidean distance
was then used to compute the distance between the genotypes’
scores and the ideotype’s score. This plot (Fig. 4) displays the
genotype ranking in ascending order for the MTSI index. The
selected genotypes using MTSI, including G7, G5, and G1, are
shown in red, and the spiral depicts the cutpoint according to
the selection pressure. A higher weight for mean performance
was assigned to tiller number, panicle length, filled grains per
panicle, fertility percentage, hundred grain weight, and grain
yield. It is preferable to select highly productive genotypes
that may not perform well in terms of broad stability and
then consider the adaptability of these genotypes to specific
environments to make better recommendations. The MTSI
index enables simultaneous selection of genotypes based on
performance and stability across all traits, making it a unique
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index (Olivoto et al., 2019a). This index has been used for
the selection of superior genotypes in Solanum melongena
(Koundinya et al., 2019), Brassica spp. (Bocianowski et al.,
2019), chickpea (Sellami et al., 2021), maize (Olivoto et al.,
2021), and rice (Sharifi et al., 2021).

MTSI serves as an effective tool for identifying the strengths
and weaknesses of genotypes and selecting those with desired
mean performance and stability (Olivoto et al., 2021). This ap-
proach enabled the identification of genotypes that combine the
desired mean performance and stability (MPE) for important
traits such as grain yield (GY), hundred-grain weight (HGW),
fertility percentage (FP), and tiller number (TN) (Fig. 5).

Conclusion

The significant effect of genotype indicated that the mutation
process has successfully created a reasonable level of diversity
in the genetic material. The first three principal components
accounted for 92.35 % of the GEI variation with respect to
grain yield, and the WAASB index was used to evaluate the
stability of the genotypes. Biplot type I1I analysis revealed that
genotypes G18, G1, G3, G5, and G12 were both high-yielding
and stable across the tested environments. The heatmap visu-
alization of yield performance and WAASB stability scores
indicated that genotypes G3, G9, G6, G12, and G5 were highly
productive and stable. The MTSI (multi-trait stability index)
identified genotypes G7, G5, and G1 as the selected genotypes
based on the overall stability and performance across all mea-
sured traits. According to the HMRPGYV index, G5, G12, G7,
G2, and G1 were identified as the top-performing genotypes.
In conclusion, two genotypes, G12 and G5, exhibited a sig-
nificant advantage over all other genotypes; however, only G5
was selected based on all traits in the MTSI index and could
therefore undergo selection or cultivar introduction processes.
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Abstract. Lens culinaris Medik. (lentil) is an agronomically important leguminous species, but its genome modification is rarely
used for obtaining new varieties, probably due to a low efficiency of transformation protocols. Development of universal,
genotype-independent protocols for obtaining transgenic plants usually relies, among other factors, on the possibility of
obtaining a substantial number of transgenic cells in vitro. This study aimed to adapt a previously developed Agrobacterium-
mediated transformation protocol, used for a related legume, for the production of transgenic callus tissue in L. culinaris. We
used two different markers of transgenic tissue, beta-glucuronidase and green fluorescent protein, to find an optimal type of
explant for obtaining transgenic tissue in lentil. We also evaluated the impact of hygromycin, a common selective agent, on
the amount of transgenic tissue in developing transformed explants of L. culinaris. According to our results, the transformation
protocol commonly used for Medicago truncatula Gaertn. leaf explants can also be applied for obtaining transgenic calli from
L. culinaris shoot apices. Explants from shoot apices demonstrated higher initial transformation rate in comparison with
explants from roots, stems and leaves. Moreover, explants of different types, which were cultivated on medium without
hygromycin, developed significantly fewer calli expressing reporter genes than those grown on hygromycin-containing
medium, confirming that hygromycin may be used as an effective selection agent for lentil. During our analysis, we noticed
GUS-like staining in calli which didn’t contain plasmids for GUS gene expression. This can be explained with so-called intrinsic
GUS-like activity, which was described in previous research. These data can be used for further development of effective and
universal L. culinaris transformation and genome editing protocols.
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PoJIb THUIIA 3KCIJIAHTA U IIPMMEHEHIS CeJIEKTMBHOIO areHTa
B [IepBUYHOI 3P PeKTUBHOCTU TpaHCchopMauum Lens culinaris Medik.

T.B. Awo6enxko (91, K.B. Cvupnos (9% 3, B.E. Tsoporosa 2'4@

! DepfepanbHbIi NCCNEA0BATENBCKMI LIEHTP BCEpOCCMIICKIMIA MHCTUTYT reHETUYECKIX PecypCcoB pacTeHuii um. H./. Basunosa (BUP), CaHkT-MeTepbypr, Poccusa
2 CaHKT-TMeTep6yprckuin rocyaapcTBeHHbIN yHBepcuTeT, CaHKT-TNetep6ypr, Poccua

3 Bcepoccuiickuin Hay4HO-MCCeI0BATENbCKIIA MHCTUTYT CeNbCKOXO3ANCTBEHHOM MUKpoBronoruu, Myuikuk, CaHkT-MeTep6ypr, Poccua

4 HayuHo-TexHonornueckunin ynusepcutet «Cupmyc», eaepanbHas Tepputopua «Crpuyc», KpacHopapckuii kpai, Poccua

krubaza@mail.ru

AHHoTauusA. Lens culinaris Medik. (4eueBnua) — Ba)KHaA CeNbCKOXO3ANCTBEHHAA KynbTypa K3 cemeiicTBa 6060BbIX,
HO MoAMOUKaLUA ee reHomMa pPeaKko MCMNonb3yeTca AJA CO3[4aHUA HOBbIX COPTOB. BepoATHO, 3TO CBA3aHO C HU3KOMN
3¢ PEKTUBHOCTBIO CyLLECTBYIOLMX MPOTOKONIOB TpaHchopmaLmn. Kak npaBuo, pa3paboTka yHMBEPCaSIbHbIX, HE3aBUCUMBbIX
OT reHOTUMa NPOTOKOJIOB MOyYEHNA TPAHCreHHbIX PacTeHWIA 3aBUCKT, Cpefu NPOYero, OoT BO3MOXHOCTM obpa3oBaHuA
CYLLeCTBEHHOrO KONMYeCcTBa TPaHCreHHbIX KNeToK in vitro. B HacToAwem nccnefgoBaHUM Mbl NPEANPUHANN MOMbITKY
apanTypoBaTb pa3paboTaHHbIN paHee AnsA Apyroro 6060Boro NPOTOKON arpobakTepuranbHON TpaHchopMaLmy Ana nony-
YeHWs TPAHCreHHOWN KanlycHoW TKaHu y L. culinaris. YTo6bl oueHNUTb 3GpEKTUBHOCTL TpaHchopMaumm, Mbl Bbibpany ase
He3aBUCUMbIE PeMOPTEPHbIE CUCTEMbI: BETa-TIOKYPOHMAA3Y U 3eNIEeHbIN GpryopecLeHTHbIN 6eoK. C MOMOLLbIO 3TUX CUCTEM
Mbl HaLUW ONTYMASbHbIA TWM IKCMIAHTA 418 CO3AaHUS KalTyCHOM TKaHU YeueBuLbl, SKCMPECCUPYIOLLEN PEKOMONHAHTHYIO
[HK. Mbl TakXKe OUeHWIN BAVSHWE TMIPOMULMHA, OLHOMO M3 PACNpPOCTPAHEHHbIX CENEKTUBHbBIX areHTOB, Ha KONMYEeCTBO
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Explant type and selective agent
in Lens culinaris transformation

TPaHCreHHOWN TKaHW B pa3BMBalOWKMXCA TPaHCPOPMUPOBaHHBIX 3KcnnaHTax L. culinaris. CornacHO HawmMM pe3ynbTaTam,
npoTokon TpaHchopmaL K, KOTOPbI 06bIYHO NMPUMEHAETCA A SKCNNaHTOB NucTbeB Medicago truncatula Gaertn., moxeT
ObITb MCNOMb30BaH U A1A NOYYEHUA TPAHCTEHHbIX KalyCcoB U3 BepXyLueK noberos L. culindris. IKCnnaHTbl U3 aneKCoB no-
6eros NPOAEMOHCTPUPOBany 6osiee BbICOKYIO NepBUYHYI0 3GHEKTVBHOCTb TPaHCHOPMALMI MO CPABHEHUIO C SKCMIAHTaMU
U3 KOpHeW, cTebnein 1 NCTbeB. Kpome TOro, 3KCMaHTbl pasHbIX TUMOB, KYJbTMBMPYEMble Ha cpeae 6e3 rmrpoMuurHa,
06pa3oBbIBaNM 3HAUMTENBHO MEHbLUE KasiycoB, SKCNPEeCCUPYIOWNX PenopTepHble reHbl, MO CPaBHEHMIO C SKCMIaHTamu,
BblpaLLMBaeMbIM/ Ha cpefie C TMrPOMULMHOM. TO NOATBEPXKAAET BO3MOXHOCTb MCMONb30BaHUA MMIPOMULNHA B KauecTBe
3bPeKTUBHOrO CeneKTMBHOroO areHTa AfnAa yeuyeBuubl. B xope Halwero aHanm3a mbl Takke obHapyxunu GUS-nogobHoe
OKpalluvBaHWe B Kanycax, He copeprKallyx nnasmMug Ana sKcnpeccum reHa GUS, 4uto MOXHO 06BACHWTb Tak Ha3biBaeMol
BHyTpeHHell GUS-Nopgo6HON aKTMBHOCTbIO, KOTOpas Obila onucaHa B MNpefblaylinx WCCIEeAOBaHMAX. DTV AaHHble
MOTYT ObiTb MoOfe3Hbl ANnA AanbHenwelrn pa3paboTkyn 3GGEKTUBHBIX U YHUBEPCANIbHBIX MPOTOKONIOB TpaHCpopmaumm u

penaktTupoBaHua reHoma L. culinaris.

KntoueBble cnioBa: yeueBuua; rurpomunumt; GUS; GFP; TpaHchopmaums; Lens culinaris

Introduction

Lentils (Lens culinaris Medik.) are one of the oldest domes-
ticated crops (Erskine et al., 2009), the cultivation history of
which dates back over 8,000 years (Liber et al., 2021). Lentil
production has doubled since the beginning of the 21st century
(Kaale et al., 2023), coinciding with a rising societal interest
in plant-based meat alternatives and growing trends towards
more sustainable food production (Runte et al., 2024). Being a
leguminous plant, L. culinaris is used both as a nitrogen-fixing
crop improving the soil fertility and as a source of protein for
human nutrition. The level of carbohydrates, including starch
and dietary fiber, is also quite high in lentils, making them a
valuable crop among other legumes. Furthermore, biochemi-
cal properties, specific for different lentil cultivars, provide a
wide range of lentil applications in food production (Kaale
etal., 2023).

Despite many features, which make lentils a valuable crop,
its production and usage are related with diverse obstacles,
including undesirable traits common for most legumes and
also drawbacks which are specific for this culture. The features
which require alleviation in lentil, include high content of
different anti-nutrients, such as phytate, as well as low levels
of some amino acids (Joshi et al., 2017), pod shattering (Cao
et al., 2024), etc.

Advancements in next-generation sequencing led to the
discovery of many genetic markers and genes related to dif-
ferent desirable and undesirable traits in lentils (Kumar et al.,
2023). These data can be widely used for selection and breed-
ing of lentil cultivars with specific useful features. However,
currently this information may rarely be used for genome
modification of lentils, because, similarly to many legumes,
the transformation and regeneration effectiveness of this spe-
cies is quite low. There are only a few studies on L. culinaris
transformation, and, to our knowledge, all of them report on
low effectiveness of obtaining transgenic lentil plants (Gulati
et al., 2002; Celikkol Akcay et al., 2009; Khatib et al., 2011;
Chopra et al., 2012; Das et al., 2012, 2019; Polowick, Yan,
2023), which doesn’t exceed 7 percents (i.e. 7 transgenic
plants per 100 explants) for individual cultivars. Moreover,
these protocols are developed for specific lentil varieties and,
therefore, their effectiveness may depend greatly on genotype
transformed.

The transformation effectiveness depends both on the
success of foreign DNA introduction into plant cells and on
further fate of the transformed cell, i. e. its ability to give rise

to a new plant. Consequently, these parameters are influenced
by many factors accompanying transformation, including the
method of transformation, explant type, cultivation medium
and the method of transformant selection. A significant part of
plant transformation protocols includes the stage of obtaining
transgenic callus. At this stage, modified cells proliferate and
some of them acquire the capacity for regeneration. Therefore,
the efficiency of transgenic callus formation plays an important
role in overall transformation efficiency. Moreover, maximi-
zation of transgenic tissue yield for a plant species facilitates
the screening for morphogenic regulators, i.e. genes that are
able to induce plant regeneration from transgenic tissue and
can be used for effective cultivar-independent transformation
(Bakulin et al., 2025).

In the current study, we made an attempt to find an opti-
mal type of explant for obtaining transgenic callus tissue in
lentil. We also evaluated the impact of hygromycin, a com-
mon selective agent, on the amount of transgenic tissue in
developing transformed explants of L. culinaris. We built our
transformation protocol on the highly effective transformation
system used for Medicago truncatula, a well-studied model
leguminous plant (Cosson et al., 2006). This system includes
the formation of a significant amount of transgenic callus tis-
sue. Moreover, as a model legume, M. truncatula provides an
efficient platform for identifying key morphogenic regulators
(Yakovleva et al., 2024), which can subsequently be validated
in L. culinaris. The optimized protocol presented in this study
provides a foundation for such validation experiments.

Materials and methods
Plant material and bacterial strains. L. culinaris Ekateri-
ninskaya zelenosemyannaya cultivar (k-2942) seeds from the
collection of the N.I. Vavilov All-Russian Institute of Plant
Genetic Resources (VIR) were used in the study. For cloning,
the Escherichia coli DH10B strain was used. For Agrobac-
terium-mediated transformation, the Rhizobium radiobacter
(Agrobacterium tumefaciens) AGL1 strain was used. E. coli
and A. tumefaciens cultivation and transformation were per-
formed as described in (Potsenkovskaia et al., 2022).
Plasmids used in the study. For L. culinaris transforma-
tion, two plasmids were used: pMDC32 GUS (Tvorogova
et al., 2019) with the beta-glucuronidase (GUS) gene and
pMDC32 eGFPer obtained in this study. To construct the
pMDC32 eGFPer plasmid, the eGFPer gene, encoding the
enhanced green fluorescent protein (GFP) with endoplasmic re-
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ticulum localization signal, was amplified from the pPB7WG2D
vector (Karimi et al., 2002) with primers containing attB1
and attB2 sites (forward primer: GGGGACAAGTTTGT
ACAAAAAAGCAGGCTTCATGGTGAAGACTAATC
TTTTTCTC,; reverse primer: GGGGACCACTTTGTACA
AGAAAGCTGGGTCTTACAGCTCGTCCTTCTTG) and
cloned into the pPDONR207 entry vector (Invitrogen) and then
to the pMDC32 vector (Curtis, Grossniklaus, 2003) using
Gateway technology (Invitrogen).

Agrobacterium-mediated transformation. For explants
preparation, seeds of L. culinaris were incubated in concen-
trated sulfuric acid for 7 minutes, rinsed with tap water 7 times,
then incubated in 5-7 % sodium hypochlorite solution (the
“Belizna” bleach) for 8 minutes and rinsed with sterile water
10 times in a laminar hood. After sterilization, seeds were put
on modified Fahraeus medium (Fahraeus, 1957; Tvorogova
et al., 2019) and left to germinate for 12 days at 21-24 °C,
16 h (light)/8 h (dark) photoperiod. After that, germinated
seedlings were used to prepare explants. Root explants (about
10-15 mm length) were obtained from root tips, shoot apex
explants (about 10—15 mm length) were taken from the main
and/or lateral shoots. Stem explants (about 3—8 mm length)
were obtained from stem fragments between the first and the
second leaves of the seedlings. For leaf explants, one or two
first true leaves were taken. Seedling growth was asynchro-
nous, and the explant size depended on the seedling develop-
ment stage.

For Agrobacterium-mediated transformation itself, a modi-
fied protocol of Cosson et al. (2006) for M. truncatula Gaertn.
was used. Agrobacterial strain carrying either pMDC32 GUS
or pMDC32 eGFPer plasmids was recovered from glycerol
stock (500 ul of 50 % glycerol mixed with 500 pl of overnight
stationary-phase culture) stored at —80 °C and cultured on solid
YEP medium (Table S1)!' containing kanamycin (50 mg/l)
and rifampicin (40 mg/l). Kanamycin resistance was pro-
vided by the pMDC32_GUS or pMDC32_eGFPer plasmid,
whereas rifampicin resistance was characteristic of the AGL1
strain. On such medium, bacteria were cultivated at 30 °C for
1-2 days. Then, a small amount of bacteria from the Petri
dish was sown to the liquid YEP with the same concentra-
tions of antibiotics, in which they were grown overnight in a
thermoshaker at 30 °C and 200 rpm. On the next day, 2 ml of
bacterial culture were transferred to 50 ml of AB-MES me-
dium (Wu et al., 2014, Table S1) with the addition of 40 mg/I
(200 uM) acetosyringone, kanamycin (50 mg/l) and rifampicin
(40 mg/1). Bacteria were cultivated in this medium at 30 °C
and 200 rpm for about 3 hours. Then, they were centrifuged
(4,000g, 15 minutes, room temperature) and resuspended in
liquid ABM-SH medium (Table S1) with 4 mg/l (18 uM)
2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg/l (2.22 uM)
6-benzylaminopurine (BAP), and 40 mg/l (200 uM) aceto-
syringone to the final OD600 0.1. ABM-SH represented a mix-
ture of 0.5X AB-MES components and 0.5X modified liquid
PCI-4 medium (Hoffmann et al., 1997) components, similarly
to the infiltration medium from the AGROBEST protocol for
Arabidopsis thaliana (L.) Heynh. (Wu et al., 2014).

T Supplementary Table S1 and Figures S1, S2 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx17.pdf
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Prepared explants were incubated in Agrobacterium suspen-
sion in ABM-SH medium for 15 minutes with slow gentle
agitation. After the inoculation stage, explants were blotted
on sterile filter paper, then put on solid ABM-SH medium
(Table S1) and cultivated in the dark at 21-24 °C for about
36 hours. After cocultivation, explants were put on solid PCI-4
medium (Hoffmann et al., 1997, Table S1) for callus forma-
tion with 4 mg/l (18 uM) 2,4-D, 0.5 mg/l (2.22 uM) BAP,
and with the addition of cefotaxime (250 mg/l), to eliminate
agrobacteria. In some experiments, hygromycin (10 mg/l),
necessary for the selection of transgenic plant cells, was added
to the medium. On this medium, explants were cultivated for
44 days, with transfer on the fresh medium every 14-16 days.
At the end of cultivation, explants were either stained with
X-Gluc and analysed with stereomicroscope to detect GUS
expression, or analysed with the fluorescent stereomicroscope
to detect GFP fluorescence.

GUS staining. For GUS staining, X-Gluc substrate (Sisco
Research Laboratories Pvt. Ltd.) was used. Plant tissues were
collected in NT buffer (100 mM Tris-HCI, 50 mM NaCl) and
then transferred to X-Gluc buffer (100 mM Tris-HCI, 50 mM
NaCl, 0.2 mM Kj[Fe(CN)g], 2.5 mM X-Gluc), where they
were incubated at 37 °C overnight. After staining, tissues were
transferred to 70 % ethanol. Photos of single explants were
taken with a ZEISS SteREO Discovery.V12 stereomicroscope.
Photos of Petri dishes with explants were taken with the Vilber
Fusion-FX6.Edge imaging system. For microscopic images,
pieces of callus tissue were squashed and examined under a
Leica DM500 microscope.

Statistical analysis and software. For evaluation of explant
type and hygromycin presence impact, 20-28 explants per
group were used. Statistical significance of differences was
evaluated with Fisher’s exact test with Bonferroni adjustment
for multiple comparisons, if necessary. Statistical analysis of
results and diagram drawing were performed in the R studio
using the ved (Meyer et al., 2006, 2024) and dplyr (Wickham
et al., 2025) packages. Final figures were created using the
Inkscape software.

Results

Evaluation of transgenic tissue development

from different explant types using the GFP marker

We decided to build our transformation protocol on the trans-
formation system used for M. truncatula (Cosson et al., 2006),
in which transgenic plants are developed from transformed leaf
explants through somatic embryogenesis. To find the optimal
variant of explant type for transformation, we performed
Agrobacterium-mediated transformation of root, stem, leaf
and shoot apex explants with plasmid pMDC32 eGFPer for
eGFPer overexpression. After cocultivation, explants were
transferred to the callus-inducing medium with or without
hygromycin. The concentrations of plant growth regulators
and cefotaxime for agrobacteria elimination were identical
to the ones used for M. truncatula, but the concentration of
hygromycin was lower (10 mg/l instead of 25 mg/l used for
M. truncatula), because 10 mg/l concentration is successfully
used for other legumes to obtain transgenic tissue (Olhoft et
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Fig. 1. a, Mosaic plots demonstrating the number of calli with GFP fluorescence (GFP-positive) and without GFP fluores-
cence (GFP-negative) developed from different types of explants, on the medium without hygromycin (above) or on the
medium with addition of 10 mg/l hygromycin (below). In a legend below, the photos of explants were taken in white
light (left) and fluorescent (right) light. b—d, Calli with GFP fluorescence. e, f, Calli without detectable GFP fluorescence,
obtained after explant transformation with the pMDC32_GFP (e) or pMDC32_GUS (f) plasmids.

Size bar is 1 mm for b-fand 100 um for the inset in c.

al., 2003; Li et al., 2023; Tisseyre et al., 2024). After 46 days
of cultivation on this callus-inducing medium, calli were de-
veloped from all types of explants both on the medium with
hygromycin and hygromycin-free medium (Figs. S1, S2).
We analysed GFP fluorescence to evaluate the effectiveness
of transformation.

To avoid false positive results, we also analysed the green
fluorescence in the explants transformed with pMDC32 GUS

construction, which didn’t contain the GFP gene. Bright GFP
fluorescence in separate tissue areas (Fig. 15, ¢), as well as less
bright diffuse fluorescence (Fig. 1d), were easily distinguish-
able from autofluorescence (Fig. le, /), which was observed
in control pMDC32 GUS explants. It is worth noting that
some fluorescent areas with weak signal, as well as autofluo-
rescent areas, can only be seen with high magnification (60x
and more). Therefore, for robust comparative analysis, it was
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crucial to evaluate the presence of fluorescence for all explants
without changing magnification and other visualization set-
tings on the stereomicroscope.

According to our results, on the medium supplemented with
10 mg/l hygromycin, the type of explant had an impact on
the frequency of fluorescent calli (Fisher’s exact test, p-value
4.359¢—08). The highest frequency of transformed calli with
GFP fluorescence was detected for explants from shoot api-
ces (Fig. 1a). Leaf explants also demonstrated a rather high
frequency of transformation, whereas only 3 out of 28 stem
explants developed fluorescent calli. Calli from the root ex-
plants didn’t demonstrate any transgenic fluorescent tissue at
all (Fig. 1a). Overall, shoot apex explants formed significantly
more fluorescent calli in comparison with explants from roots
or stems (Fisher’s exact test with Bonferroni adjustment for
multiple comparisons, p-values 1.51e—-06 and 8.46e—04, re-
spectively), whereas differences between explants from shoot
apices and leaves were not statistically significant.

At the same time, explants of all types, cultivated on me-
dium without hygromycin, developed significantly fewer
fluorescent calli than those grown on hygromycin-containing
medium (Fisher’s exact test, p-value 2.09¢-06), confirming
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that hygromycin may be used as an effective selection agent
for lentil (Fig. la).

Evaluation of transgenic tissue development

from different explant types using GUS marker

We performed a similar experiment with transformation of
different explant types using GUS, another transgenic tissue
marker. Explants were transformed with the pMDC32_GUS
plasmid (Tvorogova et al., 2019) using the protocol mentioned
above. After 46 days of cultivation (starting from the day of
transformation), GUS activity was evaluated in explants.
Usage of GUS allowed us to detect single stained cells (at
about 80x magnification on stereomicroscope), which we
were not able to visualize with the GFP marker. The results of
transgenic tissue detection were similar to those obtained using
the GFP marker. On the media with hygromycin, the highest
transformation efficiency was shown for shoot apex explants,
followed by leaf explants. Both root and stem explants demon-
strated a low transformation rate (Fig. 2). In total, shoot apex
explants formed significantly more stained calli in compari-
son with explants from leaves, roots or stems (Fisher’s exact
test with Bonferroni adjustment for multiple comparisons,

Single stained cells
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Fig. 2. Mosaic plots demonstrating the number of stained and non-stained calli developed from different types of ex-
plants after transformation with pMDC32_GUS plasmid, on the medium without hygromycin (above) or on the medium
with addition of 10 mg/I hygromycin (below). The legend on the right demonstrates calli belonging to different catego-
ries relative to GUS staining: none - no detectable GUS staining apart from the light-blue color characteristic of endoge-
nous GUS-like activity; single stained cells — small spots of GUS staining visible only with high (about 80x) magnification,
stained areas - patches of GUS staining visible with naked eye or with low magnification.
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Fig. 3. GUS staining of control calli obtained from explants transformed with the pMDC32_eGFPer plasmid (g, c, e) or calli
obtained from explants transformed with the pMDC32_GUS plasmid (b, d, f).

Size baris 1 mm for a, b and 100 um for c—f.

p-values 6.243734e—05, 2.191140e-07 and 7.429123e-10,
respectively). In contrast, all types of explants grown on the
hygromycin-free media mostly didn’t develop detectable trans-
genic tissues. The difference was statistically significant when
compared to explants cultivated on hygromycin-containing
medium (Fisher’s exact test, p-value 5.842e—12), confirming
our results obtained for the GFP marker (Fig. 1).

Evaluation of GUS false positive staining

During the experiment with GUS activity analysis described
above, we also performed GUS staining of explants trans-
formed with the pMDC32 eGFPer construction, which didn’t
carry the GUS gene. Unexpectedly, these control explants
also demonstrated blue staining, although the staining pattern
differed from the one provided by true GUS expression (Hu

et al., 1990). In false positives, the blue coloration was more
diffuse and didn’t have distinct borders compared with true
GUS staining (Fig. 3).

Microscopic analysis also revealed differences between
false positive and true GUS staining. GUS-expressing cells
had deep blue coloring (Fig. 3f), which was not the case for
false positive GUS-like staining (Fig. 3e). Therefore, the GUS
marker can be used to detect transgenic tissue in lentil, but the
staining of negative controls is necessary.

Discussion

Transformation is a powerful tool for obtaining new varieties
of different plant species (Garcia Ruiz et al., 2018; Noack et
al., 2024), which is why improving its effectiveness for lentil
is important. Nevertheless, current L. culinaris transforma-

238 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 « 30 - 2



T.B. Ato6eHko, K.B. CvupHoB
B.E. TBoporoBa

tion protocols have rather low efficiency, probably due to the
low regeneration rate. One of the possible solutions for this
problem is the usage of morphogenic regulators, i.e. genes
that can be added to transformation vectors and that are able to
induce proliferation of transgenic cells and plant regeneration
from transgenic tissue. Still, the search for such morphogenic
regulators, suitable for lentils, can be hampered with low initial
transformation rate, i. e. low effectiveness of transgenic callus
formation. Therefore, the development of effective protocols
for maximizing the transgenic tissue amount can be very
useful for further optimization of obtaining transformed and
edited plants.

The protocols for obtaining transgenic lentil plants usually
involve cotyledons and/or cotyledonary nodes, parts of em-
bryos or embryo axes (Gulati et al., 2002; Cellikol Akcay et
al., 2009; Khatib et al., 2011; Das et al., 2012, 2019; Polowick,
Yan, 2023) or whole seeds (Chopra et al., 2012). In our study,
we tried to perform Agrobacterium-mediated transformation
using different types of explants obtained from 12-day old
seedlings. According to our results, the transformation pro-
tocol, developed for M. truncatula leaf explants, can also be
used for obtaining transgenic tissue from L. culinaris explants.
Still, although the leaf explants are used in this protocol for
M. truncatula, a different type of explant, shoot apex, gave
better results for L. culinaris. It can possibly be related to a
relatively high proportion of stem cells and, in general, pro-
liferating cells in the shoot apex in comparison with other
explant types. It would be interesting to evaluate the efficiency
of usage of seedling shoot apices for M. truncatula transforma-
tion. The usage of hygromycin at the concentration 10 mg/1
allowed us to obtain a significant amount of transgenic tissue
from shoot apex explants. Nevertheless, the optimal hygro-
mycin concentration has to be defined in the future.

There are also several studies aiming to obtain transgenic
tissues in lentil from diverse explant types, including different
parts of germinated seedlings (Warkentin, McHughen, 1992),
cotyledonary nodes (Mahmoudian et al., 2002) and embryo
axes (Lurquin et al., 1998), although in most cases, no selection
agent and no 2,4-D-mediated callus induction was applied, in
contrast to our research. As far as we know, the current study
is also the first in which optimization of lentil transformation
was performed with the usage of two different transgenic tis-
sue markers.

In a study by Warkentin and McHughen (1992) Agrobac-
terium-mediated transformation of lentil shoot apex explants
yielded a high percentage of explants, which contained trans-
genic tissue, without selection for transgenic cells at early
stages of cultivation. In our study, cultivation on the medium
without a selection agent was not effective, whereas hygromy-
cin application made it possible to obtain a significant amount
of transgenic tissue. The discrepancy between our results
and results obtained previously may be due to differences in
genotypes, in vitro cultivation and transformation conditions.

In experiments on evaluation of in vitro regeneration capac-
ity in lentil, explants from shoot tips were shown to give callus
on the medium with 2,4-D, as well as regenerating shoots on
other types of media, with the addition of BAP, IAA or NAA
(Polanco et al., 1988). Shoot regeneration from shoot apex
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explants was also observed after Agrobacterium-mediated
transformation, although shoots regenerated during kanamy-
cin selection were non-transgenic (Warkentin, McHughen,
1992). Therefore, the development of a protocol for producing
transgenic lentil plants from shoot tip explants may be feasible
upon identification of suitable selection and regeneration
conditions. Based on our data, hygromycin selection appears
to be a promising approach.

During our analysis, we noticed the GUS-like staining in
calli that didn’t contain plasmids for GUS gene expression.
This can be explained with so-called intrinsic GUS-like ac-
tivity, which was described in previous research (Hu et al.,
1990). Indeed, beta-glucuronidase (GUS) genes or proteins
were described in several species, including Scutellaria bai-
calensis (Zuo et al., 2025) and Zea mays (Muhitch, 1998),
whereas endogenous GUS activity was detected in Brassica
napus (Abdollahi et al., 2011), Oryza sativa, A. thaliana,
Nicotiana tabacum and other plants (Sudan et al., 20006). Still,
in other studies involving GUS staining of lentil explants, no
false positive GUS staining was detected on control explants,
which may be due to different staining buffer composition or
different tissue features (Warkentin, McHughen, 1992; Lurquin
et al., 1998; Mahmoudian et al., 2002).

Conclusion

Our results show that Agrobacterium-mediated transforma-
tion of lentil shoot apices according to the protocol developed
for M. truncatula, can be successfully used for obtaining
transgenic callus tissues. These data can be used for further
development of effective and universal lentil transformation
and editing protocols.
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Generation and characterization of a double-knockout
Arabidopsis thaliana line lacking expression of AOX1a and VTC2
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Abstract. In higher plants, the L-galactose pathway is the main pathway for the biosynthesis of vitamin C (ascorbate, Asc),
the final step of which is connected with the functioning of the mitochondrial electron transport chain (ETC). In addition
to the main cytochrome pathway, plant ETC includes an alternative pathway (AP) via alternative terminal oxidase (AOX).
The engagement of AOX promotes Asc synthesis, and it is hypothesized that AOX suppression under conditions of Asc
deficiency may reduce plant viability. The aim of this work was to examine the consequences of simultaneously knocking
out two genes in Arabidopsis thaliana: AOX1a, the most stress-inducible AOX gene, and VTC2, encoding a key enzyme of
the L-galactose pathway of Asc synthesis. Two lines of A. thaliana with T-DNA insertions in the target genes were crossed
to generate hybrid lines. Seed characteristics of the first (F;) and second (F,) generations were analyzed. F, seeds were
larger than those of parent lines, possibly due to heterosis. In the F, generation, self-pollination of F, plants resulted in
seeds with significant size variation, including a group of small seeds with degenerative morphological abnormalities.
Most of small seeds failed to germinate or died at the seedling stage. PCR genotyping of these seeds revealed the
absence of native AOX7a and VTC2 indicating a lethal mutation caused by simultaneous knockout of both genes. One
likely genetic cause is the interaction of mutations in non-allelic genes. At the physiological level, irreversible respiratory
damage may occur, possibly including the impact of a cryptic mutation in the vtc2 line. Further studies are necessary to
confirm these hypotheses. In general, the results obtained indicate the vital co-functioning of the AP and the L-galactose
pathway of Asc biosynthesis and may be useful for the development of genetically engineered techniques for the control
of vitamin C synthesis in plants.

Key words: Arabidopsis thaliana; alternative oxidase; ascorbate; GDP-L-galactose phosphorylase; AOX1a and VTC2
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[TonyueHme 1 XxapaKTepUCTUKa ABOMHO HOKAYTHOM JIVTHUN
Arabidopsis thaliana, nuuieHHOI sKkcrpeccum AOX1a n VIC2

E.B. l'apmaiu @, E.C. Beanix (2, K.B. fIapuxunckuii (2, P.B. Maaspiues (), 1.O. BeaerskaHuHoB

WHCTUTYT 6ronorum Komn HayuHoro LieHTpa Ypanbckoro otaeneHns Poccuinckol akagemum Hayk, CoikTbiBKap, Poccus
@ garmash@ib.komisc.ru

AHHOTaLUUA. Y BbICLIMX PacTEHWUIA L-ranakTo3HbI NyTb ABAAETCA OCHOBHbIM NyTem 6rocnHTe3a BuTammHa C (ackopbarTa,
AcCK), nocnefHUA 3Tam KOTOPOro cBfA3aH C QYHKUMOHWPOBAHWEM 3NIEKTPOH-TPAHCMOPTHON LEMU MUTOXOHZPUNA.
[TOMUMO OCHOBHOIO LIMTOXPOMHOIO MNyTW, SNEKTPOH-TPAHCMOPTHAA Lenb PacTeHW COAEPXKUT anbTepHaTUBHbIV
nyTb yepes anbTepHaTVBHY TepMUHanbHy okcnpasy (AOX). BosneueHne AOX cnocob6cTByeT cuHTe3y ACK, NOSTOMY
npennonaraeTca, YTo NopAaBfieHNe aibTePHATVBHOMO NyTW B YCNOBUAX Aeduumta ACK MOXET NPUBECTU K CHUMXKEHWIO
KM3HECNOCOBHOCTY pacTeHWn. B cBA3M ¢ 3TMM bbina nocTaBneHa Lenb — PacCMOTPETb MOCNeACTBUA HOKayTUPOBaHMA
B pacTeHusx Arabidopsis thaliana opHoBpemeHHO AByX reHoB: AOX1a, Hanbonee cTpecc-nHayunbenbHoro reHa AOX, u
VTC2, reHa kntoyeBoro ¢pepmeHTa L-ranakTosHoro nyTn crHtesa Ack. [Insa 3Toro NpoBefeHO CKPeLLMBaHMe ABYX JIVHUN
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Generation and characterization of a double-knockout
aoxla/vtc2 Arabidopsis thaliana line

A. thaliana ¢ T-OHK uHcepuwneid B LeneBblx reHax 1 rnosyyeHbl rMopuaHble AVMHUN. VI3yueHbl XapakTepUCTUKMN cemsaH
nepsoro (F;) n BToporo (F,) nokoneHuin. CemeHa F, oTnnyanucb 6onee KpynHbIMU pa3Mepamy MO CPaBHEHUIO C
POANTENBCKUMM IMHUAMM, YTO MO0 ObiTb CrefCcTBMEM reTeposmca. B nokoneHun F, B pesynbrate camoomnbineHus
pacteHuii F; cpopmmpoBanicb cemeHa, 3HauYMTENbHO BapbupyloliMe Mo pasmepam, B TOM YucCsie rpynna Menkmnx
CeMAH, UMeloLWMX AereHepaTrBHble MOPdOSOrnyeckme OTKIOHEHNA. BONbLIMHCTBO MENKNX CEMAH He nMpopacTano unm
norn6ano Ha CTagun NosiBNEHNA NPOPOCTKA. [eHOTUMNMPOBaHMe 3TUX ceMsH ¢ nomolbto MNUP ycTaHoBMMO OTCYyTCTBME
HopMarnbHbIx kKonui AOXTa n VTC2 B reHOMe, UTO yKa3blBaeT Ha NOABMieHME NeTanbHON MyTaumn Npu o4HOBPEMEHHOM
HOKayTe 060X reHoB. O6CyKaloTCA NPUUMHDI IeTaNbHOrO UCX0fa ABOMHOMO HoKayTa. OAHOM 13 reHeTUYeCKNX NPUYNH,
no-BUAUMOMY, CTano B3aVMOAENCTBME MyTauuii (HeannenbHblX reHoB). Ha ¢ur3nonornyeckom ypoBHe, BO3MOXHO,
BO3HUK/IM HeobpaTMble HapyLeHUA AblXaHWA, B TOM YMCsie U3-3a BAWAHUA B JIMHUM VEC2 KPUMTUYECKON MyTaLuu.
[nAa nopTBep)KAEHMA AaHHbIX rmnotes TpebyloTcA fanbHellune uccnefoBaHua. B Lenom nonyuyeHHble pesynbraThl
CBUAETENbCTBYIOT O MU3HEHHO BaXHOM COBMECTHOM GYHKLMOHUPOBAHUMN anbTepHATUBHONO 1 L-ranakTosHoro nyten
6rocnHTE3a ACK M MOTYT ObITb MOME3HbI ANA Pa3BUTUA FEHHO-UHXXEHEPHbIX MPUEMOB yNpaBfieHWs CUHTe30M BTaMuHa C
B pacTeHUAX.

KnioueBble cnoBa: Arabidopsis thaliana; anbTepHaTuBHaa okcupasa; ackopbat; FAd-L-ranaktozodocdopunasa; nuHUM
c HokayToMm AOXTa n VTC2; ckpelyrBaHue; reHOTUNMPOBaHVeE; fBOMHAA HOKAyTHasA NIMHIA; NeTalbHasa MyTauma

Introduction

Ascorbate (vitamin C) is an important multifunctional antioxi-
dant that participates in stress resistance and redox signaling
(Smirnoff, 2018; Foyer et al., 2020; Matos et al., 2022, and
others). Plants replenish their ascorbate pool through several
mechanisms, including biosynthetic processes and regenera-
tion via the ascorbate-glutathione cycle. Among these path-
ways, the L-galactose pathway is the dominant one (Dowdle
etal.,2007; Wheeler et al., 2015). In the L-galactose pathway,
GDP-D-mannose is converted into GDP-L-galactose, L-ga-
lactose-1-phosphate, L-galactose, L-galactono-1,4-lactone,
and finally into L-ascorbate (Asc) (Fig. 1). A key step in
this pathway is the reaction catalyzed by GDP-L-galactose
phosphorylase (GGP) (Yoshimura et al., 2014; Matos et
al., 2022). The GGP enzyme is encoded by the paralogous
genes VTC2 and VTC5 (VITAMIN C), which demonstrate
light-dependent expression patterns (Yoshimura et al., 2014;
Smirnoff, 2018). Among these, V'TC2 plays the primary role
in Asc biosynthesis. Knockout of V'TC2 (unlike its paralog
VTCS5) results in a significant decrease (up to 80 % or more)
in Asc levels and plant growth (Dowdle et al., 2007; Lim et al.,
2016).

The final stage of the L-galactose pathway is associated
with the mitochondrial electron transport chain (ETC), where
L-galactono-1,4-lactone dehydrogenase (GLDG) oxidizes
L-galactono-1,4-lactone to Asc by transferring electrons
between complexes I1I and IV via the labile electron carrier
cytochrome ¢ (Fig. 1). Unlike mammalian ETC, plants, in
addition to the main energy-conserving cytochrome pathway
(CP), possess an alternative pathway for electron transport
(AP) through an alternative terminal cyanide-resistant oxidase
(AOX) (Garmash, 2022) (Fig. 1). The AP bypasses two sites of
proton translocation, complexes Il and IV, and therefore rep-
resents a non-energy-conserving branch of electron transport
(Vanlerberghe et al., 2020). The main function of the AP is to
maintain redox balance during mitochondrial electron transport
and to reduce reactive oxygen species (ROS) production. This
impacts the metabolism of not only mitochondria but also cells
and plants as a whole (Del-Saz et al., 2017; Vanlerberghe et
al., 2020; Garmash, 2022). Moreover, the AP promotes Asc
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synthesis by accepting electrons from ubiquinone and main-
taining the cytochrome ¢ pool in a more oxidized state (Bartoli
et al., 2006; Matos et al., 2022).

Studies of mutant lines with V'7C2 suppression reveal a
number of defects and metabolic disturbances, especially un-
der stressful conditions (Lim et al., 2016; Matos et al., 2022).
Ascorbate deficiency and the stunted phenotype observed in
these mutant plants likely result from long-term impact of the
mutation on respiratory activity, mitochondrial ETC function,
and, in particular, on electron transfer via AOX (Matos et al.,
2022).

Nuclear genome of 4. thaliana includes five genes of AOX,
with the highest expression in response to various types of
stress attributed to the gene A0X/1a (Del-Saz et al., 2017,
Garmash, 2022). 4. thaliana plants overexpressing AOX1a
demonstrated increased Asc synthesis under stress conditions
(high light) (Garmash et al., 2022; Sweetman et al., 2022),
whereas mutant lines with AOX1a suppression showed de-
creased Asc levels (Vishwakarma et al., 2015; Garmash et
al., 2022). Additionally, 4. thaliana plants of the vtc2 line
exhibited AOX activation compared with wild-type plants,
and treatment of mutant plants with a specific inhibitor of
the AP resulted in a significant (up to 40 %) decrease in ATP
concentration (Garmash et al., 2024). Other authors (Talla
et al., 2011) studied responses of 4. thaliana plants with
knockout of the GDP-mannose phosphorylase gene catalyzing
GDP-D-mannose synthesis (vtc/ line) on mitochondrial and
chloroplast ETC inhibition, demonstrating mutual complemen-
tation between Asc and AOX, preventing excess accumulation
of ROS and protecting photosynthesis from photooxidation.
These data confirm the participation of AOX in maintaining
Asc synthesis and optimizing energy balance and indicate that
suppression of the AP under conditions of Asc deficiency can
result in decreased plant viability. Therefore, we hypothesized
that AOX1a and VTC2 play a key role in providing energy and
vital functions of the plant organism.

The aim of this paper was to study the consequences of
simultaneous knockout of two genes, AOXIa and VTC2, in
A. thaliana plants. To this end, mutant lines were crossed, and
the characteristics of seeds from the first (F,) and second (F,)
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GDP-D-mannose
CGDP—L—gaIactose @
L-galactose-1-P

L-galactose

L-galactono-1,4-lactone (GL)

ATP
ATP-synthase

Fig. 1. Schematic representation of the relationship between ascorbate synthesis and the electron transport chain (ETC)

of plant mitochondria.

The ETC components in the inner mitochondrial membrane are shown: from the ubiquinone pool (UQ/UQH,) electrons are transferred
via the alternative pathway (AP) catalyzed by alternative oxidase (AOX) and via the cytochrome pathway through complex Ill,
cytochrome ¢, and complex IV. GGP denotes GDP-L-galactose phosphorylase. L-galactono-1,4-lactone (GL), synthesized through the
L-galactose pathway and transported from the cytosol into the mitochondrial intermembrane space (IMS), is oxidized to ascorbate
by L-galactono-1,4-lactone dehydrogenase (GLDG), which transfers electrons to cytochrome c. Electron transport along the ETC is
coupled with proton pumping into the intermembrane space and the “return” of protons into the matrix via ATP synthase, driving ATP

production.

generations were analyzed. Double knockouts were confirmed
by T-DNA insertion localization using primers specific to the
target genes.

Material and methods

Mutant lines with T-DNA insertion into AOX/a—SALK 084897
and into ¥7TC2—-SALK 146824C were used for hybridization
(Fig. 2).

Seeds of mutant lines were obtained from the Arabidopsis
Biological Resources Centre (ABRC, Ohio University, USA).
The line with knockout of 40X1a (aox1a) contains a T-DNA
insertion in one copy of the AOXIa gene, making the line
aoxla heterozygous. This line also has an insertion in the EF'S
gene, which encodes the flowering inhibitor histone-lysine
N-methyltransferase. The knockout line for V'TC2 (vtc2) has
insertions in both copies of the gene and is homozygous.
The wild-type line Columbia-0 (Col-0) was used to control

for relative transcript content. Seeds of Col-0 were obtained
from the Nottingham Arabidopsis Stock Centre (NASC, UK)
and kindly provided by O.I. Grabelnykh and V.I. Tarasenko
(SIPPB SB RAS).

Seeds were planted, stratified, and germinated in 200 cm?
pots containing a mixture of perlite, vermiculite, and soil in
a 1:1:2 ratio. Seedlings were grown under controlled condi-
tions at 22 °C with a light intensity of 90 pmol quanta/(m?- s)
and a 16-hour photoperiod until the budding phase (stage 5.1;
Boyes et al., 2000). Lighting was provided by luminescent
lamps (TL-D 30W and TL-D 30WAquarelle, Philips, Nether-
lands).

Hybridization was performed by transferring pollen from
the line SALK 146824C (vtc2) onto the line SALK 084897
(aox1a) under microscopic control. For this purpose, unblown
buds (one day before blooming) on the maternal plant were
carefully opened and dissected to remove all stamens with
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Gene VTC2
Locus At4926850

Fig. 2. Scheme of primer locations, PCR product lengths, and T-DNA insertion sites in the AOX7a gene from line
SALK_084897 (aox1a) and VTC2 from line SALK_146824C (vtc2).

Primer pairs V_4f-V_4r and V_5f-V_4r, as well as A_2f-A_2r and A_1f-A_2r, allow identification of the wild type VTC2 or AOX1a genes,
respectively. Primer pairs V_4f-T-DNA_r and V_5f-T-DNA_r, as well as A_2f-T-DNA_r and A_1f-T-DNA_r, allow identification of the cor-

responding mutant genes.

Table 1. Primers for genotyping and checking for T-DNA
insertions in the VTC2 gene (V) of line SALK_146824C (vtc2),
and the AOX17a gene (A) of line SALK_084897 (aox1a)

Name Sequence

T-DNA_r CTTCCTTTCTCGCCACGTTC

V_af ACTGAAGGACAAGGCACTCG

V_4ar ACCTTTTCACCCTTGCTCATCT

V_5f TCATAACCAGAGCTTGTGGTGG

A_1f GATCCACATCCATTGGGTCCT

A_2r CACTTCGTTAGTGCTTTGGATTCTTGG
A_2f GCTTCCTTTAGTTCACGACCTTGG

pollen with tweezers. Pollen from the paternal plant was
transferred onto the stigma of the maternal plant’s pistil. The
fertilized flower was marked, and fertilization was repeated for
three consecutive days. All surrounding flowers were regularly
removed during the budding phase. The plant was isolated with
a transparent plastic cylinder until seed maturation.

Seed size from the F, and F, generations was measured
(n = 111 and 496 for F, and F,, respectively). The length
(major semi-axis of the ellipse, a, mm) and width (minor
semi-axis of the ellipse, b, mm) of the seeds were measured
under a microscope. The ellipse area (S, mm?) was calculated
as S=a-bm. F, seeds were divided according to size into three
groups: large, medium, and small (n =49, 365, and 82 for each
group, respectively).

To check for embryo presence, some seeds from each group,
swollen after soaking in water, were dissected under a micro-
scope.

To analyze the relative levels of gene transcripts, genotyping
and qPCR were performed on plant samples at growth stage
1.14 (Boyes et al., 2000) and on seeds.

To genotype the parental lines (aox/a, vtc2) and crossbred
lines, DNA from the corresponding samples was used along
with primers (Fig. 2, Table 1). DNA was extracted from
50-100 mg of air-dried leaves or dry seeds using the Sorb-
GMO-B kit (Sintol, Russia) according to the manufacturer’s
instructions. The PCR reaction mixture contained 4 puL of
Screen Mix (Evrogen, Russia), 4 pL of each corresponding
forward and reverse primer (0.3 uM) (Sintol, Russia), 7 puL
of ddH,0 (PanEco, Russia), and 1 pL of DNA. Amplification
consisted of a preliminary denaturation for 5 minutes at 95 °C,
followed by 35 cycles of denaturation (15 s) at 95 °C, primer
annealing (30 s) at 55 °C, and elongation (60 s) at 72 °C,
with a final elongation for 2 minutes at 72 °C. PCR products
were analyzed by electrophoresis on a 1 % agarose gel in
Tris-Acetate buffer. DNA fragments were stained with Safe
Green Stain (APGENA, Russia) and visualized with blue light
using the SuperRay Maxi system (APGENA, Russia). Frag-
ment lengths were determined using a 100+ bp DNA ladder
(100-1,500 bp) (Evrogen, Russia).

Relative levels of gene transcripts were analyzed by qPCR
using the CFX96 system (Bio-Rad, USA). Rosette leaves
were frozen in liquid nitrogen and stored at —80 °C prior to
analysis. RNA was extracted using the HiPure Plant RNA Kit
(Magen, China) according to the manufacturer’s instructions.
RNA concentration was measured using Qubit (Thermo Fisher
Scientific, USA) with the Qubit™ RNA HS Assay Kit (Thermo
Fisher Scientific, USA). For cDNA synthesis, the MMLV RT
kit with oligo(dT) primers (Evrogen, Russia) was used. qPCR
reactions were performed with “qPCRmix-HS SYBR” (Evro-
gen, Russia) and the corresponding primers (Table 2). Target
gene expression was normalized to the geometric mean of the
AT2G28390 and AT4G34270 reference genes (Czechowski
et al., 2005). Relative transcript levels were calculated using
the 272ACT method (Livak, Schmittgen, 2001). Analyses were
performed on three biological replicates, including leaves from
one crossbred plant or 3—5 individual plants of the original
lines, with two technical replicates for each sample.
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Table 2. The list of primers for qPCR in A. thaliana
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Gene Locus Name (by NCBI) Forward primer (5'-3") PCR product length, bp
Reverse primer (5'-3)
AOX1a At3922370 Alternative oxidase 1A ATGATAACTCGCGGTGGAGC 166
TCGTCGGAGCTCTAGTCCAT
VTC2 At4g26850 GDP-L-galactose phosphorylase 1T GGACCTCCATGGGTTCTGTT 131
GAGGTTACTGCTCTCGCCTT
AT2G28390*  At2g28390 SAND family protein AACTCTATGCAGCATTTGATCCACT 61
TGATTGCATATCTTTATCGCCATC
AT4G34270*  At4g34270 TIP41-like family protein GTGAAAACTGTTGGAGAGAAGCAA 61
TCAACTGGATACCCTTTCGCA
Note. Primers were designed using Primer-BLAST (Ye et al., 2012). * — reference genes (from Czechowski et al., 2005).
14
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Fig. 3. Relative levels of AOXTa and VTC2 transcripts in leaves of A. thaliana plants from the wild-type line (Col-0), parental lines (aox7a

and vtc2), and 24F, hybrids (aoxT1a/vtc2).

Arrows indicate mean values and their standard errors for the presumed genotypes (AAVv and AaVv). Statistical significance of differences in gene
expression levels is indicated by different letters (ANOVA, Duncan’s test, p < 0.05).

Results

Genes AOXIa (At3g22370), VTC2 (At4g26850), and EFS
(Atlg77300) are located on chromosomes 3, 4, and 1 of
A. thaliana, respectively. The offspring of heterozygotes ob-
tained by crossing lines SALK 084897 and SALK 146824C,
according to unlinked inheritance and Mendel’s third law,
allow obtaining all possible combinations of variants in the
F, generation, and homozygous offspring for both target muta-
tions in the F, generation.

Relative transcript levels of A0X1a obtained by qPCR
in the aox/a line were significantly lower than in the Col-0
line, and the level of '7C2 mRNA in the vtc2 line was nearly
undetectable (Fig. 3). Seed size of the aox/a line also varied
notably compared to the vtc2 line (Fig. 4). These data indi-
rectly confirm the heterozygosity of aox/a and the homozy-
gosity of vfc2 mutant alleles, which was further verified by
the presence of T-DNA insertions in the corresponding lines
(Fig. 5). Bands corresponding to PCR products with primer
pairs V_4f-V_4rand V_5f-V_4r, specific to wild-type genes,
were absent, while bands with primer pairs V_4{-T-DNA rand
V_5f-T-DNA r, confirming T-DNA insertion, were present in

the electrophoregram of the v#c2 line. The T-DNA insertion
was located precisely at position 13,499,579 in the sixth exon
of the gene At4g26850 in the vtc2 line (Belykh et al., 2024).
The presence of a band with primer pair A 2f-A 2r and the
absence of one with A 2f-T-DNA r indicated the wild-type
status of the AOX1a gene.

The aox/a line, in contrast, is characterized by a band cor-
responding to the PCR product of the V_4f-V_4r primer pair
and the absence of a band corresponding to V_4f-T-DNA r,
confirming the presence of a wild-type copy of the V¥'TC2 gene
(Fig. 5). Bands corresponding to both primer pairs for the
AOXla gene (A_2f-A 2rand A 2f-T-DNA 1r; A 1f-A 2rand
A _1f-T-DNA r) indicate the coexistence of a wild-type copy
together with a T-DNA insertion-disrupted copy, characteristic
of a heterozygous line.

To predict segregation in the F; generation, a scheme based
on a Punnett square was drawn up to determine possible
genotype variants of the offspring based on parental genotypes
and their gametes, calculated by dividing the number of cells
of a given genotype by the total number of cells. According
to the scheme, segregation by genotype was 1:1:1:1 (four
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Fig. 4. Appearance (a) and seed size (S) (b) of parental and crossbred (aox1a/vtc2) A. thaliana lines from the F, and F, generations.

Panel (b) shows seed size distribution presented as violin plots combined with boxplots, including arithmetic mean values and standard errors.
n indicates sample size. Differences between paired parameters not marked with a square bracket are statistically significant at p < 0.01 (Dunn’s test

with the Bonferroni correction).

Line SALK_146824C (vtc2)
Gene VTC2
Locus At4g26850

1,500 bp
1,000 bp

500 bp

V_4f  V_4f V_5f V_5f A_2f  A_2f

+ + + + + +
V_4r T-DNA_r T-DNA_r V_4r T-DNA_r A 2r
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Gene AOX1a
Locus At3g22370

1,500 bp
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+ +
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Fig. 5. Electrophoregram of DNA amplicons from A. thaliana
plants of the vtc2 and aoxTa lines, demonstrating the presence
of T-DNA insertions in the VTC2 or AOX1a genes correspondently.

Primer descriptions are provided in Table 1.

phenotypes in equal proportions) (Table 3). In other words,
25 % of F, seeds belonged to the mutant line AaVVEE, de-
ficient in VTC2 and AOXIa; 25 % had genotype AaVvEe,
deficient in all genes (AOXI1a, VTC2, EFYS); the remaining
seeds were represented by genotypes deficient in V'7C2 or in
VTC2 and EFS.

F, seeds obtained from the cross were significantly larger
than those from the parental lines (Fig. 4). This likely results
from heterosis, manifested as increased hybrid viability due
to the inheritance of diverse alleles from genetically distinct
parents.

Plants grown from 24 F, seeds exhibited decreased V'7C2
transcript levels (Fig. 3). More than half (54 %) also showed
decreased AOX/a transcript levels. The genome of the
remaining 46 % of plants presumably contained both copies
of AOXla, as in wild-type plants. Thus, the hybridization
corresponded well with the predicted segregation.

Following self-pollination, the F, plants produced fruits
containing F, seeds. These seeds varied considerably in size
(Fig. 4) and were classified into three significantly different
groups. Notably, the largest seed group did not differ in size
from the F, seeds, suggesting genotypes of either AAVv or
AaVyv, as in the F, generation. The smallest seeds exhibited
degenerative morphological abnormalities; dissection revealed
undeveloped embryos (Fig. 6). Most small seeds failed to
germinate or died at the seedling stage.

Genotyping of large seeds from the F, generation revealed
the presence of wild-type copies of the AOX7a and V'TC2 genes
in their genomes (Fig. 7). In contrast, bands corresponding to
wild-type genes were absent in the electrophoregram of DNA
extracted from small seeds. This finding confirms that the
genotype of small seeds corresponds to the double knockout
mutant aox/a/vtc2.
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Table 3. Punnett square for the F, generation from crossing lines SALK_146824C (vtc2) and SALK_084897 (aox1a)

Line genotype SALK_084897 (aox1a)

AaVVEe
SALK_146824C (vtc2) AVE aVE
AAVVEE
AvE AAVVEE AaVVEE
AVE AAVVEE AaVVEE
AvVE AAVVEE AaVVEE
AVE AAVVEE AaVVEE

Generation deficient
in VTC2

Generation deficient
in VTC2and AOX1a

AVe aVe

AAVvEe AaVvEe
AAVVEe AaVvEe
AAVVEe AaVvEe
AAVVEe AaVvEe

Generation deficient
in VTC2, AOX1a, EFS

Generation deficient
in VTC2 and EFS

Note. A - wild-type (as in Col-0) AOX1a gene; a - insertion in AOXTa; V - wild-type (as in Col-0) VTC2 gene; v - insertion in VTC2; E - wild-type

(as in Col-0) EFS gene; e — insertion in EFS.

Fig. 6. Embryos dissected from large (a), medium (b) and small (c) seeds of A. thaliana crossbreed lines aox1a/vtc2

of the F, generation.
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Fig. 7. Electrophoregram of DNA amplicons from large (L) and small (S) seeds of the F, generation from the A. thaliana

crossbreed aoxTa/vtc2 lines.

The presence of bands corresponding to primer pairs V_4f-V_4r and A_2f-A_2r, characteristic of the wild-type variants of the VTC2 and
AOXTa genes, respectively, is evident in large seeds and absent in small seeds. Primer descriptions are provided in Table 1.

Discussion

Studies of vitamin C-deficient lines, primarily vtc2, have
demonstrated the important role of the L-galactose pathway
of vitamin C biosynthesis, and in particularly that of the key
enzyme GGP, in replenishing the main pool of this metabolite
in plants. However, it is believed that the reduced growth
and viability of mutants are associated more with metabolic
disturbances and an imbalance in the respiratory ETC than
with decreased Asc levels alone (Lim et al., 2016; Matos et
al., 2022).

It has been shown that these abnormalities may be linked to a
cryptic mutation in the mutant line (Lim et al., 2016). However,
the same authors demonstrated that the growth defects of vec2
mutants segregate independently of the mutation in the V'7TC2
gene, indicating that the potential cryptic mutation is located
on a different chromosome. This allows the analysis of the
relationship between the phenotype of the offspring and the
status of the V'7TC2 gene.

The causes of metabolic and growth disturbances of the
vtc2 line have been identified in several studies using mutant
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combinations with this line. The growth-reduced phenotype of
vtc2 has been described in combination with mutations caus-
ing chronic photooxidative stress (Miiller-Moulé et al., 2004),
knockout of chloroplast ascorbate peroxidase (Giacomelli et
al., 2007), and suppression of the autoimmune response (Zhu
etal., 2013). A double v¢c2-1/abi4 mutant, generated by cross-
ing the 4. thaliana vtc2-1 line (a loss-of-function mutant with
significantly decreased V'7C2 transcription) with an abscisic
acid-insensitive mutant line (abi4), exhibited growth and
morphology similar to those of wild-type plants (Kerchev et
al., 2011). This suggests that abscisic acid contributes to the
stunted phenotype of vtc2-1. However, all described double
knockout mutants retained the ability to grow. The only lethal
phenotype was observed in the double knockout of both GGP
genes (VTC2 and VTCS5) (Dowdle et al., 2007).

Previously, vitamin C-deficient mutants, vtc/ (Conklin et
al., 1996) and vtc2 (Jander et al., 2002), were initially se-
lected for their sensitivity to ozone. Ozone sensitivity likely
results from imbalances in respiratory pathways and increa-
sed ROS generation due to low Asc synthesis. Inhibition of
the cytochrome pathway under elevated ozone levels occurred
simultaneously with a sharp increase in AOX activity (Ederli
et al., 2006; Pasqualini et al., 2007). These findings support
the hypothesis that enhanced AOX activity in the vtc2 line
protects against of oxidative stress and possible plant death.

This hypothesis was confirmed in our study, where the F,
generation was nonviable when both AOX/a and VTC2 were
knocked out simultaneously. It is possible that the lethal muta-
tion resulted from the interaction of mutations in non-allelic
genes, including a cryptic mutation. However, the role of the
interaction between the AOX1a and V'TC2 mutations — rather
than between AOX1a and the cryptic mutation — is supported
by the observation that all F, seeds that failed to germinate
carried a mutation in V'7C2, which appears to segregate in-
dependently from the cryptic mutation (Lim et al., 2016). To
clarify this issue, more detailed molecular genetic studies are
needed, including genomic DNA sequencing and RNA analysis
to identify mutations affecting pre-mRNA splicing.

Conclusion

As a result of crossbreeding of the SALK 084897 and
SALK 146824C lines, seeds of varying sizes were obtained in
the F, generation. The smallest seed group was characterized
as aberrant, displaying degenerative morphological devia-
tions and an inability to germinate. Genotyping of these seeds
revealed the absence of both AOX/1a and VTC2, indicating a
lethal mutation arising from the simultaneous double knock-
out of these genes. This finding highlights the essential joint
functioning of two systems: the alternative pathway through
AOX and the L-galactose pathway of Asc biosynthesis linked
to the mitochondrial ETC. Further investigation into the
interrelationship and coordination between the AP and the
L-galactose Asc synthesis pathway could focus on producing
double mutants with defects in genes involved in ascorbate
synthesis, other respiratory electron transport components, and
participants in hormonal and redox signaling. Such research
may aid in the development of genetic engineering strategies
to enhance ascorbate synthesis, thereby improving stress tole-
rance in significant food-value crops.

Generation and characterization of a double-knockout
aoxla/vtc2 Arabidopsis thaliana line
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Pleiotropic genes underlying genetic correlations
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Abstract. Genetic correlation is a key characteristic of the global genetic similarity of human traits. Its primary underlying
mechanism is pleiotropy, which operates at various biological levels. Gene-level pleiotropy is of particular interest,
as genes are the fundamental functional units of the genome. Using publicly available results from genome-wide
association studies for 324 diseases, we selected a set of 45 diseases in which every pair exhibited a significant genetic
correlation. These diseases belonged to 10 nosological categories. The search for genes with pleiotropic effects was
carried out using three approaches: (1) gene-based association analysis, (2) selection of single nucleotide polymorphisms
(SNP) within gene coding regions significantly associated with at least two diseases, and (3) a cross-trait meta-analysis
of SNP association signals followed by the identification of independent loci and gene prioritization within those loci.
A comprehensive bioinformatic analysis was performed on all genes identified through these methods. We identified
167 pleiotropic genes implicated in 39 diseases. The most pleiotropic genes in our study were LPA, TCF7L2, SLC22A3, FES,
CDKN2B, and APOE, which were associated with 7 to 9 diseases each. Bioinformatic analysis revealed that the pleiotropic
genes identified for these 39 diseases are also involved in the genetic architecture of 501 other diseases and traits. This
indicates a high degree of pleiotropy, facilitated by the involvement of these genes in diverse biological processes —
including homeostasis, cell-cell signaling, regulation of cell proliferation, transport, and catalytic activity — and various
molecular functions, such as signaling receptor binding. Thus, we demonstrated that 87% of diseases within a fully
connected correlation network share associated genes with at least one other disease. This finding strongly suggests
that genetic correlations between human diseases are largely driven by the pleiotropic effects of shared genes.
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analysis; functional enrichment analysis

For citation: Zorkoltseva I.V., Belonogova N.M., Kirichenko A.V., Tsepilov Y.A., Axenovich T.I. Pleiotropic genes underlying
genetic correlations across human diseases. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov J Genet Breed. 2026;30(2):
250-258. doi 10.18699/vjgb-26-28

Funding. This work was supported by the budget project No. FWNR 2026-0023.

l'eHeTnyeckue KOoppeadunm Mmexay
00JIe3HSIMMI UejioBeKa U H]IeIZOTpOHHbIe I'eéHbl

M.B. 3opxoabLieBa @, H.M. beaounorosa (), A.B. Kupuuenko (12, fI.A. Llenmaos (12, T.VI. AkceHoBMY

DepepanbHblii NCCNe[oBaTENbCKUNIA LeHTP VIHCTUTYT umTonorum u reHetnkn Cnbrpckoro otaeneHns Poccuinckoli akagemun Hayk, HoBocnbupcek, Poccus
@ zor@bionet.nsc.ru

AHHOTaLuA. XapaKTepnCTNKOWN FMobanbHOM reHeTMYecko 06LLHOCTY NPU3HAKOB YesloBEKa CUMTAETCA UX FreHeTMYEeCKas
Koppenauna. Ee 0CHOBHOI MexaHu3M — NNeNnoTPonua, NPOABNAIOLWAACA Ha Pa3NNYHbIX YPOBHAX. Hanbonee nHtepecHa
NNenoTponuA Ha YPOBHE FeHOB, MOCKONIbKY WMEHHO OHW ABNATCA OGyHAAMEeHTanbHbIMU  GYHKLVOHANbHbIMMK
efMHMLamM/ reHoMa. Mcnonb3ya pesynbTaTbl MOSIHOFEHOMHOMO aHanm3a accoumauunin 324 6onesHel, HaxopAwMecsa B
OTKPbLITOM JOCTYre, Mbl 0TOGpanu rpynny 13 45 6onesHei, B KOTOPOW Kaxzas napa nokasana 3HauvMyto reHeTUYECKYHo
Koppensauuo. 3T 6onesHn npuHagnexanu 10 HO30MOMMYeCKM KaTeropuam. MOUCK FeHOB C MAENOTPOMHbIMMK
sbdeKTamy OCyLLEeCTBAANN C MOMOLLbI TPeX MOAXOLOB: NMOHOrEHOMHOrO aHanM3a accouuauuii Ha YPOBHE FeHa;
Bbl6Opa OAHOHYKNEOTUAHbIX nonumopdramos (SNP) BHYTpY KOAMPYIOLEN YacTh reHa, 3HauMmo acCoLMMPOBaHHbIX
x0T 6bl C AByMA Gone3HAMYW; 1 MeTaaHanu3a curHanos accouvauum SNP co Bcemn 6onesHAamy € nocnepytoLen
naeHTMPMKaLmen He3aBNCMMbIX TOKYCOB 1 MPUOPUTM3ALMN FeHOB B HUX. [1nA Bcex 0ToOpaHHbIX TakM 06pa3om reHoB
Mbl NPOBeNU 6ruonHpopMaTUUeCcKnii aHanms. Bcero 6bino naeHToULMpPOoBaHO 167 NIENOTPOMHbIX FEHOB, BOBEYEHHbIX
B KOHTpOnb 39 6onesHel. Hanbosnee nneioTponHbIMK B Hallem nccnegoBaHum 6oinm redbl LPA, TCF7L2, SLC22A3, FES,
CDKN2B n APOE, Kaxpblih N3 KOTOPbIX KOHTPONNPOBan ceMb-AeBATb 6one3Hein. Mbl nposeny 6ronHbopmaTuyecKunia
aHanm3 BCex reHOB W NOKasanu, YTo HalAeHHble Hamu Ana 39 6onesHell NNeoTPOMHbIE reHbl yYacTBYIOT B KOHTpoOse
ewe 501 3aboneBaHuA. MMonyyeHHble faHHble YKa3biBAlOT Ha BbICOKYK MIENOTPOMHY CMOCOBHOCTb 3TUX FEeHOB,
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[eHeTnuyeckme Koppenauun mexany
60/1E€3HAMN YeNoBeKa 1 I'IJ'IeVIOTpOI'IHbIe reHbl

KoTopas obecneumBaeTtcs X y4acTuem B pasfinuHbix GMONOrMUeckmx NpoLeccax, Takmx Kak nofaepxaHue romeocrtasa,
MEXKNeTOUHas CUrHanuM3auus, perynaums KneTouHon nponudepauuny, TPaHCMOPT BeLWecTB U KaTanuTuyeckas
AKTVMBHOCTb, @ TAaKXKe BbIMOJIHEHNEM MMM PA3SINYHBIX MONEKYNAPHbIX GYHKLMIA, B YaCTHOCTU CBA3BIBAHWSA C CUTHANIbHBIMU
peuenTopamu. Takum 06pa3om, Mbl NMoKasanu, uto 87 % GonesHeid, NPeACTaBNALLWMX MOMHOCBA3HYIO FPynny, UMeoT
obLyme reHbl ¢ XoTa Obl ele oaHoM 60se3HbI0. ITO CBUAETENIbCTBYET O TOM, UTO FEeHETUYECKME KOPPENAuUn Mexay
6051e3HAMU B 3HAUNTESIbHOW CTENEHN 06YCIOBIEHbI MAENOTPOMHbIMU 3PEKTaMU reHOB.

KnioueBble c/10Ba: reHeTMUYECKasn Koppenauus; pacnpocTpaHeHHble 6oe3Hu; NNeioTPOorHbIe reHbl; aHan3 accoumnauuin
Ha ypOBHe reHa; MeTaaHanus; buoviHbopmMaTyeckuii aHanms

Introduction

Traditionally, diseases have been studied in isolation, as in-
dependent entities. However, patients frequently present with
multiple chronic conditions. This poses a significant challenge
in medicine, as treatment strategies and prognosis are highly
dependent on the presence of concomitant pathologies. Certain
groups of diseases co-occur in patients more frequently than
would be expected by chance, suggesting non-random asso-
ciations. This phenomenon, known as comorbidity, is largely
driven by the genetic similarity between diseases (Rzhetsky et
al., 2007; Wang et al., 2017; Jia et al., 2023). Genetic sharing
has been shown to account for 46 % of observed comorbidity
(Dong et al., 2021).

The advancement of high-throughput genotyping techniques
and the increasing availability of genome-wide association
study (GWAS) results for a vast number of human diseases
have enabled the investigation of their genetic sharing. The
development of methods to estimate genetic correlations be-
tween traits has allowed for the assessment of global pairwise
genetic similarities across human traits and diseases, leading to
the creation of an atlas of genetic correlations (Bulik-Sullivan
et al., 2015). It was discovered that almost every disease is
genetically correlated with at least one other human disease
or trait.

However, knowledge of genetic correlations alone is insuf-
ficient for understanding the mechanisms underlying genetic
sharing, the primary mechanism of which is pleiotropy, mani-
festing at various biological levels. Widespread pleiotropy at
the level of genetic variants has recently been demonstrated for
human traits (Mackay, Anholt, 2024). An analysis of GWAS
results for 116 complex traits identified 2,293 independent loci
and revealed that in nearly all of these loci, the lead variants
associated with one trait were also significant for at least one
other trait (Qi et al., 2024).

Of particular interest is gene-level pleiotropy, as genes are
the fundamental functional units of the genome. The vast ma-
jority of studies investigate the pleiotropic effects of genes on
a limited set of pathologies belonging to one or two nosologi-
cal categories. For instance, pleiotropy has been studied for
cardiovascular (Song J. et al., 2024), psychiatric (Song Q. et
al., 2025), and respiratory (Chen et al., 2024) diseases. A large
group of studies comprises comparisons of a disease from one
category with a set of diseases from another; for example,
diabetes and cardiovascular (Adebekun et al., 2024) or gastro-
intestinal (Adewuyi et al., 2024) diseases, and post-traumatic
stress disorder with a set of cardiovascular diseases (Shen et
al., 2025). Some studies compare two sets of diseases from
different categories, such as gastrointestinal and psychiatric
disorders (Gong et al., 2023).

Although the findings of these studies are valuable for
specialists working with specific pathologies, they do not al-
low for an assessment of the contribution of pleiotropy to the
genetic sharing across a large number of diseases.

In this study, we estimate the contribution of pleiotropic
genes to the genetic sharing among a large number of diseases
from different nosological categories. To this end, we utilize
publicly available GWAS summary statistics for 324 diseases
from the UK Biobank cohort. From these, we select a subset of
diseases in which every pair of diseases exhibits a significant
genetic correlation. This subset will hereafter be referred to
as the “fully connected” group.

Materials and methods
The study design is presented in Figure 1.

For 324 diseases, we estimated pairwise genetic correlations
between them. A fully connected disease cluster was selected
for further analysis. The analysis was performed using three ap-
proaches leveraging the GWAS results for these diseases. The
first approach employs gene-level genome-wide association
analysis to identify genes implicated in the etiology of at least
two diseases. The second approach selects single-nucleotide
polymorphisms (SNPs) significantly associated with at least
two diseases and located within gene coding regions. The third
approach is based on a meta-analysis of the association signals
of each SNP across all diseases, followed by the identifica-
tion of independent loci and prioritization of candidate genes
within them. For all genes selected through these methods, we
performed a bioinformatic analysis.

Materials. We utilized SAIGE summary statistics for UK
Biobank phenotypes, derived from a sample of approximately
400,000 individuals of European ancestry (Zhou et al., 2018).
These phenotypes corresponded to codes and nosologi-
cal categories in accordance with the International Classi-
fication of Diseases PheCodes (Table S1 in Supplementary
Materials)!.

From 1,403 nosological disease codes, we selected those
with more than 1,000 cases in the sample and excluded highly
overlapping phenotypes. This resulted in a final set of 324 of
the most common diseases. Summary statistics for each of
these diseases were available for approximately 28 million
single-nucleotide polymorphisms (SNPs).

The analysis included autosomal SNPs with a minor allele
frequency (MAF) > 1x107°. The major histocompatibility
complex (MHC) region on chromosome 6 (positions 24 to
35 million base pairs) was excluded from the analysis.

' Supplementary Tables S1-511 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zork_Engl_30_2.xlsx
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Fig. 1. Study design.

Data and results are indicated by blue boxes, while analysis methods are shown in red boxes and italicized type.

For gene-level association analysis, we used matrices
of genetic correlations between SNP genotypes within genes,
which we had generated previously (Belonogova et al.,
2022).

Analysis of genetic correlations. For the 324 selected
diseases, we estimated genome-wide genetic correlations
using the LDSC software (Linkage Disequilibrium Score
Regression; Bulik-Sullivan et al., 2015). We identified a fully
connected cluster of diseases where all pairwise genetic cor-
relations were nominally significant (p < 0.05).

Gene-level pleiotropy analysis. To identify genes with
pleiotropic effects, we performed gene-based association
analysis separately for each disease using summary statis-
tics (z-scores and effect sizes) for each SNP and matrices
of genetic correlations between all SNPs within a gene. The
analysis included all SNPs located between the transcription
start and end sites.

The analysis was conducted using the sumSTAAR plat-
form (Belonogova et al., 2022). We employed two summary
statistics-based methods: SKAT-O (Liu D.J. et al., 2014) and
PCA (Principal Component Analysis) (Wang, Abbott, 2008).
These methods were implemented in the sumFREGAT package
(Svishcheva et al., 2019). We used a weight function based on
minor allele frequency (MAF), defined by a beta distribution
with parameters (1, 1). For the PCA-based approach, we used
the first principal components that explained at least 85 % of
the total trait variance.

The results from both analyses were combined using the
ACAT-0 method (Liu Y. et al., 2019). The analysis was re-
stricted to protein-coding genes containing at least two SNPs
with available summary statistics. The significance threshold
was set at 2.5x107° (Bonferroni-corrected for 20,000 tests,
0.05/20,000).

252

Some genes were located within 500 kilobases of each other.
For genes with an identical pattern of association signals (i. e.,
associated with the same set of diseases), we were unable
to prioritize a single causal gene. However, to exclude false
positive association signals within these gene clusters arising
from linkage disequilibrium (LD), we utilized the Open Targets
Platform database (Buniello et al., 2025). We excluded genes
that showed no association (association score < 0.3) with any
of the diseases common to the entire gene cluster.

SNP-level pleiotropy analysis. In the first stage, we
selected statistically significant associations from the
GWAS data using a genome-wide significance threshold
(p-value < 5x1078). For further analysis, we considered only
those SNPs that were associated with at least two different
diseases. To determine the functional role of significant SNPs,
we used annotations from the Variant Effect Predictor (VEP,
Ensembl) (McLaren et al., 2016). If a variant was located in
a gene coding region (classified as a stop-gained, missense,
or synonymous variant), the corresponding gene was consi-
dered associated with the diseases for which that SNP showed
a significant association. Such genes were included in the list
of potentially pleiotropic genes.

Locus-level pleiotropy analysis consisted of two stages. In
the first stage, we performed a meta-analysis of the association
of each SNP with the full set of diseases using the fastASSET
method (Fast Association Tests for Multiple Traits), imple-
mented in the ASSET v.1.0.0 package (R/Bioconductor). In
addition to assessing the significance of the pleiotropic effects
for each SNP, this method identifies the specific subset of
traits that contributes to the smallest meta-analysis p-value.
To reduce computational time, the meta-analysis included
only traits with a p-value below a specified threshold, and
all traits were partitioned into relatively independent groups.
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The methodological foundation of this approach is detailed in
(Bhattacharjee et al., 2012; Qi et al., 2024).

For the meta-analysis of each SNP, we selected diseases
with a p-value < 0.1. A pleiotropic effect was considered sig-
nificant at the genome-wide level if its meta-analysis p-value
was < 5x1078. We used the number of traits yielding significant
p-values in the meta-analysis for a given SNP as a metric of
its pleiotropy.

In the second stage, we defined independent loci. First,
we performed clumping using PLINK v1.9 (www.cog-geno
mics.org/plink/1.9) with the parameters: ‘--clump-pl 5e-8
--clump-p2 le-5 --clump-r2 0.1 --clump-kb 1000’. The
analysis used linkage disequilibrium (LD) data from the 1000
Genomes Project (Phase 3, European population) and the
coordinates of the reference genome GRCh37/hg19.

Subsequently, we identified independent genetic loci using
the following algorithm to process the clumping results: if
two index SNPs were located within 500 Kb of each other,
their regions were merged, and the SNP with the smallest
p-value was selected as the new index SNP. For SNPs with
comparable significance (a difference in p-value of less than
one order of magnitude), priority was given to the SNP located
within a gene or the one associated with a larger number of
traits. For SNPs within the same gene, the smallest p-value
rule was applied.

For each index SNP in the independent loci, we assigned
the gene in which it was located or the nearest gene within
the locus boundaries. This gene was considered pleiotropic.

Bioinformatic analysis. Gene set enrichment analysis was
performed using the GENE2FUNC module of the FUMA
platform (Watanabe et al., 2017) (http:/fuma.ctglab.nl/). All
genes identified across the conducted analyses were used as
the input gene list.

For the functional enrichment analysis of the identified
genes, we utilized gene sets annotated in the Gene Ontology
(GO) database (Biological Processes and Molecular Func-
tions), canonical pathways, and the GWAS Catalog.

Default parameters were applied in all analyses. Mul-
tiple testing correction was performed using the Benjamini—
Hochberg method. Results with an adjusted p-value < 0.05
were considered statistically significant.

Results

Analysis of genetic correlations

Among the 324 diseases, 220 were genetically correlated with
at least one other disease. However, only 45 of these diseases
formed a fully connected cluster (Fig. 2).

These diseases represented ten nosological categories
based on the PheCodes classification (Fig. 3). The list of
diseases and categories is provided in Table S1. The most rep-
resented categories were gastrointestinal and musculoskeletal
diseases.

Gene-level pleiotropy analysis

Significant gene-based association signals were identified for
26 out of the 45 diseases (Table S2). The largest number of
associated genes was found in the categories of cardiovascu-
lar pathologies (400) and metabolic disorders (165). In total,
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680 genes were associated with at least one disease. Among
them, 129 genes (19 %) demonstrated an association with at
least two diseases.

We excluded eight genes that were in strong linkage dise-
quilibrium with other genes and did not pass the filtering
criteria based on the Open Targets Platform (see “Materials
and methods” section). Consequently, 121 genes with pleio-
tropic effects were included in the subsequent analysis. These
genes were implicated in the etiology of two to six diseases.
The total number of diseases associated with at least one of
the 121 genes was 19, belonging to six nosological categories
(Table S3). The largest number of genes was shared between
diseases of the cardiovascular category and metabolic disor-
ders, as well as among diseases within these categories.

Analysis of SNP-level pleiotropic effects

From the GWAS results, we selected 1,389 SNPs significantly
associated (p-value < 5x107%) with at least two traits. For
each of these SNPs, we determined their location relative to
genes. Thirty-six SNPs were located within the protein-coding
regions of 23 genes. These genes were subsequently considered
as candidate genes with potential pleiotropic effects. Shared
genes were identified for 11 diseases from three nosological
categories (Table S4).

Analysis of locus-level pleiotropic effects

Meta-analysis identified 3,210 SNPs significantly associated
(p < 5x1078) with two or more traits. The complete list of as-
sociations is presented in Table S5. Following clumping and
filtration, 71 independent loci were identified (Table S6). The
largest number of independent loci was observed on chromo-
somes 2 and 10 (9 and 7 loci, respectively). For 11 loci, no gene
could be assigned to the index SNP. That is, out of 71 index
SNPs, only 60 tagged genes. Shared genes were identified for
36 diseases from nine nosological categories.

Comparison of results from different analyses

Figure 4a presents a diagram illustrating the number of pleio-
tropic genes detected by each method and their overlap. As
can be seen, the gene-level analysis identified the maximum
number of pleiotropic genes, while the SNP-level analysis
identified the minimum.

Figure 45 shows the distribution of the number of diseases
for which at least one gene shared with other diseases was
identified, depending on the method used. The results demon-
strate that the locus-level analysis revealed the largest number
of such diseases, while the SNP-level analysis revealed the
smallest.

Integrated analysis of results from all methods

We combined the results obtained by all methods. It turned
out that six diseases — poisoning by psychotropic agents,
peripheral vascular disease, rheumatoid arthritis, shortness
of breath, constipation, and chemotherapy — did not share
genes with any other disease. The first four diseases had the
lowest prevalence among the 45 selected diseases (Table S1).
It ranged from 0.005 to 0.015. Prevalence was measured as
the proportion of patients in a large population sample from
the UK Biobank.
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Fig. 2. Heatmap of genetic correlations among 45 traits forming a fully connected cluster.
n —the number of cases for each trait. The ‘hclust’ method was used for clustering.

The distribution of the remaining 39 diseases across noso-
logical categories was similar to the distribution of the original
45 diseases presented in Figure 3.

The total number of pleiotropic genes identified by all
three methods combined was 167 (Table S7). Figure 5 shows
the genomic distribution of these genes. As can be seen,
they are located on all autosomes but with varying density.
The number of diseases associated with each gene ranges
from 2 to 9.

We constructed a network of disease connections via
pleiotropic genes (Fig. 6). As can be seen, diseases of the
cardiovascular system and hyperlipidemia are most closely in-
terconnected. All diseases except two (urinary tract infections
and intervertebral disc disorders) are connected to at least two

other diseases. Diseases belonging to the same category are,
in most cases, directly connected to each other or linked via a
single disease from another category. The majority of diseases
exhibit multiple connections to other diseases, both within the
same category and across different categories.

Pleiotropic genes are often categorized into those shared
by diseases within a single nosological category and those,
the pleiotropic effects of which span diseases across dif-
ferent categories. Forty-four of the 167 pleiotropic genes were
common only to diseases within a single category, while the
remainder connected diseases from two to six categories.
The most pleiotropic genes were LPA, TCF7L2, SLC2243,
FES, CDKN2B, and APOE, each associated with 7 to 9 dis-
eases.
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Category (quantity, %)

Gastrointestinal (10, 22.2 %)
Infectious (2, 4.4 %)
Hematopoietic (1, 2.2 %)
Metabolic (3, 6.7 %)

- Neurological/Psychiatric (5, 11.1 %)
- Neoplasms (1, 2.2 %)

- Musculoskeletal (9, 20 %)

I roisonings 3,67 %)

- Respiratory (5, 11.1 %)

- Cardiovascular (6, 13.3 %)

Fig. 3. Distribution of the analyzed diseases across nosological categories.
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Fig. 4. Diagram of the results from the three analytical methods (Gene-Based Analysis (GBA), Locus-Level (Meta), and

SNP-Level (GWAS)).

The circles represent: a - the number of genes identified by each method; b — the number of diseases sharing at least one gene with

other diseases for each method.

Bioinformatic analysis

We identified 261 statistically significantly enriched Gene
Ontology (GO) categories: 252 categories in the “Biological
Process” (BP) ontology and nine categories in the “Molecular
Function” (MF) ontology. Among the enriched biological
processes, the largest number of genes were associated
with the regulation of homeostasis, response to endogenous
stimuli, intercellular signaling, small molecule metabolic
processes, regulation of cell proliferation, transport, and
catalytic activity. Among the enriched molecular functions,
the largest number of genes were assigned to the category
“signaling receptor binding”. The enriched canonical pathways
with the largest number of genes from our set were involved
in “signaling receptor binding” and “transport of small
molecules”. However, the canonical pathways demonstrating
the highest statistical significance of enrichment were those
related to lipid metabolism. These included: statin-mediated
inhibition of cholesterol synthesis, cholesterol metabolism,
plasma lipoprotein assembly, remodeling, and clearance,
LDL, HDL, and triglyceride metabolic pathways (including
associated diseases), plasma lipoprotein remodeling, and
a pathway associated with familial hyperlipidemia type 2.
Complete gene lists for the enriched biological processes,

molecular functions, and canonical pathways are provided in
Tables S§8-S10.

Enrichment analysis using gene sets from the GWAS
Catalog identified 501 significantly enriched traits. The most
significant associations were observed with cardiovascular
diseases (ischemic heart disease, myocardial infarction), blood
pressure traits, lipid metabolism phenotypes, and body mass
index (Table S11). This aligns well with the finding that the
most significantly enriched canonical pathways are related to
lipid metabolism.

Discussion

In this study, we investigated the contribution of pleiotropic
genes to the shared genetic basis of common human diseases.
We examined a fully connected cluster of 45 diseases. The
analysis included not only classic multifactorial diseases but
also conditions, the development of which is largely associ-
ated with external factors. However, the very fact that these
diseases exhibit significant genetic correlations with other
diseases indicates the existence of a common genetic compo-
nent. We showed that 39 of them (87 %) share genes with at
least one other disease and can be represented as a connected
graph (Fig. 6). For the remaining six diseases, we did not
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detect shared genes due to insufficient information about the
diseases because of their low prevalence or the manifestation of
pleiotropy at levels other than the gene level. This is supported
by the fact that gene-level association analysis did not reveal
a single significant gene for five of these diseases.

We employed three distinct approaches to identify pleio-
tropic genes, based on SNP-level, locus-level, and gene-level
analyses. Collectively, these methods identified 167 genes with
pleiotropic effects. A comparison of the approaches revealed
that the largest number of pleiotropic genes was identified
using gene-based association analysis. This method simulta-
neously leverages information from all SNPs within a gene
during association testing. It is considered the most powerful
approach for detecting associated genes, particularly when the
analysis incorporates rare SNPs (Lee et al., 2012). The least
powerful approach was the SNP-based analysis for identi-
fying pleiotropic genes. However, this is likely less attributable
to a fundamental limitation of the approach itself and more a
consequence of the stringent gene annotation criteria we ap-
plied to SNPs to minimize false-positive results.

The genes we identified exhibited varying degrees of ple-
iotropy, with the number of associated diseases ranging from
two to nine. The most pleiotropic genes were LPA, TCF7L2,
SLC22A43, FES, CDKN2B, and APOE, each associated with
7-9 diseases. It is well-established that these genes play a key
role in fundamental cellular and metabolic processes, which
explains their broad influence on diverse phenotypes.

For instance, the TCF7L2 gene encodes a transcription
factor that is a key component of the Wnt signaling pathway.
This pathway regulates cell growth, motility, survival, and dif-
ferentiation during development (Jin, Liu, 2008; Facchinello
etal., 2017). The CDKN2B gene encodes a protein that acts as
a cell growth regulator and controls the progression through
the G1 phase of the cell cycle (Xia et al., 2021). The FES gene
encodes a tyrosine kinase involved in regulating the actin
cytoskeleton, microtubule assembly, as well as processes of
cell adhesion and migration (Laurent et al., 2004). Disruption
of such fundamental biological processes logically leads to
an increased risk of developing a wide spectrum of diseases.

We performed a bioinformatic analysis of all 167 pleiotropic
genes by assessing their representation in various functional
annotations. The analysis revealed significant enrichment
across multiple categories, indicating the broad functional
involvement of these genes. Bioinformatic analysis showed
that the identified pleiotropic genes are significantly enriched
in associations with hundreds (501) of traits and diseases
from the GWAS catalog, confirming their high pleiotropic
potential. This universality is explained by the involvement
of these genes in key biological processes, including the
maintenance of homeostasis, intercellular signaling, regula-
tion of cell proliferation, transport, and catalytic activity, as
well as by their diverse molecular functions, such as signaling
receptor binding.

Pleiotropic gene effects largely explain the phenomenon
of comorbidity — the simultancous development of several
diseases in a single patient, which significantly complicates
diagnosis and treatment (Gratten, Visscher, 2016). Identifying
pleiotropic genes allows for the identification of new therapeu-
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tic targets and the development of drugs that simultaneously
address multiple pathologies (Bao et al., 2024). Pleiotropy also
opens the possibility of repurposing existing drugs for new
diseases (Pushpakom et al., 2019). However, gene pleiotropy
also complicates the development of targeted drugs, requiring
the assessment of potential adverse effects on other diseases
(Nguyen et al., 2019).

Conclusion

In conclusion, we have demonstrated that 87 % of the diseases
forming a fully connected cluster share genes with at least one
other disease. Furthermore, all these diseases were integrated
into a single connected network. The genes we identified
influence diseases belonging to both single and multiple no-
sological categories. Collectively, these findings indicate that
the genetic correlations between diseases are largely driven
by the pleiotropic effects of genes.
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Novel regulatory SNPs that can be activated

due to metformin treatment may orchestrate

liver gluconeogenesis and add to the variability

in AMPK-dependent mechanisms of metformin response
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Abstract. Metformin is a first-line therapy for type 2 diabetes, yet individual response varies significantly, with over
30 % of patients failing to achieve optimal glycemic control. The specific regulatory mechanisms of this phenomenon
remain poorly understood and genetic variants involved are mainly undiscovered. There are multiple lines of evidence
that the leading role in determining the variance in phenotypic outcome belongs to regulatory SNPs (rSNPs) as they
directly modify gene expression. Therefore, the genome-wide search for such functional variants and deciphering
associated phenotypes stands as a fundamental challenge. Previously, based on the results of bioinformatics analysis of
allele-specific expression and binding landscape in human peripheral blood mononuclear cells, we have established an
original panel of 14796 rSNPs within promotors of 5132 genes. Aiming to pinpoint functional variants most likely linked
to metformin hepatic response and impacts on liver gluconeogenesis, we analyzed the relevant open-access data as well
as rSNPs from our panel and the corresponding genes. 1196 genes reported to be regulated by metformin in human
hepatocytes and 115 genes involved in gluconeogenesis and/or its regulation via Gene Ontology annotations were
intersected. Free R software and STRING v.11 tools were used for functional annotation. A number of genes harboring
rSNPs within promotor regions were found to be particularly implicated in the mechanisms of metformin’s action.
Functional enrichment analyses revealed enrichment in critical pathways including FoxO, TNF-a.and TGF-f signaling, also
implicated in diabetes complications. Among these, six genes (ARPP19, ATF4, NR3C1, PFKFB3, TCF7L2, and WDR5) were
strongly associated with regulation of gluconeogenesis, and may be modulated by metformin in the liver. We conclude
that metformin therapy response may be influenced by the newly identified functional SNPs including rSNPs within the
promotors of genes for gluconeogenic enzymes and transcription regulators.

Key words: metformin; individual drug response; TD2M; regulatory SNPs; gluconeogenesis; AMPK-dependent
mechanisms; signal transduction pathways (FoxO, TNF-a, TGF-f3)
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HoBbIe peryasiToOpHble OTHOHYKIEOTUIHbIE ITOANMOpP(Pr3MbI (rSNPS)
IIOTEHIIVA/IbHO YUAaCTBVIOT B peryasdliiy IJIIDKOHeOoreHesa B IIeUueHn

11 BHOCSIT BKJIa[, B BapuadbenbHOCTb AM®K-3aBUCIMbIX MeXaH3MOB
VHOVBUAYAJIbHOIO OTBETAa HA MeTHOPMUH

E.E. Kop6oanna () @), 11.C. Aamapos, T.JL MepkyaoBa

DepfepanbHbIi NCCNEAOBATENbCKNIA LeHTP VIHCTUTYT uuTonorum n reHetrkn Cubrnpckoro otaeneHns Poccrinckon akapemmn Hayk, Hosocrnbupck, Poccusa
@ lungry@bionet.nsc.ru

AHHoTauuA. MeTdopMmnH ABNAETCA NpernapaTom MepBoro Bbibopa ANA fleyeHnsa caxapHoro avaberta BTOPOro Tvna,
opfHako 6onee yem y 30 % NauMeHTOB He AOCTUIAeTCA OMNTUMANbHbIN FINKEMUYECKNI KOHTPONb. Jlexalyme B ocHoBe
3TOro peHomeHa perynaTopHble MexaHU3Mbl U aCCOLMMPOBAHHbIE FreHEeTUYECKME BapUaHTbl OCTAlOTCA Hen3yUYeHHbIMU.
HakonneHHble faHHble CBUAETENbCTBYIOT O TOM, UTO KIOYEBYIO POJIb B ONpeAesieHny GeHOTUNMYEeCKo BaprabenbHOCTH
nrpatoT GyHKLMOHANbHbIE FeHETUYECKIME BapUaHTbl, B OCOOEHHOCTY PerynsTOpHbIE OQHOHYKIEOTUAHbBIE MOMMOPGU3MbI
(rSNP), HenocpeaCcTBEHHO BAMAIOLLME Ha YPOBEHb IKCMPECcumn reHoB. MONMHOreHOMHbBIN MONCK TaKMX GYHKLMOHANbHbIX
BapVaHTOB U1 BbiiBNEHMNE NX eHOTUNNYECKUX NOCNEACTBUN — aKTyaNlbHaA Hay4yHadA 3afava. PaHee Ha OCHOBe pe3ynbTaToB
6ronHdopMaTNUECKOro aHanmsa annenb-cneunduueckor sKcnpeccumn v nNpoduna pacnpepeneHna akTUBUPYHOLLMX
TMCTOHOBbIX MOANPMKALINIA B MOHOHYKIIEAPHBIX KNETKax nepridepruueckort KpoBU YenoBeKa Hamu Obina chopmmpoBaHa
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Searching for human rSNPs involved in AMPK-dependent
metformin hepatic response and gluconeogenesis

opurmHanbHaa naHenb U3 14796 rSNP, nokann3oBaHHbIX B NpomoTopax 5132 reHoB. Lenbio HacToAwen paboTbl Obin
nouck B Hawen naHenn rSNP BapraHTOB, MNOTEHLMANbHO CBA3aHHbIX C perynAunen NpoLeccoB rIOKOHeoreHesa B
neyeHu, B TOM Yyncsie Nog AeCTBrEM MOHOTEPann MeTGOPMUHOM, C MOMOLLBIO aHaNIM3a HEe3aBUCUMMbIX PenieBaHTHbIX
NOSTHOTE@HOMHbIX AiaHHbIX. AHanu3npoBanu 1196 reHoB, SKCNPeccnsa KOTOPbIX B renaToumTax YenoBeka n3MeHsanach nog
BAAHnemM metdopmmnHa AMODK-3aBncMMbIM 06pa3om, a Takxe 115 reHoB, BOBJIEUEHHbIX B IMIIOKOHeOreHes 1u/unu ero
perynaumnio, corfnacHo AaHHbIM FeHHbIX OHTONOrMIA. [na QyHKUMOHANbHON aHHOTALUM UCMONb30Banu NHCTPYMEHTDI
cBobopHOro nporpammHoro obecneyeHnsa R n 6a3bl AaHHbix STRING (v.11). B pesynbrate aHanu3sa Obin BbigeneH
pAQ reHOB, KOTOPble, BEPOATHO, UIPaloT 0cobylo pPonb B MexaHU3Max AeNcTBuA MeTGOpMUHA U MHAWBMAYaNbHON
YYBCTBUTENbHOCTM K NpernapaTy, B MPOMOTOPHbIX pailoHax KOTOPbIX Hamu 6binn KapTupoBaHbl ISNP. OyHKLMOHaNbHbIN
aHanu3 oboralleHns BbIABU BOBMEUYEHHOCTb 3TUX FTEHOB B K/OUEBbIE CUTHaJIbHbIE MYTW, aCCOLMUPOBAHHbIE TaKXe C
OCJIOXKHEHVAMM caxapHoro anabeta BToporo Tuna. [na wectun reHos (ARPP19, ATF4, NR3C1, PFKFB3, TCF7L2 n WDR5)
JKCNpeccna He TONbKO TECHO CBA3aHa C perynaumnen rnokoHeoreHesa, Ho TakXke MOXeT MOAYIMPOBaTbCA B renatoumtax
nop pencramem metdopmuHa. Mbl npepnonaraem, uto rSNP B mpomoTopax reHoB ¢$epMEeHTOB, YYacTBYWOLWMX B
TNIIOKOHEOreHe3e, N TPaHCKPUMNLMOHHbBIX GaKTOPOB MOTYT UrpaTb CYLLECTBEHHYIO POJib B MeXaHM3Max ¢opMUpoBaHms
VHAUBUAYaNIbHOTO OTBETA Ha Tepanuio METGOPMUHOM.

KnioueBble cioBa: MeTGOPMIIH; MHAMBUAYaANbHBIA OTBET Ha Npenapart; CaxapHbli AnabeT BTOPOro TWNa; PerynaTopHble

nonumopduambl (rSNPs); rntokoHeoreHes; AMDK-3aBrcrmasn KrHasa; FoxO, TNF-a, TGF-B-curHanbHble nyTu

Introduction

Metformin, an oral biguanide agent, is the first-line medica-
tion to reduce blood glucose levels in patients with T2DM.
Although its mechanism of action is still not fully understood,
metformin has been shown to decrease liver gluconeogenesis
and enhance insulin sensitivity in muscle and adipose tissue
(Rena et al., 2017; LaMoia, Shulman, 2021). Moreover, its
beneficial pleiotropic effects beyond glycemic control are well
known, which include lowering the incidence of cardiovas-
cular events (Bu et al., 2022), correcting energy metabolism
in neurologic disorders (Loan et al., 2024), and regulating
inflammatory markers (Karbalaece-Hasani et al., 2021).

At the molecular level, metformin can inhibit complex I
of the mitochondrial electron transport chain in hepatocytes
(El-Mir et al., 2000), leading to decreases in ATP and increases
in AMP levels and in turn activating AMP-activated protein
kinase (AMPK), a master controller of metabolic homeosta-
sis (Smiles et al., 2024). The activation of AMPK results in
suppression of gluconeogenic gene expression and reduction
in glucose output (LaMoia, Shulman, 2021). Moreover, there
is evidence that the metformin glucose-lowering effects in
hepatocytes can occur via AMPK-independent mechanisms.
In particular, increased AMP levels can directly suppress
gluconeogenesis via allosteric inhibition of fructose-1,6-bis-
phosphatase 1, FBP1 (Hunter et al., 2018). There is also an
increasing interest in examining the effects of AMPK activity
modulation in chronic metabolic diseases and cancer (Strang
etal., 2025), including using the activators and inhibitors with
effects independent of AMPK, i. e. compound C, an ATP-com-
petitive AMPK inhibitor (which was reported to disrupt various
biological events).

However, metformin’s response varies among individuals.
As is shown, metformin is ineffective in over 30 % of cases
because of various factors, including genetic ones (Cook et
al., 2007; St-Amour et al., 2025). Currently, the search for
genetic variants (mainly SNPs) associated with drug response
efficacy is mainly focused on the genes coding for phase I
and II drug metabolizing enzymes, drug transporters, and a
number of upstream transcription regulators (Gaedigk et al.,
2020; Rykova et al., 2022). Metformin is not metabolized in
the human body (Gong et al., 2012); correspondingly, most

studies aimed to identify the SNPs associated with the response
to metformin were focused on the genes coding for organic
cation transporters (OCTs) and the multidrug and toxin extru-
sion (MATE) proteins. This allowed for detection of a number
of SNPs in the genes of these groups (Zhou et al., 2015; Xiao
et al., 2016). The use of unbiased genome-wide approach
(GWAS) succeeded in finding several SNPs associated with
the response to metformin in genes, the products of which are
involved in other functions. These SNPs have been discovered
in regulatory regions of the A7M gene, the product of which is
involved in the maintenance of redox homeostasis in the cell
(GoDARTS and UKPDS Diabetes Pharmacogenetics Study
Group et al., 2011); the PRPF31 gene, coding for pre-mRNA
processing factor 31; the CPA6 (carboxypeptidase A6) gene,
associated with the regulation of the Akt/mTOR signaling
pathway; and the STAT3 gene, coding for eponymous transcrip-
tion factor, which is a well-known regulator of metabolic and
immune processes (Rotroff et al., 2018).

Nevertheless, GWAS application in pharmacogenomics yet
failed to provide a considerable progress, mainly because of
the difficulties (and more often, impossibility) in forming large
cohorts (tens and hundreds of thousands) of patients to deter-
mine the effects of each drug. Modern methods of functional
genomics — eQTL analysis and detection of allele-specific
events in omics data — do not suffer from this limitation (Deg-
tyareva et al., 2021). However, the studies utilizing these ap-
proaches are few and have even absent at all for antidiabetic
drugs, including metformin. Earlier, we measured the allelic
imbalance at the level of gene expression and the profiles of
active chromatin marks in the paired RNA-seq and ChIP-seq
data for peripheral blood mononuclear cells (PBMCs) of nine
healthy donors and constructed a panel of 14796 regulatory
SNPs (rSNPs) potentially able to influence the expression
levels of the genes harboring these SNPs in their promo-
ters (Damarov et al., 2024). Then, using the RNA-seq data
(GSE153315, GEO DataSets) on the blood cells of T2DM
non-responders to metformin (N = 10) and T2DM responders
(N =10) (Vohra et al., 2022), we found 367 rSNPs from our
panel in the promoters of 131 corresponding differentially
expressed genes (DEGs). Primary analysis of this gene set
revealed a number of transcriptional regulators both known
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to be involved in T2DM pathogenesis and still poorly studied
(Damarov et al., 2024). Here, we performed further analysis
of the obtained rSNP list using independent transcriptomic
data on metformin hepatic response (Luizon et al., 2016) and
available data on metformin impacts on liver gluconeogenesis.

Materials and methods

Gene sets analyzed. Three original gene sets were compared,
and first was the set of 5132 genes harboring the rSNPs in
promotor regions based on our previous analysis of allele-
asymmetric events in omics data (RNAseq and ChIP-seq) for
human PBMCs of nine healthy donors (Damarov et al., 2024).
Each rSNP in the reported panel was located within + 1000 bp
from known TSS (transcription start site) and associated with
allele-asymmetric binding of activating histone modifications
(H3K4me3 and/or H3K27ac, ChIP-seq). Moreover, when ana-
lyzing RNA-seq data obtained for the same PBMCs samples,
allele-specific expression events were observed within the
transcribed sequences of the corresponding genes. Based on
the association of the identified regulatory variants with two
types of allele-specific events, we assumed that our rSNPs were
most likely affecting the expression of certain human genes.

The second gene set comprised 1196 AMPK-dependent
genes that were identified through clustering analysis on all
DEGs (padj < 0.05) identified from RNA-seq data across
the three conditions (treated with metformin, metformin+
an AMPK inhibitor (compound C) or no treatment for 8 hours
in triplicate) of cultured primary human hepatocytes from a
sole male donor (Luizon et al., 2016). The DEGs were termed
AMPK-dependent when found differently expressed between
hepatocytes with metformin treatment and controls; however,
their expression was restored to the normal level (or similarly
altered) in hepatocytes with the combined treatment of com-
pound C and metformin. And the third gene set consisted of
115 genes that were classified as involved only in gluconeo-
genesis, only in regulation of gluconeogenesis, or shared both
Gene ontology terms (Ashburner et al., 2000). The analyzed
human datasets were under ethical consent agreements as
stated in authorized submissions.

Functional annotation. To predict the biological processes
and metabolic pathways associated with the analyzed gene
lists, a search for associated terms from GO and KEGG gene
ontologies and metabolic pathways (Kanehisa, 2000) was
performed using the clusterProfiler package (v4.15.1) (Yu et
al., 2012) when taking into account the Benjamini—-Hochberg
correction (p.adj < 0.1).

A functional protein association network (PPI) was built and
analyzed by STRING v.11 tools (Szklarczyk et al., 2023). The
k-means clustering was applied in STRING on the basis of
evidence score and connection cutoff at 0.40; the enrichments
of the KEGG and Wiki pathways were analyzed with a p-value
cutoff 0of <0.05 and minimum count in the network setting of 2.

Results and discussion

Matching well the generally accepted model for metformin
action, our panel of rSNPs located within the promotors of
DEGs associated with metformin response (Damarov et al.,
2024) included rSNPs within promotors of genes for key
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enzymes of mitochondrial electron transfer chain (NDUFA11
and NDUFB1) and upstream/downstream AMPK regulators
(Fig. 1). So, AKS5 adenylate kinase increases the phosphoryla-
tion of AMPK (Dzeja, Terzic, 2009); and N-myristoyltrans-
ferase (NMT1) controls the N-myristoylation and lysosomal
localization of the AMPK protein (Chen et al., 2020). Activated
AMPK inhibits the mTOR (mammalian target of rapamycin)
pathway, a pivotal regulator of cell metabolism and growth
(Gwinn, Shaw, 2010; Smiles et al., 2024).

To gain a better understanding of the possible involvement
of our rSNPs in the mechanisms underlying the antihyper-
glycemyc effects of metformin treatment, we compared and
analyzed three gene sets (Fig. 2). The ‘“AMPKdep’ set of
1196 AMPK-dependent genes associated with metformin
hepatic response was obtained from (Luizon et al., 2016),
the ‘rSNPs’ set of 5132 genes with the regulatory variants
originally identified within promoter regions was previously
reported in (Damarov et al., 2024). Then, the ‘Glu’ set con-
sisted of genes related to gluconeogenesis in GO terms (see
the Materials and Methods section for details).

Combining the results of our previous analysis with the
AMPKdep gene set allowed to identify 402 genes, the expres-
sion of which in hepatocytes may be influenced by our rSNPs.
The results of functional enrichment analysis using R signified
that Protein processing in endoplasmic reticulum, Apoptosis
and FoxO signaling KEGG pathways were enriched in a given
set (Fig. 34). Using the enrichment analysis in STRING, we
observed the enrichment of the same gene list belonging to
several Wiki metabolic pathways: similarly, apoptosis and,
in addition, adipogenesis and signaling pathways including
TNF-alpha-, TGF-beta- and angiogenesis-related VEGFA\
VEGFR2-signaling (Fig. 3B).

It is worth to mention that the signaling pathways above
were widely reported to be affected by metformin (Yi et al.,
2016; Kristofi, Eriksson, 2021; Pan et al., 2024). For example,
some mice data indicate the Foxol protein to be one of the
key targets of metformin in regulating blood glucose and
hepatic glucose production under therapeutic concentrations
(Guo et al., 2021). Moreover, the same pathways are com-
monly known as mediators that orchestrate and propagate in-
flammatory responses and thereby play a crucial role in patho-
logical signaling mechanisms shared among common TD2M
complications, including diabetic retinopathy (Behl et al.,
2022) and diabetic kidney disease (Ansari et al., 2025; Hou
et al., 2025).

When the genes annotated to the ‘Glu’ set were put together
with our rSNP panel, we discovered 28 genes in the overlap.
The encoded products include important enzymes, i.e. MDH2,
malate dehydrogenase 2, which catalyzes a reversible NAD-
dependent dehydrogenase reaction and glycolysis enzymes
(i.e. ENOI, enolase 1, and PGP, phosphoglycolate phospha-
tase), as well as a number of regulatory proteins (i.e. FoxOl,
USP7, SIRT6). Thus, FoxO1 has a critical role in the insulin-
mediated regulation of de novo glucose synthesis affecting the
transcription of rate-limiting enzymes, G6Pc and Pck1 (Hall
et al., 2014). Notably, multiple studies support that sirtuin 6,
SIRT6, an NAD-dependent deacetylase/deacylase/mono-ADP
ribosyltransferase, is involved in inhibition of FoxO1 leading
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to suppression of gluconeogenesis (Liu et al., 2021; Wang et
al., 2023). Moreover, it was shown that the activation of de-
ubiquitinating enzyme USP7 similarly results in a decrease in
FoxOl activity (Jiang et al., 2017).

Using STRING, we constructed and analyzed a PPI net-
work for this subset of 28 genes (Fig. 4). Three clusters were
identified by the KMeans algorithm: nine protein products of
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cluster 1 were found to be involved in NADH metabolism and
gluconeogenesis; seven from cluster 2, in regulation of glu-
coneogenesis, circadian rhythms and AMP-activated protein
kinase activity (PRKAG2 and PRKACA); and cluster 3 was
comprised of two subunits of protein phosphatase 4 complex:
PPP4R3A and PPP4R3B (Fig. 44). It is also to be noted that
the protein products of four genes were functionally related
to KEGG AMPK-signaling pathway (Fig. 4B). The results of
functional enrichment analysis based on Gene Ontology are
visualized in Figure 4C.

For a number of these genes, the functional links with
regulation of gluconeogenesis have been well described as
given on the schematic representation in Figure 5. From this
background we hypothesized that our rSNPs located within
the corresponding promotors may be involved in regulatory
signatures.

Adding the data on AMPK-dependent metformin hepatic
response allows us to highlight six genes (4ARPP19, ATF4,
NR3Cl, PFKFB3, TCF7L2, and WDRS5) from a list of 28.
These genes belong to the intersection of all three compared
gene sets, which means the corresponding promotors harbor
rSNPs; the genes were shown to be expressed in AMPK-de-
pendent manner in hepatocytes; and the resulting proteins were
involved in gluconeogenesis.

Thus, NR3Cl1, better known as the glucocorticoid receptor
(GR), has been functionally linked to stress response, immune
regulation, inflammation and control of hepatic gluconeo-
genesis (Zhang et al., 2019). The encoded protein functions
as a transcription factor enhancing the transcription of glu-
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coneogenic genes such as PEPCK and G6Pase under fasting
conditions (Beaupere et al., 2021).

ATF4, activating transcription factor 4, is a key protein in
metabolic regulation involved in insulin secretion and sensi-
tivity control and regulation of gluconeogenesis by affecting
the transcriptional activity of FoxO1 (Li et al., 2022). Interest-
ingly, a number of findings demonstrate epigenetic regulatory
mechanisms targeting ATF4. For example, it was reported that
microRNA (miR)-214 upregulates ATF4 expression, leading
to elevated expression of FoxO1 and thus to suppression of
gluconeogenesis (Zhu et al., 2018; Wang et al., 2024).

WRDS performs multiple scaffolding functions in the con-
text of chromatin and was reported to modulate gluconeogenic
gene expression by potentiating the activity of KAT2B histone
lysine acetyltransferase. Although these two genes seem to
regulate a relatively small subset of gene targets in hepatocytes,
both KAT2B and WDRS are required for the expression of
a large fraction of glucagon-inducible genes, indicating that
they represent the important cofactors for the CREB pathway
(Ravnskjaer et al., 2013).

The TCF7L2 protein is a transcription factor that plays an
important role in the Wnt signaling pathway and has been im-
plicated in blood glucose homeostasis (Ip et al., 2012) through
actions even beyond pancreatic beta cells (Bailey et al., 2015).

Finally, the protein encoded by PFKFB3 is a bifunctional
enzyme involved in both the synthesis and degradation of
fructose-2,6-bisphosphate (F-2,6-BP), and is a potent activa-

tor of 6-phosphofructokinase-1 (PFK-1) —a trigger of aerobic
oxidation for glucose metabolism. Recent studies have re-
ported the pivotal role of PFKFB3 in the regulation of insulin
resistance (Yang et al., 2023).

Conclusion

This work identifies several novel genes and gene regulatory
variants that can be activated due to metformin treatment and
thus provides candidates in the human genome where nucleo-
tide variation can lead to differences in metformin response.
We conclude that metformin therapy response may depend on
the identified functional SNPs within the promotors of genes
for gluconeogenic enzymes and regulatory proteins.
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Features of connectivity of default mode network depending
on polymorphism of serotonin transporter gene (5-HTTLPR)
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Abstract. Serotonin transporter gene polymorphism is important in the regulation of the serotoninergic system that
affects mood and the regulation of emotions and behavior. In this study, 128 channel electroencephalogram recordings
were performed, and buccal epithelium samples were obtained from 53 volunteers (32 females). La, Lg, and S alleles
were identified by polymerase chain reaction. The aim of the study was to investigate the connectivity of the default
mode network, measured using resting state electrophysiologic data, depending on the serotonin transporter gene
polymorphism. Localization of the sources of bioelectrical activity of the cerebral cortex was performed by the beamformer
method. Comparisons of LaLa genotype carriers and S or Lg allele carriers were performed using T-contrast of connectivity
indices calculated between the nodes of the default mode network and the rest of the brain. It was found that carriers of
the S allele were characterized by increased connectivity of the default mode network with the visual association cortex
and with structures forming the posterior node of the default mode network, as well as increased connectivity of the
posterior node of the default mode network with the right parahippocampal gyrus, and this pattern of connectivity may
predispose to the onset and/or maintenance of intrusive thoughts. Whereas carriers of the Lala genotype had higher
connectivity of the anterior node of the default mode network with the right ventromedial prefrontal cortex, with the
medial frontal gyrus, and with the posterior cingulate cortex, which is the structure of the posterior node of the default
mode network, compared to carriers of the S or Lg allele. Also, carriers of the LaLa genotype had higher connectivity of the
posterior node of the default mode network with the cluster involving the right dorsolateral prefrontal cortex compared
to carriers of the S or Lg allele. It could be hypothesized that increased connectivity of the default mode network with
brain structures (i.e., dorsolateral and ventromedial prefrontal cortex) involved in cognitive regulation processes may
contribute to the regulation of the processes of the default mode network associated with autobiographical memory.
Keywords: EEG; 5-HTTLPR; serotonin transporter polymorphism; default mode network; resting-state networks;
connectivity
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OcO6eHHOCT KOHHEKTUBHOCTY Ae(OJITHOI CeTu MO3ra
B 3aBVICIMOCTY OT IMOAUMOp@MU3Ma reHa TpaHCIIopTepa
cepotoHuHa (5-HTTLPR)

A.B. bouapos @, A.H. CaBocrbsinos (%), C.C. Tamoxuukos (12, A.E. Canpoirus (%), A.A. Aebeaxun (1),
E.A. Mepkyaoga (%), [.I'. Kusases

HayuHo-unccnefoBaTenbCKmin MHCTUTYT HePOHayK 1 MefuumMHbl, HoBocnbupck, Poccus
@ bocharovav@neuronm.ru

AHHoTauuA. Monumopdunsm reHa TpaHCNOPTEPA CEPOTOHNHA MMEET GOMbLIOE 3HAUEHWE B PETYISLIN CEPOTOHNHEPIMYECKON
CUCTEMbI, BNUAIOLEN Ha HAaCTPOEHVEe W PerynAauuio SMOLMA 1 noBefeHus. B nccnepoBaHum 6Gbina npoBefeHa 3anuvch
128-KaHanbHOW 3MeKTpo3HLepanorpaMmsl 1 B3sATbl 06pasLbl OYKKanbHOro aNUTenus y 53 J06pOBOSbLEB (32 »KEHLWMHDI).
Annenn La, Lg n S 6bin onpefeneHbl METOAOM MONVMMeEpPasHOW LenHon peakumu. Llenbio paboTtbl 6bi10 M3yuyeHue
0COBGEHHOCTEN KOHHEKTVMBHOCTY LAeDONTHOM CETU MO3ra, U3MEPEHHON C MOMOLLbI0 31eKTPOPU3NONOTMYECKNX AaHHBIX
COCTOAIHUA TMOKOA, B 3aBUCMMOCTM OT nonnmopdusma reHa TpaHcnopTepa CepoTOHMHA. JloKanm3auma WUCTOYHUKOB
OMO3NEKTPUYECKON aKTUBHOCTM KOPbl MO3ra OCYyLecTBAsAnacb MeTogom ¢dopmupoBaTens nyyka. CpaBHeHue rpynn
HocuTeneli Lala reHOTMNA 1 HOCUTENE OLHOIO U3 annesnei S unm Lg 6b110 BbIMOSTHEHO C MOMOLLbIO T-KOHTPACTa NoKasaTtesnei
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Connectivity of default mode network depending
on polymorphism of serotonin transporter gene

KOHHEKTMBHOCTY, PacCUMTaHHbIX Mexay y3namu AedonTHON CeT Mo3ra 1 ocTanbHbIM MO3rom. O6Hapy»KeHO, YTo AA HOCK-
Tenel S nnn Lg annens xapakTtepHa noBblleHHas KOHHEKTUBHOCTb AedONTHOM CeTU MO3ra CO 3pUTENbHON accoLMaTUBHOMN
KOPOI1 1 CO CTPYKTYpamu, 06pasyoLmmu 3agH1N y3en aeponTHON CETU MO3ra, @ Tak»Ke MNOBblLLeHHasA KOHHEKTUBHOCTb 3aiHEro
y3na fedonTHol ceT Mo3ra C MpaBoi NaparvnnokamMmnanbHON N3BUANHON, YTO MOXKET Npeapacnonarath K BO3HNKHOBEHNIO
1/VNn NOAAEPXKaHMIO HABA3UMBbLIX Mbicnel. Y HocuTenen Lala reHoTMna No cpaBHeHWIO C HocuTenamu S unn Lg annens
6blfla Bblle KOHHEKTMBHOCTb MepeaHero ysna AeponTHON CeTM Mo3ra C MpaBoOil BEHTPOMEAUANbHOW NOBHOW KOpoi, C
MeAmanbHo TOOHOW N3BUAVHOW U C 3ajHe MOACHOW KOPOW, ABAAIOLLENCA CTPYKTYPOI 3afHEro y3a AeponTHON ceTn Mo3ra.
Takxe y HocuTeneli Lala reHoTNa NO CpaBHEHMIO C HOCUTeNAMU S Unn Lg annens 6bina Bbllle KOHHEKTVBHOCTb 3aHEro
y3na gedonTHOM ceTV Mo3ra C KNacTepoMm, OXBaTbiBAKOLWKMM MPaByo AopconatepasnbHyo npedpoHTanbHyo Kopy. MoxHO
NpeanonoXnTb, YTO YBENNYEHNE KOHHEKTUBHOCTU AedONTHOM CeTu Mo3ra CO CTPYKTypamu mo3ra (gopconatepasbHas
N BeHTpoMeAManbHaa npedpoHTanbHad Kopa), y4yacTByOLWMMN B MpoLeccax KOTHWUTMBHOW perynauuu, cnocobcrsyeT
perynaumm npoueccos AepONTHON CETU MO3ra, CBA3aHHbIX C aBTO6MOrpadpryeckmmyt BOCOMUHAHUAMU.

Kniouesble cnosa: 33I; 5-HTTLPR; nonumopdusm reHa TpaHcnopTepa CepoToHMHa; edonTHan ceTb Mo3ra; gedonT-cnucrema

MO3ra; KOHHEKTUBHOCTb; CETU NOKOoA

Introduction

A large number of studies using functional magnetic reso-
nance imaging (fMRI) have found a characteristic pattern of
activation of brain structures forming a network at rest. This
network was named the default mode network (DMN), and
among the structures that comprise it are the medial prefrontal
cortex, posterior cingulate cortex, precuneus, medial, lateral,
and inferior parietal lobes (Raichle et al., 2001). It has been
repeatedly shown that the DMN exhibits a sustained decrease
in activity/connectivity during most externally oriented tasks
requiring concentration on external stimuli. However, in the
resting state, when attention is not focused on the external
world, an increase in activity/connectivity has been observed
in DMN structures (Raichle, 2015). Further studies have
greatly expanded the understanding of DMN functions. For
example, patterns of increased DMN activity/connectivity have
been identified during self-referential information processing
and retrieval of autobiographical memories, when reflecting
on self and relationships with loved ones, when planning for
the future, and when experiencing internal emotional states
(Raichle et al., 2001; Knyazev, 2013; Raichle, 2015; Buckner,
DiNicola, 2019; Hutchinson-Wong et al., 2024; Si et al., 2025).
In addition, DMN dysfunction has been found to be associated
with a number of psychiatric disorders (Hutchinson-Wong et
al., 2024). Thus, in people with depression symptoms and in
patients with major depressive disorder (MDD), there is an
increase in DMN activity/connectivity, which may be associ-
ated with disturbances in the processes of self-reflection and
emotional regulation (Berman et al., 2011; Hamilton et al.,
2011, 2013; Knyazev et al., 2016).

The attention of researchers is attracted to the study of
serotonin transporter gene polymorphism, which is of great
importance in the regulation of the serotoninergic system that
affects mood, emotional regulation and behavior (Cools et al.,
2008). Serotonin transporter (5-HTT) performs an important
function — serotonin reuptake, thereby controlling the level of
serotonin in the synaptic cleft and determining the intensity
and duration of its action. The 5-HTT gene polymorphism
has been extensively studied and represents a variation in
the promoter region of the gene. This polymorphism has two
major alleles: long (L) and short (S). The difference in pro-
moter region length affects the transcription efficiency of the
gene, i. e. the amount of transporter protein synthesized. The

S allele is associated with reduced expression of the 5-HTT
gene, resulting in less serotonin transporter in the synapse
(Lesch et al., 1996). The long L allele contains a/g single
nucleotide polymorphism. According to (Hu et al., 2006),
the Lg allele is functionally similar to the S allele. The
La/La genotype is classified as LL (high level of transcriptional
efficiency), the La/S and La/Lg genotypes are classified as
LS (intermediate level of transcriptional efficiency), and the
Lg/S, Lg/Lg and S/S genotypes are classified as SS (low level
of transcriptional efficiency) (Hu et al., 2000).

Studies have found an association between 5-HTT gene
polymorphisms and susceptibility to various psychiatric
disorders including MDD, post-traumatic stress disorder
(PTSD), and suicidal behavior. It was found that individuals
with at least one S allele showed increased sensitivity to stress-
ful situations and negative emotions and were more likely to
experience symptoms of MDD (Caspi et al., 2003) and PTSD
(Koenen et al., 2009) in the presence of adverse factors. It
should be noted that other studies have not confirmed as-
sociations between psychiatric disorders and the 5-HTT gene
polymorphism (Risch et al., 2009). Also, in some studies,
it was shown that carriers of the S allele are more prone to
impulsive behavior (Walderhaug et al., 2010), have a higher
expression of the personality trait neuroticism, the opposite
pole of which is emotional stability (Greenberg et al., 2000),
and also showed a reduced ability to cognitive control in the
Stop Signal task (Landro et al., 2015).

fMRI study revealed that carriers of the S allele in response
to negative stimuli showed increased activation of the amy-
gdala, a brain structure responsible for detecting threats and
experiencing emotions of fear and anxiety (Adolphs, 2008).
At the same time, carriers of the S allele showed decreased
activity in the ventromedial prefrontal cortex, a brain structure
responsible for emotion regulation processes (Rao et al., 2007).
In another study involving 23 women, the volume of the lateral
prefrontal cortex, a brain structure involved in emotion regu-
lation and cognitive control, was negatively associated with
attention to emotional stimuli (both negative and positive) only
in carriers of the S allele, but no polymorphism was associated
with the volume of the amygdala and medial prefrontal cortex
(Beevers et al., 2010). In a study of children and adolescents
using the functional connectivity method, lower connectivity
of the posterior node of the DMN with the superior medial
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prefrontal cortex was found in SS genotype carriers com-
pared to L allele carriers (Wiggins et al., 2012). In a study by
A. Meyer-Lindenberg (2009), it was found that indicators of
functional connectivity in the brain are more reliable predictors
of the effect of 5-HTT gene polymorphism than indicators of
activity of individual brain regions (Meyer-Lindenberg, 2009).
An fMRI study by J. Wiggins and colleagues (2012) examined
the severity of connectivity between the anterior and posterior
DMN nodes in children and adolescents and its association
with age in groups dependent on serotonin transporter gene
polymorphism (Wiggins et al., 2012).

In this study, we will not limit ourselves to examining
connectivity between DMN nodes, but will analyze DMN
connections within the cortex in the resting state depending
on the serotonin transporter gene polymorphism in adult study
participants. The aim of the study was to examine the connec-
tivity features of the DMN measured from EEG data while at
rest in relation to the serotonin transporter gene polymorphism.

Materials and methods

Study participants. This study included 53 right-handed vol-
unteers (32 females and 21 males) with normal or corrected-to-
normal vision (mean age = 28 years, standard deviation = 10).
Prior to the study, participants completed a questionnaire in
which they answered questions about their mental and physi-
cal health, general well-being, and psychoactive substance use
prior to the study. Women additionally answered questions
about their current menstrual cycle phase and hormonal con-
traceptive use. Exclusion criteria were the presence of mental
illness, head injuries, and use of narcotic, psychoactive, and
hormonal substances. Participants were informed about the
study methods and then signed an informed consent to partici-
pate in the experiment. The study was organized in accordance
with the ethical standards established by the Declaration of
Helsinki and was approved by the local bioethical committee
of Scientific Research Institute of Neurosciences and Medicine
(SRINM, Novosibirsk).

Genotyping. DNA was isolated from buccal epithelial
cells using the Biosilica isolation kit (Russia). The La, Lg,
and S alleles of the 5-HTT polymorphism were determined
in DNA samples by polymerase chain reaction with prim-
ers: 5'-gagggactgagcetggacaacccac-3' and 5'-gcgttgecgetct-
gaattge-3' (Lesch et al., 1996). The resulting products were
separated by agarose gel electrophoresis. The sizes of the
L and S alleles for the 5-HTT gene were 529 and 489 bp. To
detect the La and Lg alleles, hydrolysis of the amplification
products was carried out for three hours by Mspl endonuclease.
Thereafter, the product sizes were 340, 127, and 62 bp for the
La allele and 174, 166, 127, and 62 bp for the Lg allele. The
sample included 17 LL, 28 LS, and 8 SS carriers.

EEG recording. For EEG recording, a Brain Products
(Germany) multichannel biopotential amplifier was used,
which was equipped with a cap containing 128 electrodes;
one of the electrodes was used to record the oculogram.
The electrodes were arranged according to the international
10-5 system. The bandwidth was between 0.1 and 100 Hz
and the sampling rate was 1,000 Hz. Electrode Cz was used
as a reference.
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KOHHEKTUBHOCTb AeOSITHON CETV MO3ra B 3aBUCMMOCTY
oT nonmmopdusMa reHa TpaHcropTepa CEPOTOHMHA

Data analysis. Artefacts were manually removed using
independent component analysis (ICA) under visual control.
Consistently with previous studies of oscillatory resting
state networks (Knyazev et al., 2016; Bocharov et al., 2021,
2022), analysis was performed in the delta frequency range.
After removing artefacts, EEG data were filtered in the delta
frequency range (1-4 Hz) using the Butterworth filter and
the filtfilt function. The boundary element model was used
as the head model (Fuchs et al., 2001). The cortical grid used
in the study contained 5,124 vertices and was created using a
template based on the Montreal Neurological Institute (MNI)
brain model. Localization of cortical sources of bioelectrical
activity was performed using the beamformer method (Van
Veen et al., 1997) with SPM-12 (https://www.fil.ion.ucl.
ac.uk/spm/). Covariance matrices for the analysis were
calculated on resting state EEG data recordings of 5 minutes.
The orthogonalization method was used to correct for signal
leakage that may arise due to insufficient spatial resolution
of the source localization method (Brookes et al., 2011; Hipp
etal., 2012).

After orthogonalization, a Hilbert transform was applied and
the signal envelope was extracted, which is a curve of signal
amplitudes over time. Connectivity maps were calculated
between the time series of the selected regions of interest
(ROIs) and the time series of the rest of the brain voxels. The
selection of ROIs was based on data from previous studies.
The medial prefrontal cortex (—1, 49, —2), posterior cingulate
cortex (-5, =53, 41), and left (45, —71, 35) and right (45,
—71, 35) lateral parietal lobes were selected for the DMN
(Gusnard, Raichle, 2001).

A Fisher transform was applied to the Pearson correlation
coefficients between the temporal activity of ROIs and the rest
of the brain. The connectivity maps were spatially smoothed
(FWHM 8 mm) and converted to NIFTI format. Second-level
statistical analysis was performed using T-contrast to detect
differences between groups (carriers of the S allele vs carriers
of the LL genotype). To assess the statistical significance of
the detected effects, a double threshold was used: at the voxel
level (p < 0.005) and at the cluster level (cluster size greater
than 100 voxels).

Results

Statistical analysis (T-contrast) of DMN connectivity in two
groups (S allele carriers vs LL genotype carriers) was per-
formed in the SPM 12 program.

The Figure 4 shows the results comparing DMN connec-
tivity in S allele carriers and LL genotype carriers. So, it was
found that S allele carriers had greater DMN connectivity in
the left hemisphere with precuneus (BA (Brodmann Area) 19,
x=-17,y=-82,z=41, cluster size= 166, T=3.10,p=0.001)
and with a cluster in the left hemisphere encompassing the
posterior cingulate cortex (BA 30, x =-29, y =-70, z = 15,
cluster size = 943, T = 3.08, p = 0.001), cuneus (BA 30,
x=-25,y=-72,z="7,cluster size=943, T=3.32,p<0.001),
and middle occipital gyrus (BA 19, x =-29,y =-70, z = 15,
cluster size = 943, T =3.05, p = 0.001), and with a cluster in
the right hemisphere encompassing the posterior cingulate
cortex (BA 30, x = 17, y = =54, z = 9, cluster size = 341,
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T=3.19, p=0.001) and the parahippocampal gyrus (BA 19,
x=17,y=-46,z=-3, cluster size =341, T=3.03, p=0.001)
(see the Figure A).

The Figure B shows the results of the T-contrast of DMN
connectivity in carriers of the LL genotype more than in car-
riers of the § allele. LL genotype carriers had more DMN
connectivity with the medial frontal gyrus (BA 10, x = —11,
y=40,z=-7, cluster size=251,T=2.97, p=0.002), with the
superior frontal gyrus (BA 11, x =9, y =62, z = -21, cluster
size = 110, T=2.76, p = 0.003) and with a cluster located in
the right dorsolateral prefrontal cortex (BA 10, x =51,y =54,
z=35, cluster size=473, T=3.06, p=0.001) (see the Figure B).

According to (Raichle, 2015), anterior and posterior DMN
nodes may have different functional significance. To under-
stand the contribution of the anterior and posterior DMN nodes
to the identified effects, we performed comparisons for the
anterior and posterior DMN nodes separately in LL genotype
carriers and S allele carriers.

Comparison of anterior DMN connectivity in S allele car-
riers, which was greater than in LL genotype carriers, showed
no significant effects. Whereas LL genotype carriers had higher
anterior node DMN connectivity with posterior cingulate
cortex compared to S allele carriers (BA 23, x =2, y = —44,
z=29, cluster size = 1,800, T=3.77, p <0.001), with the right
superior frontal gyrus (BA 10, x =23, y = 60, z = -3, cluster
size = 581, T=3.08, p = 0.001) and the medial frontal gyrus
(BA6,x=—-11,y=-12, z= 57, cluster size =292, T = 3.05,
p=0.001).

Connectivity of default mode network depending
on polymorphism of serotonin transporter gene

S allele carriers compared to LL genotype carriers had
greater connectivity of the posterior DMN node with a cluster
in the right hemisphere encompassing the posterior cingulate
cortex (BA 30, x = 17, y = =56, z = 9, cluster size = 249,
T =2.95, p=0.002) and the parahippocampal gyrus (BA 19,
x=19,y=-46,z=-5, cluster size =249, T=2.79, p=0.002),
and with a cluster in the left hemisphere encompassing
the posterior cingulate cortex (BA 30, x = =29, y = 70,
z =15, cluster size = 782, T = 3.08, p = 0.001) and cuneus
(BA17,x=-11,y=-76,z =13, cluster size = 782, T = 3.10,
p=0.002).

LL genotype carriers compared to S allele carriers had
greater connectivity of the posterior DMN node with a cluster
of voxels spanning the right dorsolateral prefrontal cortex
(BA 46, x =43, y =30,z = 17, cluster size = 234, T = 2.77,
p=0.003).

Discussion

In our study, the pattern of DMN connectivity with the
precuneus, posterior cingulate cortex, parietal and occipital
cortex was revealed in carriers of the S allele as compared
to representatives of the LL genotype. The precuneus and
posterior cingulate cortex are known to be part of the neural
substrate of self-consciousness and form the posterior node
of the DMN (Raichle et al., 2001; Utevsky et al., 2014). It
has been repeatedly shown that the DMN is associated with
internally directed thought processes and increases its activity
during self-referential processing, autobiographical memories,
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Results of statistical analysis (T-contrast) of the connectivity of the DMN between the group of carriers of the S allele and the group of

carriers of the LL genotype.

A - T-contrast DMN connectivity in S allele carriers is greater than DMN connectivity in LL genotype carriers; B — T-contrast DMN connectivity in

LL genotype carriers is greater than DMN connectivity in S allele carriers.
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thinking about the future, and making plans (Knyazev, 2013;
Menon, D’Esposito, 2022). According to (Raichle, 2015), there
is a functional separation between the anterior and posterior
DMN nodes and the posterior DMN node is predominantly as-
sociated with processes of remembering past events (Raichle,
2015). It has also been shown in studies that joint activation
of posterior cingulate cortex and precuneus has been observed
during memory retrieval and reliving of traumatic events in
patients with PTSD (Ramage et al., 2013; Thome et al., 2020).
And under conditions of emotion regulation compared to
passive observation of emotional stimuli, reduced activation
of posterior cingulate cortex and precuneus was observed in
patients with PTSD and in a group of healthy subjects (Nichol-
son et al., 2022).

Interestingly, in addition to increased DMN connectivity
in the precuneus and posterior cingulate cortex, S allele car-
riers were also characterized by increased connectivity to
the parietal and occipital cortex, which are part of the visual
association cortex. In studies, the thickness of the visual as-
sociative cortex has been found to correlate with the severity
of depression and anxiety (Peterson et al., 2009). It has also
been shown that the visual associative cortex is involved in
rumination processes (Cooney et al., 2010).

In carriers of the S allele compared to carriers of the
LL genotype, an increase in DMN connectivity with the
right parahippocampal gyrus, which is part of the temporal
cortex, was found. The DMN is known to be associated with
introspective thinking activity, while the temporal cortex and
parahippocampal gyrus are involved in memory retrieval
processes (Buckner, DiNicola, 2019). In a previous study, we
found a positive association of depression symptom severity
with the pattern of DMN connectivity with the right temporal
cortex (Bocharov etal., 2021). Also, in a subsequent study, we
found that an increase in this connectivity pattern correlated
with the severity of intrusive thoughts: rumination and prefer-
ence for a non-adaptive emotion regulation strategy — thought
suppression (Bocharov et al., 2022). It should be noted that in
the study (Rassin, 2003), it was found that when using such
a strategy, the desire to suppress intrusive thoughts paradoxi-
cally leads to their strengthening (Rassin, 2003). It is known
that carriers of the S allele are more prone to develop MDD
and have difficulties in regulating their emotional state (Caspi
et al., 2003; Walderhaug et al., 2010). It can be assumed that
the identified pattern of higher DMN connectivity with the
posterior node of the DMN, posterior associative cortex and
right temporal cortex (parahippocampal gyrus), which is
characteristic of S allele carriers, may be associated with and/
or predispose to the occurrence of intrusive thoughts and may
underlie the predisposition to the emergence and maintenance
of symptoms of depression.

In contrast to S allele carriers, who showed increased con-
nectivity of the posterior node of the DMN, LL genotype car-
riers had higher DMN connectivity in the anterior node: with
the medial frontal gyrus and with the superior frontal gyrus,
which is part of the ventromedial frontal cortex. According to
(Raichle, 2015), the structures of the anterior node of the DMN
may have different functional importance, so the dorsomedial
prefrontal cortex is involved in self-referential processes, while
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the ventromedial part of the frontal cortex is involved in the
processes of social behavior, motivation, mood and emotional
processing. A study (Rao et al., 2007) found reduced activation
of the ventromedial frontal cortex and increased activation of
the amygdala in response to negative stimuli in carriers of the
Sallele compared to carriers of the LL genotype. Dysfunction
of the ventromedial frontal cortex is thought to play a key role
in the pathogenesis of affective and anxiety disorders. It is
assumed that insufficient activity of the ventromedial frontal
cortex may lead to impaired inhibition of the activity of the
amygdala and, as a consequence, to pathologically increased
levels of negative affect (Motzkin et al., 2015).

Notably, LL genotype carriers were characterized by
increased connectivity of the anterior DMN node with the
posterior cingulate cortex, which is part of the posterior DMN
node, i. e. connectivity between the anterior and posterior
DMN nodes was increased. To some extent, this result is
consistent with the study (Cha et al., 2018). In it, they found
that carriers of genotypes with low transcriptional efficiency
had reduced connectivity between the superior frontal gyrus,
which is part of the anterior DMN node, and the posterior
DMN node. Reduced connectivity between these structures
mediated increased impulsivity in SS genotype carriers (Cha
etal., 2018).

In addition, our study revealed that carriers of the LL geno-
type were characterized by increased connectivity of the
posterior node of the DMN, involved in autobiographical
memory processes, with the right dorsolateral prefrontal cor-
tex, responsible for cognitive control and regulatory functions
(Scultetal., 2017). Thus, it has been shown in studies that the
right dorsolateral prefrontal cortex is often used as a target area
for the application of transcranial magnetic stimulation (TMS)
in the treatment of PTSD, obsessive-compulsive disorder,
and addictions. In a study conducted by B.D. Greenberg and
U. Ziemann (1998), it was shown that exposure with TMS to
an area of the right dorsolateral prefrontal cortex in patients
with obsessive-compulsive disorder promoted a reduction in
compulsive symptoms and improved mood. H. Kober and
colleagues (2010) found that in smokers, decreased cravings
were associated with increased activity of the dorsolateral
prefrontal cortex (Kober et al., 2010). A study conducted by
H. Cohen and colleagues (2004) demonstrated the effective-
ness of TMS in reducing PTSD symptoms and the importance
of this brain region in the regulation of stress and emo-
tional responses (Cohen et al., 2004). According to a study
(Wueetal., 2020), stimulation of the right dorsolateral prefron-
tal cortex of the brain can improve a person’s self-regulatory
abilities, especially in the context of managing one’s desires
and urges, as well as in the regulation of negative emotions
(Wu et al., 2020). It is conceivable that in carriers of the
LL genotype, who are known to be more resistant to stress
and the development of depression (Caspi et al., 2003; Koenen
et al., 2009) and the manifestation of impulsive behavior
(Walderhaug et al, 2010), increased DMN connectivity with
brain structures involved in cognitive regulation processes
(dorsolateral and ventromedial prefrontal cortex) may con-
tribute to more effective regulation of DMN processes related
to autobiographical memories.
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Conclusion

The revealed features of DMN connectivity in the resting
state in carriers of LL genotypes and carriers of the S allele
contribute to the understanding of the links between serotonin
transporter gene polymorphism and predisposition to affec-
tive disorders. Carriers of the S allele compared to carriers
of the LL genotype showed a pattern of higher connectivity
of the posterior DMN, involved in autobiographical memory
processes, with the precuneus, posterior cingulate and visual
association cortex, and the right parahippocampal gyrus, which
may predispose to the emergence and maintenance of obses-
sive thoughts. Whereas LL genotype carriers had higher DMN
connectivity in the anterior node of the DMN: with the medial
frontal gyrus, ventromedial frontal cortex, and posterior cin-
gulate cortex, which is part of the posterior node of the DMN.
Also, carriers of the LL genotype had higher resting-state
connectivity of the posterior DMN with the cluster encompas-
sing the right dorsolateral cortex compared to carriers of the
S allele. It can be assumed that increased DMN connectivity
with brain structures involved in cognitive regulation pro-
cesses (dorsolateral and ventromedial prefrontal cortex) may
contribute to the regulation of DMN processes associated with
autobiographical memories.
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Phylogeography and taxonomic status
of the Formica picea complex (Hymenoptera: Formicidae)
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Abstract. The black bog ant Formica picea complex is widespread from the Atlantic to the Pacific coasts of Eurasia. This
complex was earlier believed to consist of one or two species (F. picea and F. candida). However, molecular analysis
suggested that it includes three cryptic species. One is F. picea from Europe, another, F. candida, is currently known
exclusively from Kyrgyzstan, while the third one, temporarily designated here as Formica sp., inhabits the easternmost
part of Eurasia from China to Kamchatka. It is unknown how F. picea and Formica sp. are distributed in Siberia and
whether their ranges intersect. Here we studied a sample of this complex from Siberia using mtDNA and found that their
ranges overlap. The distribution of Formica sp. extends from the south of West Siberia, including Altai, to China, and the
Russian Far East. No phylogeographic structure was detected, suggesting their recent dispersal from a single source.
F. picea was found as far as East Siberia, but was relatively rare. While the European and West Siberian populations were
genetically closely related, the specimens from Zabaykalsky Krai differed, suggesting a putative East Siberian refugium.
We also determined that ecologically F. picea inhabits peat bogs in lowland areas and grassy communities above the tree
line in the European mountains; in Altai, it is found in mountain steppes, while in Transbaikalia, in waterlogged areas
along riverbanks. Formica sp. thrives in dry steppes and low riverbanks, but avoids bogs. Thus, F. picea and Formica sp.
differ genetically, and have different distribution ranges, as well as habitat preferences. This supports the opinion that
Formica sp. should be recognized as a distinct species.
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For citation: Zhigulskaya Z.A., Shekhovtsov S.V., Chesnokova S.V., Burnasheva A.P, Gurina A.A., Dudko R.Yu., Poluboya-
rova T.V.,, Reshetnikov S.V., Sundukov Yu.N., Berman D.l. Phylogeography and taxonomic status of the Formica picea
complex (Hymenoptera: Formicidae). Vavilovskii Zhurnal Genetiki i Selektsii= Vavilov J Genet Breed. 2026;30(2):274-283. doi
10.18699/vjgb-26-31

Funding. The work was funded solely through the budgets of Federal State Budgetary Scientific Institutions: the Insti-
tute of Biological Problems of the North FEB RAS (No. 122041900011-9), the Institute of Cytology and Genetics SB RAS
(FWNR-2026-0031), and the Institute of Systematics and Ecology of Animals SB RAS (FWGS-2026-0008). Sanger sequenc-
ing was performed in the SB RAS Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia).

Acknowledgements. The authors are grateful to T.A. Novgorodova for critical comments on the manuscript, and to
O.V.Vaulin, T.M. Krugova, and PV. Golyakov for providing us with the ant samples. The photo of the Kansk Steppe (Central
Altai) was kindly provided by R.M. Shershnev.

dusoreorpadus u TAKCOHOMMNYECKUI CTAaTVYC
BUJOBOro KoMIuiekca Formica picea (Hymenoptera: Formicidae)
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AHHoTauuA. Komnnekc Formica picea, unn yepHblii 6ONOTHBIM MypaBeil, LMPOKO PacnpoCcTpaHeH Mo BCEMY CEBepy
EBpasuu, ot Vcnanum n UpnaHpum go nobepexba Tuxoro okeaHa n TnbeTa, npumepHo Mexay 35 1 66.5° ceBepHoi
LWMpPOTbI. PaHee cunTanock, YTo OH COCTOUT M3 OAHOrO Ny AByX BUAoB (F. picea v F. candida). OpHako mMonekynapHbIn
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Qunoreorpadua N TaKCOHOMUYECKMI CTaTyC
BMOBOrO KoMnneKkca Formica picea (Hymenoptera: Formicidae)

aHanu3 nokasas, YTo B HEro BXOAAT TpU KpunTnyecknx Buga. OguH us Hux — F. picea us Esponsl, apyrow — F. candida,
M3BECTHbIN UCKIOUUTENTbHO 13 Knprusmu, a TpeTui, BpeMmeHHO 0603HauYeHHbIN Kak Formica sp., obvTaeT Ha BOCTOKe
EBpasuu: oT Kutas o Kamuatku. [lo cmx nop 6b1710 HeM3BECTHO, KakKoBO pacnpeneneHue F. picea v Formica sp. 8 Cnbupwm,
nepecekatTcA N nx apeasbl. Mbl 3yunnu ob6pasLbl 3Toro Komrnekca 13 Cnbrpu ¢ MCnosb3oBaHMEM MUTOXOHAPWAMb-
Holt IHK 1 06Hapyxunu, uto nx apeansl nepekpbisatoTca. Apean Formica sp. oxaaTbiBaeT tor 3anagHoi Cnbupu, Bkntovas
AnTai, Ha BOCTOK — 10 TuxookeaHcKkoro nobepexba. Gunoreorpadpryeckon CTpyKTypbl He OOHapPYKeHO, UTO yKa3blBaeT
Ha HeflaBHee paccefieHne U3 OfHOro MCTOYHMKA. Mbl Hawnm mano obpasuos F. picea B Cnbrpu, 3To CBUAETENLCTBYET,
YTO 3[eCb 3TOT BUJ BCTpeyaeTca pefko. Camana BOCTOUHaA HaxoAKa Buaa Obina chenaHa B 3abaiikanbckom Kpae. F. picea
obuvTaeT Ha TopdAHbIX 6onoTax B Npefenax PaBHUH U TpaBAHbIX COOOLLECTBAX BbILLE IMHWM fleca B EBPOMNENCKMX ropax;
Ha AnTae - B ropHbIX CTensx, a B 3abarikanbe — Ha BNaXHbIX yyacTKax y peuHbix 6eperos. Formica sp. npegnoyntaet
CyXue cTenu 1 H13KMe bepera pek, Ho n3beraet 60510T. Taknm 06pa3om, oKazanoch, uto F. picea n Formica sp. otnmyatotca
reHeTUYeCcKn, UMeloT pasHble apeasbl 1 GuoTonuyeckre NPearnoyYTeHrsa No MecToobuTaHMAM. ITO CBUAETENbCTBYET B
nonb3y TOro, YTo Formica sp. MOXHO CUMTaTb OTAENbHbBIM BUAOM.

KntoueBble cnoBa: Formica picea; Formica candida; Buapl-aBoiHnkn; CesepHas EBpasus; Cnbupb

Introduction

The Formica picea Nylander, 1846 species complex, i. e. black
bog ant, is widespread in the Palearctic, from Spain and Ireland
to the Pacific coast and Tibet, and between approximately 35
and 66.5° N latitude (Ruzsky, 1905; Pleshanov, 1966; Dlus-
sky, 1967; Dmitrienko, Petrenko, 1976; Kupyanskaya, 1990;
Berman et al., 2007; Antonov, Pleshanov, 2008; Radchenko,
2016; Seifert, 2018) (Fig. 1). For a long time, F. picea was
considered a single species with high geographic variation
(Dlussky, 1967). Bolton (1995) proposed that the name
F. candida Smith, 1878 takes precedence over F. picea. Not
all specialists adopted this suggestion, leading to confusing
parallel usage of both names in the literature.

Seifert (2004) suggested that F. picea and F. candida are
two distinct species, based on their pubescence and certain
morphometric parameters. Seifert (2004) also designated a
neotype of F. candida collected from Kyrgyzstan due to the

loss of the original type specimen. However, Zakharov et al.
(2019) disagreed with Seifert’s conclusions, pointing out the
smooth gradient of morphological variation from Europe to
the Far East.

There were several molecular studies that included members
ofthe F. picea/F. candida complex (Goropashnaya, 2003; Go-
ropashnaya et al., 2012; Antonov, Bukin, 2016; Chen, Zhou,
2017; Schir et al., 2018). However, none of these aimed to
explore the differences between the two taxa, instead simply
using one or the other name. Moreover, some authors used the
mitochondrial cytb gene, and others, cox1/COI, so their results
could not be directly compared.

A recent study on the F. picea complex showed that it in-
cluded one more species, in addition to F. picea and F. candida
(Zhigulskaya et al., 2022). While F. picea turned out to be
restricted to Europe, as well as to one location from Tibet, ants
from all east Eurasian locations (lowland China and the Far
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Fig. 1. Geographical distribution and ecology of the F. picea complex.
Characteristic habitats: 1 - diverse habitats; 2 - peat bogs; 3 - mountain meadows; 4 — no details provided (scheme from (Dlussky, 1967)).
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East of Russia) were highly genetically divergent from other
known Formica species. Geographic and genetic differences
suggest that it should be regarded as a distinct species, although
the formal description was not yet performed. Thus, this new
taxon is hereafter referred to as Formica sp. There seem to be
no obvious morphological distinctions for Formica sp. that
could clearly differentiate it from F picea and F. candida, sup-
porting the observations of Zakharov and Dlussky (Zakharov
et al., 2019) on high levels of intrapopulation and geographic
variation for this complex.

Siberia currently remains a blank spot in this respect: it
is unknown how far £ picea goes eastwards from the Urals,
and how far west can Formica sp. be found. In this study we
collected an extensive sample from different parts of Siberia
in order to determine the ranges of both taxa, as well as to
infer phylogeographic patterns. In order to search for putative
ecological differences between F. picea and Formica sp., we
also documented habitat preferences, which had been previ-
ously well described for European £ picea (Dlussky, 1967;
Zakharov, 2015; Radchenko, 2016; Seifert, 2018; Zakharov
etal., 2019).

Materials and methods

We surveyed a wide range of habitat types, from steppes to
bogs, in both lowland and mountainous landscapes of Siberia
and the Russian Far East (see the Table, Figs. 2, 3). Ants were
collected into 96 % ethanol in a series of 6—10 specimens from
nests, as well as from forage plants. The collection material
is stored in the Institute of Systematics and Ecology of Ani-
mals, Siberian Branch of the Russian Academy of Sciences
(Novosibirsk, Russia).

Fig. 2. F. picea complex specimens used in this study.
Location numbers refer to the Table. Rectangles: F. picea; circles: Formica sp.; triangles: F. candida.

Phylogeography and taxonomic status
of the Formica picea complex (Hymenoptera: Formicidae)

Ants of the F. picea complex were taken for genetic analy-
sis from 85 locations (Fig. 2): for 47, obtained by us in this
study, for the rest, they were taken from our previous study
(Zhigulskaya et al., 2022) and from GenBank.

DNA was extracted from individual worker ants preserved
in ethanol using commercial silica columns (BioSilica, Novosi-
birsk, Russia), following the method outlined in (Shekhovtsov
et al., 2020). We amplified a segment of the mitochondrial
cytochrome ¢ oxidase subunit 1 (cox/) gene with the uni-
versal primers LCO1490m (5'-TACTC-AACAA-ATCAC-
AAAGA-TATTG-G-3'; modified from (Folmer et al., 1994))
and HCO2198 (5'-TAAAC-TTCAG-GGTGA-CCAAA-
AAATC-A-3") (Folmer etal., 1994). Additionally, we amplified
a portion of the cytochrome b (cytb) gene using primers Fcbl-F
(5'-ACCCT-CACCT-GTAAA-TATTT-CTT-3") and Fcbl-R
(5'-GGAAT-AGATC-GTAAA-ATTGC-AT-3") (Zhigulskaya
etal., 2022). PCR was conducted with the Biomaster HS-Taq
PCR Mix (Biolabmix, Novosibirsk, Russia).

The DNA fragments obtained were visualized through
agarose gel electrophoresis. Unincorporated primers and
nucleotide phosphates were eliminated using shrimp alkaline
phosphatase and Escherichia coli exonuclease I mixture (New
England Biolabs, Ipswich, MA, USA). Sanger sequencing was
conducted on a 3130x] DNA Analyzer (Applied Biosystems,
Framingham, MA, USA) at the SB RAS Genomics Core Facil-
ity (ICBFM SB RAS, Novosibirsk, Russia) using both forward
and reverse primers. The resulting sequences were submitted
to GenBank with accession numbers PQ807734-PQ807780
(cox) and PQ810811-PQ810857 (cytb). Sequences from other
researchers were also incorporated into this study (refer to
the Table for GenBank accessions). This dataset includes the
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Qunoreorpadua N TaKCOHOMUYECKMI CTaTyC
BMOBOrO KoMnneKkca Formica picea (Hymenoptera: Formicidae)

Representatives of the F. picea complex with available cox1/cytb sequences
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No.
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13
14
15
16
17
18

19

20
21

22

23

24

25
26
27
28

29
30
31

32
33
34
35

36
37

Loc.

United Kingdom: Cors Goch Nature Reserve
Denmark

Sweden: Varmland

Sweden: Trajmossen, Brattforsheden
Finland: Nylandia, Raasepori, Harpar Stortraesket
Finland: Helsinki, Vihti

Estonia: Torma

Armenia: Aragats Mountains

Russia: Novgorod oblast

Russia: Moscow oblast, Odintsovo district
Russia: Moscow oblast

Russia: Novgorod oblast,
Kerzhenskiy Natural Reserve, swamp

Russia: Perm Krai, Kachkanar

Russia: Revda, Sverdlovsk oblast

Russia: Yekaterinburg

Russia: Tomsk oblast, Melnikovo village, swamp
Russia: Altai Republic, Abay village, swamp

Russia: Altai Republic, Amur village, residual hills,
stony steppe

Russia: Altai Republic, Amur village, residual hills,
stony steppe

Russia: Altai Republic, Kosh-Agach village, steppe

Russia: Zabaikalsky Krai, Gazimursky Zavod village,
Kotikha River floodplain, swamp with rare trees

China: Quinghai, Tibet

Russia: Novosibirsk oblast, Kabinetnoye village,
halophytic meadow

Russia: Novosibirsk oblast, Ordynsky district,
steppe meadow

Russia: Novosibirsk oblast, Iskitim district, steppe
Russia: Republic of Khakassia, Lake Shira, steppe
Russia: Altai Krai, Tigirek village, meadow with shrubs

Russia: Altai Repubilic, llyinka village,
meadow by the river

Russia: Altai Republic, Yabogan village, steppe
Russia: Altai Republic, Ongudai village, stony steppe

Russia: Altai Republic, Abay village,
steppe near the swamp

Russia: Altai Republic, Ust-Koksa village, stony steppe
Russia: Altai Republic, Kurai village, steppe
Russia: Altai Republic, Kurai village, steppe

Russia: Altai Republic, Amur village,
meadow near the lake

Russia: Altai Republic, Kosh-Agach village, solonchak
Russia: Altai Republic, Kosh-Agach village, solonchak

Coord.

Formica picea
N53.308 E-4.253
N55.830 E12.560
N59.426 E13.271
N59.695 E13.889
N59.975 E23.436
N60.417 E24.317
N58.813 E26.738
N40.432 E44.236
N58.517 E31.267
N55.733 E36.850
N55.751 E37.617
N56.467 E44.500

N58.700 E59.483
N56.800 E59.917
N56.833 E60.583
N56.550 E84.067
N50.419 E85.066
N50.402 E85.107

N50.402 E85.107

N49.992 E88.664

N51.545 E118.342

N35.000 E96.000
Formica sp.
N55.117 E81.233

N54.320 E81.850

N54.450 E83.470
N54.534 E90.199
N51.146 E83.010
N51.517 E85.033

N50.940 E85.021
N50.733 E86.133
N50.419 E85.066

N50.270 E85.615
N50.224 E87.932
N50.224 E87.932
N50.223 E84.898

N49.992 E88.664
N49.992 E88.664
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Altitude

78
30
50
170

39

86
2728
36

184
148
ca. 120

307
260
369
20
1068
1100

1100

2275
770

ca. 4500

140

116

230
350
500
690

1090
810
1070

1080
1500
1500
1980

1800
1800

cox1

LT977411
MZ607401*

ON220876

ON220886-87

ON220875

PQ810826
PQ810820
PQ810821

PQ810835

PQ810842
PQ810811

PQ810851

PQ810852

ON220885
PQ810857
PQ810831
PQ810843

PQ810834
ON220880
PQ810830

PQ810841
PQ810822
PQ810823
PQ810840

PQ810824
PQ810825

cytb

AY786145 (as F. candida)
JX170886

AY786144 (as F. candida)
AY786146* (as F. candida)
AY786147 (as F. candida)
ON228281

AY786148 (as F. candida)
ON228278-79

AY786149 (as F. candida)
ON228280

AY786152 (as F. candida)
AY786151 (as F. candida)
AY786150 (as F. candida)
PQ807749
PQ807743
PQ807744

PQ807758

PQ807765
PQ807734

AY786157 (as F. candida)

PQ807774

PQ807775

PQ807780
PQ807754
PQ807766

PQ807757
ON228273
PQ807753

PQ807764
PQ807745
PQ807746
PQ807763

PQ807747
PQ807748
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Table (continued)

Phylogeography and taxonomic status
of the Formica picea complex (Hymenoptera: Formicidae)

No.

38

39
40

41

42

43
44
45

46

47
48
49

50

51

52

53

54

55

56

57

58
59
60
61

62
63
64

65

66

67

Loc.

Russia: Republic of Tuva, Lake Dus-Khol,
desertified steppe

Russia: Buryatia Republic, Kizhinga village, steppe

Russia: Zabaikalsky Krai, Gazimur River,
mixed-grass meadow

Russia: Zabaikalsky Krai, Gazimur River,
mixed-grass meadow

Russia: Zabaikalsky Krai, Mount Kozlikha,
meadow on a slope near a stream

Russia: Zabaikalsky Krai, Talovka River, swampy meadow
Russia: Zabaikalsky Krai, Uktycha River, steppe slope

Russia: Zabaikalsky Krai, Solonechnaya River,
steppe meadow

Russia: Republic of Yakutia, Yakutsk,
hygromesophytic meadow

Russia: Republic of Yakutia, Yakutsk, xerophytic meadow
Russia: Republic of Yakutia, Yakutsk, solonchak meadow

Russia: Republic of Yakutia, Yakutsk, lake Ytyk-Kyuel,
meadow near the shore

Russia: Republic of Yakutia, Yakutsk,
xerophytic meadow

Russia: Republic of Yakutia, Khayirdakh River,
bank with Chosenia

Russia: Magadan oblast, Yagodnoye village,
bank of Sokhatina River

Russia: Magadan oblast, Yagodnoye village,
bank of Debin River

Russia: Magadan oblast, Madaun village,
gravel high floodplain

Russia: Magadan oblast, Klepka village,
gravel high floodplain

Russia: Magadan oblast, Arman village,
gravel high floodplain

Russia: Kamchatka oblast

Russia: Sakhalin, Aniva, dry meadow
Russia: Sakhalin, Aniva, dry meadow
Russia: Sakhalin, Aniva, dry meadow

Russia: Komsomolsk-on-Amur, Silinka River,
floodplain with poplars

Russia: Khabarovsk Krai, sandy area on forest road
Russia: Primorsky Krai, Lazo town, Lazovka river’s bank

Russia: Primorsky Krai, Kievka River,
sandy seaside meadow

Russia: Primorsky Krai, Kievka River,
sandy seaside meadow

Russia: Primorsky Krai, Kievka River,
sandy seaside meadow

Russia: Primorsky Krai, Gryaznaya River,
overgrown sand and gravel shoal

Coord.
N50.384 E94.870

N51.846 E109.913
N51.764 E118.425

N51.764 E118.425

N51.760E118.713

N51.450E118.791
N51.545 E118.342
N51.440 E118.907

N62.087 E129.289

N62.055 E129.644
N62.021 E129.627
N62.017 E129.618

N62.017 E129.618

N66.263 E144.268

N62.517 E149.617

N62.750 E150.467

N60.615 E150.696

N59.754 E151.491

N59.667 E150.117

N53.190 E158.480

N46.019 E143.413
N46.019 E143.413
N46.019 E143.413
N50.550 E137.000

N66.263 E134.330
N43.380 E133.898
N42.855 E133.675

N42.855 E133.675

N42.855 E133.675

N43.361 E131.556

Altitude
990

700
655

655

730

815
750
750

260

100
250
100

100

606

465

403

520

78

60

<than 10
<than 10
<than 10
30

74
220
2-3

2-3

2-3

130-135

cox1

PQ810836

ON220883-84
PQ810832

PQ810833

PQ810837

PQ810853
PQ810854
PQ810855

PQ810845

PQ810846
PQ810847
PQ810848

PQ810849

PQ810850

ON220878

ON220879

PQ810839

PQ810838

ON220872

LT977377

(as F. candida)

PQ810812

PQ810829

PQ810819
PQ810856

PQ810844
ON220881
PQ810817

PQ810818

PQ810828

PQ810814
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cytb
PQ807759

ON228270, ON228274
PQ807755

PQ807756

PQ807760

PQ807776
PQ807777
PQ807778

PQ807768

PQ807769
PQ807770
PQ807771

PQ807772

PQ807773

ON228277

ON228271

PQ807762

PQ807761

ON228275

PQ807735
PQ807752
PQ807742
PQ807779

PQ807767
ON228276
PQ807740

PQ807741

PQ807751

PQ807737
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BMOBOrO KoMnneKkca Formica picea (Hymenoptera: Formicidae)

Table (end)
No. Loc. Coord. Altitude cox1 cytb
68  Russia: Primorsky Krai, Gryaznaya River, N43.361 E131.556 130-135 PQ810816 PQ807739
overgrown sand and gravel shoal
69  Russia: Primorsky Krai, Sinii Utes town, gravel area N43.062 E131.356  40-45 ON220882 ON228272
70  Russia: Primorsky Krai, Andreyevka village, wasteland N42.649 E131.140 7 PQ810813 PQ807736
71  Russia: Primorsky Krai, Andreyevka village, wasteland N42.649E131.140 7 PQ810815 PQ807738
72 Russia: Primorsky Krai, Andreyevka village, wasteland N42.649E131.140 7 PQ810827 PQ807750
73 South Korea - - MT800217 -
(as F. candida)
74 China: Yanbian, Jilin N43.133 E129.183 750 KX665026-27 -
(as F. candida)
75  China: Harbin N45.750 E126.633 140 KX665031-32 -
(as F. candida)
76  China: Xilin Gol League, Inner Mongolia N43.930E116.090 1040 KX665022, -
KX665024
(as F. candida)
77  China: Ulangab, Inner Mongolia N40.994E113.132 1370 KX665023, -
KX665025
(as F. candida)
78  China: Helan Mountains, Inner Mongolia N38.900 E105.967 3260 KX665019-21 -
(as F. candida)
79  China: Hebei, Qinglong N40.407 E118.950 245 KX665028 -
(as F. candida)
80  China: Hebei, Xiaowutai Mountain N39.941 E115.043 2840 KX665029-30 -
(as F. candida)
81  China: Hebei - - HQ619704, HQ651081, HQ651074
HQ619710 (as F. candida)
(as F. candida)
82  China: Zhong-Tiao Mountains N35.116 E111.772 520 KX665033 -
(as F. candida)
83  China: Liupan Mountains, Ningxia N35.657 E106.205 1300 KX665034 -
(as F. candida)
Formica candida
84  Kyrgyzstan: Alai Valley N39.703 E73.457 3200 - AY786154%, AY78615,

85  Kyrgyzstan: Tian-Shan -

JX170887
AY786155-AY786156

Note. Loc. - location numbers referring to Fig. 2; altitude provided in m above sea level. Asterisks denote type of material/locations. Specimens

sequenced in this study are indicated in boldface.

cytb sequence for the F. candida neotype (AY786154). The
haplotype network was constructed using the median joining
algorithm in Pop ART v. 1.7 (Leigh, Bryant, 2015).

Results
Out of the 47 ant specimens sequenced in this study for cox/
and cytb, 6 belonged to F. picea, and 41, to Formica sp. We
did not detect haplotypes of F. candida (Seifert, 2004) in any
of the sampling points, despite the extensive survey area. F. pi-
cea and Formica sp. significantly differed at the DNA level
(Fig. 4).

For F. picea, a notable geographic split was evident: samples
from Europe and West Siberia formed a tight cluster, while
samples from Armenia and Transbaikalia diverged from them

(Fig. 4). For Formica sp., the larger sample size resulted in a
more informative network. However, no regions with a specific
set of haplotypes were identified. Genetic diversity was sub-
stantial, especially for three samples (from different regions)
that differed markedly from other haplotypes.

F. picea was found in five locations east of the Urals: in
the Altai mountains, in the lowlands of West Siberia, as well
as in East Siberia. The West Siberian location (Melnikovo,
Tomsk oblast) was in a fen with a tall birch. The nest (with
no external structures) was located in a sedge hummock with
a fern; nest entry was in moss.

In the Altai mountains, we found nests of F. picea: three
in Central Altai near the Abay (locations No. 17 in the Table
and Fig. 2) and Amur (locations No. 18—19 in the Table and
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Phylogeography and taxonomic status
of the Formica picea complex (Hymenoptera: Formicidae)

Fig. 3. Habitats of Formica sp. and F. picea.

a - Central Altai, near Abay village, lowland swamp (F. picea); b - the same area; meadows on the site of drained swamps (co-occurrence of Formica sp.
and F. picea); ¢ - the same area; stony steppes on rocky outcrops (F. picea); d — Central Altai, near Ust-Kan village, steppe (Formica sp); e - Magadan
oblast, Nalednyy River (tributary of the Ola River) (Formica sp.); f — Zabaikalsky Krai, floodplain of the Talovka River (Formica sp.); g — Sakha Republic
(Yakutia), Momsky District, Khairdakh River (Formica sp.); h — Magadan oblast, upper reaches of the Kolyma River, steppe (Formica sp.); i - Magadan
oblast, an island in the upper reaches of the Kolyma River near the eastern end of the Big Ananchag Range (Formica sp.); j - same area; nest exits of
Formica sp.; k — Zabaikalsky Krai, floodplain of the Kotikha River (F. picea); i — Novosibirsk oblast, Kabinetnoye village, halophytic meadow (Formica sp.);
m - Southeast Altai, near Kosh-Agach village, Tabozhok town, stony steppe (F. picea). For more details, see the Table.

Fig. 2) villages (ca. 1100 ma.s.1.), and one in the Southeast
Altai (locations No. 20 in the Table and Fig. 2), near the Kosh-
Agach village (2275 ma.s.l.). Near the Abay village, a single
nest was detected in a damp area on the edge of a bog, where
it transitioned into a steppe meadow, 150-200 m away from a
small lake. The nest had a ground part in the form of a small
dome made of thin blades of grass, no more than 10 cm high
and about 15 cm in diameter. Two other nests were found on
southern steppe slopes, with no external structures and exits
located under the rocks.

In East Siberia, F. picea was detected in Zabaykalsky Krai,
east of the Gazimursky Zavod town (locations No. 21 in the
Table and Fig. 2), at 770 ma.s.1., within the forest belt. The

nest was found on a swampy floodplain of the Kotikha River
(a third-order tributary of the Gazimur River), with saplings
of alder, birch, and larch. The nest, without visible external
structures, was located under a layer of litter composed of
fallen leaves and dry grass.

Specimens of Formica sp. were detected in 61 locations
(Fig. 2). Their habitats included floodplain (including long-
term and deeply flooded sandy-pebble spits) and non-flood-
plain terraces of different heights on rivers of various sizes,
meadows of diverse composition and projective cover, sparse
forests, steppes (from mixed grass to desert), foothills and
highlands of Altai. This ant was found to avoid forests with
closed canopies, as well as wetlands.
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F. picea

Fig. 4. Haplotype network for the combined cox1+cytb sequences.
Dashes represent the number of nucleotide substitutions.

Discussion

Genetic patterns
As in the previous study (Zhigulskaya et al., 2022), F. picea
and Formica sp. were significantly different on mtDNA levels,
with no intermediate haplotypes found (Fig. 4). Expectedly,
we found no haplotypes of F. candida sensu Seifert (2004),
which is probably limited to certain regions of Kyrgyzstan.
Throughout the distribution of Formica sp., from the Altai
mountains to the Pacific coast and eastern China, there is a
pretty high genetic variation, but with no obvious genetic
structure (Fig. 4). This probably indicates recent colonization
of this region without a bottleneck event and high dispersal
abilities of the species. Unfortunately, there are no cox/ data
on Formica sp. from China, a region with a milder climate that
could serve as a refugium/ancestral region of Formica sp.
Noteworthy, three haplotypes differed by 8—15 nucleotide
substitutions from the main cluster (Fig. 4). However, all three
were from different and geographically remote regions. This
might imply that the history of the species is complex, with
high dispersal rate and multiple colonization waves.
Although the data on the cox! gene in F. picea remain limi-
ted, several interesting insights can be gleaned from the hap-
lotype network (Fig. 4). Most haplotypes form a tight cluster,
indicating close genetic relationships. This cluster comprises
specimens from the Altai and West Siberia, suggesting recent
(likely Holocene) dispersal into these regions. The Armenian
haplotype is distantly related to this group, as expected given
the geographic distance and mountain barriers. Notably, the
East Siberian haplotype is also distinct from the European
cluster. Intriguingly, this pattern may indicate that East Siberian
populations of F. picea belong to a different genetic lineage
relative to the European/West Siberian group, and that an East
Siberian refugium for the species may have existed. Of course,
drawing firm conclusions based on a single specimen would be
premature; thus, we intend to examine additional specimens
from the region in future studies.

2026
30-2

Qunoreorpadua N TaKCOHOMUYECKMI CTaTyC
BMOBOrO KoMnneKkca Formica picea (Hymenoptera: Formicidae)

Formica sp.
10 @ les

1 sample
@ Europe
@ West Siberia
@ East Siberia
O Southern Far East
@ Yakutia
@ Magadan
@ Armenia

@ Altai

Geographic distribution
There are a lot of studies on the distribution and habitat pre-
ferences of the F. picea/F. candida complex. In various parts
of its range, these ants are known to inhabit diverse habitats:
fens, meadows, steppes, as well as sparse forests on plains,
floodplains, and in highlands. In the south taiga zone of Siberia,
black bog ants are found in swamps, in wet mixed forests, in
pine woods (Omelchenko, Zhigulskaya, 1998; Dlussky, 2001;
Gridina, 2003). They are ubiquitous in Central Yakutia and the
Baikal Region, from boggy larch forests, dry pine-larch forests,
and steppe-like and steppe biotopes to bare rock formations,
with nest densities reaching up to 30 nests per 100 square
meters (Pleshanov, 1966; Dmitrienko, Petrenko, 1976).
However, they are particularly ecologically versatile and
abundant in the mountain-steppe landscapes of Tuva, South-
east and Central Altai, as well as in the steppes of Transbaika-
lia, where they dominate almost all habitats, from solonetzes
and solonchaks to dry steppes on sandy and stony soils (Zhigul-
skaya, 1968, 2009, 2011; Chesnokova, Omelchenko, 2011).
In Northeast Asia, the complex is associated primarily with
river valleys; high abundance is observed in sparse Populus
and Chosenia groves and on gravel-sandy spits in floodplains.
Much less frequently, and only as isolated nests, Formica sp.
can be found in mesoxeromorphic sparse forests (in Yakutia,
specifically in pine forests), in steppe habitats, or southern
slopes with sphagnum-moss bogs (Berman et al., 2007).
Since the black bog ant turned out to include several cryptic
taxa, this raises a question if they have different habitat prefe-
rences. Here we obtained certain data on this point, which are,
of course, far from exhaustive. For F. picea, we currently know
that it is found from West Europe to West Siberia. We also
have single findings from Transbaikalia (this study) and Tibet
(AY786157), implying the presence of this taxon between
Siberia and Tibet. F. picea appears to be rare in Asia, since
we found only six locations of this species compared to 41 for
Formica sp. Of these, only two were not from the mountains: a
location in Tomsk oblast and one from mid-altitude highlands
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of Transbaikalia. Based on our findings, we can suggest that
F. picea appears to be associated with fens, but not peatlands.
The latter is probably due to the fact that peatlands in Siberia
are still insufficiently studied by myrmecologists.

Formica sp., on the other hand, appears to be found even
more widely than previously thought (Zhigulskaya et al.,
2022). In this study it was recorded across a vast area, from
West Siberia to the Pacific Ocean, and from 66.5°N in Yakutia
(Khayyrdakh River) roughly to 35°N in the southern part of
the Korean Peninsula (Fig. 2), as well as from sea level up to
approximately 3500 ma.s. 1., across a broad range of habitats
(except for forests with closed canopy). Furthermore, unlike
F. picea, Formica sp. has not been found in bogs in Europe,
Siberia, or Altai. Conversely, only Formica sp. is known
from river floodplains, and from these areas, it can spread to
xeromorphic slopes and sections of low floodplain terraces.

The versatility of Formica sp. to moisture is striking: it can
colonize both long-term flooded habitats on floodplains (that
is, for about a month of the 4.5-month active period in the
Subarctic) and dry zonal steppes. Notably, in the Altai Moun-
tains, Formica sp. nests were found in both types of habitats.

In this study, we found that the distributions of Formica sp.
and F. picea significantly overlap, probably from the Urals to
Transbaikalia (Fig. 2), and we expect this overlap to expand
when new data on bog ants are obtained. However, the ecologi-
cal preferences of these two taxa seem to differ, which can be
prospectively formulated as follows: Formica sp. avoids fens,
while F. picea does not like low floodplains.

In this connection, the cases of syntopic occurrences of both
taxa in the Central Altai are of particular note. Here, these two
nests were found a few dozens of meters apart on the flood-
plain of the Abay River. The nest of F. picea was at the edge
of a wet swampy depression about 1.5 m deep, while that of
Formica sp. was on a dry steppe meadow that was formed in
a dried fen. In the same location, about 3 km apart, we found
a F. picea nest on a southern slope of the residual hills with
rock outcrops, occupied by steppes.

We can suggest that in the Altai, F. picea inhabits meadows,
and can move into both wet habitats and moderately dry
steppes on southern slopes, as well as mountain steppes above
the forest edge. However, it is unclear why this species can use
both very wet and very dry habitats (Bonner, 1915; Skwarra,
1929; Stitz et al., 1939; Seifert, 2004, 2018).

To this, we can put forward the hypothesis that the genera-
list F. picea has to constrict itself to the habitats where it can
compete with other ant species (Dlussky, 1967). “Apparently,
while spreading westward, F. picea (a eurytopic forest-steppe
species of Mongolian origin) was displaced by species of the
F. rufibarbis group into bogs. In these bogs, the F. rufibarbis
species are virtually absent, whereas F. picea can survive,
owing to its eurytopy and plasticity in nest construction. In
the mountains, this species inhabits higher altitudes than other
species of the F. rufibarbis group (except for F. subpilosa
pamirica and litoralis in Central Asia, which exclusively oc-
cupy river thalwegs, rocky screes, and sands). F. picea cannot
compete with F fusca and its closely related species, as it is
virtually absent in forests; instead, it is associated with more
or less open habitats (meadows, steppified areas, sparse fo-
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rests, river floodplains, and bogs)” (translated from: Dlussky,
1967, p. 63).

If this idea is correct, Formica sp. outcompetes F. picea on
the vast floodplains and xeromorphic habitats of Asian Russia.
So, F. picea is outcompeted both in Siberia and in Europe by
different local ant species.

Conclusions
We can summarize the following important points inferred
from our study: only F. picea is found in Europe, whereas
both F. picea and Formica sp. are found in North Asia. We
failed to detect F. candida on this vast territory, and we can
surmise that in the current understanding proposed by Seifert
(2004), it is a Central Asian taxon. In the south of West and
East Siberia, the ranges of F. picea and Formica sp. overlap,
but they have different ecological preferences. F. picea is
probably constrained to fens on the plains, and to subalpine
meadows in the mountains. Formica sp. is broadly tolerant
to humidity but is not found in fens. The cases of syntopic
distribution of these ants, which we described in Altai, are ap-
parently associated with transient successional processes. The
relative rarity of £ picea in our collections possibly reflects the
insufficient study of raised bogs in Asia, the typical habitats
of the species in Europe. Differences in the distribution and
habitat preference of F. picea and Formica sp. are probably
the result of competition, according to G.M. Dlussky (1967).
F. picea and Formica sp. differ genetically and have dif-
ferent distribution ranges, as well as habitat preferences. This
supports the opinion that Formica sp. should be recognized
as a distinct species.
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Abstract. The question on the reproducibility of evolutionary processes is primarily of fundamental importance; however,
with the development of methods for modeling evolutionary processes on computer multilevel models, an answer to this
question is necessary to clarify the status of the predictions obtained. Experimental obtaining of ensembles of evolutionary
outcomes for subsequent statistical processing on real biological systems seems to be impracticable. At the same time, the
results obtained on multilevel computer models are difficult to interpret due to their complexity and the dependence of
modeling results on a variety of parameters. This work is aimed at identifying common properties of evolving systems using
a simple heuristic model based on transparent general principles and ideas about the key properties of biological systems
that are important for the evolutionary process. Agents undergoing evolutionary changes are recurrent neural networks
with a well-defined structure, a given function, and a specific rule for modifying the structure in the direction of maximum
fitness. A separate instance of a neural network formed during the evolutionary process is called neural network model
object (NNMO). Computational experiments have been carried out to generate ensembles of NNMO structures performing a
given function, and the patterns of NNMO distribution in the structural space have been analyzed. This analysis confirms the
presence of functional symmetry in the structure of NNMOs performing the same function. An assessment of the stability
and reproducibility of individual evolutionary trajectories has been carried out. It is shown that under certain constraints
leading to a reduction of the complexity of the NNMO structure (analogous to a narrow environmental specialization), the
final NNMO structures may be close, but not identical. This suggests an inaccurate reproduction of the evolution of the
structure with functional equivalence. Nevertheless, it can be argued that in the general case, the very ability for evolutionary
change is possible with the redundancy of the potential complexity of the structure over the functional complexity and
automatically entails a multiplicity of evolutionary outcomes based on the fact that the same function can be implemented
by different, but functionally invariant structures.
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AHHOTaumA. BOI'IpOC O BOCMPOM3BOAMMOCTN 3BONKOLMOHHBIX NMpoueccoB MMeeT B NepPBYK oyepeb d)yH,qameHTaanoe
3HayeHMe, OAHaAKO C pa3sBuUTMEM METOAOB MOAeNNPOBaHMA 3BOJMIOLUMOHHDBIX MNpouecCcoB Ha KOMMbIOTEPHbIX
MHOIoypoBHEBbIX MOAEeNAX OTBET Ha 3TOT BOMNPOC HEO6XO,U,VIM AnA NpoACHeHUA CTaTyCa noJjiy4aembiX MNPOrH030B.
3KcnepmmeHTaanoe nonyyeHune aHcambnen SBOJTIOUMOHHbIX ncxogos anAa I'lOCJ'Ie,ElyIOIJ.l,eI‘fl CTaTUCTUYECKON O6p360TKI/I Ha
peanibHbIX 6UoNOrNYecKnx cucTemax npencraBiAeTcA HeoCyLweCTBUMbIM. B 1O e BpemMA NporHo3sbl, CcreHepnpoBaHHbIe
MHOroypOBHEBbIMU KOMMbIOTEPHbIMU MOLENAMU, BCNIEACTBUE UX CZTOXKHOCTU N 3aBUCUMOCTU Pe3ysibTaToOB MOAENNPOBaHNA
OT MHOXeCTBa NapaMeTpoB C TPyAOM MOAAalTCA UHTepnpeTaynn. HaHHaa pa60Ta HanpaBneHa Ha BbiABNeHNe O6|J.|,VIX
CBOWCTB 3BOTIOUMOHUPYOLWKNX CNCTEM C NMOMOLLbIO I'IpOCTOIZ BBpI/ICTI/lLIeCKOVI moaenu, I'IOCTpOEHHOIZ Ha Npo3payHbIX 06LLWIX
npuHUnnax n npenctaBjIeHNAX O KNoYeBbIX CBOMCTBaX GONOrNYECKIX CNCTEM, 3HAUYUMDbIX O4J17 3BONMOLMOHHOIO npouecca.
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AreHTbl, npeTepneBalolime 3SBOMIOLNOHHbIE WM3MEHEHUSA, ABMAIOTCA PEeKYPPEHTHbIMA HEWPOHHbIMK CETAMU C YeTKO
onpefeneHHON CTPYKTYpPO, 3aaaHHON GyHKLMEN 1 onpefeneHHbIM MPaBuiomM MoandrKauum CTPYKTypbl B HanpaBneHnm
MaKc/MasibHOW MpUCcnocobneHHOCTU. OTAENbHbIM SK3eMMNAP HEMPOHHON ceTr, GOPMMPYEMOI B XOLE SBOJIIOLMOHHOTO
npouecca, Ha3BaH HelpoceTeBbIM MogenbHbIM 06bekTom (HMO). B paboTe npoBefeHbl BbIYNCIUTENbHBIE SKCMEPUMEHTDI
no reHepauum aHcambénein ctpyktyp HMO, BbinonHAWKMX 3afaHHylo GYHKUMIO, U MpoaHanu3nMpoBaHbl 3aKOHOMEPHOCTN
pacnpepeneHna HMO B CTpyKTYpHOM NPOCTPaHCTBE. DTOT aHanv3 noaTBepxaaeT Hannuve GyHKLMOHANbHON CUMMETPU
cTpyKTypbl HMO, BbiNOAHAWIMX OfHY U Ty Xe GyHKLMI0. OLieHeHbl YCTONYMBOCTb 1 BOCMPOM3BOAUMOCTb MHAMBUAYANbHbIX
SBOJIIOLMOHHbIX TpaeKTopuii. MokasaHo, UTo MpK onpefeneHHbIX OrPaHNYEHUAX, NMPUBOAALLNX K PefyKUUM CIIOXKHOCTM
cTpyKTypbl HMO (aHanor — y3Kkas sKonoruuyeckas creuuanusauus), prHanbHble cTpykTypbl HMO MoryT 6biTb 6113KK, HO
He VAEHTUYHbI. DTO NMO3BOMAET FOBOPUTb O HETOYHOM BOCMPOU3BEAEHNI SBOMOLMM CTPYKTYPbI Ha GOHE GYHKLIMOHaNbHOM
3KBUOMHANBbHOCTU. TeM He MeHee MOXHO YTBepXfAaTb, UYTO B O6OLieM Ciyyae caMa CMOCOOHOCTb K 3BOMIOLMOHHbBIM
N3MEHEeHNAM peanun3yeTca Npu N36bITOYHOCTM MNOTEHLMANIBHOW CIOKHOCTIN CTPYKTYPbI Hag GYHKLMOHANbHON CIIOXKHOCTbLIO
1 aBTOMaTUYeCKN BrieyeT 3a CO6OM MHOXECTBEHHOCTb SBOMIOLIMOHHBIX MCXOA0B, OCHOBAHHYIO Ha TOM, YTO OfHA U Ta e
bYHKLMA MOXKET peasin3oBbiBaTbCA Pa3MYHbIMU, HO GYHKLMOHAIbHO MHBAPWAHTHBIMU CTPYKTYPaMu.

KnioueBble coBa: BOCNPOV3BOANMOCTb 3BOIOLIMOHHOIO NpoLiecca; SKBUGUHaNbHOCTb IBOSTIOLMOHHbIX MCXOA0B; GYHKLMO-

HaNlbHas CUMMETPUS; 3BPUCTUYECKAs HenpoceTeBas Moaesb; GYHKLMOHAaNbHaA CNOXHOCTb

Introduction

The extent of our misunderstanding of life can be seen
from the abundance of problems associated with it. One
of the key scientific problems of biology is the problem
of predictability and/or possible equifinality of biological
evolution.

According to M. Eigen, “every single system that has
emerged as a result of mutation and selection is unpredic-
table in terms of its structure; nevertheless, the inevitable
result is always the process of evolution — this is the
law. ...The optimizing process of evolution is in principle
inevitable, although the choice of a particular path is not
deterministic” (Eigen, 1971).

At the same time, there is a certain parallelism in the
evolution of various species and genera, which found its
expression in the law of homological series in hereditary
variability by N.I. Vavilov (Meyen et al., 1977). If there is
some structural similarity in systems with the same func-
tion, but formed along different evolutionary trajectories,
then we can talk about the equifinality (Meyen, 1974;
Meyen et al., 1977) of evolution in a certain sense.

The question of whether evolution follows a deterministic
path or can follow alternative trajectories attracts many
researchers (Povolotskaya, Kondrashov, 2010; Lobkovsky
et al., 2011; Orgogozo, 2015; Xue et al., 2017). Currently,
there are contradictions between some theoretical concepts
and experimental data on the reproducibility of evolutio-
nary trajectories.

For example, the paper (Lobkovsky, Koonin, 2012)
notes that with a high intensity of mutations, evolution can
follow different trajectories on the fitness landscape, but,
ultimately, they all converge at a single peak correspond-
ing to the most adapted structure of the evolving biologi-
cal system. And the paper (Orgogozo, 2015) considers the
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A true seeker does not know what he is looking for,
a true wanderer does not know where he is going.

Attributed to Lao-tzu

possibility of predicting genotype by phenotype, i. e. the
author admits the existence of a one-to-one mapping of the
genotype into the phenotype, which means the uniqueness
of the evolutionary outcome, that is, the similarity of the
genotype with the same phenotype.

There are experiments in favor of the uniqueness of
evolutionary outcomes (Weinreigh et al., 2006; Dickins,
Nekrutenko, 2009; Meyer et al., 2012), but there is evi-
dence (Poelwijk et al., 2007; Dunham et al., 2009; Kvitek,
Sherlock, 2011; Podgornaia, Laub, 2015; Starr et al., 2017)
demonstrating the existence of several endpoints of evo-
lution.

The complexity of research in this area is due to the fact
that direct research of the evolutionary processes of bio-
logical systems in nature encounters three main obstacles:
(A) the uniqueness of evolutionary outcomes, which does
not allow using comparative analysis of biological struc-
tures; (B) the characteristic time of evolutionary changes,
which usually exceeds the life span of the researcher many
times; (C) the extreme complexity of real biological objects.

A possible approach to overcoming the stated obstacles
immediately suggests itself: this is mathematical modeling
and its special kind — computer modeling.

Computer modeling makes it possible to overcome
the first and second of these obstacles: the researcher can
obtain ensembles of model evolutionary trajectories to
which statistical data processing can be applied to identify
common patterns of evolutionary processes. But the status
of the results of computer modeling depends on how well
it is possible to cope with the complexity of the biological
system and provide the adequacy of its description. There
are two main obstacles.

First, when modeling real events, models are needed to
be as close in complexity as possible to real systems, but
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here we face the curse of dimensionality — the number of
fitting parameters in conditions of uncertainty about the
exact type of functional dependencies makes it impossible
to determine them due to a lack of evolutionary data.

Secondly, there are doubts (Beckage et al., 2011; Garte
et al., 2025) about the possibility of constructing adequate
mathematical models of biological systems in general and
evolutionary models in particular. The authors (Garte et
al., 2025) note that “biological concepts resist clear defini-
tions amenable to mathematical treatment. These include
being alive and being an individual, as well as agency,
inheritance, intelligence, sentience, and cognition” and
on this basis they argue that the next “paradigm shift will
require not just new mathematical tools but a new scientific
EPISTEMOLOGY?”, that is, ways of representing knowl-
edge. At the same time, in their opinion, “choosing which
data to pay attention to is far more valuable than collecting
large amounts of data”.

One of the ways to solve the equifinality problem is to
carefully analyze the theoretical arguments and experi-
mental data available in the press in favor of a particular
position.

Another way is to get expected and unexpected answers
based on the development of initial principles and general
ideas about the evolution of life. The study presented here
is based on previously obtained results (Bartsev, Bartseva,
2002, 2006, 2010; Bartsev, Baturina, 2019).

Methods and materials

Since the approach to studying the properties of biological
evolution used in this paper is quite unusual from the point
of view of traditional molecular biology, it seems necessary
to focus on the methodological foundations of the proposed
approach.

Models and model objects are tools of scientific research,
starting with Galileo, who, technically unable to directly
study the free fall of bodies, derived formulas for the
kinematics of equidistant motion using a physical model —
balls rolling down an inclined chute. In the future, the
following definition will be useful to us: “If similarity can
be established between two objects in at least one specific
sense, then between these objects there is original-model
relationship” (Lerner, 1972).

The paper will use heuristic models (Von Neumann,
1966), which, unlike traditional models, are not aimed at
modeling (describing) specific real systems, but are abstract
models designed to identify convenient concepts, widely
applicable principles, and build a general theory.

Von Neumann justified the usefulness of moving towards
heuristic model objects as follows: “Appealing to the or-
ganic, living world does not help us greatly, because we do
not understand enough about how natural organisms func-
tion. We will stick to automata which we know completely
because we made them...” (Von Neumann, 1966).

Some ways of setting the problem with this approach can
be distinguished from Von Neumann’s reasoning: “Automa-

Functional symmetry and reproducibility
of the evolutionary process

ta theory seeks general principles of organization, structure,
language, information, and control. Many of these prin-
ciples are applicable to both natural and artificial systems,
and so a comparative study of these two types of automata
is a good starting point. Their similarities and differences
should be described and explained. Mathematical principles
applicable to both types of automata should be developed.
... The question that one can then hope to answer, or at least
investigate, is: What principles are involved in organizing
these elementary parts into functioning organisms, and
what are the essential quantitative characteristics of such
organisms?”” (Von Neumann, 1966).

The requirements for a heuristic model of an evolving
biological system have long been formulated by J. Bernal:
“Biology differs methodologically from other natural
sciences in that the focus is primarily on the functioning
and evolution of systems. Structure is important here only
in relation to function and origin...” (Bernal, 1968, p. 112).

Bernal’s identification of functioning as a special charac-
teristic of living beings is consistent with the approach of
N. Rashevsky and R. Rosen, who considered the organism
as a “set or system of functional mappings” (Rosen, 1958;
Rashevsky, 1968, p. 63).

Practically any study of living objects is first the identi-
fication of functional patterns such as “stimulus-response”
or “impact-response”, and then the definition of “mecha-
nisms” that provide the implementation of this function
(catalysis, inheritance, locomotion, recognition, etc.). The
mechanism of the system is considered disclosed if it is
described in terms of interactions of the parts that make
up this system.

Formally, the mechanism is revealed by decomposing
the original function F(x) into simpler, basic functions {g;}
implemented by the corresponding subsystems {S;} — the
elements of the structure. Coupling coefficients {o;} de-
scribe the interaction (relationship) between the elements of
the structure and actually define the structure of the system.

It is important to emphasize that the decomposition pro-
cedure corresponds to the network description, where {S;}
are the nodes of the network, and {a;} are the coupling
coefficients between the nodes. The network description has
long been widely used in various fields of biology: from
the description of the structure-property correlation of a
chemical compound (Golovanov et al., 1998) to metabolic
pathways, protein-protein interactions, genetic networks,
the nervous system, food chains of ecosystems, etc. (Albert
et al., 2000; Amaral et al., 2000; Edelman, Gally, 2001;
Strogatz, 2001; Dunne et al., 2002; Sole, 2002; Stumpf et
al., 2008; De Las Rivas, Fontanillo, 2010).

To describe a biological system, a network model must
be able to evolve. An evolutionary process will be under-
stood as a change in the structure of a biological system
in accordance with some functional criterion of optimality
(Eigen, 1971; Forst et al., 1995; Schuster, 1996).

An analysis of existing formal models shows that net-
works of formal neurons, the so-called neural networks
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Input (A,)

Output (a,)

Fig. 1. A fully connected neural network of three neurons:
1 — input neuron; 2 — output neuron; 3 - associative (hidden)
neuron, which is not directly connected to the input and output.

(NNss), are the most adequate objects for the purposes of this
study. The advantage of NN as a heuristic model of evolu-
tion is that it is easy for them to determine the FUNCTION,
highlight the STRUCTURE and start the learning process,
the formal description of which does not differ in key fea-
tures from the process of biological EVOLUTION.

In this study, fully connected recurrent NNs were used,
which can function in a stream of discrete events. Figure 1
illustrates a digraph of the simplest NN of 3 neurons,
describing the ways in which signals are received and
exchanged.

Formulas describing the functioning of the NN have
the form:

k
M+ P

Kl _ i ok %y ak Ak
=gt ot P,

where o is the output signal of the i-th neuron at the k-th
moment of time; p/ is the weighted sum of the output
signals of the neurons received by the i-th neuron at the
k-th moment of time, plus the external input signal A*
, received by the i-th input neuron at the £-th moment of
time; x;; is the matrix of weighting coefficients (synapses);
a is the coefficient specifying the steepness of the activation
function.

From the formula, it can be seen that the output signal of
each neuron (its level of excitation) at each time depends
on the state of the NN (and the external signal for the input
neurons) at the previous time.

The modification of the NN structure was carried out by
a random search algorithm, which was performed as fol-
lows: (1) a random increment was added to each synapse
of the current NN, and two modified NNs were immedi-
ately created, differing in that the same modulo random
increments were added to the corresponding synapses
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with different signs; (2) all three NNs — the initial one and
its two modified versions — were started to function in a
stream of events with a duration of 100 symbols, and for
each NN, the total goal function (loss function) for this
fragment was estimated — the sum of the squares of the
differences between the outputs of the NN and the required
response; (3) based on the results of the comparison, the NN
with the minimum goal function was chosen, then it was
compared with the required level of accuracy, and if it ex-
ceeded it, the algorithm was restarted from step 1. Formally,
this procedure corresponds to random mutational substitu-
tions.

In order for the NN to act as a model of the evolutionary
process, it is necessary to clearly state what the similarities
are between it and a biological species in the process of
evolution. The key components of the evolutionary process
are heredity, variability, and natural selection, i. e. survival
of the fittest. The measure of fitness for biological systems
is difficult to deduce (Garte et al., 2025), but it is obvious
that this measure should take into account the ability to
reproduce and successful competition for resources.

In the course of natural selection, the fittest survive, there-
fore, to model natural selection, a measure of the fitness of
one or another variant of the structure of NN is necessary.
For neural networks, the goal function or loss function acts
as a measure of fitness, which determines which variant of
the NN structure will continue to evolve (learn). In other
words, the goal function integrally includes an assessment
of success in reproduction and competition for resources. In
our case, the carrier of heredity is the structure of interneu-
ronal connections, which is inherited by the next generation
of the NN. The variability of the structure is provided by
random increments of synapses, which leads to a variation
in the quality of functioning of the neural network, i. e. a
change in its adaptability to the environment in which it
learns. We consider the evolutionary process in principle;
the implementation features in the material are nuances.

During learning (evolution) and during functioning, a
continuous, quasi-random sequence consisting of signals
was applied to the input of the NN: “pause” — (00), A— (10),
B - (01) and C — (11), where the numbers in parentheses
indicate the presence or absence of a signal at the cor-
responding input neurons. The random parameters of the
sequence were: the type of signal that will be received at
the input and the duration of the pause between the signals.
According to the training pattern, the neural network should
output (11) if the input receives the “correct” signal, and
(00) otherwise. The sequences may differ in the number of
time cycles provided to the neural network for processing
the input signal (3 or 4), which is indicated in the function
designation (Fig. 2).

Despite their simplicity, such sequences are suitable for
simulating a wide class of processes in biological systems.

Any biological system exists in a continuous flow of
time and discrete flow of events; therefore, discrete states
in which the system remains during specific time inter-
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Input + + + +

Output __AAA BBB_BBB_ CCC AAA AAA BBB ARAA CCC BBB
Input + + + +
Output _ccce BBBB AAAA Cccc AAAA BBBB CCCC__ ccce

Fig. 2. Fragments of the input and output sequences for functions A3 and C4.
The“+"sign in the output sequence indicates the “correct” operation of the NN.

vals can be distinguished: the enzyme can be in a free or
substrate-bound state; the glycolytic pathway can be in
the mode of either glycolysis or gluconeogenesis, which,
in particular, is determined by the state of the key enzyme
phosphofructokinase/fructose-biphosphatase; the animal
may be in a state of sleep, food intake, prey pursuit, etc.
W. Ashby (1956) drew attention to the fact that a change
in the types (patterns) of animal behavior can be described
as a change in the states of a finite automation. In this case,
the algebra of regular events (for example, Hopcroft et al.,
2007, chapter 3) can formally describe the environment
(and its complexity) in which the automation “lives” and
the neural network “evolves”.

Since computational experiments were aimed at identi-
fying common patterns of the evolutionary process, en-
sembles of neural networks performing the same function
were created during the experiments. For brevity, a separate
instance of a trained neural network will be called a neural
network model object (NNMO).

The initial structure of the NNMO (a matrix of weighting
coefficients) was set by a random number generator modulo
close to 0. Training ended when a given level of the goal
function was reached, corresponding to the complete ab-
sence of errors in recognizing stimuli in the input stream.
That is, all the trained instances implemented the required
function equally well. The generation and reduction of the
complexity of NNMOs was carried out using the original
Lazarus (Object Pascal) program.

For visualization and statistical analysis, the structure
of the NNMO was represented as a point in the space of
weighting coefficients; the Euclidean distance between
points corresponding to different NNMOs can be taken as
a measure of the proximity of their structures. In addition
to the distribution of NNMO structures in the structural
space, the paper evaluated the divergence of trajectories
when starting from the same initial state. Visualization was
performed using the original program in the Scilab 6.1.1
environment.

Results

It should be immediately noted that the network descrip-
tion assumes the presence of addition and multiplication
operations to describe the interaction of elements and their
mutual influence on each other. But the specific values of
a sum or product can be obtained in an infinite number of
ways if we use non-integers. Hence, it’s possible to assume,
or rather say with certainty, that in the general case, the

maximum values of the fitness function can be achieved
in different ways, i. e. by different functionally invariant
structures. The results of computational experiments have
confirmed this assumption.

Note that the minimum number of neurons in the NNMOs
of'the considered configuration, which provides the required
quality of functioning, is 6, with two input neurons, two
output neurons, and two associative or hidden neurons.
Attempts to use NNs with fewer neurons made in this and
earlier works (Bartsev, Bartseva, 2010) were unsuccessful.
Thus, the minimum space of NNMO structures performing
the specified functions is 36-dimensional. The localization
of NNMO structures was visualized by projecting a 36-di-
mensional space into a 3-dimensional one, with various
combinations of weight coefficient numbers being selected
as the coordinates of the projection space.

It was previously shown that the structures of NNMOs
in space are not distributed randomly (diffusely), but form
clusters (Fig. 3). Since the points correspond to NNMO
structures that perform the same function, we can talk about
the presence of functional symmetry, that is, the preserva-
tion of an invariant (function) under certain transformations
(displacements in the space of NNMO structures).

Note that displacements within clusters correspond to lo-
cal symmetry, and jumps from cluster to cluster correspond
to discrete transformations of permutation and sign change
(Bartsev, Bartseva, 2006, 2010). The number of clusters N
for NNMOs with an odd activation function is determined
by the formula: N = 2KK!, where K is the number of as-
sociative neurons. The power of 2 describes the number
of sign-changing combinations, and the factorial describes
the number of permutations of associative neurons in the
weighting matrix. In the case of the C4 function, there are
twice as many clusters, since the signals of the input neurons
are identical and it is possible to rearrange these neurons
in the synapse matrix.

Each cluster in Figure 3 corresponds to a peak with a
cut-off top in the fitness landscape. We emphasize that the
quality of functioning (the level of fitness) of the structures
shown in the figure is identical, which follows from the
nature of functionally invariant transformations and is
confirmed in a computational experiment.

From the comparison of the left and right 3D images,
a useful methodological conclusion can be drawn that
representations of the properties of the fitness landscape
critically depend on which structural elements are taken into
account. In this case, 8 and 16 structural clusters appear only
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Fig. 3. The location of NNMOs structures with the function A3 (a, b) and C4 (c, d).
The XYZ coordinates for (a) and (c) correspond to the numbers of synapses 25/26/31. For (b) and (d) the coordinates are 9/12/22.

with a certain selection of parameters (weight coefficients)
of the NNMO. Additionally, the bi- and polymodality of
frequency distributions of pairwise Cartesian distances be-
tween NNMO structures is one of the indicators of cluster
structure existence (Bartsev, Bartseva, 2010).

As already noted, the initial weight coefficients of the
NNMOs were set by a random number generator, and all
NNMOs started from different starting points (near 0) in
the structure space. Then the presented result suggests the
possibility of different outcomes of evolution, but it does
not say anything about the stability and reproducibility of
the evolutionary trajectory.

The reproducibility of the trajectory of simpler NNs for
other tasks has been studied previously (Bartsev, Baturina,
2019). It has been shown that throughout the learning
process, each point of the trajectory can generate a bundle
of alternative trajectories, nevertheless directed towards
the nearest cluster corresponding to maximum fitness. In
this paper, to demonstrate the generally expected results,
several implementations of training trajectories from the
same initial state were obtained (Fig. 4). It is easy to see the
rapid divergence of evolutionary trajectories, which is due:

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

firstly, to the randomness of perturbations (mutations) of the
weight coefficients; and secondly, to the non-reproducibility
of the flow of events (Fig. 2) (the surrounding world) in
which NNMOs were trained.

As noted above, only NNMOs consisting of 6 or more
neurons can adapt (learn this task) to a given environment.
To estimate the minimum number of synapses capable of
performing a given function (in given case, A3 and C4),
the NNMO complexity reduction procedure was used. This
procedure consisted in the sequential removal of minimal
(in modulus) synapses and subsequent retraining of the NN
to a given quality of functioning.

It was shown that the maximum number of weight co-
efficients for which the NNMO retains the same quality
of functioning is 11 for sequence A3 (Fig. 5), and 13 for
sequence C4. These differences in the minimum number
of synapses are expected, since the C4 function is more
complex than A3 due to the fact that the neural network
needs to store the memory of the stimulus for longer before
giving a response.

One more important point should be noted: if we take the
structure of the reduced NNMO and replace the remaining
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Fig. 4. An example of the evolutionary trajectories of NNMOs for
the A3 function in coordinates 25/26/31.

non-zero synapses with random numbers (even conserving
the sign), then NNMO learning does not occur. It follows
from this that for learning (the evolutionary process), it is
necessary to have degrees of freedom, i. e. weighting fac-
tors that are not fully involved in the implementation of the
function and allow avoiding obstacles on the landscape of
the fitness function via other dimensions.

It should be noted that the minimum number of synapses
does not depend on the size of the initial neural network,
but depends only on the function performed (Fig. 6). This
fact allows us to assert that function complexity (for a

Functional symmetry and reproducibility
of the evolutionary process

given transient characteristic of a neuron) is an invariant
quantifiable property of the function itself.

The NNMO reduction procedure can be interpreted
as the price paid for a non-zero weighting factor. In this
case, the formation of a reduced structure corresponds
to the rigid specialization of the organism, which subse-
quently prevents it from breaking out of the evolutionary
impasse.

The minimum number of synapses required for the func-
tioning of NNMOs can be taken as an estimate of functional
complexity. Then the total number of NNMO synapses can
be considered as a potential complexity, which is similar to
the information capacity of the class (Eigen, 1971).

It follows from computational experiments that in order
for the evolutionary process to be carried out, a redun-
dancy of potential complexity over functional complexity
is necessary, and this redundancy leads, in turn, to a mul-
tiplicity of evolutionary outcomes, which is possible only
when the same function can be implemented by different
structures.

Discussion

The results of the study of the heuristic evolutionary model
have shown that, on the one hand, with a significant redun-
dancy of potential complexity over functional complexity,
it is impossible to predict the final structure of the NNMO.
But, on the other hand, the introduction of restrictions, for
example, the requirement of a minimum number of syn-
apses, leads to a decrease in the number of possible final
variants of the structure — their almost complete coincidence
is possible, even with a difference in the initial size of the
NNMOs. For example, comparing the right-hand weighting
matrices in Figures 5 and 6, it is easy to see that the matrices
of reduced 6- and 10-neuron NNMOs are very similar —it is
enough to swap the bottom two rows and change the signs

-0.005 0024 0020 -0032 0031 0057 0.000 0206  0.000 0.000 0.000  0.000
0.002 0.036 -0.006 -0.033 -0.035 0.079 0.000 0.000 0.000 0.000 0.000 0.213
-0.002 -0.006 0026 -0024 -0.129 0.118 0.000 0000 0000 0000 -0.077  0.061
-0.001 -0.003 0.062 -0.064 -0.124 0.115 :> 0.000 0.000 0.000 0.000 -0.077 0.061
-0202 -0.008 0022 -0025 0093 0.048 0.000 0000 0000 0000 0412  0.035
-0.293 0212 -0.120 -0.123 0303 -0.105 -0.710 0.589 0.000 0.000 0.775 0.000
Fig. 5. An example of reducing the complexity of a 6-neural NNMO with the A3 function.
0.000 0246 0000 0.000 0000 0.000 0000 0.000 0000 0.000
0.000 0.000 0.000 0.000 0000 0.000 0000 0.000 0000 -0.386
0.000 0.000 0000 0.000 0000 0062 0000 0000 0000 0.077 0.000 0246 0000  0.000 0000  0.000
0.000 0.000 0.000 0.000 0000 0062 0000 0000 0000 0.077 0.000 0000  0.000 0000 0000 -0.386
0.000 0000 0.000 0000 0000 0000 0000 0000 0000 0000 | __ | 0000 0000 0000 0000 0062 0.077
-0.623 0563 0.000 0000 0000 0.000 0000 0000 0000 -0742 [ — | 0000 0000 0000 0000 0062 0.077
0.000 0.000 0000 0.000 0000 0.000 0000 0.000 0000 0.000 -0.623 0563 0000 0000 0.000 -0.0742
0.000 0.000 0.000 0.000 0000 0.000 0000 0.000 0000 0.000 0.000 0000  0.000 0.000 -0.042  0.450
0.000 0.000 0,000 0.000 0000 0.000 0000 0.000 0000 0.000
0.000 0.000 0.000 0.000 0000 -0.042 0000 0.000 0.000 0.450

Fig. 6. Transfer of the already reduced structure of 10-neuron NNMO (A3 function) to the 6-neuron configuration by deleting the zero
rows (and the corresponding columns) of the synapse matrix.
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of synapses in the rows, that is, to make discrete function-
ally invariant transformations of the structure.

The conclusions by the heuristic model (from 2005) about
the potential multiplicity of evolutionary outcomes were
illustrated in the works (Podgornaia, Laub, 2015; Starr et
al., 2017), where it was shown that in addition to the natural
set of four amino acids, about 1 % of the combinations from
the total set of 160 thousand can perform their function (of
the same quality) in both proteins considered. At the same
time, in the sequence space, the studied region splits into
subdomains (clusters), within which evolutionary move-
ments can occur relatively freely, while transitions between
clusters are difficult, which corresponds well to the heuristic
neural network model.

Herewith, if there are limitations and if the maximum
of the fitness function is found in the vicinity, evolution-
ary trajectories can be reproduced (Weinreigh et al., 2006;
Meyer et al., 2012; Orgogozo, 2015), which also agrees with
the heuristic model using the example of reduced NNMOs.

Note that the results obtained are not purely heuristic and
computationally experimental. The possibility of function-
ally invariant transformations leads to the fact that “muta-
tions” of the structure with identical or very similar quality
of functioning (equal or close fitness) are possible, which
corresponds to neutral mutations of Kimura (1979). The
consequence of this is that at the next step, the evolution-
ary trajectory may take several paths equivalent in terms
of fitness function.

In summary, we can agree with the claim that math-
ematical models (Garte et al., 2025) are generally unable
to predict a specific evolutionary trajectory. Apparently, the
requirement to predict a specific trajectory is in most cases
an incorrect request.

Instead, the model, working with ensembles of trajec-
tories, can calculate the probabilities and conditions of an
evolutionary outcome, which will provide an understanding
ofthe general properties of evolving systems. For example,
the computational construction of the Agekyan—Anosova
“homological map” (Lento et al., 2008) showed that the
dependence of the lifetime of a 3-body system on the initial
state has a fractal structure — and it becomes clear what can
be expected from this system in principle.

Conclusion

An abstract heuristic model of evolution based on general
assumptions about the nature of living things allows us
to formulate assumptions (hypotheses) about the general
properties of evolving systems. In particular, the very pos-
sibility of evolutionary change depends on the redundancy
of the structure over the complexity of the function under
selection, which generally leads to a potential multiplicity
of evolutionary outcomes due to the ambiguity of structural-
Sfunctional relationships. That is, in the general case, the
specific path and the final structure (and its very achieve-
ment) of an evolving system are not deterministic given
the functional equivalence of the evolutionary outcomes.
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Alembic: a framework for converting disparate biological data
into structured resources
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Abstract. The imperative to re-analyze existing public sequencing data is central to modern biology, driven by new
hypotheses and advanced analytical methods. However, this effort is critically hampered by the profound heterogeneity
of repository data, particularly the non-standardized, free-text descriptions of biological experiments. This lack of
structural and semantic homogeneity prevents systematic search, integration, and comparative analysis, effectively
locking away the full potential of accumulated datasets. Advances in Natural Language Processing (NLP) offer a pivotal
pathway to overcome this bottleneck by transforming unstructured text into computable, homogeneous information.
The integrated Entrez database system, maintained by the National Center for Biotechnology Information (NCBI),
provides sophisticated programmatic access via an APl to primary sequencing data and its associated metadata,
including detailed experimental descriptions. This interface enables researchers to identify and retrieve relevant data
through keyword searches, including those based on gene names, and to apply modern NLP techniques to transform
textual metadata into structured information. The output is formatted data ready for integration into local databases,
accompanied by a systematic list of links for downloading primary files. The Alembic software package offers a
comprehensive and automated solution for the entire workflow. Designed as a locally deployable client-server system,
Alembic incorporates state-of-the-art transformer-based Al algorithms for analyzing the biomedical text that ac-
companies sequencing data. Its core utilizes the openly available AIONER platform, which is built upon the PubMedBERT
model trained on the PubMed repository, to ensure efficient and accurate recognition of biomedical named entities (e.g.,
genes, diseases). This provides users with structured and meaningful keyword search results. By delivering a curated list of
datasets, Alembic streamlines the path from search to analysis. Researchers can efficiently identify high-value targets and
obtain a complete package of metadata and primary data to construct a tailored local repository. This positions Alembic
as a universal solution that overcomes the fragmented approach of existing tools, offering an integrated workflow for
diverse public sequencing data.
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AHHOTaumA. Pa3BUTUE TEXHOMOIMI BbICOKOMPON3BOANTENBHOIO CEKBEHUPOBAHUA M METOLOB aHanm3a 6osnblumx
[aHHbIX CO3JaeT YCTONUYMBYIO MOTPEOHOCTb B MOBTOPHOM aHanM3e HAKOMMEHHOW B OTKPbLITbIX Perno3nTopusax
reteporeHHo nHoopmaumm. CepbesHoi npobnemon npu 3TOM ocTaeTcad npeobnajaHne cBOGOJHOrO TEKCTOBOrO
onucaHnA BUONOrMYECKNX SKCMEPVMEHTOB, UTO 3aTPYAHAET MPOAYKTMBHbIA MOUCK, CUCTEMATM3ALMIO U JajbHellee
MCMONb30BaHMe COOTBETCTBYIOWMNX HABOPOB AaHHbIX. [Mporpecc B 061acT UCKYCCTBEHHOTO WHTeNeKTa, 0CO6eHHO
B pa3BUTUN MeTOAOB 06paboTKM ecTecTBeHHOro A3bika (natural language processing, NLP), obycnasnusaet HoBble
METOLONIOMNYEeCK/e BO3MOXHOCTM AnA 3PEKTVBHOrO pelleHnA 3TOW 3ajaun. WHTerprvpoBaHHad cuctema 6a3
OaHHbIX Entrez, noppepkmBaeman HauuoHanbHbIM LEHTPOM 6roTexHonornyecko uHpopmaumm CLUA (NCBI),
npefocTaBnAeT Pa3BUTbIN U HaAeXHbIA JOCTYN Kak K MCXOAHbIM JaHHbIM CEKBEHVMPOBaHMA, Tak U K COMyTCTBYOLLEN
MeTanHdopmaL MK, BKOYaloLel feTarbHOE ONUCcaHNe NapamMeTPOB SKCNEPUMEHTOB, Yepes NPorpamMmMHbIi nHTepdenc
(application programming interface, APl). 3To no3sonsaet nAaeHTUOGULMPOBaATL M 3arpyaTb AaHHble CEKBEHUPOBaHUA
1N COOTBETCTBYIOLME MM MeTafaHHble C OMMUCAHVAMM SKCMEPUMEHTOB, MCMOMb3yA MOWUCK MO KOYeBbIM C/IOBaM ”

© Bezdvornykh LV, Yuditskiy K.I, Cherkasov N.A., Samsonova A.A., Kanapin A.A., 2026
# Equal contributed.

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-9353-9173
https://orcid.org/0000-0001-9802-5297
https://orcid.org/0000-0002-9353-9173
https://orcid.org/0000-0001-9802-5297

I.V. Bezdvornykh, K.I. Yuditskiy, N.A. Cherkasov
A.A. Samsonova, A.A. Kanapin

Alembic: a framework for converting
disparate biological data into structured resources

pasnnyHbIM TEPMUHAM, TaKUM, HAaNPUMEP, KaK MMEHa reHOB, B PENO3UTOPMSAX; NPeobpa3oBbiBaTh U CUCTEMATU3NPOBATD
TeKCTOBble ONUCaHUA C NprMeHeHrem coBpeMeHHbIX NLP-meToaoB 1 obecneyrBaTh ncciefoBaTtesiaM CTPYKTYPUpPOBaH-
Hyt0 MHPOPMaLMIO AN UHTErpaL MK B NIoKasibHble 6a3bl JaHHbIX 1 GOPMaTUPOBAHHBI NepeyeHb CCbIFIOK A 3arpy3Ku
NCXOAHbIX AaHHbIX. [IporpaMmHbIn nakeT Alembic npeanaraeT KoMnnekcHoe peLueHne A1A Novcka 1 3arpysku AaHHbIX,
aBTOMaTU3MPYA BCe yKasaHHble 3Tarbl. [natdopma UCNonb3yeT KNNEHT-CEPBEPHYIO apXUTEKTYPY 1 NpefHa3HaveHa ans
NOKanbHOWM yCTaHOBKW. [1nA aHanv3a 6romeanLNMHCKUX TEKCTOB, CONMPOBOXAAIOLLMX AaHHble CEeKBeHMPOBaHMs, B Alembic
WNHTErprpoBaHbl COBPEMEHHbIE afiFOPUTMbl MCKYCCTBEHHOTO MHTENNEKTa Ha OCHOBE apXUTEKTYpbl TPaHCPopMepoB.
B yacTHocTW, ncnonb3yeTca nmetoLanca B oTKpbiTom goctyne nnatdpopma AIONER, obyueHHas Ha faHHbIX peno3nTopus
PubMed c nomoLuypbto mogenn PubMedBERT. Takoi nogxon obecneunBaeT s3¢ppeKTBHOE pacro3HaBaHWE NMEHOBAHHbIX
cywHoctert (named entity recognition, NER) 6uomefnLmHCKOro xapaktepa (reHbl, 3abonesaHus v ap.), npefocTaBnas
Nonb30BaTeNto CTPYKTYPUPOBaHHblE pe3ynbTaTbl MOMCKa MO KiuyeBbiM cnioBaM. DopmMupyemMblii NakeTom CNUCOK
[laeT BO3MOXHOCTb MCC/IeAOBaTeN0 aHaIM3MPOBaTh pe3ynbTaTtbl, 0TOMpaTh Hanbonee peneBaHTHble HABOPbI AaHHbIX
1 rnosiyyatb BClO Heobxoanmyto MHGOpMaLMio (BKNOYaA NCXOAHbIE JaHHbIE) ANiA CO3AaHWsA JIOKaNbHOro peno3nTopus,
OPUEHTVPOBAHHOIO Ha KOHKPETHYl WCCIefoBaTeNbCkylo 3apavy. B otnnuve ot mmetowmxca aHanoros, Alembic
ABNAETCA YHMBEPCANbHbIM peLleHeM AN MHTErpauny JaHHbIX U3 Pero3nTopueB OTKPLITOrO AOCTyna U paboTbl C
Pa3HOPOAHBIMU TUMAMU AAHHbBIX CEKBEHVPOBaHWA.

KnioueBble cnoBa: 06paboTka ecTecTBEHHbIX A3bIKOB; aHaNn3 6UOMEANLIMHCKMX TEKCTOB; CEMaHTUYeCcKas aHHOTauus;
rapmoHm3auua faHHbIX; MHTErpaLma OMUKCHbIX faHbIX

Introduction

The rapid accumulation of sequencing data from multiple
modalities, including WGSeq, RNASeq, and BSSeq, as well as
related publications, is driven by advances in high-throughput
sequencing technologies. The analysis of these extensive data-
sets calls for specialized software systems that can automati-
cally and efficiently extract biologically relevant information.
One promising approach involves the application of Natural
Language Processing (NLP) algorithms. Modern NLP tech-
niques automate the analysis of scientific texts, significantly
enhancing the efficiency of large-scale data processing. A
notable example is the MetaMap system (Aronson, Lang,
2010), which utilizes Named Entity Recognition (NER) to
identify concepts from the Unified Medical Language System
(UMLS) metathesaurus within textual sources. Building upon
this foundation, specialized tools such as the BIONER package
have further extended NER capabilities for biomedical entity
recognition (Wang et al., 2019).

Building on the foundational role of NER in biomedical
text extraction, advancements in neural network architectures
and word embedding techniques have markedly improved the
accuracy of biomedical entity recognition. The introduction of
context-sensitive models, such as ELMo (Embeddings from
Language Models), enabled the generation of word representa-
tions that incorporate contextual information. Recent progress
in the field is characterized by the dominance of transformer
architectures, particularly BERT (Devlin et al., 2019), which
have transformed approaches to NLP tasks. Adapting these
architectures for biomedical applications has spurred the de-
velopment of domain-specific models, including BioBERT and
PubMedBERT (Lee et al., 2020), as well as specialized pro-
cessing frameworks such as scispaCy (Neumann et al., 2019).

The most extensive integrated system of biomedical data-
bases remains Entrez, developed by the US National Center
for Biotechnology Information (NCBI). This platform con-
solidates 38 distinct repositories, including PubMed, PMC,
and databases of nucleotide and protein sequences. Data
are added to the system through both automated processes,
such as the analysis of scientific publications, and manual

submissions by researchers. Depositing sequencing data into
public archives (e. g., SRA, ENA) requires ones to provide
essential metadata describing their experiments and biologi-
cal samples. A principal advantage of Entrez is its program-
matic interface, the Entrez Programming Utilities (E-utilities)
(Sayers, 2022), which supports advanced querying and auto-
mated data extraction.

A common challenge in genomics involves identifying
relevant raw datasets from public repositories. While program-
matic access to resources like Entrez enables data retrieval,
the integration of contemporary NLP for analyzing the asso-
ciated biomedical text is key to building a unified system for
this task. Existing tools, such as iSeq (Chao et al., 2024) and
SampleExplorer (Chin, Lassman, 2024), have a narrow focus
and offer limited functionality in this regard. To address this
gap, we present Alembic, a system designed to analyze data
within NCBI’s public repositories and perform the structured
extraction of targeted information. Its name reflects its core
function: much like the distillation apparatus used to extract
essential substances from raw materials, Alembic refines
meaningful insights from large volumes of primary data.

Materials and methods

Alembic employs a client-server architecture, where a client
module handles query construction and result visualization,
and a server module is responsible for processing the request
and extracting the named entity. Figure 1 illustrates the overall
system module design and data processing workflow.

The system operates on data from the NCBI Short Read Ar-
chive (SRA), accessed through the public Entrez API, allowing
users to search using a broad spectrum of biomedical terms.
Upon query execution, the AlembicDump module processes
the results through a sequential pipeline: it first extracts NCBI
Universal Identifiers (UIDs), uses them to fetch the full cor-
responding metadata in XML format, and then standardizes
and restructures this information into a tabular format with
predefined columns. This final table adheres to the Entrez
SRA metadata schema, which comprises 21 fields containing
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either free-text descriptions (e. g., Study Abstract) or formally
structured identifiers (e. g., Sample Accession).

The structured data from AlembicDump are then analyzed
by the AlembicNLP algorithm to perform named entity re-
cognition. First, the input text undergoes preprocessing with
sciSpaCy (v 2.0.18), involving conversion to lowercase,
removal of special characters and punctuation, filtering of
isolated digits and stop-words (using the NLTK dictionary,
www.ntlk.org, v 3.8.1), lemmatization, and tokenization. The
processed text is then analyzed by the core AIONER model
(Luo et al., 2023), a Bioformer-based architecture.

Alembic implements this using the embedded, open-
source AIONER code with the bioformer-cased-v1.0 and
BiomedNLP-PubMedBERT-base-uncased-abstract model
variants, which were pre-trained on PubMed abstracts (https://
huggingface.co/lingbionlp/AIONER-0415/tree/main). These
models were trained on information available in the article
abstracts deposited in the PubMed catalog (Luo et al., 2023).
The recognition stage outputs entities that are automatically
categorized into predefined classes: Gene, Disease, Species,
Cell Line, Variant, and Chemical. Consequently, AlembicNLP
produces its final output: an annotated list that classifies each
entity and records its textual coordinates.

The front-end application is implemented on the Vite JS
framework (v 7.0) to optimize the build process. Its compo-
nent-based architecture is developed in React (v 19), while the
Ul layer employs Material UI (v 7) components complemented
by the MUI X DataGrid for advanced data table features.
Asynchronous API communication is facilitated by the Axios
library (v 1.6.7).

The application implements a clear workflow through two
dedicated modules. The workflow begins with the Search
Interface Module, where users query biomedical terms. This
module returns results in a consolidated, paginated table op-
timized for large datasets.

The user then selects relevant fields, triggering the Data
Preparation Module. This module automatically extracts
and categorizes key terms for Al-driven analysis. This entire
process is enabled by a client-server architecture: all complex
data processing occurs on the server, while the client provides
a clean, structured interface for interaction and presentation.
This separation streamlines the analysis of complex descrip-
tions and significantly reduces the user’s cognitive load.

The system presents an interactive dashboard for grouped
results, equipped with hierarchical term filters, a faceted
quick-search field, and dynamic highlight-on-hover func-
tionality. These tools enable drill-down analysis and rapid
identification of patterns within large datasets, eliminating the
need to manually parse complete experimental descriptions.
The interface implements a fully responsive design, ensuring
optimal usability and consistent functionality across desktop,
tablet, and mobile platforms.

A researcher using Alembic typically follows a three-stage
workflow: beginning with query formulation, followed by
metadata structuring, and concluding with entity extraction.
For instance, a search for Alzheimer’s disease transcrip-
tomic data starts by entering keywords such as “Alzheimer”,
“disease”, and “RNASeq” into the dedicated search interface

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY
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Fig. 1. Schematic diagram of the Alembic package, comprising
the AlembicDump (search result preprocessing) and AlembicNLP
(named entity extraction) modules.

(Fig. 2). The system returns the number of matching SRA
records and, if results exceed 1,000 entries, prompts the user
to refine terms or accept the default limit.

In the second stage, Alembic structures the retrieved meta-
data into a table for review (Fig. 3). The table presents standard
Entrez metadata field names, the percentage of experiments
containing each field, and sample data entries. Using check-
boxes in the first column, users can select multiple metadata
types for subsequent Al-powered analysis.

Upon clicking the CONTINUE button, the system executes
the NLP pipeline and displays the final output (Fig. 4). The re-
sults in this example are presented as a word cloud, visualizing
the frequency of recognized entities. The interface includes
download links in the upper-right corner for two tab-separated
value (TSV) files: RESULTS.TSV (containing data prior to Al
processing) and Al PROCESSED.TSV (containing the post-
processed results). These structured files are suitable for direct
import into standard relational databases, including SQLite,
MySQL, or PostgreSQL. A separate file, DOWNLOADS.TXT,
supplies direct URLs for retrieving the corresponding raw
sequencing data from the SRA archive. The page concludes
with a detailed listing of each experiment and its associated
downloadable sequencing samples.

The project’s front end is built using modular JavaScript.
Its architecture prioritizes scalability, allowing new functional
modules to be added without modification of the core system.
All source code and comprehensive documentation are pub-
licly accessible under the MIT license via the project’s GitHub
repository: https://github.com/shitohana/Alembic.

A local installation of Alembic requires Python v 3.12 or
later and Docker v 24.0.2 or later. The setup procedure au-
tomatically installs all necessary dependencies, such as the
TensorFlow (v 2.3.0), Transformers (v 4.18.0), and stanza
(v 1.4.0) packages required for the integrated AIONER model.
Once installation is complete, the system becomes accessible
through a local web interface.

Results and discussion

The increasing scale of biomedical text processing has neces-
sitated the development of numerous named entity recogni-
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Fig. 2. The Alembic search interface.
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Fig. 3. Aggregated, tabular view of the results returned from a keyword search.

tion (NER) systems. Leading solutions in this area include
scispaCy and AIONER. scispaCy provides models pretrained
on biomedical corpora such as GENIA and MedMentions,
enabling efficient handling of essential NLP tasks, including
tokenisation, part-of-speech (POS) tagging, syntactic parsing,
and NER, while accounting for domain-specific linguistic
features. POS tagging, a foundational NLP technique, assigns
grammatical categories (e. g., noun, verb, adjective) to each
word in a text.

In contrast, AIONER specialises exclusively in biomedical
NER (BioNER) through an innovative All-in-One (AIO) ap-

proach, which simultaneously recognises terms drawn from
multiple annotated datasets. Unlike conventional methods that
label tokens separately per category (e. g., Gene, Disease), the
AIO architecture processes all categories concurrently using
specially designed boundary tags. This reduces attribution er-
rors for individual words or compound expressions, improves
tokenisation accuracy, and addresses common challenges such
as overfitting and poor generalisation, often stemming from
sparsely annotated biomedical data. Built on modern pretrained
language models like PubMedBERT and enhanced with a con-
ditional random fields (CRF) layer for precise entity boundary
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Fig. 4. Visualization of named entities identified by the PubMedBERT model, displayed as a word cloud where term size

corresponds to frequency.

detection, AIONER was selected as the core NER engine for
the Alembic package due to these combined strengths.

The growing volume of biomedical text has driven the
development of numerous named entity recognition (NER)
systems, with scispaCy and AIONER being leading examples.
scispaCy offers models pretrained on biomedical corpora,
such as GENIA and MedMentions. These models efficiently
perform essential natural language processing tasks, namely
tokenisation, part-of-speech (POS) tagging, syntactic pars-
ing, and NER, while incorporating domain-specific linguistic
features. Here, POS tagging refers to the foundational NLP
technique of assigning a grammatical category (e.g., noun,
verb, adjective) to each word in a text.

While tools like iSeq and SampleExplorer retrieve data
from public repositories, Alembic introduces a fundamen-
tally different approach grounded in natural language pro-
cessing. The distinction reflects their core operational phi-
losophies: iSeq functions as an automated data retrieval utility,
whereas Alembic is designed for semantic analysis and entity
extraction. iSeq operates via the command line to download
batches of NGS data from major repositories, such as GSA,
SRA, ENA, and DDBJ, using known accession numbers.
Although it automates the download process and verifies data
integrity, it performs no semantic analysis of metadata, rely-
ing entirely on pre-defined lists of identifiers. This approach
treats data fundamentally as files to be transferred rather than
information to be understood. SampleExplorer adopts a dif-
ferent strategy, employing language models to query reposi-
tories such as ARCHS4 for transcriptomic data. Its algorithm
identifies semantically similar experiments by combining
vectorised text metadata with transcriptomic similarity scores,
using genes or textual descriptions as search queries. This
design optimises discovery at the experiment level, enabling
researchers to find analogous samples and related studies.

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

However, it does not parse individual descriptions to extract
and classify specific biomedical entities — such as genes,
variants, and chemicals — which form the core function of
Alembic’s NLP pipeline.

Unlike iSeq and SampleExplorer, Alembic provides a
fundamentally distinct solution through an integrated NLP
stack purpose-built for biomedicine. It utilises established
preprocessing frameworks, notably scispaCy, and incorporates
transformer architectures, including BERT and BioBERT.
Its primary advantage, however, derives from implementing
PubMedBERT (a model further trained on the entire PubMed/
PMC corpus) within the AIONER architecture (Luo et al.,
2023). This specialised training enables Alembic to substan-
tially outperform generic models, achieving superior accuracy
in recognising complex biomedical terminology and interpret-
ing its contextual meaning, thereby transforming unstructured
text into structured, actionable knowledge.

Conclusion

Alembic enables systematic extraction and structuring of
biomedical metadata from open repositories through deep
NLP-driven analysis. The system generates import-ready
metadata packages compatible with SQLite and PostgreSQL,
automates retrieval of linked raw sequencing files, and supports
on-demand generation of specialized, project-specific local
databases. The integrated AIONER platform leverages state-
of-the-art language models, particularly PubMedBERT pre-
trained on the PubMed/PMC corpus, to accurately identify
and classify biomedical entities with higher precision than
alternative tools. Unlike command-line utilities that require
manual query formulation, Alembic’s graphical interface and
interactive visualizations streamline data discovery, reducing
operational friction and enabling researchers to focus on
analysis rather than data wrangling.
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By converting unstructured metadata into structured, ma-
chine-actionable knowledge, Alembic substantially reduces
the time and expertise required to prepare public repository
data for downstream analysis.
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Development and validation of the PipeSeq program for RNA-seq
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Abstract. RNA sequencing (RNA-seq) is a highly sensitive method for transcriptome analysis that allows simultaneous
assessment of expression of thousands of genes and identification of expression patterns under various conditions. The
existing variety of RNA-seq data formats, normalization methods, and approaches to statistical processing of results
complicates comparison of data from different studies and reduces reproducibility of the analysis. This study presents
an automated pipeline PipeSeq that combines standard steps of RNA-seq data processing: loading (SRA Toolkit), read
alignment to the reference genome (HISAT2), transcript assembly (StringTie), transcript counting (FeatureCounts)
and statistical analysis of differential gene expression under various experimental conditions (DESeq?2). PipeSeq has
a simple visual interface, supports multithreading, and generates ready-to-analyze gene expression heat maps, tables
and graphs. The functionality of the pipeline is demonstrated on three sets of raw RNA-seq data from the green alga
Chlamydomonas reinhardtii cells available in the NCBI SRA database. The data from these experiments were used to
analyze the differential expression of C. reinhardtii genes encoding the GATA family transcription factors under different
light cultivation conditions. The data obtained by in silico methods were verified by real-time reverse transcription
polymerase chain reaction (RT-qPCR) for 12 GATA genes, which allowed us to hypothesize their functions and evaluate
the correlation between the bulk (RNA-seq) and targeted (RT-qPCR) approaches. Our results showed that RNA-seq and
RT-gPCR methods reveal similar directions of gene expression changes, but demonstrate differences in the effect size
and sensitivity, which emphasizes the need for a combined use of the two approaches. Thus, the PipeSeq program is
a tool for conducting a full cycle of bioinformatic analysis of RNA-seq data, additionally providing the opportunity to
process RT-qPCR data and perform a comparative statistical analysis of the results obtained.
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Pa3paboTKa 1 Bajaupganus riporpaMMsbl PipeSeq
IJIsI aHa/I3a JaHHbIX ceKBeHpoBaHMss PHK
Ha mozaenu Chlamydomonas reinhardtii

A.M. Hepesenko ®, A Bupoaanuen (12, C.A. Tynuupina ((2), E.M. YekyHoBa

CaHkT-TMeTepbyprckuii rocyfapcTBeHHbl yHBepcuTeT, CaHKT-TeTepbypr, Poccna
@ alexnerezenko@gmail.com

AHHoTauusA. CekBeHnpoBaHue PHK (PHK-ceK) — BbICOKOUYBCTBUTENbHbIN METOZ aHasM3a TPaHCKPUMTOMA, NO3BONAI0-
LM ORHOBPEMEHHO OL|eHVBaTb SKCMNPECCUIO ThICAY FeHOB 1 BbIABNATb NAaTTEPHbI SKCNPECCMU B Pa3fINYHbIX YCIIOBUSAX.
CywecTylolee pasHoobpasme dpopmaToB AaHHbIX PHK-cek, MeTofoB HopManmsauum 1 NOAXOA0B K CTaTUCTUYECKON
06paboTKe pe3ynbTaToB 3aTPYAHAET COMOCTaBEHNE AAHHBIX Pa3HbIX NCCIIEA0BAHUI 1 CHVXKAeT BOCMPOVI3BOANMOCTb
aHanu3a. B HacToAwen paboTe NpeacTaBneH aBTOMaTU3MPOBaHHbIN NannaliH PipeSeq, o6beanHAWMNA CTaHAAPTHbIE
sTanbl 06paboTky HdaHHbix PHK-cek — oT 3arpysku (SRA Toolkit), BblpaBHMBaHUA MPOUTEHWUI Ha pedepeHCHbIN
reHom (HISAT2) n c6opku TpaHckpunTos (StringTie) oo noacyeta TpaHcKkpunTtoB (FeatureCounts) 1 CTaTUCTUYECKOTO
aHanusa anddepeHLmanbHOM SKCNPeccMmn reHoB B PasfnyHbIX dKCNeprMeHTasbHbIX ycnosuax (DESeq?2). Mporpamma
PipeSeq umeeT npocTtoii BM3yanbHbIn NHTepdeNc, NofaepK1BaeT MHOTOMOTOUYHOCTb U GOPMUPYeT roToBble ANA
aHanm3a TennoBble KapTbl SKCMPECCUM FeHOB 1 OTYeTbl B opMe Tabnu, 1 rpadrkoB. OYHKLMOHaNbHOCTb NaiinnaiHa
NPOAEMOHCTPUPOBaHa Ha Tpex Habopax NakeToB CbIPbiX JaHHbIX ceKBeHUpoBaHUA PHK KneTok 3eneHoi Bogopocnm
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Development and validation of the PipeSeq program
for RNA-seq data analysis in the C. reinhardtii as a model

Chlamydomonas reinhardtii, pocTynHbIXx B OTKpbITON 6a3e AaHHbix NCBI SRA. Pe3ynbtaTbl 3TUX 3KCMEPUMEHTOB
6bIN MCMoNb30BaHbl ANA aHanu3a anddepeHumanbHon skcnpeccumn reHoB C. reinhardtii, kopnpyowmux dakTopbl
TpaHckpunuun cemeiictBa GATA, B pasfivyHbIX CBETOBbIX YCNOBMAX KyNbTUBMPOBaHWA. [ofyyeHHble mMeTopamu
in silico jaHHble BepuOULMPOBaHbI METOLOM MONMMEPA3HONM LIEMHON peakuuy B peanbHOM BPeMeHu C obpaTHOM
TpaHckpunuvein (OT-MLP-PB) no 12 reHam GATA, uTO MO3BONWIO BbIABMHYTb MPeAnonioxeHnsa o6 mnx yHKUmAX,
a TaKkXKe OLEeHWUTb CTeneHb COrnacoBaHHOCTU Mexay maccoBbiM (PHK-cek) u TapretHbim (OT-TLIP-PB) nogxopamu.
Pe3ynbTaTbl Hallero nccnefoBaHMA Nokasanu, YTo metofbl cekBeHupoBaHua PHK 1 OT-TILP-PB BbiaBnAioT cxoxume
HanpaBneHNa N3MEHEHNA SKCMPECCMN FeHOB, HO EMOHCTPUPYIOT Pa3fnymaA Mo OLeHKe cTerneHn pa3mepa 3¢dekrta n
YYBCTBUTENbHOCTM, YTO NOJYEPKMBAET HEOOXOAMMOCTb COBMECTHOIO NPUMeHeHMA ABYX NoAxonoB. Taknum obpasom,
nporpamma PipeSeq npepactaBnseT cobol UHCTPYMEHT AnA NpoBefdeHuA MOMHOro unkna 6ronHpopmaTnyeckoro
aHanusa JaHHbix PHK-cek, faeT BO3MOXHOCTb 06pabatbiBaTbh AaHHble OT-MLP-PB 1 BbINONHATL CPaBHUTENbHBbIA
CTaTUCTUYECKMIA aHANN3 MONYYEHHbIX Pe3yNbTaToB.

KntoueBble cnosa: cekBeHnpoaHue PHK; PHK-cek; OT-TLIP-PB; nannaiH; TpaHCKPUNTOM; SKCNpPeCccus reHoB; GakTopbl

TpaHckpunuun cemenctea GATA; OT GATA; Chlamydomonas reinhardtii

Introduction

In recent years, RNA sequencing (RNA-seq) has become
widely adopted as a reliable approach for large-scale quan-
titative analysis of gene expression across diverse biological
systems (Marioni et al., 2008; Mortazavi et al., 2008; Conesa
etal.,2016; Li X., Wang, 2021). Due to the “digital” nature of
the data, RNA-seq enables direct calculation of the number of
reads for each transcript, providing a wide dynamic measure-
ment range and high reproducibility of experimental results.
In addition, this method makes it possible to detect previously
unannotated transcripts and alternative splicing variants (Wang
etal.,2009; Li X., Wang, 2021). These features establish RNA
sequencing as a powerful tool for systems-level studies of the
transcriptome, enabling reliable quantification of transcript
levels under various experimental conditions and identifica-
tion of differential gene expression in the study object (Wang
et al., 2009).

The processing, accumulation and consolidation of these
data can contribute to obtaining novel insights into the func-
tioning of living systems. To implement this approach, it is
essential to address the challenge of standardizing the process-
ing of raw RNA-seq data (Conesa et al., 2016; Li X., Wang,
2021). Currently, outdated normalization methods are still
employed for gene expression assessment. These methods are
characterized by low reproducibility, fail to adequately cor-
rect for compositional biases, and hinder direct comparison
of results across independent studies. Such methods include:
RPKM (Reads Per Kilobase per Million mapped reads), FPKM
(Fragments Per Kilobase of exon model per Million mapped
fragments), and TPM (Transcripts Per Million). At present,
methods based on the negative binomial distribution — DESeq2
and edgeR — are considered the standard for differential gene
expression analysis. Normalized counts generated by DESeq2
have demonstrated the lowest coefficient of variation and high-
est reproducibility (Zhao S. et al., 2020; Zhao Y. et al., 2021;
Elahimanesh, Najafi, 2024).

The existing diversity of RNA-seq data processing meth-
ods, formats, and representation approaches across various
databases complicates the consolidation of information for
comprehensive analysis. To address this issue, there is a need
to develop integrated solutions capable of minimizing manual

labor, ensuring a high degree of reproducibility of results and
ease of use for biologists without special training in informa-
tion technology (Conesa et al., 2016).

Comparative analysis of RNA-seq data processing results
and molecular biology data is complicated by several meth-
odological challenges. Although RNA sequencing is recog-
nized as a reliable method for global expression profiling, the
results obtained through this technique typically represent
relative changes in transcript levels across the entire genome.
Historically, reverse transcription quantitative polymerase
chain reaction (RT-qPCR) has been established as the “gold
standard” for validating data derived from transcriptomic
studies (Derveaux et al., 2010; Coenye, 2021). However,
RT-gPCR-based methods and RNA sequencing technology
rely on different protocols, which complicates their direct
quantitative comparison. Several factors can influence the
obtained results, including: efficiency of reverse transcription
and amplification processes, data normalization methods,
sensitivity of the techniques employed.

Currently, RNA-seq is utilized to cover the entire transcrip-
tome of the study object and identify a set of differentially
expressed candidate genes in response to a specific stimulus.
In contrast, RT-qPCR is applied for precise quantitative as-
sessment of these changes, specifically targeting a limited pool
of genes of interest (Shi, He, 2014; He et al., 2015; Coenye,
2021).

To understand the mechanisms of metabolic regulation,
special attention is devoted to the study of transcription fac-
tors (TFs) as key regulators of gene activity. TFs are proteins
capable of binding to specific DNA sequences in promoter
regions, thereby enhancing or repressing the transcription
of target genes. These regulators coordinate gene activity
in response to various environmental changes and signaling
influences, participating in global processes such as growth,
development, and adaptation to stress factors (Riechmann et
al., 2000).

In photosynthetic organisms, genes encoding GATA family
transcription factors are of particular interest. GATA TFs are
proteins that carry a conserved zinc finger domain of type IV
(general formula: CX,CX;5_,0CX,C). This domain mediates
binding to the consensus sequence (A/T)GATA(A/G) in the
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promoters of target genes (Reyes et al., 2004). Plant GATA

factors are involved in the regulation of photomorphogen-

esis, nitrogen and carbon metabolism, and hormonal control

(Manfield et al., 2007; Naito et al., 2007; Luo et al., 2010;

Schwechheimer et al., 2022; Schroder et al., 2023; Ren et al.,

2025). In recent years, there has been a significant increase

in scientific interest in studying GATA TFs in bryophytes and

algae, as their biological functions and evolutionary roles
remain insufficiently characterized (Schwechheimer et al.,

2022; Virolainen, Chekunova, 2024).

The aim of the present study is to develop an integrated solu-
tion for standardizing the processing of raw RNA sequencing
data and RT-qPCR results.

To achieve this goal, the following objectives must be ad-
dressed.

1. Developing an automated pipeline for conducting a full
cycle of RNA-seq data analysis.

2. Testing the pipeline on raw RNA-seq data publicly avail-
able in the NCBI SRA database, using as a model the genes
encoding GATA family TFs in a model object of photosyn-
thesis genetics, the green alga Chlamydomonas reinhardtii,
in response to changes in light growing conditions.

3. Conducting an analysis of GATA gene expression in C. rein-
hardtii using the RT-qPCR method in response to changes
in light conditions during growth.

4. Performing a comparative statistical analysis of the obtained
RNA-seq and RT-qPCR data.

Materials and methods

Quantitative analysis of gene expression using the PipeSeq
program. To analyze the expression profile of 12 genes encod-
ing GATA TFs in C. reinhardtii under various cultivation con-
ditions by in silico methods, the following publicly available
raw RNA-seq data packages were selected from the NCBI SRA
database (Wheeler et al., 2005): SRX8380269, SRX8380270,
SRX8380271 (acclimation to high light, 600 pmol/m?/s, 1 h),
SRX7413406, SRX7413407, SRX7413412, SRX7413413,
SRX7413414, SRX7413415 (acclimation to light, 30 min),
SRX5120530, SRX5120531, SRX5120532, SRX5120533,
SRX5120534, SRX5120535 (acclimation to darkness).

The three selected datasets (PRINA634446, PRINAS596622,
PRINA509798) include both experimental (altered growth
conditions) and control (standard growth conditions) RNA-seq
data for the wild-type strain CC-124 (wt, mt-) of C. reinhardtii
performed in triplicate biological and technical replicates. For
read alignment, the C. reinhardtii genome assembly (v5.6)
(Merchant et al., 2007) and its annotation in GTF format
were downloaded from the Phytozome portal (Goodstein et
al., 2012).

Data upload and processing were carried out using Pipe-
Seq, an automated software package consisting of 17 scripts
and more than 2,000 lines of code. The tool is designed for
system analysis of transcriptomic data obtained via RNA-seq,
processing of RT-qPCR data using the AACt method (Livak,
Schmittgen, 2001; Schmittgen, Livak, 2008), and comparative
analysis of results (including calculation of Pearson, Spear-
man, and Kendall correlation coefficients). The program was
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developed in Python (version 3.9) using Pandas (McKinney,
2011), Matplotlib (Hunter, 2007), PyQt6 (https://www.river
bankcomputing.com/software/pyqt/), PyDESeq2 (Muzellec
et al., 2023) libraries, and bioinformatics tools SRA Toolkit,
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), MultiQC (Ewels et al., 2016), Cutadapt (Martin,
2011), HISAT2 (Kim et al., 2019), SAMtools (Li H. et al.,
2009), FeatureCounts (Liao et al., 2014), StringTie (Pertea et
al., 2015), DESeq2 (Love et al., 2014).

Strains and cultivation conditions. The wild-type strain
CC-124 (wt, mt-) of C. reinhardtii from the Peterhof Genetic
Collection at St. Petersburg State University (Kvitko et al.,
1983) was grown in Petri dishes on agarized TAP medium
(1.5 %) (Harris, 1989), supplemented with arginine (50 mg
per liter of medium) and yeast autolysate (4 g per liter of
medium) at a temperature of 20-25 °C with a day (14 h, illu-
mination 90 pmol/m?/s) / night (10 h) cycle and subculturing
every three days. Culture samples were grown and collected
under standard illumination conditions (90 umol/m?/s) and
darkness (control conditions), under conditions of increased
illumination (high light, 215 umol/m?/s) for 30 min and 2 h
(transfer of cultures from standard conditions), under condi-
tions of standard illumination for 30 min and 2 h (transfer of
cultures from darkness), under darkness for 30 min and 2 h
(transfer of cultures from standard conditions) (experimental
conditions).

Culture fixation and RNA isolation. Fixation of C. rein-
hardtii cell cultures grown under control and experimental
conditions and total RNA isolation was performed using
the “ExtractRNA” reagent (Evrogen, Russia) in strict accor-
dance with the manufacturer’s protocol. RNA preparations
were treated with DNase I (Thermo Fisher Scientific, USA)
to remove genomic DNA contamination, and subsequently
ethanol-precipitated. The concentration of total RNA was
measured using an Eppendorf BioPhotometer plus spectro-
photometer (Eppendorf, Germany).

Primer design. Gene-specific primers were designed using
the IDT PrimerQuest Tool (https://www.idtdna.com/pages/
tools/primerquest) and NCBI Primer-BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/). Primer design criteria
included positioning of at least one primer at an exon—exon
junction, or ensuring that an intron sequence was located
between primer binding sites. The constitutively expressed
genes RPL19 (ribosomal protein L19) and RPL32 (ribosomal
protein L32) of C. reinhardtii were used as reference genes
for data normalization (Liu et al., 2012). The RBCS (Ribulose
bisphosphate carboxylase small subunit) gene of C. reinhardltii
was used as experimental condition change control (Sanchez-
Tarre, Kiparissides, 2021). Primer sequences are listed in
the Table.

Primer specificity assessment included melting curve
analysis across a series of controls (no-template control,
no-reverse-transcription control, positive control) and visu-
alization of PCR products via gel electrophoresis (Derveaux
etal.,2010). PCR efficiency was evaluated using the software
of the QuantStudio 5 real-time PCR system (Thermo Fisher
Scientific, USA).
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Primer sequences for quantitative analysis of GATA gene expression

Gene |dentifier Primer Sequence (5'-3")
GATA-1 Cre01.9025050 F GTTGTTTGGCGACCTCTTTGTG

R GATCAGCGGCGGCTATGTC
GATA-2 Cre10.9435450 F ACTACGACGAGCGGGAAGA

R GCCTTCTTCGCCATGTACTCC
GATA-3 Cre08.9378800 F GAGCTGGACGGGAACGAAAC

R GTGCGGTGCCGAGTAGTTT
GATA-4 Cre11.9467581 F GATCCTATCACCACCAAGGTTGC

R CCATGCCGCCCATGTTCA
GATA-5 Cre03.9160600 F TCACGGGACGACGACATCA

R CGGGTGAAGAATATGCCACAGG
GATA-6 Cre03.9160700 F GAAAAGGCAGGACAAGTCCAAG

R TGTGAGGCGGGATGAAGAT
GATA-7 Cre05.9242600 F AGGAGCAGCAGCAGCAATC

R CTGGTTAGTGCGGCGGTATC
GATA-8 Cre06.9266850 F TGTGCAACGCATGTGGGATA

R CGGTCTTGGCTGACACATAGTT
GATA-9 Cre06.9266950 F ACATCAGCGGCTGCGATAAT

R CGCCTGAGCCACTTTCGG
GATA-10 Cre07.9319701 F TCCGCTGCTGCGTAGAGT

R GCAAAGACATCCTCGTCGGC
GATA-11 Cre08.9358532 F TCAGCAACAGCCCTCACTTC

R CGCTCAAACCACTTGACCTCTAT
GATA-12 Cre08.9358534 F TGTCAAGTGTTTCCACGACAAGA

R GCACCAGAACCACTCGCA
RPL32 Cre06.9289550 F CCCAACGGCTTCCTGAAGTA

R AAGCGACGGTTGTGCATCAT
RPL19 Cre02.9075700 F CCTGAAGAAGTACCGCGACTC

R AACACGTTACCCTTGACCTTCA
RBCS Cre02.9120150 F ACCCCGGTCAACAACAAGATG

R GTCGTAGTACAGGCAAGACACG

Reference

The present study

Liuetal., 2012

Sanchez-Tarre, Kiparissides, 2021

Quantitative analysis of gene expression by RT-qPCR.
RT-qPCR reactions were performed in a one-step format using
the “OneTube RT-PCR SYBR” reagent kit (Evrogen, Russia),
strictly following the manufacturer’s instructions. Amplifica-
tion was carried out on a QuantStudio 5 real-time PCR system
(Thermo Fisher Scientific, USA), with fluorescence reading
during the elongation and melting steps. The thermal cycling
protocol was as follows: 55 °C — 15 min, 95 °C — 1 min,
then 50 cycles: 95 °C — 155, 62 °C — 20 s, 72 °C — 20 s,

melting: 55-95 °C with 0.5 °C increments. Each sample was
analyzed in triplicate biological replicates (averaged) (Der-
veaux et al., 2010). Data processing and visualization were
performed using the AACt method (Livak, Schmittgen,
2001; Schmittgen, Livak, 2008) in the developed PipeSeq
program.

Comparative analysis of RNA-seq and RT-qPCR results.
A comparative statistical analysis of the data obtained by dif-
ferent methods was carried out in the PipeSeq program.
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Input:
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local RNA-seq data
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v
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[ FastQC, Cutadapt, MultiQC ] FASTQ
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Quantification of gene expression
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Input:

4’[ Statistical analysis

AACt, log, FoldChange, FDR

- threshold cycle (Ct) values [

Results visualization

parameters setting ]

Fig. 1. Workflow diagram of the PipeSeq program.

Results

PipeSeq pipeline development

The aim of this work was to develop such a tool (pipeline)
that would enable a full cycle of RNA-seq data analysis via a
simple visual interface, requiring minimal user involvement
in system administration. The pipeline is designed to run in a
local Windows environment using the Windows Subsystem
for Linux (WSL) to execute Linux commands. The workflow
of the PipeSeq program is presented in Figure 1.

All steps of the algorithm are fully automated and allow
processing large amounts of data through optimized com-
mands and parallel computing. The input data are FASTQ
files containing raw short sequencing reads obtained after
conversion from the SRA format using the SRA Toolkit in-
cluded in the software package. At the initial stage, automated
preprocessing of reads is performed, which includes quality
control (FastQC), removal of adapter sequences, low-quality
nucleotides, and short reads (Cutadapt), aggregation of sum-
mary reports (MultiQC). Next, the reads are aligned to the
reference genome using the HISAT2 tool (Kim et al., 2019),
with the reference genome index being automatically created
if it is absent. The advantages of HISAT2 include splicing
consideration, accurate determination of transcript structure,
and rapid analysis of alignment quality. After alignment, files
are converted from the SAM format to the BAM format,
sorted, and prepared for further analysis using the SAMtools
(Li H. et al., 2009).

The developed PipeSeq program integrates three normaliza-
tion approaches: DESeq?2 (for differential expression analysis),
TPM (absolute quantification), and FPKM (an outdated metric

¥

Output:
heatmaps, graphs, tables

included to ensure backward compatibility). At this stage,
quantitative assessment of gene expression is performed by
counting the number of reads mapping to genes and transcripts
using the FeatureCounts package (Liao et al., 2014), as well
as transcript assembly and calculation of FPKM and TPM
values using the StringTie tool (Pertea et al., 2015). This tool
analyzes read alignments, builds transcripts, and identifies
exons, introns, and splice sites. The PipeSeq program provides
the ability to disable the function of assembling new transcripts
to minimize the likelihood of false results. These steps are
performed considering various modes, such as strict annota-
tion (the “-e” option in StringTie) and adjustable sensitivity
(the “-¢” parameter).

A package based on the negative binomial distribution,
DESeq2 (Love et al., 2014), implemented in the PyDESeq2
library (Muzellec et al., 2023), is used for statistical analysis
of differential gene expression. The PipeSeq pipeline automati-
cally prepares input data for DESeq?2, performs statistical cal-
culations, and generates final tables with logarithmic changes
in expression levels (log,FoldChange) and corresponding
values of the adjusted p-value — FDR (False Discovery Rate)
using the Benjamini—-Hochberg procedure. Statistical hypoth-
eses about differential gene expression are tested based on a
generalized linear model of the negative binomial distribution.
After normalization for data counting and variance estimation
(followed by averaging variance estimates across all genes
using Bayesian shrinkage), the Wald test is applied.

The program also implements the possibility of processing
RT-gqPCR data using the AACt method (Livak, Schmittgen,
2001; Schmittgen, Livak, 2008) and conducting comparative
statistical analysis with the three data normalization methods
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used in RNA-seq (Pearson’s linear correlation coefficient,
Spearman’s rank correlation coefficient, and Kendall’s rank
correlation coefficient).

As output, the PipeSeq program generates heatmaps of ex-
pression reflecting changes in the expression levels of genes
of interest under different experimental conditions, summary
tables with log,FoldChange values, and graphs. A wide range
of data display settings is available to the user. The program
is available for download at the following link: https://github.
com/MarvinMarss/PipeSeq.

Processing of available RNA sequencing data

of C. reinhardstii cells using the PipeSeq pipeline

Using the developed program, we analyzed three available
RNA-seq datasets of C. reinhardtii wild-type strain CC-124
(wt, mt-) cells under various light conditions: acclimation to
high light (600 umol/m?/s) for 1 h, acclimation to light for
30 min, and acclimation to darkness. The generated heatmap
demonstrates the complex dynamics of gene expression for
GATA TFs in response to changes in light conditions (Fig. 2).
Most of the obtained values of logarithmic change in gene
expression levels were statistically insignificant.

Under conditions of increased illumination, a significant
upregulation of the expression levels of the GATA-7, GATA-9,
GATA-10, GATA-11 genes is observed, whereas transcription of
the GATA-3, GATA-5, GATA-8 genes is repressed (statistically
significantly). It is likely that excessively high light intensity
has a negative impact on the viability of C. reinhardtii cells.

Under 30-minute light acclimation, a metabolic rearrange-
ment of the cells occurs, which is marked by a significant
increase in transcript levels of the GATA-3, GATA-5, GATA-6,
GATA-7, GATA-8 genes. In these conditions, the expression
ofthe GATA-2, GATA-4, GATA-10 genes is repressed (statisti-
cally significantly).

In the dark, there is a statistically significant suppres-
sion of the GATA-2, GATA-3, GATA-7, GATA-8, GATA-11,
GATA-12 genes expression, along with active expression of
the GATA-9 gene.

The publicly available datasets are characterized by limited
experimental conditions and poor characterization, as well as
a low level of reliability of changes. We decided to use the
RT-qPCR method to obtain comprehensive data on GATA gene
expression. Analysis of the RNA-seq data allowed us to select
reference genes with stable expression under varying light
conditions for our own experiments. The RPL/9 and RPL32
genes encoding ribosomal proteins were discovered and then
confirmed by literature data (Liu et al., 2012). According to
published data (Sanchez-Tarre, Kiparissides, 2021), the expres-
sion of the RBCS gene varies depending on the light spectrum
and intensity. Therefore, we selected this gene as a control of
changes in experimental conditions.

Analysis of GATA gene expression

in C. reinhardtii using RT-qPCR

The results of GATA gene expression analysis in C. reinhardtii

obtained by the RT-qPCR method are presented in Figure 3.
The entire group of GATA genes responds to changes in light

conditions rapidly and in a coordinated manner. The strongest

Development and validation of the PipeSeq program
for RNA-seq data analysis in the C. reinhardtii as a model

response is observed during the first 30 min of exposure to high
light intensity (215 umol/m?/s) after transferring the culture
from standard conditions (90 umol/m?/s): nearly all genes
show a multi-fold increase in expression levels in response to
the stress stimulus. Notably, significant activation of GATA-6
gene expression occurs only under these conditions. High light
intensifies the metabolism of C. reinhardtii cells, driving a uni-
fied shift in the expression profile of the studied genes. After
2 h of acclimation, stabilization is observed: the expression of
several genes (GATA-1, GATA-6, GATA-8, GATA-9, GATA-10,
GATA-11, GATA-12) decreases significantly, while the expres-
sion level of GATA-5 and GATA-7 increases.

During the first 30 min after transferring the culture from
darkness to light (90 umol/m?/s), cell metabolism undergoes
reprogramming. The transcription of the GATA-1 and GATA-3
genes is suppressed simultaneously with the activation of the
GATA-2, GATA-4, GATA-5, GATA-7, GATA-9, and GATA-10
genes. By 2 h of exposure, two profiles are formed that en-
sure the maintenance of growth and development processes
in optimal light conditions: (1) actively transcribed genes
(GATA-1, GATA-4, GATA-5, GATA-8, GATA-9, GATA-11,
GATA-12); (2) repressed genes (GATA-2, GATA-3, GATA-6,
GATA-7, GATA-10).

In the first 30 min after culture transfer from light (90 pmol/
m?/s) to darkness, the expression of all GATA genes, with the
exception of the GATA-7 gene, is suppressed. Apparently, its
product is involved in the metabolic switching processes of
C. reinhardtii cells during light/dark and dark/light transitions.
After 2 h, cell metabolism stabilizes with the identification
of three actively transcribed genes, apparently involved in
ensuring adaptation to darkness — GATA-1, GATA-3, GATA-9.

The identified dynamics of GATA gene expression align
with the standard model of stress response: a change in light
conditions triggers a broad emergency cascade (a rapid re-
sponse to the stimulus), while prolonged exposure narrows
the response down to specific regulatory modules. A unique
expression profile is observed under each cultivation condition,
with some of the GATA genes presumably acting as “switches”
between the light and dark metabolic programs.

Comparative analysis of the obtained results

A comparative analysis based on the results of RNA-seq
data processed with three normalization methods — FPKM,
TPM, DESeq2 — and RT-qPCR data processed using the
AACt method was conducted in the PipeSeq program. The
constructed correlation matrix allows us to evaluate the con-
cordance between data obtained by different methods and
approaches (Fig. 4).

Cross-platform consistency of the results is limited and
context-dependent. Despite methodological differences, repro-
ducible agreements include induction of the GATA-7, GATA-9,
GATA-10 and GATA-11 genes expression under high light
conditions, repression of GATA-2, GATA-11, and GATA-12 in
the dark and upregulation of GATA-9 expression in darkness.
Early repression of GATA-3, GATA-5, and GATA-8 under high
light observed at 1 h in RNA-seq data appeared to be inverted
in RT-gPCR results at the 2 h time point. This pattern is con-
sistent with a potential phase shift in the cellular response;
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Fig. 2. Heatmap of transcript-level expression for 12 genes encoding GATA family transcription factors and three control
genes (RPL19, RPL32, RBCS) in C. reinhardtii under various acclimation conditions according to the RNA-seq data.

Genes are reflected from left to right, experimental conditions are shown from top to bottom: acclimation to high light for 1 h
(row 1), acclimation to light for 30 min (row 2), acclimation to darkness (row 3). Here and in Fig. 3: the cells are colored according to
log,FoldChange values, where positive values (green scale) indicate the induction of expression, negative values (blue scale) indicate
repression, and zero values (white color) signify no change in the expression level. The statistical significance of the changes was
assessed by adjusted p-values with a threshold of 0.05. The control transcripts were included to verify the quality of data normalization.
The images were created in the PipeSeq program.
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Fig. 3. Heatmap of gene expression (at the transcriptional level) for 12 genes encoding GATA family transcription factors
and the experimental condition change control gene (RBCS) in C. reinhardtii under various acclimation conditions, based
on RT-qPCR data.

The data are normalized to the reference gene pair RPL19-RPL32. Genes are reflected from left to right, experimental conditions are
shown from top to bottom: acclimation to high light for 2 h (row 1), for 30 min (row 2), acclimation to light for 2 h (row 3), for 30 min
(row 4), acclimation to darkness for 2 h (row 5), for 30 min (row 6).
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Fig. 4. Comparative statistical analysis of three RNA-seq normalization methods — FPKM, TPM, DESeq2 - and the AACt
method for RT-qPCR data.

a, A combined heatmap of Z-scores for log fold change in the expression (log,FoldChange) values of 12 genes encoding GATA family
transcription factors and the RBCS gene in C. reinhardtii presented for each combination of experimental conditions and normalization
method. Statistically significant changes (FDR < 0.05) are marked with an asterisk. b, Bland-Altman plots, correlation scatterplots, and a
matrix of statistically significant (FDR < 0.05) log,FoldChange estimates across the compared normalization methods. Color reflects the
Pearson correlation coefficient (r), where the red scale indicates positive correlation, and the blue scale indicates negative correlation.
The images were created in the PipeSeq program.
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however, confirmation requires a time-matched dataset. In dark
conditions, both datasets corroborated a common repression of
photosynthesis-related transcripts of RBCS, GATA-2, GATA-11,
and GATA-12 alongside increased GATA-9 expression. This
convergence indicates a coordinated dark-adaptation program,
as captured by both methods.

The correlation analysis revealed strong internal consistency
among the RNA-seq-derived metrics (DESeq2, FPKM, TPM),
while agreement with the AACt method (RT-qPCR) was weak-
er. This discrepancy likely reflects differences in sampling time
points, reference gene stability, and methodological resolution.
The highest correlation was observed between DESeq2 and
AACt (Fig. 4). These findings demonstrate that although both
platforms capture overlapping regulatory trends for certain
GATA genes, cach also reveals condition- and time-specific
expression changes. This underscores the value of integrating
both approaches.

Discussion

Advantages of the PipeSeq program

PipeSeq was developed with a focus on minimal system ad-
ministration requirements and optimized for local execution on
Windows-based systems. The program offers a user-friendly
graphical interface that lowers the entry barrier, integrates
state-of-the-art data analysis methods, and is suitable for small
to medium-sized datasets on standard personal computers. This
makes PipeSeq a practical solution for individual researchers
and small laboratories that do not have significant computing
resources or system administration experience.

Currently, there are several tools and platforms for transcrip-
tomic analysis, such as Galaxy (Afgan et al., 2018), Nextflow
(Di Tommaso etal., 2017), Snakemake (Mdlder et al., 2021), as
well as specialized pipelines like HISAT2-StringTie-Ballgown
(Pertea et al., 2016) and Kallisto-Sleuth (Bray et al., 2016).
Galaxy is a convenient web-based platform with a graphical
interface, but it requires separate server administration and is
not always suitable for individual researchers or small labo-
ratories without IT support (Afgan et al., 2018).

The Nextflow and Snakemake software platforms offer
high flexibility and scalability through parallel task execution
and support for containerization, which ensures complete
analysis reproducibility. However, using these systems requires
programming and Linux environment administration skills,
limiting their use by biologists without console and scripting
experience (Di Tommaso et al., 2017; Mélder et al., 2021).

An important aspect is support for differential gene expres-
sion analysis. Modern approaches recommend using packages
based on the negative binomial distribution (e. g., DESeq?2),
which provide high accuracy and false discovery rate control
(Zhao S. et al., 2020; Zhao Y. et al., 2021; Elahimanesh,
Najafi, 2024).

Our developed PipeSeq software pipeline (Fig. 1) uses one
of the fastest tools for read alignment (HISAT2) and tran-
script assembly (StringTie), which significantly outperform
previous methods (TopHat and Cufflinks) in terms of speed
and computational resource requirements (Kim et al., 2015,

2026
30-2

Pa3spaboTka v Bannpauma nporpammbl PipeSeq ana aHanusa
LaHHbIX cekBeHnpoBaHus PHK Ha mopenu C. reinhardtii

2019). The integration of DESeq2 allows to automatically

obtain statistically valid results of differential expression with

FDR control (Love et al., 2014). This places it on par with

recognized solutions in RNA-seq data analysis, such as the

HISAT2-StringTie-Ballgown pipeline, which uses a similar

statistical approach, albeit less integrated (Pertea et al., 2016).

Another advantage of the developed program is the ability

to process and visualize qPCR data using the AACt method

and to conduct comparative statistical analysis (calculating
the Pearson, Spearman, and Kendall correlation coefficients)
with three RNA-seq normalization methods — FPKM, TPM,
and DESeq2.

The developed PipeSeq program has the following features.

1. User interaction with the program occurs exclusively
through a graphical interface (five windows).

2. All data processing stages are integrated within a single
program (no need to connect additional packages) and do
not require an internet connection.

3. The program includes automated selection of trimming
parameters (adapter removal, quality threshold, minimum
read length) based on quality control at the input and output.

4. A built-in module for processing qPCR data using the AACt
method (import of threshold cycle (Ct) values, calculation
of normalized expression, comparative statistical analy-
sis based on RNA-seq data processing results and qPCR
results).

Expression profiles

of GATA genes in C. reinhardtii

Light is one of the key regulators of gene expression in photo-
synthetic organisms. Through a comprehensive study, we have
obtained the most complete expression profiles of GATA genes
in C. reinhardtii, supplementing publicly available RNA-seq
data with our own experiments using the RT-qPCR method.
Despite the fact that currently the results of transcriptomic
studies in most cases do not require additional verification
(Coenye, 2021), we encountered a limited amount of relevant
data (three datasets) in open databases, accompanied by brief
descriptions of the growth conditions for the cultures selected
for analysis.

The resulting RNA-seq data (Fig. 2) for some GATA genes
showed low statistical significance of changes (FDR > 0.05).
Processing of the selected RNA-seq datasets using the Pipe-
Seq program allowed us: (1) to identify and confirm a pair
of constitutively expressed reference genes RPLI9-RPL32
(Liu et al., 2012); (2) to determine expression profiles of
the target genes in response to specific stimuli, with the aim
of subsequently applying the RT-qPCR method for precise
quantitative assessment of these changes across an expanded
range of experimental conditions.

Our findings (Fig. 3) confirm that changes in light conditions
are a significant factor modulating GATA gene expression in
photosynthetic organisms (Manfield et al., 2007; Naito et al.,
2007; Luo et al., 2010; Schroder et al., 2023). A previous analy-
sis of the protein interaction network (Virolainen, Chekunova,
2024) identified three functional clusters in which the 12 GATA
factors of C. reinhardtii are likely involved.
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The first functional cluster, consisting of the GATA-1,
GATA-2, and GATA-10 genes, links photoreception (genes
CHLAMYDOMONAS PHOTOLYASE HOMOLOG 1 (CPH1),
SHOC2/SURS-like LRR (CSL)), circadian regulation (genes
of the RHYTHM OF CHLOROPLAST (ROC) family) and
phosphorus metabolism (the PHOSPHATE STARVATION
RESPONSE 1 (PSRI) gene), ensuring adaptation of the cell
to light regimes.

The second cluster (GATA-9) is associated with the func-
tioning of the aryl hydrocarbon receptor complex, which is
activated under high light conditions, supporting detoxification
processes in the cell.

The third cluster (GATA-3, GATA-4, GATA-5, GATA-6,
GATA-7, GATA-8, GATA-10, GATA-11, GATA-12) coordinates
nitrogen assimilation (via the NITRATE REDUCTASE (NIT1)
gene), chromatin remodeling (via genes encoding histone
deacetylases), DNA replication (via the gene encoding helicase
(CrRuvBL1)), membrane transport and cell division (via genes
encoding the Rab family protein (RABF'1), kinesin-like protein,
and a subunit 4 of the cyclosome), showing pronounced light
dependence.

The observed dynamics of GATA gene expression rep-
resent a coordinated response that integrates key metabolic
processes during the cell cycle (Voigt, Miinzner, 1987; Miiller
et al., 2017; Salomé, Merchant, 2019). The response of all
studied GATA genes to light stimuli suggests the presence
of a cross-regulation mechanism among the three functional
networks through by yet unidentified or uncharacterized genes
and proteins.

The results of our studies allow us to make the first sig-
nificant assumptions regarding the functions of GATA TFs in
C. reinhardtii and green algae in general (Schwechheimer et
al., 2022), laying the necessary foundation for future research.

A comparative analysis of the use of three RNA-seq normal-
ization methods (FPKM, TPM, DESeq?2), and the AACt method
based on RT-qPCR data demonstrated the highest correlation
in the DESeq2—AACt pair (Fig. 4). This finding confirms the
literature reports on the high accuracy of tools based on the
negative binomial distribution (Zhao S. et al., 2020; Zhao Y.
etal., 2021; Elahimanesh, Najafi, 2024) and demonstrates the
reliability of the AACt normalization method for RT-qPCR data
for accurate quantification of the expression levels of target
genes (Livak, Schmittgen, 2001; Schmittgen, Livak, 2008;
Shi, He, 2014; He et al., 2015; Coenye, 2021; Schroder et al.,
2023). Collectively, both approaches reveal overlapping trends
for a small number of GATA genes and condition-, method-,
and time-dependent differences. This underscores the value
of integrating massive (RNA-seq) and targeted (RT-qPCR)
approaches to obtain a more comprehensive understanding
of gene expression dynamics.

Conclusion

During the study, we developed and applied the PipeSeq
pipeline. It includes automated steps for data loading, read
alignment, and statistical processing of RNA-seq data. Ad-
ditionally, the program enables the analysis and visualization
of data generated by both RNA-seq and RT-qPCR methods.

Development and validation of the PipeSeq program
for RNA-seq data analysis in the C. reinhardtii as a model

The results of our study showed that RNA sequencing and
RT-qPCR methods can reveal similar patterns of gene expres-
sion changes, but show differences in the effect size estimation
and sensitivity in detecting expression changes.

The data obtained allow us to conclude that the GATA TFs
in C. reinhardtii form three functionally specialized groups
(clusters), the coordinated regulation of which constitutes a key
mechanism ensuring proper progression of the cell cycle under
changing environmental conditions. The expression profiles of
the GATA-2, GATA-4, GATA-5, GATA-6, GATA-8, GATA-10,
GATA-11, and GATA-12 genes suggest their involvement in
the regulation of light-dependent metabolic processes. The
GATA-1, GATA-3, GATA-7, and GATA-9 genes are involved
in switching metabolism during the light/dark and dark/light
transitions. Future research on GATA TFs in C. reinhardtii
should be aimed at search and verification of the target genes
and interactions in regulatory networks, as well as confirma-
tion of the predicted functions in response to changes in other
cultivation conditions.

The PipeSeq program has demonstrated its effective-
ness in a comprehensive study of differential gene expression
as a tool for conducting a full cycle of bioinformatic ana-
lysis of RNA-seq data with the ability to process RT-qPCR
data and perform comparative statistical analysis of the results
obtained using different methods. The developed pipeline can
be used to study the gene expression profiles of any research
object.
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Plant virome analysis by high-throughput sequencing:
concepts and approaches
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Abstract. The metagenomic approach based on high-throughput sequencing is becoming increasingly prevalent for
the detection of viral infections in plants. This method allows us to study the species composition of viruses associated
with the plant, including novel species, describe their population genetic structure, and develop genetic test systems for
routine diagnostics. A metagenomic approach to phytosanitary monitoring can help to determine the cause of unknown
plant diseases, which is particularly important for preventing the spread of pathogens, such as viruses. Furthermore, as it
isimpossible to eliminate plant viruses in field conditions, comprehensive diagnostics using high-throughput sequencing
is becoming an effective tool for complying with quarantine regulations on the import of foreign material, as well as for
producing high-quality local planting material. High-throughput sequencing is becoming more affordable every year,
with both the instrumentation and analytical capacity improving. This review summarizes key approaches to analyzing
plant virome using high-throughput sequencing. The analysis process, from sample collection to bioinformatic data
processing, validation and interpretation, is described in detail. The features of sequencing platforms and the factors
affecting sequencing quality, including contamination, are discussed. Three complementary approaches to processing
bioinformatic data are described: mapping reads to reference viral sequences; assembling and annotating contigs;
taxonomic classification of reads without assembly. The importance of carefully interpreting the results is emphasized,
considering the bioinformatic analysis and the validation by molecular genetic methods. This review will be useful for
both researchers and specialists who have no experience with high-throughput sequencing, and those who have used
this method for other applications.
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AHasnu3 BUpoMa pacTeHuii C IIOMOIIbIO
BBICOKOIIPOVI3BOIUTEIbHOIO CEKBEHMPOBAHUS :
ITPUHIIUTIBI Y ITOAXO/IbI

A.A. beaknna (12, C.B. Bunorpaaosa @

DepepanbHblii UcciefoBaTeNbcKuit LieHTp «OyHaaMeHTabHble OCHOBbI BroTexHonornm» Poccuiickol akagemmin Hayk, Mocksa, Poccus
@ coatprotein@bk.ru

AHHOTauuA. B nocnegHune roabl METareHOMHbI NOAXOA, OCHOBAHHbIM HA BbICOKOMPOU3BOANTENIbHOM CEKBEHUPOBAHUN,
HaxoauT Bce 6Gorbluee NMPUMEHEHVE B [UArHOCTUKE BUPYCHbIX MHOEKLMI pacTeHWA. STOT MeTof MO3BONSET U3yUnTb
BU[OBOI COCTaB BMPYCOB, aCCOLMUPOBAHHBIX C MCCIefyeMblM pacTeHMeM, U B TOM uuc/ie OOHapYyXUTb paHee He
OnMCaHHbIe BULbI, OXapaKTEPU30BaTb KX MOMYNALNOHHO-TEHETUUECKYIO CTPYKTYPY U pa3paboTaTb reHeTUdYeckme TecT-
CcUCTeMbl Ans PYTUHHOW AMArHOCTUKK. MNpoBefeHne GpUTOCAHUTApPHOrO MOHUTOPUHIA C UCMOJNIb30BAaHWEM MeTareHOM-
HOro MoAxofa MOXeT CNOCO6CTBOBATL ONPEAENEHMIO STUONOMMM HEU3BECTHBIX 3a60N1eBaHNI PAaCTEHUIA, YTO OCOBEHHO
Ba’KHO A/ NPEAOTBPALLEHUA PAacNPOCTPaHEHNA TakUX NAaTOreHOB, Kak BUPYChl. Kpome Toro, € y4eToM HEBO3MOXKHOCTY
3NMMWHALUY BUPYCOB PacTeHUI B NMONEBbIX YCNIOBUAX KOMIMJIEKCHAsA AUArHOCTMKA C NMOMOLLbHO BbICOKOMPOV3BOANUTENBHOTO
CEKBEHMPOBAHWS CTAHOBUTCA 3PPEKTUBHBIM MHCTPYMEHTOM KakK B LieNAX COBMI0AEHNA KapaHTUHHOIO 3aKOHOAATeIbCTBA
npvi BBO3€e MMMOPTHOrO MaTepurana, Tak 1 Ans nofyyeHns oTeyeCTBEHHOTO NOCafoYHOrO MaTeprana BbICOKNX KaTEropuii.
Mpy 3TOM C KaxAblM rofloM BbICOKOMPOW3BOANTENIbHOE CEKBEHMPOBaHME CTaHOBUTCS 6ofiee JOCTYMHbIM: pacluMpsAeTCs
KaK NprbopHO-TEXHMYECKasn, Tak U aHannT1yeckas 6a3a. B HacTosALem 0630pe CrCTEMATU3MPOBaHbI KNoYeBble NMoAXoabl
K aHanu3y BMpOMa pacTeHUli C MOMOLLbIO BbICOKOMPOU3BOANUTENIBHOIO CEKBEHMPOBaHWA. B OCHOBHOI YacTu cTaTbi
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Plant virome analysis by high-throughput sequencing:
concepts and approaches

OnucaHbl 3Tarbl NPOBeAeHUsA aHanm3a: oT cbopa 06pa3LoB fo bruonHbopmaTruecKorn 06paboTKM faHHbIX, ee Banvaauum
1 vHTepnpetaumn. Moapo6HO paccMOTpeHbl O0COBEHHOCTV COBPEMEHHbIX NNaTGOpM CEKBEHUPOBaHMA U GaKTopb,
B/IMAIOLLME HA KaYeCTBO UTEHNS, B TOM UMcie KoHTaMUHauwsA. OxapaKkTepur3oBaHbl Tpy B3aviMOZOMNOJHALWMX Noaxoaa
AN 06paboTKM 6LUOMHPOPMATNYECKKX [aHHbIX: KAPTUPOBaHME UTEHNI Ha pedepeHCHble MOCNIeA0BATENIbHOCTYN BUPYCOB;
c6OpKa M aHHOTAUMs KOHTWUIOB; TAKCOHOMMUYECKas Kraccudukaums uteHwin 6e3 gononHutenbHon c6opku. Ocoboe
BHVMaHMe yfeneHo HeoOXoAMMOCTM TILATeNbHON MHTEPNPETALMN Pe3yNbTaToB C YYeTOM Kak GrOMHPOPMATUYECKOro
aHanM3a, Tak 1 Banugauum naeHTMduKauuy MonekynsapHo-reHeTudeckumm metogamu. O63op GyaeT noneseH Kak ans
uccnefoBatenen U CreumanncToB, He NMeIoLX OMbiTa PaboTbl C BbICOKOMPOU3BOAUTENbHBIM CEKBEHUPOBAHMEM, TaK 1
AJ1A TeX, KTO UCMOJIb30Bas 3TOT MHCTPYMEHT AJ1s BbINOJIHEHUA APYTMX 3aAad.
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Introduction

Plant viral diseases cause substantial losses in crop pro-
duction worldwide. In the context of globalization and
climate change, the spread of plant viruses can lead to
devastating epidemics, posing a serious threat to global
food security (Jones, 2021). For instance, yield losses in
tomato and pepper crops due to infection with the tomato
mosaic virus (ToMV) are estimated at 25-70 % (Panno et
al., 2021), whereas a reduction in grape yield caused by
grapevine leafroll disease associated with viruses of the
family Closteroviridae can reach 50 % (Atallah etal., 2012).
In this regard, monitoring, early diagnostics and adherence
to quarantine measures play a crucial role in limiting the
spread of viral infections.

Currently, the identification of plant viruses is carried
out mainly by serological and molecular methods, which
have become widely used due to their assay speed, high
sensitivity and specificity. However, these approaches
enable the detection of only those virus species for which
corresponding test systems have been developed (Maina et
al., 2024).

Prior to the advent of metagenomics, knowledge of plant
viruses was restricted to a few hundred species (Pappas et
al., 2021), and consequently, the role of viruses in the mi-
crobiome of agricultural plants remained underestimated.
The metagenomic approach allows us to obtain an in-depth
understanding of all viruses of a plant, or its virome. As of
2025, the International Committee on Taxonomy of Viruses
(ICTV) has registered 2,598 plant viruses and viroids,
including 206 added in the past year (Rubino et al., 2025).
Virome sequencing provides unique information on viral
genome sequences, which can be used to conduct popula-
tion studies and trace pathways of virus spreading, asso-
ciate specific strains with symptom expression, and de-
velop specific test systems for their rapid detection.

Plant virome analysis using high-throughput sequenc-
ing is a rapidly evolving method. Each year, new recom-
mendations, protocol optimizations, and specialized data-
processing tools are published. Although this analysis has
not yet become a routine diagnostic method for plant viral
infections, its fundamental principles have already been
established.
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This review systematizes key approaches to plant virome
analysis using high-throughput sequencing. It will be use-
ful for both researchers who are new to high-throughput
sequencing and those who have used this technology for
other applications.

General scheme of plant virome analysis
Structurally, virome analysis can be divided into two main
stages. The first stage includes sample collection, mate-
rial preparation, and sequencing (Fig. 1). This part of the
analysis is crucial. If the material for sequencing is of poor
quality, obtaining reliable results at subsequent steps be-
comes impossible. When collecting samples, it is important
to consider that viruses are unevenly distributed in plant
tissues, therefore, multiple fragments should be collected
from each individual plant. This is particularly important
for perennial plants. After collection, the samples should
be transported to the laboratory as quickly as possible to
minimize the risk of nucleic acid degradation, for instance,
due to exposure to direct sunlight.

The second stage of plant virome analysis involves
computer processing of sequencing data using bioinforma-
tics tools, followed by validation and interpretation of the
results. In contrast to the steps of the first stage, bioinfor-
matics data processing can be repeated at any time to cor-
rect potential errors, apply additional analytical methods,
or double-check the results of other studies. Therefore, it
is extremely important to avoid errors during sampling,
sample preparation, and library sequencing. For reliable
virus identification, the results of bioinformatics analysis
must be validated using molecular genetic methods.

Initial material for analysis

Plant viruses differ from other pathogens in the diversity
of their genome types. They can use either DNA or RNA
molecules as carriers of genetic information, and these
molecules may be single-stranded or double-stranded,
linear or circular (Lefeuvre et al., 2019). Single-stranded
RNA viruses are subdivided into those with positive-sense
genomes, in which the genomic RNA corresponds to
mRNA, and those with negative-sense genomes, in which
the genomic RNA is complementary to mRNA. Given this
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Fig. 1. The main stages of plant virus analysis.

genomic diversity, identifying all plant-infecting viruses
using a single approach is challenging (Fitzpatrick et al.,
2021). Below, we review various approaches to plant
virome analysis depending on the type of templateused.

Sequencing of total RNA extracted from plant tissues is
a relatively simple, reliable, and widely used method for
virome analysis (Lee et al., 2020; Nabeshima, Abe, 2021;
Vinogradova et al., 2023). This approach enables the detec-
tion of not only RNA viruses but also transcripts of DNA
viruses (Pecman et al., 2017; Cobbin et al., 2021), and
viroids, making it optimal for diagnostics of viruses with
different types of genomic nucleic acids.

However, the sensitivity of this method can be signifi-
cantly reduced by the co-extraction of abundant host plant
RNA during sample preparation (Maliogka et al., 2018). As
a result, the detection of low-titer viruses becomes difficult
(Roossinck et al., 2015). This problem can be mitigated
by enriching the sample for virus-associated nucleic acids
(Gaafar, Ziebell, 2020). Commonly employed strategies
include the depletion of ribosomal and transfer RNAs or
the enrichment of polyadenylated transcripts. The former
method is generally preferable because not all groups of
viruses have a polyadenylated 3" end.

Another approach for plant virome analysis is sequenc-
ing virion-associated nucleic acids (Filloux et al., 2015).
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This approach has the advantage of targeting exclusively
viral sequences, which makes it possible to analyze both
RNA and DNA viruses, including those present at low
titers (Moubset et al., 2022). However, it is limited to
the detection of viruses with a capsid, which is absent
in satellite viruses and viroids, and it requires more ef-
fort than the extraction of total RNA (Maliogka et al.,
2018).

The next approach involves the analysis of short interfer-
ing RNAs (siRNAs), which are produced in plant cells as
a result of the immune response to viral infection. These
molecules represent fragments of viral genomes cleaved by
plant enzymes, 21-24 nucleotides in length (Vivek et al.,
2020; Zhuravlyov et al., 2022).

While siRNA sequencing can detect both RNA and DNA
viruses, the short length of these molecules complicates the
de novo assembly of complete viral genomes (Pecman et
al., 2017; Maliogka et al., 2018; Turco et al., 2018).

Many viruses produce double-stranded RNA (dsRNA)
as a replication intermediate, which can also be used in
plant virome studies. Sequencing of dsSRNA enables the
identification of not only dsRNA viruses but also most
single-stranded RNA viruses, viroids, and some DNA
viruses (Gallo et al., 2021; Fall et al., 2025). Nevertheless,
this method is less efficient for detecting DNA viruses and
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typically yields positive results only at high levels of viral
transcript expression (Gaafar, Ziebell, 2020).

Sequencing platforms

All metagenomic studies are based on high-throughput
sequencing (HTS) of nucleic acids. This group of me-
thods includes second- and third-generation sequencing
that replaced Sanger sequencing. While Sanger sequenc-
ing remains the gold standard for reading sequences up to
1,000 nucleotides in length, its throughput is insufficient for
metagenomic applications (Crossley et al., 2020).

Second-generation sequencing, also referred to as next-
generation sequencing (NGS) or massively parallel se-
quencing, generates large volumes of short reads, typi-
cally several hundred nucleotides in length. This capability
enables the rapid and comprehensive sequencing of all
sequences in a sample. However, the short read length
complicates the assembly of the complete viral genome
during bioinformatics analysis (Maina et al., 2024).

The leader in the NGS market is [llumina (USA), whose
platforms are characterized by high throughput and low
error rates (Maina et al., 2024). In recent years, Illumina
has faced growing competition from Chinese manufactu-
rers such as MGI, GeneMind, and Cygnus Biosciences.
Moreover, the Russian company Syntol has recently de-
veloped and commercialized the Nanophor SPS sequencer
(Kurochkin et al., 2021). Most contemporary NGS plat-
forms utilize fluorescence-based sequencing-by-synthesis
technology within flow cells (Zubov et al., 2021) and share
similar library preparation protocols, often with compatible
reagents. The library preparation process typically involves
several key steps: fragmentation of nucleic acids template
(e. g., via ultrasonication or restriction enzyme digestion),
ligation of platform-specific short oligonucleotide adap-
ters to one or both ends of the fragments, and amplifica-
tion of these fragments (Kutnjak et al., 2021). Adapters
vary depending on the NGS platform and are required to
initiate the sequencing process (Lebas et al., 2022). It is
worth noting that second-generation sequencers can only
read DNA molecules, therefore, if the template is RNA,
fragmentation must be followed by reverse transcription
to synthesize cDNA.

Third-generation sequencing (TSG), also known as
single-molecule sequencing, is based on reading the se-
quences of individual molecules and does not require their
fragmentation and amplification (Villamor et al., 2019). The
maximum read length in this case is several hundred thou-
sand nucleotides, which allows for the complete sequencing
of small genomes, such as those of viruses, in a single read
(Liuetal., 2025). Important advantages of TGS include the
direct sequencing of RNA without reverse transcription to
cDNA and the capacity for real-time sequencing (Sun et
al., 2022).

Plant virome analysis by high-throughput sequencing:
concepts and approaches

Leading manufacturers of third-generation platforms are
Pacific Biosciences (USA) and Oxford Nanopore Techno-
logies (UK). Although both technologies allow to elimi-
nate amplification-induced polymerase errors, they have
relatively low read quality compared to NGS (Rose et al.,
2016; Rang et al., 2018). However, the recently introduced
PacBio HiFi technology provides read accuracy exceeding
99.5 % (Han et al., 2024). Nanopore sequencing, originally
developed by Oxford Nanopore Technologies, has seen
continuous improvements in accuracy and a significant
reduction in cost, enhancing its accessibility (Javaran et
al., 2021). The Chinese company Qitan Tech has also
mastered this technology (Wang et al., 2022). It can be
expected that in the future single-molecule sequencing will
replace NGS.

Other factors affecting

the quality of plant virome sequencing

As discussed above, the selection of both nucleic acid type
(e.g., total RNA, siRNA, dsRNA) and sequencing platform
plays a crucial role in plant virome analysis. Sequencing
quality and read amount are also affected by a number of
other factors.

Contamination is one a major negative factor in any
metagenomic analysis (Piombo et al., 2021; Lebas et al.,
2022). Sample contamination can occur at all stages, from
plant tissue collection to the sequencing process itself
(Fig. 1). To monitor contamination during nucleic acid
extraction and library preparation, negative controls with-
out template addition are recommended (Fitzpatrick et al.,
2021). It is also essential to maintain physical separation
between laboratory workflows, use sterile reagents, and
ensure the cleanliness of glassware, equipment, and work
surfaces (Kutnjak et al., 2021; Maina et al., 2024). Compre-
hensive guidance for preventing contamination using HTS
in plant pathogen diagnostics is provided by S. Massart et
al. (2022).

In addition to contamination, virome sequencing quality
is strongly influenced by the choice of methods, reagents
(particularly enzymes), and equipment. For example, library
preparation for second-generation sequencing requires the
use of reverse transcriptase and DNA polymerase, both of
which can introduce errors during amplification (Cholet et
al., 2020). Therefore, high-precision enzymes should be
used to minimize artifacts.

The accuracy of virus identification is affected by the
number of reads in the dataset. If the read amount is insuf-
ficient, viruses present at low titers may remain undetected.
Conversely, excessive sequencing increases the risk of
false positive identifications (Massart et al., 2014). To de-
termine an optimal sequencing depth, it may be useful to
review published virome analyses for the plant species of
interest.
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Bioinformatics analysis
Bioinformatics analysis of plant virome sequencing data is
amulti-step process that can be performed on both personal
computers and high-performance clusters. Difference in
computing power affects the speed of analysis. Sequenc-
ing reads are processed by specialized tools in an order
optimized for the characteristics of a given dataset.

Most bioinformatics tools are developed for Linux
operating systems and lack a graphical user interface,
requiring command-line use. For other operating systems,
cross-platform applications, web-based tools, and com-
mercial software packages are available. The latter are
particularly convenient for novice users, as they allow
nearly all steps of virome analysis to be performed in a
single environment with an intuitive interface. Popular
examples include Geneious Prime (New Zealand) and CLC
Genomics Workbench (USA). Despite their convenience,
the functionality of commercial solutions is limited by the
set of built-in tools. While this is generally sufficient for
routine virome analysis, the Linux command line offers
broader capabilities.

Programs designed for Linux systems are typically pub-
lished as open-source software and are available free of
charge. Windows users can rely on the Windows Subsystem
for Linux (WSL) or a virtual machine such as VirtualBox.
Automated software suites for virus and phytopathogen
identification include VirusDetect (Zheng et al., 2017),
Virtool (Rott et al., 2017), Kodoja (Baizan-Edge et al.,
2019), PhytoPipe (Hu et al., 2023), etc. Such solutions pro-
vide rapid results but may not account for dataset-specific
characteristics. Better results can be achieved by using
programming skills to write your own scripts. In biologi-
cal data analysis, the most commonly used programming
languages are Python and R.

Sequencing results are most often provided as FastQ
files containing reads with associated quality scores. For
visualizing this information, there is a free program, FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc), that generates detailed reports.

Regardless of the nucleic acid type or sequencing plat-
form, an important step in virome bioinformatics analysis
is preprocessing — a set of procedures designed to improve
data quality. Inadequate preprocessing can lead to errors
during viral genome assembly and hinder read mapping,
ultimately distorting analysis results.

Preprocessing typically includes the following steps:

— Read filtering. This step involves trimming and removing
low-quality and excessively short reads. The user speci-
fies the required quality threshold and minimum read
length. For Illumina data, commonly used thresholds
include Q20 and Q30, corresponding to read accuracies
of 99 and 99.9 %, respectively (Kutnjak et al., 2021).
Filtering settings that are too strict can lead to partial
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loss of informative data, while those that are too lenient

can lead to errors during genome mapping and assembly.

Filtering also includes the removal of adapter sequences

added during library preparation. These operations

can be performed using tools such as BBDuk (https://
sourceforge.net/projects/bbmap), Trimmomatic (Bolger
etal., 2014), etc.

— Merging paired reads based on the overlapping region.
This step is only required for paired-end sequencing.

— Removing duplicate reads to reduce data volume and
increase analysis speed.

— Removing reads mapping to the host genome. This
step can significantly reduce data volume and improve
data quality. However, it also removes viral sequences
integrated into the host genome (Pappas et al., 2021).
Moreover, the host plant genome assembly may contain
errors, including misannotated viral fragments. Thus, host
read removal should be applied with caution.

Virus identification in sequencing data relies on com-
parison of sequences with available databases (Lebas et al.,
2022). Identification quality depends directly on database
completeness and annotation accuracy. As the database
is updated with new sequences, any dataset can be re-
assessed.

There are three main approaches that can complement
each other (Fig. 2): read mapping to viral reference sequenc-
es; assembly and annotation of contigs; and taxonomic
classification of reads without prior assembly.

The fastest and simplest approach to virus identification
in HTS data is read mapping to viral reference sequences.
Mapping is one of the basic operations in the analysis of
second-generation sequencing results. The algorithm aligns
reads to a reference sequence according to a specified
identity threshold. Reads not meeting the threshold are
discarded, while the remaining reads align to positions that
match the reference sequence.

To detect plant viruses using this approach, it is necessary
to first prepare a database of reference sequences, which
should contain at least one complete genome of each virus
capable of infecting the target plant.

Preprocessed reads are mapped to these reference se-
quences, producing information about coverage, identity
levels, and other metrics (Lebas et al., 2022). With sufficient
coverage, the mapped reads form a continuous sequence
along the entire length of the reference genome.

Mapping is usually performed using tools such as
BWA (Li, Durbin, 2009), Bowtie2 (Langmead, Salzberg,
2012), Minimap?2 (Li, 2018), BBmap (https://sourceforge.
net/projects/bbmap), STAR (Dobin, Gingeras, 2015),
GraphMap (Sovi¢ et al., 2016), and Hisat2 (Kim et al.,
2019). The settings and thresholds are very important. Viral
genomes can differ markedly from available references due
to their rapid mutation rates. If mapping settings are too
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Fig. 2. A workflow for plant virome bioinformatics analysis.

strict, only isolates closely related to the reference sequence
will be detected (Kutnjak et al., 2021). On the other hand,
overly permissive settings may allow reads from one virus
species to map to another, leading to false positives (Roy
etal., 2018).

Mapping enables efficient detection of viruses even when
viral read abundance is low. However, results should be
interpreted cautiously, considering possible contamination
during sample preparation and sequencing. For this reason,
threshold values for read count or reference coverage should
be established to determine when a sample is considered
virus-negative (Belkina et al., 2023).

A second approach to virus identification using HTS is
based on de novo assembly of sequences from overlapping
reads — contigs — and their comparison with annotated
databases. Assembly enables the discovery of novel virus
species and new hosts for known viruses, as well as the
characterization of genomic variants. Furthermore, this ap-
proach eliminates the risk of false negatives associated
with a possible incompleteness of the database of reference
genomes for viruses of the target plant.

Contig assembly can be performed using various algo-
rithms, each with distinct advantages and limitations (White
etal., 2017). With sufficient sequencing depth, contigs may
correspond to nearly complete viral genomes, excluding
short 5" and 3’ end regions. The efficiency of assembly by the
same algorithm varies across different datasets, therefore,
it is impossible to choose a single universal one (Sutton
et al., 2019; Shvets et al., 2022). Assembly quality can be
positively affected by pre-removal of host plant reads and
optimization of tool settings (Kutnjak et al., 2021).

Common assemblers for short reads include SPAdes
(Bankevich et al., 2012), Velvet (Zerbino, Birney, 2008),
Geneious (https://www. geneious.com), CLC (https://
digitalinsights.qiagen.com), MIRA (Chevreux et al., 1999),
ABySS (Simpson et al., 2009), IDBA-UI (Peng et al.,
2012), SOAPdenovo2 (Luo et al., 2012); for long reads,
Canu (Koren et al., 2017), Falcon (Chin et al., 2016), and
Pomoxis (https:/github.com/nanoporetech/pomoxis). Some
algorithms, such as SPAdes and Unicycler (Wick et al.,
2017), perform well with hybrid datasets combining short
and long reads (Pappas et al., 2021).
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To increase reliability, it is recommended to use several
assembly algorithms. Note that depending on the library
size and the chosen algorithm, the assembly may take a
long time and require a lot of RAM.

After assembly, contigs are compared against annotated
sequence databases. Result reliability depends largely
on database completeness and quality. Many of them are
available online, but it is often more convenient to deploy
the database on a cloud server or locally when storage
capacity allows.

The most convenient, up-to-date, and frequently used
databases are maintained by NCBI; by early 2025, they
contained approximately six million nucleotide sequences
and one million amino acid sequences (Sayers et al., 2025).
NCBI provides both the curated RefSeq database, which
includes one genome per organism (https://www.ncbi.nlm.
nih.gov/refseq), and the community-updated GenBank
database, which contains the majority of publicly available
sequences (https://www.ncbi.nlm.nih.gov/genbank). How-
ever, GenBank entries often lack thorough quality control
or annotation verification. Thus, comparisons of contigs
against the GenBank database can lead to misidentifica-
tions. Using the database of reference virus genomes, Viral
RefSeq, will potentially yield the most reliable results, but
its updates occur slowly and may lack a significant number
of recently discovered viruses.

The most widely used tool for comparing contigs against
databases is BLAST, which integrates several algorithms for
analyzing nucleotide and amino acid sequences. The fastest
algorithm that can be used to determine which virus in the
database corresponds to a particular contig is megablast. For
discovering novel viruses, blastx or tblastx are preferred due
to their ability to detect distant sequence similarities. The
main drawback of blastx and especially tblastx is the low
speed of analysis; therefore, when time is limited, the faster
DIAMOND algorithm can be used (Buchfink et al., 2015).
However, some researchers believe that it is less effective
for virus identification (Kutnjak et al., 2021).

BLAST can be run via the NCBI website (https://blast.
ncbi.nlm.nih.gov/Blast.cgi), which is convenient for a
small number of sequences and requires no local comput-
ing resources. BLAST is also integrated into graphical
environments such as Geneious Prime and CLC Genomics
Workbench. For command-line analysis in Linux, macOS,
and Windows, the BLAST+ suite is used (Camacho et al.,
2009).

As aresult of comparison with the virus sequence data-
base, contigs are assigned to specific species with varying
reliability. The level of reliability is typically indicated us-
ing the E-value, which reflects the probability of a random
match between a contig and a database entry (VanderWeele,
Ding, 2017). The closer the E-value to 0, the more reliable
the identification.

Approaches based on taxonomic classification of reads
without prior assembly or mapping are less common in
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plant virome studies. However, if the necessary computing
resources are available, they can produce results much faster
than the approaches discussed above. Popular taxonomic
read classifiers include Kraken2 (Wood et al., 2019), Kaiju
(Menzel et al., 2016), CLARK-S (Ounit, Lonardi, 2016),
and Centrifuge (Kim et al., 2016). These tools typically
require large databases, substantial computing power, and
proficiency with the Linux command line.

Validation and interpretation of virome analysis
After detecting reads from a particular virus in a library
using any bioinformatics method, the results must be in-
terpreted correctly. Because sequencing quality depends
on many factors, no universal criteria exist for determining
how many reads or contigs reliably indicate infection (Vil-
lamor et al., 2019). Moreover, analyzing the same dataset
using different software or different settings may lead to
different results.

Therefore, each case requires a comprehensive and criti-
cal evaluation of the data. During the final steps of virome
analysis, the researcher’s expertise and biological under-
standing become crucial. In particular, the researcher must
understand that not all viruses detected in the samples are
pathogens of the sampled plant. Virome data may include
viruses of insects, fungi, and bacteria associated with the
plant, as well as human or animal viruses (Cobbin et al.,
2021). This is particularly important to remember when
results appear to indicate the discovery of previously un-
described viruses.

To reliably identify plant viruses in metagenomic data,
bioinformatics analysis results should be confirmed by
molecular genetic methods such as PCR or reverse tran-
scription-PCR (RT-PCR), depending on the viral genome
type. When a virus is detected in a sample both by virome
sequencing and by molecular diagnostics, identification can
be considered highly reliable.

Conclusion

Virome analysis using high-throughput sequencing is a
powerful method that supports both fundamental and ap-
plied research in agriculture. Each year, high-throughput
sequencing becomes more accessible as analytical and
instrumental capabilities expand. In the future, once an ap-
propriate regulatory framework is established, this method
may form the basis for decision-making in national food
security strategies.
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Applicability of the StatFaRmer time series analysis tool
in soybean (Glycine max) digital phenotyping

D.S. Ulyanov @, A.A. Ulyanova (2, A.A. Kocheshkova (2, A.O. Blinkov .2, A.V. Arkhipov (), Ya.S. Meglitskaya ),
N.Yu. Svistunova %), G.I. Karlov "2}, M.G. Divashuk

All-Russia Research Institute of Agricultural Biotechnology, Moscow, Russia
@ uldas1508@gmail.com

Abstract. Contemporary agrobiotechnology research increasingly relies on automated methods for capturing and
interpreting morphophysiological and spectral plant characteristics - a field known as digital phenotyping. This approach
aims to identify stable differences between genotypes cultivated under non-identical environmental conditions.
We previously introduced StatFaRmer, an open-source tool that we further develop here for comprehensive analysis
of temporal phenotypic datasets, with a primary focus on crops such as soybean (Glycine max). The tool implements
automated data preprocessing procedures, including synchronization of timestamps across samples and removal of
noise artifacts and outliers. These features are particularly relevant for multi-month experiments involving assessments of
growth parameters, fluctuations in photosynthetic apparatus area, or other biometric indicators. Support for standardized
data formats (XLSX, CSV) ensures compatibility with common phenotyping systems, simplifying cross-platform
integration. Thus, the tool can integrate with widely used HTPP platforms (e.g., Traitmill, HyperAlxpert, Plant Accelerator),
enabling data from diverse sources to be analyzed within a single pipeline. For soybean experiments, StatFaRmer
provides customizable analysis of variance (ANOVA) with visualization of diagnostic parameters (normality of distribution,
homogeneity of variances) and evaluation of effect significance between user-defined groups. An example application
compares growth parameters across 20 soybean cultivars under controlled stress: the tool automatically aggregated data
with uneven measurement frequencies (from 1 hour to 3 days), identified anomalies in hypocotyl elongation dynamics,
and computed statistical significance between groups (p < 0.01).The tool has been tested on large-scale datasets (over
2,000 measurements per experiment). StatFaRmer is implemented as a Shiny-based web application, with step-by-step
deployment guides for Windows and Linux. All processing stages — from raw data to final plots — are documented to
ensure transparency and compliance with research reproducibility standards. Thus, StatFaRmer offers a specialized
solution for statistical hypothesis testing in soybean digital phenotyping, reducing data preparation time and minimizing
risks of error when handling non-stationary time series.

Key words: high-throughput plant phenotyping; phenotypic data visualization; time series analysis; digital phenotyping
platforms; genotype-phenotype analysis; statistical analysis of phenotypic data; open-source software; automated data
analysis
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Applicability of the StatFaRmer time series analysis tool
in soybean (Glycine max) digital phenotyping

KOMIMJIEKCHOTO aHanm3a BpemeHHbIX GeHOTUNUYECKNX HabopOoB AaHHbIX, MPEMMYLLECTBEHHO OPUEHTUPOBAHHBIN Ha
n3yyeHune CenbCKOXO3AMCTBEHHbIX KynbTyp, Takux Kak coAa (Glycine max). Pa3paboTaHHbIi MHCTPYMEHT peanusyet
ABTOMATV3MpPOBaHHble NpoLeaypbl NPefobpaboTKM AaHHbBIX, BKAOYASA CUHXPOHU3ALUMIO BPEMEHHbBIX METOK MEXMY
06pasuamm 1 ycTpaHeHMWe WYMOBbIX apTehaKTOB 1 BbIOPOCOB. DTN GYHKLMM OCOOEHHO aKTyanbHbl 4J17 MHOTOMECAYHbIX
SKCMEPVIMEHTOB, CBA3AHHbIX C OLEHKOW MapaMeTpoB POCTa, KonebaHui nnowaan GpoTOCMHTETMYECKOrO annapata
UM opyrux buomeTpuryeckux nokasatenen. MNoaaepxka ctaHAapTU3NPOBaHHbIX dopmMaToB AaHHbIX (XLSX, CSV) obec-
neymBaeT COBMECTMMOCTb C PacnpOCTPaHEHHbIMK crcTeMamy GeHOTUNMPOBaHMA, ynpoLasa KpoccniatGopMeHHyYo
MHTerpaumio. Takum o6pa3om, MHCTPYMEHT MOXET NOAAepPXKMBaTb MHTerpauumto ¢ nonynapHoimy HTPP-nnatdopmamm
(Hanpumep, Traitmill, HyperAlxpert, Plant Accelerator), yto no3BonseT WCNoONb30BaTb AaHHble, MOJyYEHHble U3
Pa3NnNYHbIX ICTOYHMKOB, B €ANHOM aHaNIMTYeCKkoM KoHBelepe. [1na skcnepumeHToB ¢ coelr StatFaRmer npegoctasnaet
HacTpavBaemblil gucnepcroHHbin aHanus (ANOVA) ¢ BM3yanusaumen anarHoCTUYecknx napameTpoB (HOPManbHOCTb
pacnpefeneHuns, roMOreHHOCTb ANCNEPCUA) U OLEHKON 3HAUMMOCTU SGEKTOB MeXKAY Mosib30BaTeIbCKUMU FPYynnamMm.
MprmMep NpUMeHeHUA BKNoUYaeT CpaBHeHVe NapaMeTpoB pocTa 20 COPTOB COU B YCIIOBUAX KOHTPONIMPYEMOTO cTpecca:
VNHCTPYMEHT aBTOMaTMYeCKN arpervpoBas AaHHble C HepaBHOMEPHOW YacToTon m3mepeHuin (oT 1 yaca Ao 3 cyToK),
naeHTMPNLMPOBaNn aHOManuy B AHaMMKe YAMHEHUA TMMOKOTUIA U PacCcymTas CTaTUCTUYECKYIO 3HAUMMOCTb Pasnyuni
mMexay rpynnamm (p < 0.01). IHCTpYMEHT NpoTeCcTpOBaH Ha MaclTabHbIX Habopax AaHHbIX (bonee 2 000 N3MepPeHUA Ha
JKCnepuMmeHT). StatFaRmer peanvsoBaH B Brae BeG-NpunoxeHna Ha nnatoopme Shiny ¢ MOWAroBbIMY NHCTPYKLMUAMUA
[nA yctaHoBKYM U1 3anycka B OC Windows 1 Linux. Bce 3Tanbl 06paboTKu — OT NePBUYHbBIX fAaHHBIX O UTOTFOBbIX rPadrKoBs —
LOKYMEHTUPYIOTCA, UTo obecneymBaeT NPO3payHOCTb aHanM3a U COOTBETCTBME TpeboBaHWAM BOCMPOV3BOAUMOCTU
nccnefoBaHuii. Takum obpasom, StatFaRmer npepnaraeT cneunanusmMpoBaHHOE pelleHve ANA CTaTUCTUYeCKOon
BepumKaLmm runotes B LMPpoBom GeHOTUNMPOBaHNM COM, COKPaLLasa BPeMA Ha MOArOTOBKY AaHHbIX I MUHUMU3MPYA
PUCKM OLINGOK Npu paboTe ¢ HeCcTaLMOHaPHBIMU BPEMEHHBIMI pAgaMN.

KnioueBble c/ioBa: BbICOKOMPOU3BOANTENbHOE GEHOTUNMPOBAHKE pacTeHWIA; BU3yanu3aumna GeHOTUNNYECKNX JaHHbIX;
aHanm3 BpemMeHHbIX pAAoB; Udposble Nnatdopmbl GeHOTUNMPOBAHNSA; FeHOTUN-GEHOTUNNYECKINIA aHann3; CTaTUCTUYe-
CKUIA aHann3 GeHOTUNNYECKMX AaHHbIX; MPOorpammMHoe obecrneyeHme C OTKPbITbIM MCXOAHbIM KOAOM; aBTOMaTU3MPOBaH-

HbIVl @aHaNM3 JaHHbIX

Introduction

Despite the rapid progress of genomics, phenotyping — the
assessment of external plant traits and characteristics — re-
mains a key bottleneck in accelerating breeding (Fasoula et
al., 2020; Patel et al., 2023). Traditional methods based on
manual measurements are labor-intensive, subjective, low-
throughput, and often require destructive sampling, making
them unsuitable for large-scale programs aimed at develop-
ing more productive and resilient cultivars (Atefi et al., 2021;
LiL. etal., 2023).

The solution is high-throughput plant phenotyping (HTPP),
a breakthrough technology in phenotypic research. This
approach integrates modern sensor systems (hyperspectral,
thermal, or fluorescence imaging, 3D reconstruction) and
machine learning methods for automated, non-destructive,
and precise plant analysis.

Traditional manual phenotyping suffers from major time
and cost demands, limited scalability due to throughput
constraints, subjectivity and variability, and a narrow set of
measurable traits (Thrash et al., 2022; Abebe et al., 2023;
Anand et al., 2023; Yuan et al., 2023). By contrast, digital
phenotyping offers substantial efficiency gains, continuous
and non-destructive measurements, improved accuracy
and objectivity, and the ability to quantify dozens of traits
simultaneously, greatly increasing data volumes (Li D. et al.,
2021; Anand et al., 2023; Buelvas et al., 2023; Gyan et al.,
2023; Li L. etal., 2023; Lu et al., 2023; Wang et al., 2024).

Modern HTP platforms generate massive volumes of
heterogeneous data, including images (RGB, hyperspectral,
thermal), 3D models, and sensor readings, reaching tera-
bytes per day. The key challenges are not only volume but

322

also multimodality, the spatiotemporal nature of the data,

and the need for storage and data management. The lack of

standardized formats and the challenges of ensuring data

quality further complicate analysis (Coppens et al., 2017;

Morota et al., 2019; Danilevicz et al., 2021; Gill et al., 2022;

Ninomiya, 2022).

Statistical methods commonly used for phenotyping data
include the following model families:

« univariate and multivariate methods for hypothesis testing
and investigating relationships among plant traits. These
include correlation analysis, factor analysis (FA), and
principal component analysis (PCA) for dimensionality
reduction and identification of key traits (Rahaman et
al., 2015);

 random-effects regression models and models of multi-

factor interactions (e. g., genotype—environment interac-

tion) used to model dynamic phenotypic data (Morota et

al., 2019);

cluster analysis (hierarchical, k-means, etc.) to assess simi-

larities and differences among plants and stress responses

(Rahaman et al., 2015);

+ machine learning and deep learning for processing large
and complex data, including classification, segmentation,
feature localization in images, and prediction of pheno-
typic responses. These approaches have advantages such
as revealing non-obvious correlations, but they often
require large training datasets and offer limited interpret-
ability (Coppens et al., 2017; Ubbens et al., 2025).

A variety of tools exist for comprehensive application
of the above methods. Among commercial solutions, one
option is Genstat, which provides comprehensive statistical
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analysis capabilities tailored for plant breeding. Its features

include spatial analysis, multi-treatment experimental

designs, genomic selection, and stability analysis tools
adapted to agricultural data. HortControl is the default tool
supplied with the TraitFinder platform (HortControl — Plant

Data Management Software, 2025) used by the authors. It

offers integrated data management for digital phenotyping

with BrAPI compatibility and includes some analysis tools,
but advanced analyses may require exporting .csv files and
using third-party tools.

There are also open-source tools. For example, R pack-
ages such as ASReml-R and pcvr offer specialized functions
for longitudinal growth modeling and spatial analysis of
phenotyping data (Sumner, 2025). These tools implement
advanced mixed-effects models and functional data analy-
sis methods but require programming expertise. Another
example is PIPPA (plant image phenotyping and analysis),
which provides web access to high-performance comput-
ing resources for image analysis pipelines (Coppens et al.,
2017).

To address similar tasks in longitudinal studies (a re-
search approach in which the same group of objects is ob-
served repeatedly over an extended period), we developed
StatFaRmer — an open R-based web tool with a two-stage
architecture: a Master Wizard for data processing and a Main
Application for statistical analysis that does not require pro-
gramming skills. At present, StatFaRmer includes:

« Master Wizard: project validation, DBSCAN clustering,
outlier filtering (Z-criterion/IQR), and technical data ag-
gregation;

« Main Application: automatic model selection (ANOVA/

mixed models/splines), multifactor analysis with post hoc

tests, diagnostics of normality and homogeneity of va-
riances, and analysis of effect sizes and growth curves;
interactive visualization with Plotly and high-resolution
export (SVG, PNG, PDF);

specialized modules: effect size analysis and growth

summaries;

« export of results in tabular formats.

The tool is optimized for longitudinal studies under
controlled conditions, supports two-factor interactions in
ANOVA models, and ensures transparency of statistical
conclusions. StatFaRmer fills the gap between specialized
software and researchers’ needs by offering flexible analysis
of complex phenotypic data.

Compared with standard HortControl, our R/Shiny-based
system offers greater flexibility in tailoring analyses to spe-
cific experiments and provides a deeper and more automated
statistical pipeline, whereas HortControl focuses more on
sensor data and basic calculations.

By comparison with existing statistical packages and
platforms (Genstat, ASReml-R, pcvr), these are powerful
but general-purpose statistical environments. They can do
everything required but demand substantial statistical knowl-
edge and/or programming skills to specify correct models,
especially for complex spatial and temporal data. In contrast,
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StatFaRmer automatically generates complex ANOVA
models, including all interactions, freeing researchers from
routine and error-prone coding. Also, unlike generic pack-
ages, StatFaRmer is designed out of the box for the specifics
of phenotypic data (repeated measures, outliers). Another
advantage is interactivity and visualization: the ability to
subset data interactively (by genotypes, treatments, temporal
clusters) and obtain instantaneous results for hypothesis test-
ing, which is a key benefit over traditional packages, where
such analyses require constantly rewriting code.

In this study, an updated vesrion of StatFaRmer (Ulya-
nov et al., 2025) is applied to data obtained from digital
phenotyping of a key agricultural crop — soybean (Glycine
max). The tool enables integration with platforms employing
diverse sensor systems (multispectral scanners, 3D cameras)
thanks to support for standardized data formats (XLSX,
CSV) and flexible parameter settings. This allows it to be
adapted to data collected both under controlled conditions
(e.g., climate chambers) and in field experiments, where ir-
regular measurement schedules and heterogeneous sources
require automated preprocessing. Standardization of input
data and StatFaRmer’s modular architecture ensure com-
patibility with systems such as Traitmill and PhytoOracle,
opening avenues for cross-platform studies.

The aim of this work was to present the capabilities of
StatFaRmer, to consistently demonstrate its functional poten-
tial for readers, and to describe enhancements implemented
since the previous publication.

Materials and methods

Experimental design and plant material. The study em-
ployed 50 soybean (G. max) cultivars of diverse origin (Rus-
sian and international breeding), differing in maturity time,
growth type, and recommended cultivation regions. Seeds
were treated with a fungicide before sowing, then sown to
a depth of 2 cm in moist peat in 500 ml pots (four seeds per
pot); after emergence, three plants were retained per pot.

Plants were cultivated under controlled climate chamber
conditions throughout the entire growing cycle. The experi-
ment included two treatments differing in lighting regimes
while keeping other microclimate parameters identical
(temperature, humidity, nutrient levels). Each treatment
comprised two biological replicates, yielding a total sample
of 200 plants (50 cultivars X2 treatments x 2 replicates).
Routine care included watering with room-temperature
water during the first 7-10 days, then as needed, and daily
application of mineral fertilizer after the appearance of
true leaves. For phenotyping, plants were randomized into
groups of 12 individuals; the final number of groups was
9 per treatment. A detailed description of experimental pro-
cedures and cultivation parameters is provided in (Ulyanov
et al., 2025).

Digital phenotyping. Scanning was performed on a
TraitFinder phenotyping system (Phenospex, Netherlands)
with two multispectral scanners operating in the follow-
ing wavelength ranges: red (R) 624-634 nm, green (QG)
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530-540 nm, blue (B) 465-485 nm, and near-infrared (NIR)
720-750 nm.

Plant phenotyping followed a scheme in which the al-
location of cultivars and treatments to blocks was recorded
in the embedded HortControl software and duplicated in
StatFaRmer tables for subsequent analysis. Plants were
distributed across the experimental area represented as a
layout — a virtual scheme reflecting the physical arrange-
ment of blocks and plants. All plants were divided into
blocks, each corresponding to one table with a unique iden-
tifier — 9 blocks in total. Blocks were further divided into
units corresponding to individual plants for data collection.
In HortControl, blocks were reserved for the experiment
and linked to biological information (genotype, treatment)
through metadata assignment.

Prior to scanning, plants were transported from climate
chambers to a dedicated phenotyping table, maintaining
identical positioning within predefined digital coordinates.
The procedure was performed in a darkened room with the
air conditioning system turned off to avoid artifacts caused
by airflow or changes in illumination. Each plant was posi-
tioned so that its center of mass coincided with the geometric
center of the scanning area, minimizing overlap of leaves
and shoots with neighboring samples. To stabilize plants
in pots, support structures made of green plastic rods and
black wire (spectrally neutral in the PlantEye sensor range)
were used.

Five consecutive scans were performed during the ex-
periment, with a total observation period of 20 days. We
recorded overall plant height and spectral indices (NDVI,
PSRI), computed from the multispectral sensor as follows:

Plant height average (mm): the average height of the top
10 % of plant points, minimizing the influence of external
factors (e. g., wind).

Spectral indices:

NDVI (normalized difference vegetation index):

NIR-RED

NDVI={IR+RED

Range: —1 to 1. Values > 0.66 indicate healthy photosyn-
thetic tissues.
PSRI (plant senescence reflectance index):

RED-BLUE

PSRI = NIR

Used to evaluate leaf senescence.

Data preparation. Users can upload their own expe-
riments by placing projects in StatFaRmer/data/project
NAME/ after preparing the data as follows.

1. Base experiment archive. The project must contain a ZIP
archive (*_data.zip) including a CSV table exported from
HortControl with the raw data.

2. Manual adjustment table. A * handmade.csv file is re-
quired with the following columns:

— V.T.R —unique identifier of the biological sample (cul-

tivar/treatment/replicate);

Applicability of the StatFaRmer time series analysis tool
in soybean (Glycine max) digital phenotyping

— Treatment — treatment parameters (overrides the cor-

responding column in the source table);

— Cultivar.

These CSV files are prepared manually to enter plant meta-
data. For each plant’s unique identifier, specify its cultivar
and treatment; other per-plant data may also be provided.
3. Spatial mapping table. The * translation.csv file must

include:

— V.T.R — sample identifier;

— T:X:Y — sample coordinates corresponding to the unit

column in the source data.

These CSV files are prepared manually so the program
can link the imported data in item 1 with the experimental
sample descriptions in item 2. To generate this table, match
each plant’s V.T.R with the corresponding coordinates in
the HortControl database. Unit coordinates are encoded as
follows:

(block number of the plant group):
(row number starting from the barcode):
(plant index in the row, left to right).

4. Additional grouping (optional). A groups.xlIsx file with a
mandatory Cultivar column.

Other columns can be used as ANOVA factors and must
contain only Latin letters, digits, and underscores.

All additional columns in the specified tables are preserved
and available for analysis as independent factors.

Analysis configuration is carried out via the Master Wizard
GUI, including:

— selecting a project from the available list with validation;

— tuning DBSCAN eps (time interval between measure-
ments);

— choosing the method for filtering/winsorizing/annotating
outliers (IQR or Z-score) based on the specified experi-
mental cell structure;

— configuring technical aggregation (median or mean);

— exporting and importing experiment configurations to
ensure processing transparency.

StatFaRmer effectively processes high-frequency time se-
ries with non-uniform measurement intervals, automatically
correcting artifacts and aggregating data to reduce errors in
longitudinal studies. The tool includes a multifactor analysis
of variance (ANOVA) module with automatic checking of
statistical assumptions. The generated interactive visual-
izations allow researchers to focus on interpretation while
minimizing technical analysis hurdles.

Results

Clustering, outlier filtering, and data grouping

Clustering and outlier filtering are critical steps in the initial
processing of phenotypic data. Outliers (anomalies) are data
points that deviate substantially from the overall pattern,
potentially due to technical artifacts (e. g., transient sensor
shading) or biological factors (local tissue damage). This
step removes noise arising from different phenotyping start
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Fig. 1. Dynamics of the “average plant height” parameter between different experimental treatments.

Figure 1 shows two plots of average plant height over time for treatments 1 and 2. All 50 cultivars in two replicates are presented
for rapid preliminary analysis of height distribution patterns under treatments 1 and 2.
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Fig. 2. Comparison of mean NDVI across three time points - at the beginning, middle, and end of the experiment —

for the two treatments.

times across experimental blocks, sensor errors, and external
influences (e.g., wind), as well as large sporadic outliers,
such as foreign objects in the camera’s field of view. At this
stage the program also performs data clustering; grouping
and comparisons can be conducted under different parame-
ters — conditions, treatments, and others. Outlier filtering
in StatFaRmer can be toggled in the graphical interface by
checking or unchecking “plot with outliers”, allowing users
to control this aspect of the analysis. This processing step is
illustrated in Figure 1.

StatFaRmer enables comparative analysis of plant sets by
aggregating samples by treatment, cultivar, or any additional
user-specified parameters in the accompanying data tables.
The plots demonstrate that the mean height of plants grown
under treatment 1 generally exceeds that under treatment 2.
A substantial difference is apparent from the outset; given the
large number of samples (100 per treatment) and phenotyp-
ing not starting on day one, this indicates that differences
between treatments emerge rather quickly.

ANOVA
StatFaRmer provides automatic selection of statistical mo-
dels: classical ANOVA for balanced designs (< 10 factor
levels), mixed models for unbalanced designs (11-20 fac-
tor levels), and spline models for time series analysis. The
program attempts to select an optimal analysis scheme given
all specified factors and their pairwise interactions, while
advanced settings allow the user to fix the model type.

When analyzing Figure 1, an important question arises:
is the accelerated growth under treatment 1 a positive sign
or an indicator of plant stress. The NDVI indicator can be
used to assess plant condition, providing an approximate
measure of photosynthetic activity and overall plant health.
Higher NDVI values indicate better plant condition and more
intense photosynthesis, whereas lower values may indicate
stress. Figure 2 shows the change in mean NDVI over time,
averaged across all cultivars.

In Figure 2, NDVI does not show significant differences
between treatments at the first time point; subsequently,
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Fig. 3. Changes in general mean PSRI under treatment 1 for five cultivars.

NDVI for plants grown under treatment 2 is significantly
higher, as indicated by the higher median. This can also be
seen in the comparative group table in the “Export of results
in tabular formats™ section. This indicates more favorable
growth conditions under treatment 2.

Subsampling for temporal cluster analysis

When working with large datasets, users need the ability to
perform targeted analyses to uncover patterns independently.
In the previous example, we compared NDVI values across
treatments for all cultivars. Now suppose we need to select
cultivars from this set that are more or less sensitive to the
treatment. One could select field values to compare one
cultivar with another, but checking each of the 50 cultivars
in this manner would be laborious.

Instead, an alternative approach can be used. StatFaRmer’s
data subsampling function allows, for example, comparing
different cultivars under identical conditions rather than
one cultivar across treatments. As an example, consider five
cultivars and evaluate the PSRI parameter, which reflects
plant senescence. The higher this parameter, the greater the
stress experienced by the plant. Results of this comparison
for treatment 1 are shown in Fig. 3.

Interactive visualization with grouping by features
Interactive visualization is key for users who need an adap-
tive tool for experiment analysis. For the selected cultivars,
one can plot PSRI versus time with treatment taken into
account. To study the dynamics of multiple groups, it is
practical to use faceting — splitting plots into subplots ge-
nerated by a consistent principle for subgroups of the same
variable(s). Using the “grouping factor”, “selected cultivars”,
and “faceting formula” fields (the latter being a syntactic
template used in data visualization to describe how a dataset
is split into subgroups (facets) when building multiple linked
plots; a brief description can be found on the project’s GitHub
page), we obtain a separate plot for each cultivar (Fig. 4).

This approach enables a detailed examination of how the
senescence indicator changes over time across cultivars. For
example, some cultivars exhibit a marked shift in dynamics —
an increase in senescence until mid-experiment followed by
stabilization — whereas in others, this inflection is weak or
appears only at the final stages.

Export of results in tabular formats

StatFaRmer can present analysis results in tabular form and
export plots at high resolution (300 DPI) in SVG, PNG,
and PDF formats for publication. The Table below provides
descriptive statistics for Figure 2, listing parameters charac-
terizing each observed group at each time point.

Performance

StatFaRmer performance was tested on a laptop with the

following configuration: AMD Ryzen 5 5500U with Radeon

Graphics (2.10 GHz) and 8 GB RAM.

+ Master Wizard: processing project project NO3 (58,380
rows, 49 columns) takes 8—16 seconds with median ag-
gregation, depending on the configuration file;

« Main Application: launch and analysis occur almost in-
stantly due to caching of processed data;

» visualization is optimized for large datasets using density
maps for > 2,000 measurements.

Logging (logger.R) and benchmarking (benchmark.R)
of memory and time usage are implemented for module
operation.

Thus, employing automated time series analysis methods
reveals stable dynamic patterns in soybean data. Unlike tools
that do not support time series analysis, StatFaRmer success-
fully handles this task while remaining a flexible tool that
does not require programming skills. In long-term experi-
ments, StatFaRmer demonstrates efficiency in processing
high-frequency time series with non-uniform measurement
intervals. In addition, the tool automatically performs artifact
correction and data aggregation. These procedures are critical
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Fig. 4. Change in mean PSRI over time for cultivars 1-5.
Descriptive statistics for Figure 2
No. Time Treatment n Avg.  Median SD SE min max Q4 Q1 IQR cv Skewness  Kurtosis
point
1 1 1 100 0.655 0.653 0.0259 0.00259 0.596 0.731 0.637 0.674 0.0369 3.96 -0.00113 0.0668
2 1 2 100 0.648 0.647 0.0268 0.00268 0.56 0.724 0.633 0.665 0.0315 4.14 -0.0214 1.3
3 4 1 100 0532 0.535 0.0467 0.00467 0395 0.633 0.5 0.564 0.0636 8.77 -0.411 0.263
4 4 2 100 057 0573 0.0457 0.00457 0.421 0.653 0547 0.601 0.0542 8.02 -0.823 1.16
5 6 1 100 0.528 0.539 0.0838 0.00838 0.333 0.674 0479 0.6 0.12 15.9 -0.477 -0.537
6 6 2 100 0.579 0.58 0.0396 0.00396 0.48 0.664 0.551 0.607 0.0567 6.84 -0.0886 -0.274

Note. The “Time point” column shows the analyzed groups, where 1, 4, and 6 denote the ordinal time points corresponding to the start, middle,

and end of the experiment.

for minimizing errors in longitudinal studies. StatFaRmer
also includes a multifactor ANOVA module with automatic
diagnostics of statistical assumptions (e. g., tests of normality
and homogeneity of variances). The tool’s high-resolution
interactive visualizations compare favorably with most
other platforms, where plots are typically static. As a result,
researchers can focus on interpreting results rather than the
technical details of analysis.

Discussion

Unlike several existing solutions such as HTPheno (Hart-
mann et al., 2011) and IAP (Yang et al., 2020), which
focus primarily on image processing, StatFaRmer provides
extended integration with external phenotyping systems.
This enables researchers to combine data from heteroge-
neous sources while minimizing manual effort. HTPheno
and IAP offer limited support for automated analysis of

large non-stationary time series; therefore, additional tools
are often required for full statistical processing of such
data. By contrast, StatFaRmer successfully automates the
analysis of complex phenotypic time series generated by
high-throughput phenotyping platforms.

In parallel with the development of StatFaRmer, other spe-
cialized tools have emerged to address adjacent digital phe-
notyping tasks. For example, the AlllInOne Pre-processing
package (Najafabadi et al., 2023) focuses on preprocessing
field phenotyping data and provides image normalization,
spatial analysis, and basic visualization functions. Although
AlllnOne effectively improves raw data quality and can
handle large sets of images, it does not provide full time
series analysis or statistical hypothesis testing. StatFaRmer
complements such solutions by offering in-depth statistical
analysis of cleaned data, including multifactor group com-
parisons and identification of temporal dynamics.
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Another scalability-oriented approach is the PhytoOracle
platform (Gonzalez et al., 2023), a modular processing pipe-
line for phenotyping data optimized for high-performance
computing clusters. PhytoOracle can process multimodal
data in parallel (e. g., RGB images, thermal maps, 3D point
clouds) and scales efficiently to large data volumes. However,
its complexity and requirement for specialized infrastructure
make PhytoOracle less accessible to a broad range of biolo-
gists. StatFaRmer, by contrast, emphasizes accessibility: it is
implemented as a web application with an intuitive interface,
simplifying its use on standard desktop systems. At the same
time, StatFaRmer supports processing of large numerical da-
tasets and integration of heterogeneous information sources,
striking a balance between analytical power and usability.

To quickly assess the program’s capabilities, a demonstra-
tion dataset based on an experiment on nitrogen stress in
cereal crops was created. It is publicly available on GitHub
(https://github.com/Stathmin/StatFaRmer) and deployed
for interactive testing on shinyapps.io (https://stathmin.
shinyapps.io/StatFaRmer), where one can explore the data
and test a working copy of StatFaRmer. In addition, we
conducted extensive testing on diverse datasets, including
wheat, triticale, sugar beet, maize, sunflower, and soybean.
The program has proven to be a reliable and effective tool for
analyzing large volumes of phenotypic data across various
experimental conditions.

Conclusion

Modern methods of digital plant phenotyping generate

colossal amounts of data, including high-frequency time

series, structured metadata (cultivar, treatments, replicates,

treatment variant), and external parameters integrated from

third-party sources. These factors, together with the variety

of traits measured by the platform, require specialized solu-

tions for interpretation. Our StatFaRmer tool addresses this

challenge through:

« interactive data visualization with support for temporal
slices and artifact filtering;

» multifactor group comparisons (by cultivar, treatment, user
tags) using various statistical analyses;

- flexible configuration of data slices for independent pattern
discovery, accessible to typical users.

Thus, StatFaRmer streamlines the processing of complex
phenotypic data, reducing the time needed to uncover pat-
terns of adaptation in soybean and other crops under different
treatments, stresses, and other influences.
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Description of morphological characteristics of wheat spike
as a digital certificate in the SpikeDroidDB database
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Abstract. It has been repeatedly shown that spike productivity is the main component of wheat yield. The main spike
parameters related to productivity are size, the number of grains and spikelets per spike, and the presence or absence of
awns. In modern genetic research, morphometric analysis of hundreds and thousands of spikes is required to determine
the loci that control spike productivity traits. On the other hand, thousands of accessions in modern collections of wheat
genetic resources need detailed description. These considerations motivate the development of digital technologies
for describing spike traits in wheat, which can be achieved through image analysis methods. These methods allow for
automated acquisition of trait values that can serve as the basis for digital plant collections. Here we propose an extended
set of spike characteristics obtained both manually and through digital image analysis and present plant characterization.
These data form the basis of the updated version of the SpikeDroidDB database (http://spikedroid.biores.cytogen.ru/).
The digital description of the spike consists of two blocks. The block of uploaded data includes a description of the
plant and contains five tables: collection; variety sample (year of cultivation (vegetation), sowing identifier, taxonomic
information, etc.), planting site, and characteristics of the spike determined manually (length, width of frontal and lateral
views, type and color of the spike, etc.) The block of extracted features includes spike characteristics obtained by digital
phenotyping and contains six tables: characteristics of the spike outline in the image; characteristics of the quadrangle
model, values of the color components of the spike, dominant colors of the spike, and texture characteristics of the spike
in the image. The most illustrative and significant features of the spike have been identified, allowing for the formation
of the spike digital certificate, which includes size, shape, and color features derived from the digital images. The features
forming the digital certificate have been compared between two wheat species, T. aethiopicum and T. carthlicum. It is
shown that the features of the digital certificate allow for a clear representation of the spike model and the identification
of distinct parameters: colors of the spike and awns and roundness of the frontal view of the spike. The database interface
has been supplemented with the ability to upload data on plant and spike characteristics, as well as their images, in the
batch mode.
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Description of morphological characteristics of wheat spike
as a digital certificate in the SpikeDroidDB database

AHHoTauuA. Mpu aHanuse CTPYKTYpPbl ypoxKasa MiUeHNLbl HEOJHOKPATHO NOKa3aHo, YTO ero BblPaXKeHHOCTb 3aBUCUT OT
NPOAYKTUBHOCTU Konoca. OCHOBHble XapakTepUCTUKM KOJTOCa, KOTOPble CBA3aHbl C MPOAYKTUBHOCTbIO, 3TO MPeXae BCero
Macca 1000 3epeH, UNCNo 3epeH 1 KONIOCKOB B KOJIOCE, Ero pa3Mepbl, Hannumne/oTCyTCTBME OCTelN 1 Apyrie. B coBpemeHHbIX
reHeTUYECKNX NCCNefoBaHUAX AnA UaeHTUdMKaLUM NOKYCOB, KOHTPOIMPYIOWYMX NPU3HAKMA NPOAYKTUBHOCTM KOMOCa,
TpebyeTca MopdomeTpua CoTeH U TbicAY KonocbeB. C ApPYroli CTOPOHbI, COBPEMEHHbIE KOMEKUUN FeHeTUYeCcKrX
pecypcoB cofepaT TbicAuM 00pa3LIoB, KOTOpble Takxe TPpebyoT CBOEro AeTasbHOro onncaHua. Bce sto obycnosnmsaet
HeobOXOANMOCTb Pa3BUTMA LUGPOBLIX TEXHONOTMUIA OMMCaHWA MpPU3Haka Konoca MeHWLbl, KOTopble MOryT ObiTb
LOCTUrHYTbl HA OCHOBE METOAOB aHanM3a M306paxeHUn. TN MeToAbl MO3BONAIT aBTOMATUYECK/ MOJTyYaTb 3HaUYeHUA
Habopa NPU3HaKOB, KOTOPblE MOTYT CIYXUTb OCHOBO GpOPMUPOBaHVA LMPPOBbLIX KOMNEKLUMIA pacTeHuil. B HacTosALwei
paboTe npeanoxeHo UMbPOBOE ONMCaHMe Kooca MWEHULbl Ha OCHOBE XapaKTePUCTUK, MOMYUYEHHbIX KaK BPYUHYIO,
TaK 1 Ha OCHOBE aHanm3a LMPpPOoBbIX N306paXKeHNI, @ TaKKe XapakTePUCTUK PAaCTEHUIA, Y KOTOPbIX Obli B3AT KONOC. ITK
[aHHble MOoNoXeHbl B OCHOBY 06HOBJIEHHOW Bepcum 6a3bl AaHHbIx SpikeDroidDB (http://spikedroid.biores.cytogen.ru/).
Lindposoe onncaHmne Konoca cocToUT 13 AByX GNOKOB. BNoK 3arpyaembix AaHHbIX COLEPXKUT OnmMcaHne pacTeHua u
BKJIIOYAeT 5 Tabnuu: Konnekums, coptoobpasel (rof BblpalynBaHuA (Beretauus), NOCEBHOV HOMEP, TAKCOHOMMYECKYIO
nHbopmaumio U Ap.), MeCTo BbIPALMBAHUA, XAPAKTEPUCTVKU KOMOCa PACTEHUN, OLEHEHHbIe SKCMEPTOM BPYUHYIO
(BANUHY, WMpUHY GPOHTaNbHOM M BOKOBOW MPOEKUUIA, TUM 1 LBET KONoca 1 Ap.). bnok nsBnekaembix XxapakTepucTnk
BK/OYAET NPU3HAKM KOOCa, MNoSlyYeHHble B pesynbTtaTte UndpoBoro GeHOTUNMPOBaHMWSA, 1 COCTOUT M3 WecTy Tabnuu:
XapaKTepUCTUKN KOHTYpa KOJIoCa Ha M300pa)eHuU; XapaKTePUCTUKMA MOAENM YeTblPeXyrofibHUKOB, KOMMOHEHTDI
LBeTa KONI0Ca, AOMMHAHTHbIE LIBETa KOJSI0Ca, TEKCTYPHbIe XapaKTepUCTUKM Konoca Ha n3obpaxeHun. bbino nposeaeHo
BblflefleHne Hanboree HarnAafgHbIX Y UHPOPMATMBHBIX XapaKTepUCTUK KOMoca, KOTopble MO3BOAWMAM CHOpPMMPOBaTb
LrdpoBOIA NMAacNopT KOSoca, BKIOYAOLWMNIA NPU3HaKK pa3mepa, popmbl 1 LiBeTa, onpeaeneHHble Ha OCHOBE aHanm3a
undpoBbIX n30bpaxeHuin. NpoBefeHO CpaBHEHME NPU3HAKOB, dpopmuUpyLmMX LUdPOBOM MacnopT, y ABYX BMAOB
nweHunubl, T. aethiopicum w T. carthlicum. Tloka3aHo, YTo Npu3HakyM LUGPOBOro MacrnopTa MO3BOMAIT HarNAgHo
npeacTaBUTb Mofenb KOMoca, a TakkKe BblABUTb AOCTOBEPHO pasfimyarolimeca napameTpbl (UBeT Kosoca U ocTel,
OKpPYrnocTb GPOHTaNbHON NPoeKumn Kosoca). B nHtepdeiic 6a3bl AaHHbIX Takke [oOaBneHa BO3MOXKHOCTb MaKeTHOM
3arpy3Ku JaHHbIX O XapaKTepUCTKaX PacTEHNA 1 KOMOCA, a TakxKe UX N306paKeHWiA.

KnioueBble cnoBa: NweHULa; Konoc; MoppomeTpus; LndpoBoe peHOTUNMPOBaHUe; 6a3a AaHHbIX; KONEKLMA
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Introduction

It has been repeatedly shown that spike productivity is the
main component of wheat yield (Moiseeva, 2017; Romanov,
Pimonov, 2018; Demina, 2022; Shuklina et al., 2022). The
most significant characteristics for yield are spike size, the
number of spikelets and grains, and degree of compactness. For
wheat processing, it is also important to consider the presence
or absence of awns, spike color, and so on. The investigation
of genes that control these traits is of particular interest to
geneticists and breeders (Guo et al., 2018; Garland-Campbell,
2022). In such studies, it is crucial to evaluate the diversity
of spike traits across a large number of accessions, which al-
lows for the identification of associations between varieties in
spike characteristics and nucleotide substitutions in the wheat
genome (Wu et al., 2012; Xu et al., 2024).

The study of wheat and its relatives also relies on the identi-
fication of various spike traits, particularly those that allow for
plant taxonomy, biological material classification (Spagnoletti
Zeuli, Qualset, 1987; Khanjari et al., 2008; Goncharov, 2009),
and the evaluation of breeding trials (Methodology..., 2019).
Such traits include spike shape (Konopatskaia et al., 2016),
pubescence (Goncharov et al., 2007), the presence or absence
of awns (Smolenskaya et al., 2022), spike and awn color (Lya-
punova, 2017; Smolenskaya et al., 2022), and compactness
(Vavilova et al., 2017). These morphological traits are used
by geneticists and breeders in analyzing wheat collections and
breeding programs, but their assessment is labor-consuming
due to the large volume of material analyzed, often involving
hundreds or thousands of specimens (Pakul, Sherina, 2009;
Piskarev et al., 2018; Zuev et al., 2019).

To enhance the efficiency of trait determination in modern
genetics and breeding, phenotyping technologies based on
digital image analysis are employed. These technologies
automate the process of phenotypic characteristic assess-
ment, thereby reducing labor costs, enabling evaluations of
thousands of samples (Afonnikov et al., 2016; Meraj et al.,
2024), and permitting the application of machine learning
methods (Murphy et al., 2024). For wheat spikes, image-based
phenotyping methods have also been intensely developed
recently. They primarily allow for the determination of mor-
phological characteristics of the spike, such as length, width,
and density (Genaev et al., 2019). X-ray imaging enables
detailed three-dimensional descriptions of spike structures
down to individual grains (Ling et al., 2023). Machine learning
methods can automatically determine the number (Genaev et
al., 2026) and shape (Niu et al., 2024) of spikelets, as well as
assess the presence or absence of pubescence (glume hairs)
(Artemenko et al., 2024).

Digital phenotyping allows for the determination of a sig-
nificantly larger number of plant characteristics, much more
than a breeder could previously examine (Afonnikov et al.,
2016). Some of these characteristics, such as spike length or
the number of grains per spike, are directly related to yield
(Moiseeva, 2017; Romanov and Pimonov, 2018; Demina,
2022; Shuklina et al., 2022). Others are indirectly related to
productivity, e. g., grain weight, which can be estimated from
the area of its view on an image. Some digital characteristics
are difficult to interpret agrobiologically, but they can be
effectively used for spike classification employing machine
learning methods (Bi et al., 2010). The choice of digital
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traits is crucial for creating digital collections—databases that
describe plant phenotypes (Conejo-Rodriguez et al., 2024).
On the one hand, these traits should be familiar to breeders
working with the databases (Methodology..., 2019), whereas
on the other, they should be sufficiently representative to solve
classification tasks.

Previously, we developed the SpikeDroidDB database,
which stores information about wheat spike samples, including
expert-assessed trait descriptions (Genaev et al., 2018). Here
we provide an expansion and systematization of the set of
digital features for describing spikes in this database, such as
quadrangle model parameters (Genaev et al., 2019) and spike
and awn color characteristics. The database interface has been
supplemented with the ability to upload information, includ-
ing expert-assessed sample characteristics and spike images,
in the batch mode. As a result, the number of spike sample
descriptions in the database exceeded 1700.

Materials and methods

Plant material. The database was supplemented with descrip-
tions of spike samples from the Siberian Gene Pool bread
wheat variety collection of the Siberian Research Institute of
Plant Production and Breeding and the Institute of Cytology
and Genetics, SB RAS (Piskarev et al., 2018). Plants were
grown in 2019-2020 in experimental fields of the Siberian
Research Institute of Plant Production and Breeding — Branch
of the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences (Krasnoobsk,
Novosibirsk region).
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OnucaHne MopdoNornyecKrx xapakTepucTmk
KONOCbEB MLeHMLbl B 6a3e gaHHbIx SpikeDroidDB

Digital phenotyping. To obtain spike images, we used the
‘on a clip’ protocol described previously (Genaev etal., 2018,
2019). The spike was placed vertically on a clip against a back-
drop of blue paper. Images were taken using a Canon 350D
digital camera with an EF-S 18-55mm £/3.5-5.6 lens. X-Rite
Mini ColorChecker Classic color chart was positioned within
the frame for scale and color calibration (Fig. 1a). The spikes
were photographed in four views: frontal (the widest view),
back, and two side views. To obtain digital characteristics of
the spike, the images were segmented into background, color
chart, spike body, and awns using deep machine learning
methods (Artemenko et al., 2024). The segmented image was
then processed with the WERecognizer program (Genaev et
al., 2019) to estimate morphometric and color characteristics
of the spike. The morphological characteristics included a
set of features for a quadrangle model symmetrized relative
to the spike main axis (Komyshev et al., 2024), Figure 15, c;
a set of outline features of the spike body in the image (length,
perimeter, area, circularity, roundness, solidity, and rugosity);
and the area of the awns. In total, 19 morphological features
of the spike and awns were analyzed.

For the spike and its awns, digital color characteristics
were determined. The method is based on a previously ap-
plied approach for analyzing wheat grains (Afonnikov et al.,
2022). For all pixels of the spike body, the average values
of color components were calculated in four color spaces:
RGB, Lab, HSV, and YCrCb (Komyshev et al., 2020), total-
ing 12 characteristics. Additionally, three dominant colors

q_l, q_W,

q_lc q_W,

aWy

q_ly
q_S,

Fig. 1. Morphometric characteristics of the spike. (a) Image of the spike placed vertically on a clip, frontal view. (b) Results of image
segmentation showing the spike body (light green), awns (yellow), and background (blue). The spike axis is indicated by a pink line.
(c) Quadrangle model for the spike. Feature designations in (b) and (c) follow Table S1.
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Description of morphological characteristics of wheat spike
as a digital certificate in the SpikeDroidDB database

Spike characteristics from image analysis
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Fig. 2. Logical structure of the updated version of the SpikeDroidDB database. On the right is the user-input data block. On the left is

the data block obtained through digital phenotyping of images.

and their corresponding component values were identified.
Dominant colors are defined as centroids of clusters in the RGB
component space obtained by the A~-means method, assuming
k=3 (Afonnikov et al., 2022). These colors characterize the
three largest groups of pixels similar in color in the spike image
and satisfactorily describe its color heterogeneity. Typically,
the first cluster (dominant color) has component values close
to the average values across the entire spike image. Color
characteristics for awn pixels were determined in a similar way.

Additionally, texture features of the spike area in the image
were calculated. These features characterize the structural
heterogeneity of the object in the image, which may arise
due to uneven coloring or the surface structure of the glumes
(e.g., pubescence). A distinguishing feature of simple texture
is regularity, with repetitive or partially reproducible elements
on a certain surface or object. Two types of structural features
were calculated: those based on the Grey Level Co-occurrence
Matrix (GLCM, 10 characteristics) and the Gray Level Run-
length Matrix (GLRM, 6 characteristics) (Komyshev et al.,
2020).

SpikeDroid database structure. The aforementioned spike
characteristics obtained through the analysis of digital images,

together with the characteristics determined by expert evidence
and plant parameters, are stored in the updated version of the
SpikeDroidDB database, whose logical structure is presented
in Figure 2.

The structure of the updated version of the SpikeDroidDB
database includes two data blocks. The block of data uploaded
by experts contains five tables and describes the collection
and the plant whose spike is analyzed. The Collection table
contains a text field for the name of the collection and a descrip-
tion field. The Plant table includes 20 fields: year of cultiva-
tion (vegetation), accession number in the collection, sowing
identifier, reproduction number, O-gene allele (Vavilova et al.,
2020), information on parent plants, taxonomic information,
and origin of the variety/line. The Environment table contains
information about the time and location of cultivation, includ-
ing the address of the originating institution. The Spike table
contains characteristics determined manually: spike number
on the plant, spike length, frontal and lateral view widths,
spike type, color, number of grains, awn color and type, pubes-
cence characteristics of the glume, spike threshability, rachis
fragility, and awn attachment type. Additionally, this block
contains information about the spike image (Image table), in-
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T. aethiopicum Jakubz. (k-19301/2)
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T. carthlicum Nevski (k-32496)
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Fig. 3. Graphical representation of the spike digital certificate parameters for two wheat species: T. aethiopicum Jacubz. (a—c) and
T. carthlicum Nevski (d-f). Digital images of the spike are shown in panels a and d; models of the spike for the frontal view are shown
in panels b and e; models of the spike for side views are shown in panels ¢ and f. Thin blue lines represent the geometric models of the
spike for individual plants, while thick red lines show polygons representing models for the mean values of spike parameters. The fill
color of the red polygons corresponds to the averaged color of the spike outline pixels. The length scales in mm along the X- and Y-axes
for the spike models differ by a factor of 5 for better visualization of the spike shape characteristics.

cluding the view number, date of acquisition, and a link to the
image file.

The block of extracted features includes spike characteris-
tics obtained by digital phenotyping (see above). It includes
seven tables. The SpikeData table includes characteristics of
the spike outline in the image. The QuadrangleModel table
presents characteristics of the quadrangle model. The Mean-
Color table stores mean color characteristics of the spike. The
DominantColor table contains dominant color characteristics
of'the spike. The GLCMTexture table contains texture param-
eters for GLCM. The GLRMTexture table contains texture
parameters for GLRM.

Digital spike certificate. Among the numerous shape and
color characteristics of a spike presented in the SpikeDroidDB
database (see above), several key features should be high-
lighted that can be used for a reliable assessment of similarities/
differences in spike shape, size, and color. These characteristics
can also be used for visually demonstrating the similarities or
dissimilarities between spikes of different accessions from the
plant collection. Previously, we demonstrated that simplified
geometric model features of the spike based on quadrangles
and outline characteristics of the spike from images can be
used to identify both interspecies and intraspecies differences
in spikes (Komyshev et al., 2024). These features allow for
high-precision species identification of plants. We obtained
grounds for forming the digital spike certificate by choosing
those features of shape and size obtained from the analysis of
digital images that were most visually informative and suffi-
cient for classification tasks. These features were supplemented
with color characteristics of the spike and awns. The list of

features forming the digital certificate is provided in Table S1
of the Supplementary File'. For each spike image, it includes:
11 parameters of the quadrangle model (Komyshev et al.,
2024), 7 outline features of the spike (Genaev et al., 2019),
3 color parameters of the spike (average R, G, B components
of the spike body pixels), and 3 color parameters of the awns
(average R, G, B components of the awn pixels).

For most spikes in the database, at least four views are
stored. Therefore, the digital certificate of each spike includes
averaged characteristics for the frontal/back and two side
views. In cases where only one view is available for a spike
image, usually the frontal view following the ‘on the table’
protocol (Genaev et al., 2018), the certificate contains only
the features derived from that single image.

Database implementation. The database is implemented
using the Drupal content management system (https:/www.
drupal.org). Data storage is provided by a relational database
managed by the MySQL database system, which is deployed
on the server of the “Bioinformatics” shared access compu-
tational center running CentOS Linux.

Results

Two examples of spike visualization based on the characteris-
tics presented in their digital certificates are shown in Figure 3.
They represent two wheat species from N.P. Goncharov’s col-
lection: Triticum aethiopicum Jacubz. (VIR accession number
k-19301/2, represented by 6 plants) and T carthlicum Nevski
(VIR accession number k-32496, 12 plants).

! Tables S1 and S2 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx19.pdf
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Description of morphological characteristics of wheat spike
as a digital certificate in the SpikeDroidDB database

BepHyTica x penaxTvposano Monvsepauts wwnopr

Fig. 4. Visualization of the user interface during the main steps of batch uploading data about spikes and their images into the
SpikeDroidDB database. (a) Input of primary dataset characteristics (wheat species, reproduction number, field for uploading the
collection description file). (b) Visualization of the list of uploaded data. (c) Visualization of information about the uploaded data.

(d) Completion of data import.

The figure demonstrates the similarity in spike length
between the two wheat species. However, their shapes differ
slightly. The frontal view of T. aethiopicum appears more
rounded, whereas that of 7. carthlicum is more elongated.
Differences in the size and number of awns are clearly visible
in the images: 7. aethiopicum has fewer and shorter awns
compared to 7. carthlicum. Additionally, the colors of the
spikes and awns differ: They are lighter in 7. aethiopicum and
darker in 7. carthlicum.

We conducted a statistical test to confirm the differences
between the mean values of the digital certificate parameters
for the two species. Significant differences were found in five
shape features (all related to outline characteristics but not the
model parameters) and all color characteristics (both for the
spike and awns) in both the frontal and side views. The results
are provided in the supplementary material (Table S2). They
are in good agreement with the visual assessment (Figure 3).
For the frontal view, significant differences were observed in
the following indices: area of awns (c_Sa), circularity (c¢_Ci),

roundness (c¢_Ro), and integrity (c¢_So). For the side view,
significant differences were observed only in the area of awns.
Significant differences were noted in all color components of
the spike and awns in both the frontal and side views.

Thus, the features forming the digital certificate of the spike
allow for a clear representation of similarities and differen-
ces in spike characteristics between the two wheat species,
as well as the recognition of statistically significant charac-
teristics.

The possibility to upload data for multiple spikes at once
simplifies the user’s interaction with the database. The user
interface for importing data in this case is shown in Figure 4.
It demonstrates the step-by-step implementation of uploading
multiple images and descriptions of spikes.

As an example, Figure 5 provides the statistics of the up-
loaded data for samples from the ‘Siberian Wheat Collec-
tion” grown in 2019. A total of 696 samples were grown and
analyzed. Their distributions by countries of origin, i.e., the
country from which each specific variety sample originated
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W erythrospermum Korn.

[ ferrugineum (Alef.) Mansf.
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W milturum (Alef) Mansf.

B albidum Al.

Fig. 5. Statistics of bread wheat samples (reproduction 2019) in the SpikeDroidDB database. Distribution of samples: (a) by countries

of origin, (b) by varieties.

(the top 10 most represented in the analyzed collection), and
by varieties (most represented in the analyzed material) are
shown.

Discussion

The development of modern phenotyping methods allows
for the digitization of spike characteristics for subsequent
computer analysis. Previously we demonstrated that digital
characteristics of spike shape and size correlate with equivalent
biological characteristics measured manually (Komyshev et
al., 2024). The same work showed that the combined use of
digital and classical characteristics allows for high-precision
classification of plants into species. Furthermore, such repre-
sentation enables the identification of traits that significantly
vary among specimens of the same species (Komyshev et al.,
2024). All of this underscores the usefulness of both classical
and digital spike characteristics for geneticists and breeders in
describing spike traits. We applied these considerations to the
development of the digital spike certificate, which includes de-
scriptions of plant characteristics, their growing site locations,
spike traits assessed by experts, and digital characteristics
derived from image analysis. This comprehensive repre-
sentation allows for a closer description of spike properties.
Digital characteristics of the spike include quadrangle model
parameters, outline properties of the spike in images, and a
set of color and texture parameters. Thus, digital phenotype
parameters, in conjunction with classical trait sets, make plant
descriptions more detailed and help in classification (Conejo-
Rodriguez et al., 2024).

The digital representation of phenotypic characteristics of
plants is a crucial step in the development of modern plant
genetic resource collections (Thormann et al., 2012; Heberling,
2022). On the one hand, it enables rapid assessment of the vast
diversity of phenotypic traits in collections. On the other hand,
digital data from collections can be more effectively utilized
in breeding programs (Dipta et al., 2023). This highlights the
advantage of describing the properties of germplasm banks
and breeding collections in a digital form for the purpose
of genetic research and breeding. Further development of

phenotyping methods and the selection of the most important
digital characteristics will enable a deeper understanding of
the manifestation of phenotypic traits, thereby potentially en-
hancing the efficiency of identifying genes that control them.

Conclusions
A comprehensive system for the digital description of wheat
spike was developed. It integrated both traditional manual
evaluation methods and modern digital phenotyping technolo-
gies. As a result, the structure of the SpikeDroidDB database
was updated for the comprehensive representation of spike
properties. The updated structure includes two main data
blocks. The block of uploaded data contains fundamental
information about the collection and specific variety sample
characteristics, presented in five interrelated tables. Emphasis
was placed on agronomic and taxonomic information, growing
conditions, and basic spike characteristics determined manu-
ally by experts. The block of extracted features comprises an
extended set of parameters obtained through digital image
analysis. It includes six categories of data: outline characte-
ristics of the spike, quadrangle model parameters, color cha-
racteristics (including dominant colors), and texture features.
An important functional enhancement was the implementation
of batch data upload capability, significantly simplifying the
process of entering information about plants and uploading
their images, as well as their subsequent statistical analysis.
The most visually informative and relevant characteris-
tics of a spike were identified, allowing the formation of a
digital certificate of the spike, which includes size, shape, and
color features determined based on digital image analysis. We
compared the features forming the digital certificate between
two wheat species, 7. aethiopicum and T. carthlicum, and
demonstrated that the digital certificate features allow for a
clear representation of the spike model and the identification
of significantly differing parameters (color of the spike and
awns and roundness of the frontal view of the spike). Thus,
the efficiency of describing spike characteristics for research in
breeding and genetics is enhanced, enabling a comprehensive
analysis of plant morphological features.
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