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Concept of natural genome reconstruction.

Part 3. Analysis of changes in the amount of telomeric DNA
in colony cells as a new amplified feature that arose
during the processing of hematopoietic bone marrow stem cells
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Abstract. The induced “recombinogenic situation” in hematopoietic stem cells and the activation of the cell’s repara-
tive systems create the basis for recombination events between fragments of extracellular double-stranded DNA de-
livered into the cell and chromosomal DNA or other forms of the reparative-recombination process. In mouse and rat
model organisms as well as in human bone marrow cells, changes in the amount of telomeric DNA in hematopoietic
stem cells were assessed as an indicator of repair and recombination events that have occurred. In all experiments
performed, recombinant human angiogenin was used as a comparison factor. Dot blot hybridization showed that in
the colony cells obtained from the bone marrow cells of the model organisms as well as from human bone marrow
cells treated with a double-stranded DNA preparation, there was a significant increase in the amount of telomeric
DNA. Amplification of telomeric DNA in colony cells is not associated with contamination of the original DNA prepa-
ration with which the bone marrow cells were treated. Treatment of bone marrow cells with DNA that does not carry
telomeric sequences (Alul PCR fragment) does not lead to an increase in the amount of telomeric DNA in the cells
of grown colonies. This suggests the participation in the amplification of telomeric DNA of an extrachromosomal
DNA template carrying telomeric DNA. It has been established that treatment of bone marrow cells with angiogenin
also leads to an increase in telomeric DNA in colony cells. A comparison of the type of colonies with the intensity of
hybridization (i.e. the amount of telomeric DNA in the sample) suggests that the increase in the amount of detect-
able telomeric DNA following treatment with angiogenin and hDNA9" has a fundamentally different origin. Western
blot analysis and real-time PCR revealed that the increase in the amount of telomeric DNA following treatment of
bone marrow cells with a double-stranded DNA preparation does not correlate with the activity of endogenous/exo-
genous telomerase. For angiogenin, it has been shown that an increase in the amount of telomeric DNA may be the
result of activation of endogenous telomerase activity. A principle has been developed for the amplification of a new
genetic trait that came into hematopoietic stem cells with extracellular double-stranded DNA material and was fixed
in the recipient genome or was transitively present in the cell as new genetic information.

Key words: hematopoietic stem cells; dot blot hybridization; telomeric DNA; angiogenin; recombinogenic situation
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Analysis of changes in telomeric DNA amount
after treatment of hematopoietic stem cells
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AHHoTauuA. HayumpoBaHHasa «peKOMOMHOreHHan cUTyaLua» B reMOMO3TUYECKMX CTBOJIOBbIX KNETKax U akTuBauusa
penapaTmBHbIX CUCTEM KNETKM CO3MalT OCHOBY ANA PEKOMOMHALMOHHBIX COBbITUA MEXAY AOCTaBNEHHBIMUA B KNETKY
¢dparmeHTamMm aKkcTpaknetouHon asyuenoyeyHor AHK n JHK xpomocom nnm nHbix Gopm penapaTtnBHO-pekombuHa-
LIMOHHOrO npouecca. Ha MofienbHbIX OpraH13max MbllUK U KPbICbl, @ TakXe C UCMOSIb30BaHNEM B KauyeCTBe MCXOAHOTO
MaTepuana KneTok KOCTHOro Mo3ra YenoBeka Obisio OLlEHEHO U3MeHeHMe KonnyecTsa TenomepHoi 1HK B remonoatu-
YeCKMX CTBOJOBbIX KNETKax Kak noKasaTtesib MPOon3oLWeALWrX pernapaLoHHO-PeKOMOVHaLOHHBIX COObITHIA. Bo Bcex
NPOBefEeHHbIX SKCNepUMeHTax B KauecTBe GpakTopa CpaBHEHMWA UCMNONb30BancCA aHIMOreHNH PeKOMOVHAHTHBIN Yero-
Beyecknil. MeTofom AOT-610T rmbpuran3aLmMm NoKasaHo, YTo B KNeTKax KOSIOHWIA, MOMyYeHHbIX U3 KIIeTOK KOCTHOrO
MO3ra MOfe/bHbIX OPraHN3MOoB, a TakXKe 13 KJIeTOK 06pa3LoB KOCTHOIO MO3ra YenoBeka, 06paboTaHHbIX NpenapaTom
asyuenoyeyuHor [1HK, npor3oLuno goctoBepHoe yBenmyeHne konmyectsa TenomepHoin IHK. Amnnvnéukaumsa tenomep-
How [1HK B KneTkax KONMOHWI He CBA3aHa C KOHTamuHaumel npenapatom ncxogHorn HK, KotopbiM o6pabatbiBanucb
KNeTKn KocTHoro mo3sra. O6paboTka KneTok KocTHoro mo3sra [1HK, He Hecyulei TenomepHbIX NocneaoBaTenbHOCTEN
(Alul MUP-dparmeHT), He NPUBOAMUT K YBENUYEHNIO KonnyecTsa TenomepHoi IHK B KneTkax BbIpOCLUMX KONOHUIA. OTO
npegnonaraet yyacTtve B amnaudukauny renomepHoit HK skctpaxpomocomanbHon [HK-maTtpumubl, Hecywen IHK Te-
nomep. YCTaHOBJMIEHO, YTO 06paboTKa KNETOK KOCTHOrO MO3ra aHrMOreHVHOM TakXKe COMPOBOXAAETCA yBeNnYeHnemM
TenomepHoi IHK B KneTkax KonoHui. CONocTaBieHNE TUMa KOMIOHUIA C MHTEHCMBHOCTbIO rMbpuamnsauymn (T.e. Konu-
yecTBa TenomepHoi IHK B 06pasLe) npeanonarano, YTo yBesiMyeHne KonmyecTsa AeTekTrpyemon TenomepHon JHK
npu 06paboTke aHrnoreHnHoMm 1 hDNA9" nmeeT NpuHUMNMANbHO pasHoe NPOUCXOXKAeHVE. BecTepH-6110T aHann3om
1 metogom MUP B peanbHOM BpemMeHM YCTaHOBIIEHO, YTO YBeNMYeHe KonmyecTsa TenomepHoin AHK npu obpabotke
KJ1eTOK KOCTHOro Mo3ra npenapaTtom AsyuenoyeyHon [HK He koppennpyeT C akTUBHOCTbIO SHAOreHHOWN/3K30reHHOWM
Teniomepasbl. [INA aHrMoreHnHa NokasaHo, YTo yBennyeHvie konmyectesa TeniomepHon IHK moxeT ObiTb pesynbtatom
aKTMBaLMWN SHAOTEHHON TeNoMepasHOM akTUMBHOCTU. Pa3paboTaH npuHUUN amnanduKaumm HOBOTO reHeTNYeCcKoro
nNpu3HaKa, NpuLLeALWwero B reMono3Tnyeckme CTBOMOBbIE KNEeTKM C SIKCTPAKIEeTOUHbIM AByLenoveyHbim HK matepura-
JIOM 1 3aKpenuBLUMMCA B PELUNNEHTHOM reHOMe MM TPaH3UTHO NPUCYTCTBYIOLLUM B KNEeTKe B KaueCTBe HOBOW reHe-
TUYeckon nHGopmaLmn.

KnioueBble cnioBa: reMonosTMYecKne CTBONOBbIE KNETKW; AOT-6510T rmbpugmsaumns; TenomepHana OHK; aHrnoreHuH;
pekoMOUHOreHHas cTyauus

Introduction

The central idea of this part of the study is to prove that ex-
tracellular double-stranded DNA fragments internalized into
hematopoietic stem cells (HSCs) (Ruzanova et al., 2024)
are involved in recombination repair processes activated by
these fragments in undifferentiated precursors. A telomere,
which consists of repetitive homogeneous DNA sequences,
was used as the model target as changes in its content can be
casily detected experimentally. In all the mammals, telomeric

repeats have an identical nucleotide sequence. Therefore, hu-
man DNA can be used as a substrate for assessing changes
in telomeric DNA content caused by recombination repair
processes in different experimental model systems. Quantita-
tive dot blot hybridization with a telomeric repeat DNA probe
was chosen as the main method for assessing the events that
have taken place.

Induction of pangenomic single-strand breaks by double-
stranded DNA fragments internalized into HSCs via a natural
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mechanism is the underlying phenomenon in a cascade of
events defined by us as a “recombinogenic situation” (Likha-
cheva et al., 2008). This state of the cell drives the recombi-
nation repair machinery, resulting in numerous interactions
between chromatin and intranuclear DNA fragments.

In essence, it is the same situation as the one when double-
strand breaks are formed or disruption of higher-order chro-
matin structure is induced in the cell. Two key aspects of
this process can be differentiated within the recombinogenic
situation: the enzymatic molecular machinery activated in the
cell and recombinant intermediates of chromatin and DNA
fragments involved in recombination repair. Both aspects
have been thoroughly analyzed for double-strand breaks
and single-stranded DNA, while the data on nick-initiated
recombinogenic situation are very sparse as there has been
a lack of research community’s attention to these processes
over the past two decades.

According to what has been said, in Supplementary Ma-
terials 1 and 2!, we briefly describe the molecular events
characterizing the emergence of double-strand breaks and
single-stranded DNA or disruption of higher-order chromatin
structure assuming that many of the described details will
also be typical of the nick-initiated recombinogenic situation.
Supplementary Material 1 lists brief information about factors
involved in the processes described. An analysis reported in
Supplementary Material 2 indicates that a comprehensive
response to damage and various perturbations in higher-order
chromatin structure is induced in the cell. The system of
hierarchical kinases (ATM, ATR, DNA-PK, belonging to the
family of phosphatidylinositol-3-kinase-dependent kinases) is
activated, and molecular systems of either restoring chromatin
integrity or normalizing its spatial organization are brought
into an active state.

Single-strand DNA breaks (nicks) are among the key fac-
tors initiating the disruption of higher-order chromatin struc-
ture. This type of chromatin structure disruption was shown
to have its own repair pathway and activate the palette of
recombination repair factors that is intrinsic to this pathway
and differs from the machinery of double-strand DNA break
repair. Homologous recombination, the main feature of which
is the high precision of correction of genetic information,
is activated upon nick-induced recombinogenic situation
(Vriend, Krawczyk, 2017; Maizels, Davis, 2018). It is known
that ATM and ATR kinases are not absolutely required for the
DNA break repair process upon nick emergence and repair
via the homologous recombination mechanism. It means
that nick-initiated homologous recombination may proceed
without involvement of hierarchically organized kinases and,
therefore, without activation of the checkpoint mechanism.
Furthermore, there are grounds to believe that nick-initiated
homologous recombination can be independent of the phase
of the cell cycle. Like double-strand break repair, repair of
DNA nicks depends on the formation of replication factor
A filaments. While double-strand break repair is dependent
on activity of the BRCA1, RADS51, and BRCA2 complexes,

1 Supplementary Materials 1-5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ruzanova_Engl_29_4.pdf
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repair of DNA nicks is related to BRCA1 activity, but is
independent of RADS51 (Vriend, Krawczyk, 2017; Maizels,
Davis, 2018).

Therefore, DNA fragments internalized into the cell induce
nicks. A recombinogenic situation develops, and the homolo-
gous recombination mechanism is initiated. In this scenario,
intracellular DNA fragments act as an extrachromosomal
substrate for recombination repair processes activated by them.
As a result of the interaction of fragments and chromatin,
changes in the DNA of chromosomes will occur. We suppose
that if these alterations are large-scale, they can be detected
by modern analytical methods.

Chromosomal loci in which genomic alterations can be
detected will obviously be those carrying repetitive DNA
sequences, including intercalary heterochromatin domains,
centromeres, and telomeres. The DNA content in these chro-
mosome domains is high, so changes in DNA content in a
selected locus can be detected using various experimental
approaches, including real-time PCR, fluorescent in situ hy-
bridization (FISH), and quantitative dot blot hybridization
assay, in the case of large-scale alterations. Intercalary hetero-
chromatin and centromeric satellites are species-specific, and
allogeneic DNA should be used for analyzing alterations that
have occurred in the genome. In all mammals and humans,
telomeric satellites are represented by the same hexanucleotide
repeat TTAGGG, and any mammalian or human double-
stranded DNA can be used for conducting experiments and
analyzing telomeric chromatin alterations in different species
(Giardini et al., 2014).

Telomeres are specific chromatin structures at the ends of
eukaryotic chromosomes. As mentioned above, telomeric
DNA in most eukaryotes consists of hexanucleotide repeats
(for humans, TTAGGG). Human telomeres are approximately
10 kbp long. The forward and complementary telomeric
strands are known as the G-strand and the C-strand, respec-
tively. The 3'-end of the G-strand is single-stranded DNA
known as the telomeric G-tail. It has been demonstrated that
the G-tail penetrates into the proximal double-stranded repeat
and anneals to the C-strand to form a special structure, the
t-loop. Each telomere is the region of DNA sequence at the
end of a chromosome that is protected by the closed circle of
the t-loop structure and specific proteins, shelterin and CST
(CTCI1-STNI1-TEN1) heterotrimeric complex, against degra-
dation causing chromosomal instability. The CST heterotrimer
binds to the t-loop intermediate at the site of annealing of the
single-stranded G-overhang and the complementary sequence
of the 3'-5' strand (C-strand) to form a protective capping
complex (Fig. 14) (Giardini et al., 2014; Soman et al., 2022;
Alanazi et al., 2024).

Shelterin, a specialized protein complex, is a functional
basis of telomeric chromatin and, in mammalian cells, consists
of one (POT1) and two (TRF1 and TRF2) telomeric DNA
binding proteins, as well as specific proteins linking these
DNA binding proteins (Fig. 14) (Giraud-Panis et al., 2010;
Lee et al., 2014; Soman et al., 2022). Together, these struc-
tural complexes form telomeric heterochromatin in mammals
(Lu W. etal., 2013).
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Fig. 1. Telomere structure and the mechanism of its elongation by the
telomerase complex.

A - protein complexes in the telomeric region. B - the mechanism of telomere
lengthening by the telomerase complex. Several nucleotides at the 3’ end of
the telomeric G-strand complementarily bind to the TERC template sequence
of telomerase RNA. The chromosome end is lengthened by telomerase reverse
transcriptase (TERT).

Telomeric DNA in dividing cells is prone to shortening (the
so-called end replication problem). Semiconservative repli-
cation cannot complete the synthesis of ends of linear DNA.
Hence, after several cell division rounds, somatic cells have
shortened telomeric DNA, resulting in irreversible cell cycle
arrest (the so-called replicative senescence) (Chan, Blackburn,
2003; Doksani, 2019; Jones et al., 2023).

Two mechanisms preventing telomere shortening and pre-
serving the feasibility of infinite division have been described,
these mechanisms are active in stem cells, including HSCs,
and in immortalized cancer cells. The main mechanism is re-
lated to telomerase activity (Fig. 1B). Telomerase is a specific
reverse transcriptase that elongates the telomeric G-strand.
Stem cells and cancer cells in ~90 % of tumors maintain
telomere length in a telomerase-dependent manner (Chan,
Blackburn, 2003; Nandakumar, Cech, 2013).

The second mechanism, known as alternative lengthening
of'telomere, has been described for a small number of tumors.
This pathway is characterized by a specific mechanism of
telomeric DNA metabolism where the key elements are recom-
bination and replication-associated recombination (Lundblad,
2002; Hande, 2004; Pickett et al., 2009; Nabetani, Ishikawa,
2011; Rovatsos et al., 2011; Doksani, 2019; Loe et al., 2020;
Lu R., Pickett, 2022; Jones et al., 2023).

In the present study, for assessing large-scale genomic
alterations, we chose to analyze the content of telomeric
DNA (as a target consisting of non-species-specific repeats
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in mammals) in cells treated with therapeutic DNA, hDNA®'.
The analysis was performed using three approaches: FISH,
real-time PCR, and dot blot hybridization assay (Supple-
mentary Material 3). As mentioned above, a simple way to
assess changes in the telomeric DNA content in HSCs will
be to analyze this parameter in progeny cells after treatment
of HSCs within bone marrow cells and their amplification
to form colonies on methylcellulose (up to 1,000 cells per
colony). Genetically altered HSCs on methylcellulose will
produce genetically homogeneous progeny. In other words,
anew detectable trait will be amplified (the technology is the
property of OJSC “ES.LAB DIAGNOSTIC”, Patent Applica-
tion No. 2023124343 dated September 20, 2023). Telomeres
are formed by repeats that are identical for all mammals (the
TTAGGG repeat sequence in vertebrates’/humans). In prin-
ciple, this fact made it possible to use hDNA®" in the mouse
or rat models to assess alterations in the telomeric DNA
content.

Additionally, changes in the telomerase level in colony
cells were assessed. Fifteen days after the initial induction
within bone marrow cells, colony cells were re-treated with
the same factors. Evaluation was performed for colony cell
samples collected at time points 0 (untreated samples) and
1,2,4,8, 16, and 32 h after re-treatment. All the evaluations
involved comparison between cells treated with three inducers:
angiogenin, hDNA¥, and angiogeninthDNA#'.

Materials and methods

Experimental animals. Young male CBA/Lac mice aged
2-5 months, old male CBA/Lac mice aged 9—12 months, and
old male Wistar rats aged 18—22 months, bred at the Conven-
tional Vivarium (Institute of Cytology and Genetics, SB RAS;
Novosibirsk, Russia), were used in this study. The animals
were housed in groups (6—10 mice and 3—4 rats per cage) with
ad libitum access to food and water. All animal experiments
were approved by the Animal Care and Use Committee of
the Institute of Cytology and Genetics, SB RAS. Mice were
withdrawn from the experiment by cervical dislocation; rats,
by euthanasia using CO, or decapitation.

Human bone marrow cells. Cells from cryopreserved
bone marrow specimens collected from patients with Hodgkin
lymphoma, provided by the cryobank of the Research Institute
of Fundamental and Clinical Immunology, were utilized. At
the Clinic of Immunopathology of the Research Institute of
Fundamental and Clinical Immunology (Hematology De-
partment), having a bone marrow transplant unit, patients
with hemoblastosis receive 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 test tubes) of separated cells are also
collected to ensure quality control of the apheresis product
and for research purposes. Together with the main specimen,
these samples were used in the present study. Each bone mar-
row specimen, including satellite ones, is accompanied by
the required documentation package including the Informed
Consent Form, Protocol of Bone Marrow Examination, and
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Treatment Protocol, which are signed by the patient in ac-
cordance with the statutory standards. After the treatment
and application of the main product, the satellite samples are
either disposed of in compliance with the Sanitary Rules and
Regulations or used for research purposes. Documents ac-
companying each procedure of bone marrow harvesting are
stored in the archive of the cryobank of the Research Institute
of Fundamental and Clinical Immunology and can be claimed
upon first demand.

DNA preparation. Human DNA genome reconstructor
(hDNA®#) and placenta DNA were isolated from placentas
of healthy women. hDNA# was fragmented to 1-10 nucleo-
some monomers (200-2,000 bp) by ultrasonic disintegration,
deproteinized using proteinase K, and isolated by phenol—chlo-
roform extraction. Placenta DNA was extracted in a similar
manner, without fragmentation.

Angiogenin was procured from the Angiopharm Laboratory
LLC (Novosibirsk, Russia).

pBSM13-A/ul-pBSM13 PCR fragment. The human A/ul
repeat (the pPBSM13-A4lul-pBSM13 fragment) was amplified
by PCR. Alul repeat DNA cloned into pUC19, including the
beginning and end of the tandemly repeated AluJ and AluY
sequences (NCBI: AC002400.1, 53494-53767), was used as
a template. Standard M13 primers were used for amplifica-
tion (M13 for: 5" GTAAAACGACGGCCAGT 3'; M13 rev:
5" CAGGAAACAGCTATGAC 3'). The PCR fragment was
resuspended in 0.1 V NaAc 3 M pH 5.2 and 1 V isopropanol
for 10 min at —20 °C. The precipitate was washed in 70 %
ethanol and dissolved in sterile water.

Isolation of bone marrow cells. After cervical disloca-
tion, femoral and tibial bones were isolated, epiphyses were
removed, and the bone marrow cavity was washed with
IMDM+2 % FBS. The resulting cell suspension was passed
through a 21-gauge needle several times to eliminate bone
marrow rosettes and then through a 40-um filter. Cells were
pelleted by centrifuging for 10 min at 400g and resuspended
in red blood cell lysis buffer containing 130 mM ammonium
chloride for 3—5 min. The buffer was then diluted tenfold with
PBS; cells were re-pelleted, resuspended in IMDM medium,
and counted in a Goryaev chamber.

Treatment of bone marrow cells with inducers. Bone
marrow cells isolated from old animals and bone marrow sec-
tions from patients with Hodgkin lymphoma were incubated
with inducers for 1 h in the 5 % CO, atmosphere with 95 %
humidity at 37 °C at the following ratio: 500 pg of hDNAE,
or 500 ng of angiogenin, or 500 pg of hDNA#& +500 ng angio-
genin in 1 mL of serum-free IMDM medium per 3x10° cells.
Control (untreated) bone marrow cells were incubated in
serum-free IMDM medium supplemented with PBS volume
equal to that of the inducer added to activate bone marrow
cells.

Cultivation of bone marrow cells in methylcellulose
medium. Bone marrow cells with/without inducer activa-
tion were pelleted for 10 min at 400g and resuspended in
IMDM+2 % FBS. To quantify and analyze myeloid precursors,
the mouse bone marrow cells were placed in the MethoCult
M3434 methylcellulose medium; the rat and human bone
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marrow cells were placed in the MethoCult H4034 methylcel-
lulose medium (Stem Cell Technologies). Colony counting
and cell isolation from the methylcellulose medium after
cultivation were carried out according to the manufacturer’s
instructions. Cells were cultivated for 9-15 days depending
on the experiment objective.

DNA isolation from colony cells and the liver of young
mice. Colony cells were pelleted at 400g for 5—7 min; the
precipitate was resuspended in 50 mM EDTA.

After mice had been subjected to cervical dislocation, a
liver fragment was dissected and homogenized in a buffer
supplemented with 100 mM EDTA pH 8.0 and 20 mM Tris-
HClpH 7.5. SDS was then added to the cells in both cases until
a concentration of 1 %, and the homogenate was incubated in
the presence of 100 pg/mL proteinase K at 58 °C for 60 min.
DNA was isolated by phenol-chloroform extraction and re-
pelleting of 1 V isopropanol from 0.3 M NaAc. The pelleted
DNA was washed with 70 % ethanol and dissolved in sterile
water. DNA was quantified on a Qubit 4 fluorometer (Thermo
Fisher Scientific, USA).

Total RNA isolation. Colony cells were pelleted at 400g for
5-7 min. The precipitate was resuspended in TRIzol Reagent
(Thermo Fisher Scientific, USA). Total RNA was isolated in
accordance with the manufacturer’s instructions. RNA con-
tent was measured on a Qubit 4 fluorometer (Thermo Fisher
Scientific, USA).

Obtaining ¢cDNA. Reverse transcriptase PCR was per-
formed on the poly-A mRNA template using a T100 Thermal
Cycler (Bio-Rad Laboratories, USA) and an MMLV RT kit
(Evrogen, Russia) according to the manufacturer’s protocol.

Dot blot hybridization. DNA samples isolated from mouse
and human colony cells were used to quantify telomeric
DNA. DNA samples were sonicated to a size of 100-500 bp.
DNA was denatured in 0.2 M NaOH at 100 °C for 10 min,
and equal quantities of DNA were applied to the Hybond N
membrane using specialized equipment, a dot chamber. The
samples were annealed to the membrane for 10 min using an
ultraviolet lamp and stored until hybridization.

The membrane with attached DNA was transferred to 50 mL
of a pre-hybridization buffer containing 0.1 % SDS, 5xSSC,
5% Denhardt’s solution, and 100 pg/mL yeast total RNA,
and incubated at 37 °C for 1-3 h. The labeled DNA sample
54 bp (P32 oligonucleotide G-probe — (TTAGGG)y; C-probe —
(CCCTAA)y) was denatured by 10-min boiling and added
to 50 mL of the hybridization buffer containing 0.1 % SDS;
5xSSC; 5 % dextran sulfate 500,000; and 100 pg/mL yeast
total RNA. The pre-hybridization solution was removed, and
the hybridization buffer containing labeled material was added
to the membrane after stirring. Hybridization was carried out
at 37 °C overnight under constant stirring. After hybridization,
the membrane was washed thrice with a solution containing
0.1 % SDS and 0.1xSSC (for 15 min each time) at 37 °C.
The hybridization regimen (the buffer system, temperature,
and number of washings) of short oligonucleotides was se-
lected empirically in numerous experiments with radioactive
isotopes of phosphorus and lies within the range of 3742 °C
(Dolgova et al., 2012).
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The membrane with the samples transferred to it was pro-
jected onto a K-type screen. Radioisotope-labeled samples
were scanned using the PharosFX system. The recorded
images were analyzed employing the Quantity One software
using the spot density parameter (intensity/mm?).

Pulsed-field gel electrophoresis. Rat colony cells were
used for quantifying telomeric DNA by pulsed-field gel elec-
trophoresis. The cells were pooled, washed to remove the
methylcellulose medium, and counted in a Goryaev chamber.
The colony cells were embedded into blocks based on 1 %
low melting point agarose (5% 105 cells per block). Before the
analysis, the blocks were stored in 0.5 M EDTA at 4 °C. Before
pulsed-field gel electrophoresis, the blocks were rinsed in TE
buffer and incubated with a lysis buffer (50 mM EDTA, 1 %
sarcosyl (Serva, Germany), 1 mg/mL proteinase K (Thermo
Fisher Scientific, USA)) for 20 min at 50 °C. Next, the low
melting point agarose blocks were fixed in agarose block
pockets and subjected to electrophoretic separation in a pulsed-
field gel electrophoresis system according to the following
regimen: forward — 3 s; reverse — 1 s; RAM-factor — 0.9.

DNA was then transferred to a Hybond N membrane using
the capillary method in 20xSSC (Maniatis et al., 1984). DNA
samples were attached to the membrane for 10 min using an
ultraviolet lamp and stored until hybridization. Hybridization
with the P32-labeled oligonucleotide and scanning of radio-
isotope-labeled samples were then performed in a manner
identical to that for dot blot hybridization assay.

Analysis of TERT expression. Bone marrow cells isolated
from bone marrow sections from patients with Hodgkin lym-
phoma were incubated in the presence of inducers (WnDNA#',
angiogenin, angiogeninthDNA#) and without them (untreated
bone marrow cells, control) in IMDM for 1 h in an atmosphere
of 5 % CO,, at 95 % humidity and 37 °C. Next, the bone
marrow cells were cultured in methylcellulose medium for
15 days. When isolating cells from the methylcellulose me-
dium, the colonies were pooled and washed to remove the me-
dium according to the manufacturer’s instructions. The colony
cells were then counted in a Goryaev chamber and incubated
again with inducers. After inducer activation or without it,
the cells were re-pelleted for 10 min at 400g, resuspended in
DMEM/F-12 (1:1) medium (BioloT, Russia) supplemented
with 10 % fetal bovine serum (Capricorn Scientific, Germany),
100 pg/mL gentamicin (Dalkhimpharm, Russia) and 1 pg/mL
amphotericin B (Sintez, Russia), and inoculated into wells of
a 24-well plate. A sample of cells was collected and divided
into two parts consisting of equal amounts of cells 1, 2, 4, 8,
16, and 32 h after re-induction. The zero point corresponded
to the colony cells before re-treatment with inducers.

One portion of the cells was pelleted; the precipitate was
lysed in TRIzol Reagent, and total RNA was isolated. RNA
samples were pooled into two groups: 0—4 and 8-32 hrs.
RT-qPCR was performed on the poly-A mRNA template
using a T100 Thermal Cycler amplifier and an MMLV RT
kit according to the manufacturer’s protocol. gPCR was
conducted in 96-well plates using the BioMaster HS-qPCR
SYBR (2%) mix according to the manufacturer’s protocol on a
QuantStudio 5 Real-Time PCR System (Applied Biosystems,
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Sequences of the primers used

Name Structure

Rplp0-for 5'CGTCCTCGTGGAATGACAT 3’
Rplp0-rev 5'GCATCATGGTGTTCTTGCCC 3’
TERT-for 5 GGCACGGCTTTTGTTCAGAT 3’
TERT-rev 5" ACATGCGTGAAACCTGTACG 3'

USA). The primer sequences are summarized in the Table.
The qPCR analysis of each sample was performed in three
replicates. The relative expression level was determined by
the 2-24Ct method. The 04 h group of samples was used as a
control group; the expression level of the target gene in them
was taken as unity. Rplp0 was used as the reference gene. The
PCR protocol was as follows: 95 °C for 5 min, 40 cycles of
95 °C for20s, 57 °C for 30 s, 72 °C for 30 s; the final melting
step with slow heating from 60 to 95 °C.

The other portion of the cells was pelleted and resuspended
in saline solution. Protease inhibitors were added to the cell
suspension: PMSF, N-ethylmaleimide, and TPSK to a con-
centration of 1 mM and aprotinin, to a final concentration
of 2 pg/mL. A sample buffer (66 mM Tris-HCI, pH = 6.8;
26.3 % glycerol; 2.1 % SDS; and 0.011 % bromophenol blue)
was then added; lysates were boiled at 96 °C for 10 min and
centrifuged for 5 min at 12,000 rpm. The lysates were used
to conduct electrophoresis, and samples were not pooled over
time. The samples were equilibrated according to the number
of lysed cells before being applied to the electrophoresis
system. Commercially available recombinant human TERT
protein (Cloud-Clone-Corp, USA) (2 ug per lane) was used
as a control. Western blotting with antibodies was performed
after electrophoresis and transfer to the nitrocellulose mem-
brane. Non-specific binding was blocked by incubation in
0.01 M phosphate-buffered saline (PBS) supplemented with
0.02 % Tween 20 overnight at 4 °C. Membranes were then
incubated with polyclonal antibodies specific to human TERT
(Cloud-Clone-Corp, USA) or monoclonal primary antibodies
specific to human TERT (Antibody System, France) and anti-
mouse [gG (H+L) secondary antibodies (Affinity Biosciences,
USA). Western blotting was performed using an ECL Western
blotting detection system (Abcam, UK) and visualized using
an iBright imaging system (Thermo Fisher Scientific, USA).

Statistical analysis was carried out using the Statistica 8
software (StatSoft, USA). Statistical significance was as-
sessed using the Mann—Whitney U-test; the differences were
considered significant at p < 0.05.

Results

Choosing the adequate method

for quantifying the telomeric DNA content

A series of analytical experiments was conducted. At the first
stage, three methodological approaches for quantifying telo-
meric DNA were elaborated using the mouse model.
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In order to choose the method for quantifying the telomeric
DNA, mouse bone marrow cells were treated with hDNA#"
and angiogenin activators and inoculated onto methylcel-
lulose. The cells were harvested after nine days. DNA was
isolated from a portion of the cells, followed by real-time
PCR and dot blot hybridization. Some cells from the same
sample were treated with colchicine, and FISH was carried
out. Hence, the experiments were conducted using the same
cell material at a single time point, “here and now”, so we
successfully assessed the adequacy of each approach for
quantifying telomeric DNA in the analyzed samples (Supple-
mentary Material 3).

The findings indicated that real-time PCR and FISH used
for analyzing telomere length under the selected experimental
conditions yielded conflicting results that could have mecha-
nistic interpretation. Only dot blot hybridization allows one
to detect high statistically significant difference in changes
in telomeric DNA content. Therefore, we chose quantitative
dot blot hybridization for measuring telomeric DNA content.
This approach allows one to directly quantify the content of
DNA homologous to the probe being used in the experimen-
tal sample regardless of the circumstances summarized in
Supplementary Material 3.

Quantification of telomeric DNA content in colony cells

by dot blot hybridization

There can be several reasons for the increased telomeric DNA

content in HSC progeny that was treated as part of bone mar-

row cells and gave rise to colonies with a higher telomeric

DNA content:

1) integration of telomeric DNA that is initially present in the
hDNAZ®" sample into the HSC genome and its amplification
as part of genetically homogeneous colony cells;

2) amplification of cyclic telomeric repeats present in hDNA#"
(rolling circle amplification or alternative lengthening of
telomeres);

3) induction of endogenous HSC telomerase or a transient
telomerase gene incorporated along with extracellular
hDNA¢" internalized into HSCs, stochastically containing
telomerase gene DNA;

4) activation of quiescent HSCs, previously never activated by
life events, containing an initially given, maximum possible,
number of telomeric repeats (and thus telomeric DNA);

5) the increase in the amount of telomeric DNA is a con-
sequence of the presence of colonies of residual initial
hDNAZE®" in the cells;

6) mixed variants are also possible.

Mouse and human bone marrow cells

The telomeric DNA content in HSC progeny cells treated
within bone marrow cells with hDNAE#" activators, angiogenin
and their combination, in the mouse model and in human bone
marrow cells using the quantitative dot blot hybridization was
estimated (Fig. 2). Experiments were repeated multiple times
(see Figure 2 captions) with DNA from different extractions
and using forward and reverse hybridization probe primer.
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Two approaches to normalizing DNA quantity in the treated
cell samples were selected. First, DNA quantities were nor-
malized with respect to intercalator (Qubit), and quantitative
dot blot hybridization was performed (mouse model, human
bone marrow cells). Second, normalization was performed
with respect to the number of colony cells taken into the
treatment (rat model).

Figure 2H compares the results of hybridization of angio-
genin, hDNAE#', and angiogeninthDNAE". One can see that
the hybridization intensity varies differently in the angiogenin
samples in different experiments. For hDNAZ®', the hybridiza-
tion intensity is always higher than that of the control; telo-
meric DNA content for the hDNA®" inducer exceeded that in
the control 1.1-2.5-fold. When using a combination of two
inducers, the hybridization signal was insignificantly higher
than that in the control. The findings revealed that the con-
sidered trait for angiogenin as a monopreparation is unstable.

Finding an association between colony type and hy-
bridization intensity. We compared the dependence of
hybridization signal intensity (the telomeric DNA content
in the sample) on the type of colonies in four independent
experiments, where the indicated parameters were taken into
account. Two lineages, BFU-E and CFU-GM, were analyzed
(Supplementary Material 4).

These findings indicated that there are fundamentally
different reasons for the increase in quantities of detectable
telomeric DNA upon treatment with angiogenin and hDNAE#'.
For angiogenin, the increase in telomeric DNA content can
possibly be related to induction of GO activity of CFU-GM
colonies, which had previously remained inactive in the bone
marrow and contained the embryologically predetermined
quantity of telomeric DNA. For hDNAE®', comparison of all
the data obtained for both model systems revealed no correla-
tion between the hybridization intensity and prevalence of a
certain colony type.

Assessment of the intensity of hybridization with P32-
labeled telomeric probe using the pBSM13-A4/ul-pBSM13
PCR fragment as an inducer. Special mention should be
given to the results of comparative hybridization with DNA
isolated from colonies derived from HSCs within bone mar-
row cells treated with the pBSM13-4/ul-pBSM13 PCR frag-
ment, with placenta DNA and DNA isolated from colonies
on day 15 after treatment with inducers. It appeared that the
PCR DNA fragment did not stimulate the increase in telomeric
DNA content in colony cells (Fig. 2E—G). This fact means that
extracellular DNA fragments (in this particular experiment)
do not induce endogenous telomerase activity.

Justification of the feasibility of changing the hybridi-
zation intensity depending on quantity and composition
of internalized DNA fragments, as well as the variant of
the P32-labeled telomeric (C/G) probe. It is noteworthy that
changes in hybridization intensity in the samples exposed to
hDNA¢#" in different experiments can be related to the quantity
of telomeric DNA internalized by the cell. Since the cell may
contain approximately 0.2 % (mouse) to 0.02 % of extracel-
lular fragments (humans) (Potter et al., 2024; Ruzanova et al.,
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Fig. 2. Quantitative dot blot hybridization of DNA extracted from colonies of hematopoietic stem cells within mouse (4, B) and human bone marrow
(C-G) without induction (Control) and after induction with angiogenin, hDNAY", and angiogenin+hDNA9" using a telomeric repeat (54 bp, n =9) as a
probe. A1, A3, C, F - C-probe; A2, A4 — G-probe. DNA of young mice (A4), human placenta DNA (F), and DNA extracted from colonies derived from HSCs
within bone marrow cells subjected to treatment with the pBSM13-Alul-pBSM13 PCR fragment (E, F). The membrane was analyzed using a phosphor
imaging system. Signal intensity was analyzed in the Quantity1 software. A, C, E, F — images of the membranes after hybridization. B, D, G - the diagrams
showing spot density (intensity/mm?2) with respect to the control group where spot density was taken as unity (the red line). Significant differences
were determined using the Mann-Whitney U-test compared to the control group (B) and compared to the group treated with the Alul fragment (G);
*p <0.05, ** p < 0.01. H—comparative analysis of hybridization intensity (the telomeric DNA content) from individual experiments between colony DNA

samples after treatment with angiogenin, hDNAY', or angiogenin+hDNAY".

2024), the result of competitive internalization will always
be vague when it comes to the qualitative composition of the
internalized fragments. It means that the number of telomeric
repeats can vary significantly from experiment to experiment.
Furthermore, the variation in hybridization signal intensity
could be because either forward or reverse primer had been
used. An analysis of hybridization intensity using two different
probes indicated that DNA homologous to the G-tail (C-probe)
underwent maximum amplification. DNA homologous to the
C-tail (G-probe) was also amplified, but not significantly.
Comparison of the intensity of hybridization response
to P32-labeled telomeric DNA probe between the DNA
extracted from colonies of the control sample and DNA
extracted from the liver of young animals. The intensi-

ties of hybridization response to the P32-labeled telomere
DNA probe were compared to DNA extracted from colonies
of the control sample and from the liver of young animals
(Fig. 244). One can see an unambiguously interpretable rise
in the intensity of hybridization response in the young animal
sample. This result supports the known fact that old organisms
have a lower telomeric DNA content in HSCs than young
individuals. Moreover, this finding indicates that if induc-
ers activated proliferation of quiescent HSCs of embryonic
origin, the hybridization pattern would not differ significantly
for the samples obtained from young animals and experi-
mental mice.

Assessment of the chances that residual hDNAS" can
remain in HSCs after they are treated with this DNA
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within bone marrow cells, which may cause an artifact of
increased telomeric DNA content. If the DNA internalized
by the cell is not integrated into the genome, there is a chance
that it is present as extrachromosomal material for a long time,
which may produce this artifact of increased telomeric DNA
content (Dolgova et al., 2012).

The quantity of foreign DNA in the progeny cells of human
bone marrow cells on day 15 of cultivation on methylcellulose
after HSCs within bone marrow cells had been treated with
TAMRA-labeled A/ul repeat DNA flanked by pBS sequences
with primers M 13 was estimated (Supplementary Material 5).
The findings indicate that the 4/ul repeat DNA molecules,
which had initially been internalized into HSCs during primary
processing of bone marrow cells, are not detected in colony
cells. In other words, the increased telomeric DNA content
detected in dot blot hybridization experiments cannot result
from the presence of residual original DNA in colony cells. In
addition, it follows from the experiments that A/ul fragments,
together with the nonhomologous ends of pPBSM13, are not
included in the genome and are not amplified by PCR.

To sum up all the findings obtained, the following conclu-
sion can be drawn. For hDNAZ®', the increase in hybridization
intensity is not associated with the prevalence of a certain
colony type; therefore, it is not associated with HSCs, which
have previously been inactive throughout the entire life of
the organism. There are several variants for activation of the
telomerase gene of exogenous origin, direct integration of
telomeric DNA into the HSC genome, or emergence of extra
telomeric DNA resulting from replication upon treatment of
bone marrow cells with an inducer. The variant that DNA frag-
ments initially internalized by HSCs at an amount sufficient to
alter the hybridization response intensity can be persisting in
the non-integrated state in the cell throughout the entire time
of culturing on methylcellulose is ruled out.

Nevertheless, the cumulative result suggests that there is
more likely to be true integration of telomeric DNA inter-
nalized by the cell into the genome or emergence of replica-
tion-related extra telomere DNA.

For angiogenin, the increase in hybridization intensity can
be associated with induction of the CFU-GM-derived cells
that previously remained inactive throughout the entire life of
the organism. Activation of the endogenous telomerase gene
is also possible. Both possibilities are indicated by the results
of experiments on internalization of angiogenin protein into
primitive murine and human hematopoietic stem cells. It has
been demonstrated that angiogenin is internalized by primitive
murine Scal hematopoietic cells and human CD34+ stem cells
(Ruzanova et al., 2024). In this case, the telomerase gene can
be activated by angiogenin internalized by active HSCs. Inte-
gration is not an option, since there is no necessary substrate.

Hence, this analysis has reliably revealed that changes
occur in the cells in response to induction of bone marrow
cells by DNA preparation, angiogenin, or their combination,
affecting the length of telomeric repeats (the telomeric DNA
content) in as many cells as are needed to enable imaging of
the observed phenomenon.
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Rat bone marrow cells

For the rat model experiments, the number of colony cells was
chosen as the normalization criterion. After being washed to
remove methylcellulose, colony cells were embedded into
blocks of low melting point agarose (500,000 per block, cor-
responding to about 3 pug of DNA). The blocks were lysed,
and electrophoresis was carried out using a pulse controller as
described in the Materials and methods section. The electro-
phoretic data were analyzed, and Southern blot analysis was
conducted. The results obtained are summarized in Fig. 3. The
electrophoresis images were processed using the GelPro 3.0
software (Fig. 34). The relative ratio between DNA quanti-
ties in the lanes was estimated from the luminescence of the
intercalary dye. In the sample containing DNA-treated cells,
DNA quantity in the bands that were subsequently evaluated
by hybridization increased by a total of 10 %. Meanwhile,
the increase in the three bands was nonuniform: the top two
bands almost did not increase, whereas in the third band, the
quantity of DNA increased twofold (Fig. 3B).

The hybridization data showed that the number of telo-
meric repeats in the sample of DNA-treated cells increased
by 17-30 % (Fig. 3C, D). The number of telomeric repeats
was increased in all the bands, in contrast to the rise in the
total amount of DNA. In angiogenin-treated cells, the amount
of DNA decreased compared to the control group. It can be
related to the fact that a large number of erythroid colonies
grew from HSCs treated with angiogenin within the bone
marrow (Fig. 3F), which may contain mature red blood cells
lacking DNA but which could have been counted during cell
selection.

Analysis of the potential mechanisms

for the increase in telomeric DNA content

Murine HSCs internalize extracellular DNA fragments (Potter
etal., 2024). The model system of cryopreserved human bone
marrow was used in the main experiments of further studies. It
was found that human CD34+ HSCs also capture extracellular
DNA fragments. A total of 0.02 % of the haploid genome of
extracellular DNA (in a particular experiment) is internalized
by the cell (Ruzanova et al., 2024).

Two inducers were selected to analyze the mechanism for
the increase in telomeric DNA content: one of those, hDNA#",
carries telomeric DNA as a potential sensing substrate in
HSCs, while the other one, angiogenin, does not carry any
DNA, including telomeric DNA.

It means that the increase in quantity of detectable telomeric
DNA after angiogenin treatment is associated with induction
of either endogenous telomerase or activation of quiescent
primary HSCs that previously have never been activated and
that have been formed and have occupied the bone marrow
niches during embryogenesis. Activation and integration of the
exogenous telomerase gene are infeasible, since the necessary
substrate is lacking.

The following options are being considered for hDNAZ®":
the option related to the feasibility of incorporation of
hDNAZ®" per se into the telomeric DNA genome or an increase
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Fig. 3. The results of treating rat bone marrow cells with angiogenin, hDNA?', and angiogenin+hDNA?".

A - electrophoresis with DNA isolated from colonies, from low melting point agarose blocks. In the bottom block, numbers 1-3 denote the fragments used for
quantitative analysis. B — hybridization with telomeric repeats (C-probe) of DNA isolated from colonies. In the lower block, numbers 1-3 denote the regions used
for quantitative analysis. C - DNA content according to dye luminescence and hybridization intensity for three different fragments compared to the control group
(values are taken as unity; shown with a red line). * Differences are significant compared to the control group; p < 0.05, Mann-Whitney U-test. D - the content of
the BFU-E and CFU-GM colonies on methylcellulose after treating rat bone marrow cells with different inducers, expressed as an index with respect to the control
group (values taken as unity, shown with a red line). E - rat chromosomes (https://rgd.mcw.edu/rgdweb/report/genomelnformation/genomelnformation.html?
species = Rat&mapKey = 372&details = true).
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Fig. 4. Real-time PCR and Western blotting of RNA and protein lysates to detect telomerase mRNA and telomerase protein.

A - real-time PCR of the pooled samples (8-32 h). Values are shown relative to the respective 0-4 h groups (values are taken as unity; indicated with a red
line). * Differences are significant compared to the 0-4 h group, p < 0.005, Mann-Whitney U-test. B-D — Western blotting to detect telomerase in the lysates of
activator-treated cells; 1 — acrylamide gels with Coomassie staining, 2 - blots with antibodies to telomerase. Incubation time (h) with the corresponding inducers
is indicated above the lanes. Arrows indicate specific bands at 63 and 35 kDa. Results from three independent experiments are shown.

in the number of G-telomeric repeats as a result of replica-
tion repair of the G-strand (tail), which will be observed as
a larger quantity of telomeric DNA in the descendants of
the primary bone marrow HSCs. hDNA#" can also possibly
activate the transient telomerase gene residing within the
extracellular fragments internalized into the HSC compart-
ments. The dot blot hybridization data do not support the
option that the endogenous telomerase gene in cells accept-
ing the DNA fragment is activated (Fig. 4E—G). An option
similar to that described for angiogenin, involving activation
of quiescent primary HSCs, which have previously never
been activated and which have been formed and have oc-
cupied the bone marrow niches during embryogenesis, was
not confirmed. Furthermore, the option that the residual
amount of hDNA# is preserved in colony cells after the ini-
tial uptake of extracellular fragments by HSCs within bone

marrow cells and subsequent contamination of DNA samples
in colonies by the residual amount of telomeric DNA, which
is initially present in the hDNA®" sample and is sufficient to
be sensed by dot blot hybridization, has not been confirmed
as well.

The analysis suggested that, at least for angiogenin, the most
likely explanation for the increased telomeric DNA content
would be induction of telomerase activity by this factor. For
hDNAZ®", activation of the transient telomerase gene was still
possible.

Assessment of the effect of inducers

on telomerase activity

It was analyzed in direct experiments whether telomerase
activity can be activated. The experiments were carried out
using the model of HSCs within human bone marrow cells
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after treatment with hDNA#, angiogenin, and their combi-
nation. It has previously been demonstrated that markers
of primitive cells are still retained in colonies grown after
HSCs had been activated by the hDNAZ®" inducer to ~15 % for
murine HSCs (c-Kit/Sca-1) and up to 3 % for human HSCs
(CD34) (Potter et al., 2024). It meant that reactivation of
colony-cultured cells would have similar effects on primitive
progenitors and induce similar events in them; in particular,
the telomerase gene can be activated in the options suggested
above. There would be sufficient material for characterizing
cell lysates to detect any telomerase present by real-time PCR
or (and) Western blotting.

On incubation day 18, colony cells (pangenomic single-
strand breaks being completely repaired), after activation of
HSCs within bone marrow cells by three inducers, were re-
treated using the same substances. Samples were collected and
lysed at the zero point, 1, 2, 4, 8, 16, 32 h after re-induction.
Samples were prepared for real-time PCR and Western blot-
ting. For real-time PCR, RNA samples were pooled into two
groups, 0—4 and 8-32 h. Time-specific samples were used
for Western blotting. The results of the experiments are sum-
marized in Figure 4.

The real-time PCR data (three independent replicates)
indicated that when a response develops between 8-32 h
after re-induction, telomerase mRNA was synthesized in
the samples that had been treated with angiogenin and
angiogeninthDNAZ®". In the control sample, telomerase mRNA
synthesis was blocked. In the hDNA#-treated sample, no
telomerase mRNA was detected under the selected condi-
tions (Fig. 44).

Western blotting was conducted using samples correspond-
ing to all the time points. Three independent experiments
were performed. Polyclonal antibodies were used in the first
one, while monoclonal anti-telomerase antibodies were used
in the second and third experiments. The following results
were obtained. In the first experiment, when utilizing poly-
clonal antibodies in the samples treated with angiogenin and
angiogeninthDNA#, a 63 kDa band corresponding to a cloned
fragment (EcoRI-NotI clone 712562) of human telomerase
(Cech et al., 1998) was detected 16 h post-induction, which
correlates with the overall pattern of telomerase mRNA
synthesis (Fig. 4B). Two consecutive experiments utilizing
monoclonal antibodies against human telomerase revealed a
~35 kDa band that was undetectable by Coomassie staining
(Fig. 4C, D). In the third experiment, a ~63 kDa band was
detected along with the 35 kDa band (Fig. 4D). The specific
~35 kDa band was detected in groups of samples treated
with angiogeninthDNA#" (second experiment, Fig. 4C) and
angiogenin (third experiment, Fig. 4D). The modes of emer-
gence of this specific band differ for the two experiments. In
the second experiment, the ~35 kDa band clearly appeared
at the time point of 8 h after starting the re-induction for the
angiogeninthDNAS®" sample. No band was detected in the
other samples of the second experiment. For the third experi-
ment, an intense ~35 kDa band along with a 63 kDa band
was detected at the zero time point (i. e., before the induction
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in colony cells of the angiogenin-treated sample after wash-
ing to remove methylcellulose). As the incubation proceeds,
by 32 h of the experiment, the intensity of the 35 kDa band
dropped almost to the background value. The 63-kDa band
disappeared within the first hour after re-induction. No bands
were detected in other images. We found a single publication
mentioning a 35-kDa protein related to telomerase activity.
During affinity chromatography used for telomerase isolation,
the 35-kDa protein was detected along with the 120-kDa and
43-kDa proteins. This protein was not analyzed in this study
because it was not detected in preparations of fully purified
telomerase (Lingner, Cech, 1996).

The data obtained using two independent approaches in-
dicate that angiogenin activates the molecular mechanisms
inducing telomerase activity in HSCs, while exposure to
hDNA®" does not abolish the activity of this mechanism.

The results obtained mean that: 1) hDNA# does not induce
expression of the telomerase gene; therefore, the increased
telomeric DNA content cannot be related to telomerase activ-
ity; 2) angiogenin induces expression of the telomerase gene,
and the increase in the telomeric DNA content quantified by
dot blot hybridization can be related to this very activity of
angiogenin. Exposure to a combination of angiogenin and
hDNA¢#" also enhances synthesis of telomerase mRNA. It
was shown in the hybridizations performed that in some
cases, the telomeric DNA content in the sample treated with
a combination of two inducers is higher than for the samples
treated separately. This fact may mean that in this case, the
three mechanisms of increasing the telomeric DNA content
overlap due to telomerase activity and either direct integration
of extra telomeric DNA into the genome of the recipient cell or
via replication of quasi t-rings formed by exogenous telomeric
repeats during concatamerization and closure into a ring.

Discussion

The analysis revealed that the two inducers used simultane-
ously increase telomeric DNA content in colony cells via
two independent mechanisms: the conventional telomerase-
dependent complementary synthesis in the case of angiogenin
and the alternative lengthening mechanism for telomeres or
true integration of telomeric DNA into the telomeric hetero-
chromatin domain in the case of hDNA#".

Telomerase is a heterodimer formed by the non-coding
RNA template (telomerase RNA component with a size of
400 bp, carrying the basic telomeric sequence complementary
to the G-strand) used for de novo synthesis of telomeric DNA
sequences and the catalytic subunit of the enzyme (telomerase
reverse transcriptase, TERT). The telomerase complex orches-
trates telomere length homeostasis by inserting telomeric re-
peat sequences to the 3’ end of the chromosome using the RNA
template (Fig. 1B). With a few exceptions (e. g., lymphocytes
and endothelial cells), most human somatic cells exhibit no
telomerase activity, mostly because of suppression of TERT
expression. On the other hand, stem cells, germline cells, and
most tumors exhibit it (Chan, Blackburn, 2003; Giraud-Panis
et al., 2010; Nandakumar, Cech, 2013; Soman et al., 2022).
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As shown previously, angiogenin is internalized into
Scal (mouse) and CD34 (human) hematopoietic stem cells
(Ruzanova et al., 2024). It has also been demonstrated using
human bone marrow cells that angiogenin treatment stimu-
lates the GM hematopoietic lineage and induces telomerase
activity. Earlier, it was revealed (Goncalves et al., 2016) that
recombinant angiogenin stimulates proliferation of myeloid
progenitors (like in our experiments), while enhancing the
quiescent properties of stem cells. These characteristics are
attributed to generation of stress-induced tiRNAs, reduction of
the synthetic activity of blood stem cell, enhanced ribosomal
RNA synthesis, and stimulation of protein synthesis in myeloid
progenitor cells. It is possible that the emergence of telomerase
in cells of GM colonies, which has been demonstrated in our
study, is a consequence of the first process (stimulation of
proliferation of myeloid progenitor cells).

Internalized DNA fragments initiate the formation of
nicks required for chromatin rearrangement toward the se-
lected pathway of terminal differentiation of progenitor cells,
which actually trigger the mechanism of this differentiation
(Ruzanova et al., 2024). A similar concept was discussed in
ref. (Sjakste, Riekstina, 2021), where it was suggested that
chromosomal DNA damage in stem cells can trigger differen-
tiation. Nick-induced chromatin perturbations (chromatin
relaxation) will result in an induced recombinogenic situation
and activation of the recombination repair machinery com-
prising numerous active and structural proteins (Nabetani,
Ishikawa, 2011). This fact means that the initially extracellular
DNA fragments residing in the intranuclear space of HSCs
can participate in recombination events that they initiated. The
results of the present study suggest that the increase in telo-
meric DNA content when using hDNAZ#" as an inducer implies
either integration of extracellular fragments carrying telomeric
repeats into homologous telomeric regions or activation of
the mechanism of alternative lengthening of telomeres using
concatamerized cyclic telomeric repeat sequences.

An analysis of the intensity of hybridization response
revealed that the telomeric DNA content was significantly
increased in the analyzed samples, suggesting that the mecha-
nism of alternative lengthening of telomeres was involved in
this process to a greater extent. One of the most characteristic
features of cells having an active mechanism of alternative
lengthening of telomeres is the presence of extrachromosomal
telomeric circles, which are either double-stranded (t-circles)
or partially single-stranded (C- or G-circles) Cesare, Griffith,
2004; Wang et al., 2004; Henson et al., 2009). The t-loops are
closed double-stranded DNA. C-circles are extrachromosomal
telomere DNA with a C-strand forming a circle and a broken
G-strand annealed to it. G-circles are extrachromosomal
telomere DNA, with the G-strand forming a circle and the
broken C-strand annealed to it. The origin of these extra-
chromosomal structures is usually attributed to nick-initiated
replication of telomeric DNA (Fig. 5). Break repair is known
to be stimulated by induction of telomeric double-strand
breaks (McEachern, Haber, 2006; Dilley et al., 2016) and, as
suggested by the present study, single-strand breaks (nicks).
Break-induced replication can be initiated by integration of
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the strand end of the ruptured telomeric agglomerate between
the strands of the intact telomere and proceed via the branch
migration mechanism. The migrating D-loop copies telomeric
repeats from the strand invasion point towards the end of
the donor telomere (Saini et al., 2013; Wilson et al., 2013),
which is accompanied by restoration of telomere length and
structure.

Another mechanism of restoring telomere length is asso-
ciated with insertion of the 3’ end of the telomeric G-strand
between the strands of extrachromosomal t- or C-circles.
Rolling circle replication is induced in this case, leading to
accumulation of a single-stranded G-rich telomeric strand
(Fig. 64) (Nabetani, Ishikawa, 2011; Lu W. et al., 2013;
Doksani, 2019).

Two mechanisms of formation of't-, C-, and G-circles have
been described. t-circles can be formed by intrachromosomal
recombination and t-loop liberation as a result of Holliday
recombination of the 3’ end of the t-loop annealed to the
complementary sequence of the 3'-5" strand (Fig. 54) (Wang
etal., 2004; Nabetani, Ishikawa, 2011; Claussin, Chang, 2015;
Doksani, 2019; Jones et al., 2023). In the other case, both
variants of the C- and G-circles are formed (Fig. 5B).

It was demonstrated that both variants of DNA circles con-
taining telomeric repeats are bulged upon replicative stress
associated with replication fork stalling in difficult-to-replicate
telomeric heterochromatin or with chromosomal DNA damage
(e. g., double-strand breaks or nicks). In this case, the G-circle
can initiate the rolling circle replication starting with the nick
and synthesis of the C-rich tail carrying telomeric repeats of
the 3'-5" strand up to 100 kbp long, which can be detected
both using a phi29 polymerase kit and in vivo (Zhang et al.,
2017). The amplified single-stranded C-rich tail can assumedly
be annealed to the truncated G-telomeric strand (e. g., after a
t-loop is separated from the telomere because of replicative
stress) and as a homologous template to stimulate synthesis
of the truncated G-rich strand (Zhang et al., 2017). Topo II,
the NHEJ mechanism, and DNA-PK activity are involved in
circle formation in this case (Fig. 6B).

The more than twofold increase in telomeric DNA content
in some experiments is attributed to telomeric repeat amplifica-
tion via the putative rolling circle replication mechanism using
circular structures as a template and nick-initiated replication.
For this type of amplification, the single-stranded G-strand
region can be as long as 70—-100 kbp (Doksani, 2019; Jones
et al., 2023) (Fig. 64, B).

The large number of C-circles in the cell is the basic crite-
rion for the mechanism of alternative lengthening of telomeres.
The single-stranded 3’ end of the 5'-3’ G-strand can be paired
with both the t- and C-circle to form a D-loop (Fig. 64).
The following multiple rounds of rolling circle replication
amplify telomeric repeats. The number of telomeric repeats
synthesized via this mechanism can be degenerate and will
differ for different telomeres in different chromosomes (Lee
etal., 2014; Jones et al., 2023).

When extracellular fragments carrying telomeric repeats
are internalized into the nucleus, the following events occur.
A recombinogenic situation triggered by the emergence of
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Fig. 5. The mechanisms of formation of an extrachromosomal circle.

A - formation of t-circles as a result of detachment of the telomere end structure of the t-circle. B - formation of G- and
C-circles as a result of replication fork stalling, induction of break-induced repair, and G- and C-strand bulging with

involvement of Topo II, the NHEJ mechanism, and DNA-PK activity (Zhang et al., 2017).

single-strand breaks is initiated. If the factors activated by
the nick-initiated recombinogenic situation are similar to
those activated by the recombinogenic situation initiated by
double-stranded breaks (Dolgova et al., 2013), the internalized
double-stranded fragments will promptly form a circle (Dol-
gova et al., 2013; Potter et al., 2018, 2024). During the time
they exist in a linear form, they can be integrated into the ge-
nome via the ends in/ends out mechanism. Once ligated into a
circle, these structures will be virtually indistinguishable from
the t- and C-circles formed via the mechanism of alternative
lengthening of telomeres. This means that the amplification
of telomeric DNA during the internalization of extracellular
DNA in HSCs is mostly associated with the elongation of the

G-chain of the telomere as a result of activation of replicative
synthesis by the rolling ring mechanism, presumably induced
by nicks. The significant (more than twofold) increase in
telomeric DNA content in some experiments can be attributed
to this very fact.

Integration of extrachromosomal fragments carrying telo-
meric repeats (leading to extension of telomeric DNA) can
also be implemented via the ends in/ends out homologous
recombination mechanism (Fig. 7) (Rubnitz, Subramani,
1984; Hastings et al., 1993; Cromie et al., 2001; Li et al.,
2001; Langston, Symington, 2004). Other mechanisms of
homologous recombination (single strand annealing or gene
conversion) will not increase telomeric DNA content.
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Fig. 6. The mechanisms of telomere lengthening.
A - lengthening of the telomeric tail at the t-circle and C-circle. B - lengthening of the telomeric tail at the G-circle (see explanation in the text).

Conclusion A
Hence, the conducted studies demonstrate that extracellular
DNA fragments internalized by HSCs and carrying telomeric
repeats can be either directly integrated into telomeric hetero-
chromatin or become a template for alternative lengthening of
telomeres, which is accompanied by a rise in telomeric DNA
>
B

quantity and, presumably, an increase in telomere length.
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Unconventional animal models
to study the role of telomeres in aging and longevity
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Abstract. The progressive shortening of telomeres is significantly implicated in various cellular processes related to aging,
including the limitation of cellular proliferative lifespan through the activation of DNA damage response pathways, ul-
timately leading to replicative senescence. Telomere shortening is considered an indicator of biological age rather than
chronological age. The restoration of telomere length is mediated by the enzyme telomerase; however, it is crucial to
maintain a balance in this process, as excessive telomerase activity and overly elongated chromosomes may increase
the susceptibility of individuals to cancer. It has been proposed that variations in telomere length among individuals of
the same chronological age may be associated with differences in potential lifespan. However, recent studies suggest
that telomere length may serve only as a rough estimate of the aging process and is likely not a clinically relevant bio-
marker for age-related diseases or mortality risk. Furthermore, variations in telomere length are not solely determined by
chronological age; rather, they are modulated by a multitude of factors, including genetic predispositions, environmen-
tal conditions, and heightened metabolic activities such as reproduction and body weight, which may lead to increased
telomere attrition in certain species. It has been argued that traditional animal models, such as the mouse (Mus musculus)
and the rat (Rattus norvegicus domestica), are suboptimal for investigating the relationship between telomere length
and aging, as their lifespans and telomere lengths do not adequately reflect those of humans. Consequently, it is recom-
mended to use long-lived species as they would provide a more appropriate framework for such research initiatives. This
review aims to examine the correlation between telomere length and longevity in various non-traditional long-lived
animal models, evaluating their suitability for investigating the molecular mechanisms underlying telomere attrition in
the context of aging. Nevertheless, the question of whether telomere length is a causative factor or a consequence of
longevity remains an area that necessitates further investigation.
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Hexkytaccruueckre Mozaenam >KMBOTHBIX JIJIs N3y4yeHusd
poOJ/In TeJIOMeEDP B ITpoHecCCax CTapeHUsa N JOJITOJIETNA
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T HayUHbli1 LIeHTP reHeTUKI 1 HayK O W3HN, HayuHO-TexHONorMueckuil yHuBepcuTeT «CUpryc», heepanbHaa Tepputopus «Cupnyc,
KpacHopapckuii kpai, Poccua
MHCTUTYT 0buien reHeTrkn um. H./. BaBunosa Poccuiickoii akagemun Hayk, Mocksa, Poccus

3 MeauumHckan Wwkona YaH MaccauyceTckoro yHnBepcuTeTa, fenaprameHT ncvxuatpuu, Lpyc6epu, CLLA

@ vasilevskaya.e@talantiuspeh.ru

AHHOTaLI,VIﬂ. YKopoqume TENOMEP UrpaeT BaXKHYI POJb B Pa3IMYHbIX KNETOYHbIX Npoueccax, CBA3aHHbIX CO CTape-
Hnem. OHO OorpaHuMYMBaeT MPOLOIKUTENIbHOCTb KIETOYHOW nponudepaumny u akTMBUpyeT MeXaHW3Mbl, CBA3aHHble C
nospexpgeHnem [IHK, yto, B cBOIO OYepeAb, NPUBOAUT K PEMINKATUBHOMY CTapeHuio. YKOpoUeHne Tefiomep oTpaka-
eT 61oNorMyecKniA, @ He XPOHOOrMYECKUiA BO3pacT. MexaHn3m BOCCTaHOBMIEHUA AJIMHbI TeJIOMEpP OCYLLEeCTBAAETCA C
nomoulbto epmeHTa Tenniomepasbl. OfHaKo B 3TOM NpoLiecce HEO6XxoAMMO cobnoaaTtbh 6anaHc, MOCKObKY U36bITOYHas
AKTMBHOCTb TeNoMepasbl U Ype3MePHO ASIMHHbIE XPOMOCOMbI MOTYT NPUBECTU K Pa3BUTUIO OHKONOTMYecKmx 3abone-
BaHWi. MpeanonaraeTcs, YTo PasNMums B NOTEHLMANIbHOW NPOAOMKUTENIBHOCTY XKMU3HM MOTYT ObiTb CBA3aHbI C Bapua-
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Heknaccrnueckune Mofenu X1BOTHbIX A1 N3yUeHns
ponu Tenomep B NpoLieccax CTapeHns 1 JONroneTus

LMaMA B ANMHE Tenomep y ocobell ofHOro Bo3pacTta. TeM He MeHee NocsieiHNe UCCNIeAOBaHsA MOKa3bIBaloT, YTO ASIUHA
TeNoMep MOXET CNYXKNTb INLb NPUGNN3UTENBHOW OLIEHKOW CKOPOCTM CTapeHUs 1, BEPOSATHO, He ABNAETCA KIMHUYECKN
3HAYMMbIM MapKEPOM PrCKa BO3PACTHbIX 3a60N1eBaHNI U CMePTHOCTU. Bapuauun B AnviHe TeloMep YacTo 06yC/IoBEHbI
He TOJIbKO BO3PACTOM, HO 1 FEHETUYECKUMUN N3MeHeHUAMY, GaKTopamy OKpY»KatoLLel cpefibl, a TakXKe MeTabonmuecku
3aTpaTHbIMU NPOLIeCCcamu, TaKMMM Kak Pa3MHOXEHNE 1 [laxke Macca Tena. 311 GakTopbl MOTYT CMOCOBCTBOBATb YCKOPEH-
HOW MoTepe Tenomep y HEKOTOPbIX BUAOB. CyLecTBYeT MHEHVE, YTO AJ1f U3yUYeHWsi PO [/INHbI TEIOMEP B KOHTEKCTe
CTapeHuWs 1 JONroNeTUs Knaccuyeckme mogeny, Hanpumep molwb (Mus musculus) v Kpbica (Rattus norvegicus domestica),
He ONTVMabHbl, MOCKONIbKY NPOAO/MKUTENIbHOCTb »KN3HW 3TUX KMBOTHBIX 1 A/IMHA UX TENIOMEP He COMOCTaBMMbI C Ye-
noeyveckumu. LienecoobpasHo ncrnonb3oBath BUAbl C 6osiee fIMTeNIbHbIM XKU3HEHHBIM LIKIOM. B jlaHHOM 0630pe pac-
CMaTpUBAETCA CTeNeHb KOppenaumm Mexxay AAVHON TeoMep 1 JOSITONeTheM B PasfiMyHbIX HEKlaCcCUYeCKUX MOAENsX
LOMTOXKMBYLLUMX XKUBOTHbIX, @ TAKXKE UX NMPUTOAHOCTb ANA N3yYeHNA MONEKYNIAPHBIX MEXaHU3MOB, MPUBOAALMX K UCTO-
LLIeHMIO TeJIOMEP B KOHTEKCTe CTapeHWsl. BaXkHO MOMHUTb, YTO BOMPOC O NPUUYNHHO-CNIEACTBEHHO CBA3Y [IMHbI TENIOMEP
C NPOLOMKNTENBHOCTBIO XM3HU NO-NPEXXHEMY TPpebyeT fanbHeLero NccnefoBaHus.

KnioueBble cfioBa: AfiMHa Tenomep; TefioMmepasa; CTapeHune; LONroNeTne; HekacCuyeckme MoLeny XUBOTHbIX

Introduction

Biological aging is characterized by a progressive decline
in the functional capacities of an organism following the
attainment of maturity, ultimately culminating in its demise.
Substantial evidence indicates that telomere length may serve
as a significant biomarker for aging and longevity. Telomeres
are nucleoprotein structures that protect the ends of linear
chromosomes from DNA degradation and are involved in
repair processes, thereby playing a crucial role in maintai-
ning chromosomal stability. With each cell division, telo-
meres undergo shortening due to the phenomenon known
as the end-replication problem, particularly exacerbated by
oxidative stress, which arises from an imbalance between
the production of reactive oxygen species and the organism’s
antioxidant defense mechanisms (Allsopp et al., 1995; Arm-
strong, Boonekamp, 2023).

It has been proposed that telomere length may significantly
influence the allocation of resources between growth and
reproduction, as well as the maintenance of the somatic state
of cells (Young, 2018). This hypothesis is grounded in the
aging theory articulated by T. Kirkwood (Kirkwood, 1977;
Kirkwood, Rose, 1991), who posited that mortality associated
with advanced age may result from an energy-conserving
strategy designed to minimize the regulation of errors in
somatic cells. Consequently, the metabolic costs associated
with early reproduction may ultimately result in a depletion
of energy resources essential for sustaining a stable somatic
state, which could, in turn, expedite the aging process and
increase mortality rates. Notably, in certain species, a negative
correlation has been observed between telomere length and
active reproduction.

The principle of age-related telomere shortening is a com-
plex phenomenon, and the biological mechanisms underlying
this process remain poorly understood. Specifically, it is not
yet clear whether telomeric aging functions as an analogue
of the mitotic clock or serves as a biomarker of cellular stress
(Koliada et al., 2015; Lin, Epel, 2022). Telomere attrition can
be counteracted by telomerase, a specialized enzyme, the
primary function of which is to extend telomeres. Telomerase
is a ribonucleoprotein DNA polymerase composed of two
subunits: telomerase RNA (TER) and telomerase reverse tran-
scriptase (TERT). This enzyme facilitates the de novo addition
of TTAGGG repeats to the terminal regions of chromosomes,
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thereby compensating for telomere loss. Figure 1 illustrates the
variations in telomere length in relation to age and telomerase
activity. Telomerase initiates its action by binding to the end of
atelomere, with TER first interacting with the single-stranded
DNA at the terminus of the chromosome. TERT utilizes the in-
corporated RNA as a template to synthesize new DNA repeats.
This synthesis is typically mediated by reverse transcriptase,
which generates a new segment of DNA by adding nucleotides
to the single-stranded DNA of the telomere. The newly synthe-
sized DNA fragment is complementary to the existing strand,
as complementary nucleotides bind to the template, resulting
in telomere elongation. Following the synthesis of several
repeats, telomerase translocates along the telomere, allowing
the enzyme to repeatedly add new nucleotides to the end of
the chromosome. This process is repeated multiple times, sig-
nificantly lengthening the telomere. After synthesizing a new
stretch of DNA, the single-stranded DNA of the telomere can
form a double helix by pairing with complementary strands.
Additional enzymes, such as ligase and DNA polymerases,
are also involved in this process to ensure proper telomere
joining and completion (Nguyen, 2021).

There are two main telomere protection complexes: CST
(Centriole- and Spindle-Associated Telomerase) and shelterin.
These complexes can function in parallel in most mammals,
including humans. The shelterin complex consists of six key
components: TRF1 and TRF2 (Telomeric Repeat Binding
Factor 1 and 2), TIN2 (TRF1-interacting protein), TPP1
(Telomeric Protein 1), POT1 (Protection of Telomeres 1),
and RAP1 (Repressor-Activator Protein 1). The CST complex
includes three components: Ctc1 (Cell Cycle Protein 1), Stnl
(Suppressor of Telomere Lengthening 1), and Ten! (Telomere
Length Maintenance 1). Both complexes play a crucial role
in protecting and maintaining telomere structure and are also
involved in regulating telomere length (Jenner et al., 2022;
Zaug etal., 2022). Telomerase activity is notably elevated du-
ring the early stages of human fetal development; however, it
is considerably restricted in the majority of normal adult cells.
When telomeres attain critically short lengths, they initiate a
persistent DNA damage response, which subsequently leads
to various cellular processes, including cellular senescence
and/or apoptosis. It also diminishes the capacity of stem
cells to regenerate tissue. Furthermore, accelerated telomere
shortening is a characteristic feature of age-related diseases,
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Fig. 1. Variation in telomere length in relation to age and telomerase activity.

which adversely impacts overall health and lifespan (Rossiello
etal., 2022).

Research has indicated that telomere length may serve as
a positive predictor of lifespan in humans. For instance, cen-
tenarians tend to possess longer telomeres, and studies have
demonstrated that their offspring inherit this characteristic
(Atzmon et al., 2010). Furthermore, healthy centenarians ex-
hibit significantly longer telomeres compared to individuals af-
flicted with various diseases (Terry et al., 2008). Nevertheless,
not all studies support this assertion, which raises questions
regarding the reliability of telomere length as a biomarker for
longevity and underscores the necessity for further investiga-
tion (Arai et al., 2015).

In many studies, traditional animal models, such as the
mouse (Mus musculus) and the rat (Rattus norvegicus domes-
tica), have been used to investigate the molecular mechanisms
underlying aging and longevity (Sahm et al., 2018). Research
involving genetically modified mice with hyperlong telomeres
has demonstrated that these organisms exhibit reduced DNA
damage as they age. Furthermore, these mice typically possess
a lean body composition, lower cholesterol levels, enhanced
glucose and insulin sensitivity, a decreased incidence of can-
cer, and an extended lifespan (Mufioz-Lorente et al., 2019).
However, the applicability of these findings to humans is
limited due to significant differences in telomere dynamics
between the two species. For instance, the lifespan of mice
is approximately 30 times shorter than that of humans, while
their telomeres are 5 to 10 times longer and undergo shorte-
ning at a rate approximately 100 times faster. Additionally,
there are notable disparities in the organization of repetitive
elements and the shelterin complex within subtelomeric re-
gions (Vera et al., 2012; Smoom et al., 2023). The complete

Unconventional animal models to study
the role of telomeres in aging and longevity

Reduced
telomerase

/

GGGTTG
CCCAAC

absence of telomerase in mice results in a relatively weak
phenotype over several generations, whereas heterozygosity
for telomerase mutations in humans is sufficient to induce
defects in organ regeneration and facilitate cancer progression
(Calado, Dumitriu, 2013). Moreover, the majority of studies
are conducted on specific inbred strains of rodents, such as
C57BL/6 and BALB/c mice (Bernardes de Jesus et al., 2012).
However, the lifespan observed in natural populations signifi-
cantly surpasses that achieved in inbred strains, particularly
due to anti-aging interventions conducted in vitro (Miller et
al., 2002). This observation has prompted the consideration
of alternative models with exceptionally long lifespans as
potentially valuable for elucidating the mechanisms of telo-
mere shortening and their viability as reliable biomarkers for
aging and longevity.

This review aims to explore non-traditional long-lived ani-
mal models that may offer various advantages in supporting or
challenging the role of telomeres as biomarkers that determine
age and predict longevity (see the Table).

Birds

Birds serve as a distinctive model for investigating essen-
tial cellular mechanisms that are associated with extended
lifespan. Despite their significant energetic expenditures
throughout life, the majority of bird species can be classified
as long-lived homeotherms exhibiting relatively slow aging
processes. Notably, birds tend to have longer lifespans com-
pared to mammals of equivalent size. Furthermore, critical
aging processes in birds, such as cellular responses to oxidative
stress and telomere dynamics, frequently exhibit similarities
to those observed in mammals (Harper, Holmes, 2021).
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Animal Model

Southern giant petrel
Macronectes giganteus

Parrots (order:
Psittaciformes)

53 species of birds

19 species of birds

Zebra finch

Taeniopygia guttata

Tree swallows

Tachycineta bicolor

Common terns
Sterna hirundo

Leach’s storm petrels

Oceanodroma
leucorhoa

Greater horseshoe bat

Rhinolophus
ferrumequinum

Common longwing

Miniopterus
schreibersii

Evening bat
(genus Myotis)

Little brown bat
Myotis lucifugus

Rodrigues flying fox
Pteropus rodricensis

Black musk deer
Eptesicus fuscus

Brazilian free-tailed

bat

Tadarida brasiliensis

Ocean quahog
Arctica islandica

Coral

Stylophora pistillata

Lifespan

12-40 years

33-65 years
(long-lived)

10-17 years
(short-lived)

No data

7-50 years

5 years
(short-lived)

11 years
(short-lived)

27 years
(long-lived)

36 years
(long-lived)

30 years

22 years

37-40 years

34 years
(Puechmaille et
al,, 2011)

28 years

19 years!

8 years?

10-226 years
(maximum 507)

3-6 months
(Bythell et al.,
2018)

The trait associated
with telomere length

Telomere length is
correlated with life
expectancy

Telomere length is
correlated with life
expectancy

Telomere length is
correlated with longevity,

smaller clutch sizes, and slower

embryonic development

Telomere length is
correlated with life
expectancy

No data

Telomere length is
correlated with life
expectancy

Telomere length does not
correlate with chronological
age but is linked to various
environmental factors

Telomere length does
not correlate with
chronological age,
but it is correlated
with the incidence
of fungal diseases

No correlation between
telomere length and
chronological age

Constant telomere
length

Telomere length is not
correlated with chronological
age, but it is correlated with
exposure to darkness

Telomerase
activity

No data

No data

No data

No data

In short-lived species,
telomerase activity
decreases with age,
whereas in long-lived
species, telomerase
activity remains stable

No data

Increased expression

of 20 genes
associated with
telomere mainte-

nance and DNA repair

No data

No data

Constant telomerase

activity

Decreased expression

of Pot2 protein

Tissues

Blood

Blood

No data

Blood

Tissues of killed
birds

Wing biopsy

Wing biopsy
and buccal swabs

Wing biopsy
and buccal swabs

Wing biopsy
and buccal swabs

Foot tissues
and muscles

Gill tissue

Tips of the
branches

Technology

Southern
Blotting

gRT-PCR

Meta-analysis

TRF

TRAPeze® XL

gRT-PCR
(Cawthon)

TRF, gRT-PCR
(Cawthon)

qRT-PCR
(Cawthon)

qRT-PCR
(Cawthon)

DNA sequencing

Southern
Blotting,
qRT-PCR

TRF, Southern
Blotting
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Table (end)

Animal Model Lifespan The trait associated Telomerase Tissues Technology

with telomere length activity

Species of acroporid ~ Three stages Telomere length correlates No data Spermatozoa, TRF

corals of development:  with chronological age and cell planula larvae,

Acropora digitifera spermatozoa, proliferation rate and polyps of

planula larvae, adult colonies

and polyps of
adult colonies

Stony corals No data Telomere length in short-lived  No data Upper and lower  TRF
Pocillopora spp. colonies is more influenced by segments of coral
(short-lived) seasonal temperature changes branches

than in long-lived coloni
Small polyp stony 421-438 years an inlong-iived colontes

corals Porites spp. (Smith et al., 2021)
(long-lived)
Red sea urchin More than 100 Constant telomere length Constant telomerase  Aristotle’s lantern, RNA sequencing
Mesocentrotus years activity and elevated  esophagus, radial
franciscanus expression of DNA nerve bundle
stability genes
Sea urchin 3-4 years Constant telomere length Constant telomerase  Caviar DNA sequencing
Stomopneustes activity
variolaris
American lobster Up to 100 years No data Constantly high Tissues TRAP-PCR, DNA
Homarus americanus telomerase activity sequencing
Naked mole rat 37 years Telomere length is correlated Low telomerase Bone marrow gFISH
Heterocephalus glaber with life expectancy activity lymphocytes
Heart, liver, TRAP-PCR
spleen, kidney,
skin, lung, testicle
Skin, kidneys, TRF
lungs, cornea
Asian elephant 60-70 years Telomere length is not cor- No data Skin fibroblasts, TRF
Elephas maximus related with chronological age, kidney, lung or
but it is correlated with body cornea
weight
Southern lantern 48-57 years3 Telomere length is not cor- No data Muscle tissue gRT-PCR
shark related with chronological age
Etmopterus granulosus but is correlated with body
weight
Greenland shark 400 years No data No data Muscle tissue, RNA sequencing
Somniosus liver
microcephalus
28 Humpback whales 95 years* Telomere length is correlated No data Skin gRT-PCR
Megaptera with life expectancy
novaeangliae
Baleen whales 75-100 years> Telomere length is not cor- No data Skin gRT-PCR
Mysticeti related with chronological age
buti lated with bod
Toothed whale 58-62 years6t ut 15 correlated with body
- weight
Odontoceti

Note. TRF - restriction fragment assay; PCR - polymerase chain reaction; gFISH - quantitative fluorescence in situ hybridization; TRAPeze® XL - telomerase
activity assay.

Source of animal age data:

1 https://animaldiversity.org/accounts/Eptesicus_fuscus/#:~:text=Lifespan%2FLongevity,die%20in%20their%20first%20winter

2 https://animaldiversity.org/accounts/Tadarida_brasiliensis/

3 https://fish.gov.au/docs/SharkReport/2023_FRDC_Etmopterus_granulosus%20_final.pdf

4 https://animaldiversity.org/accounts/Megaptera_novaeangliae/

5 https://marilimitado.com/blog/fin-whale/

6 https://dInr.hawaii.gov/dar/whales-and-dolphins/
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A study conducted by C.G. Foote et al. examined telomere
length as a potential indicator of the relationship between life
history and fitness in southern giant petrels (Macronectes
giganteus). In a cohort of adults aged between 12 and 40 years,
no significant association was found between telomere length
and age. However, individuals who died within an eight-year
period following the measurement of telomere length exhi-
bited significantly shorter telomeres compared to those who
survived, irrespective of age or sex, which were not significant
predictors of survival. These findings suggest that relatively
short telomere length may serve as a biomarker for predicting
life expectancy and may also indicate adult health (Foote et al.,
2011). In arecent study, the telomere length in red blood cells
and the markers of oxidative stress in plasma were examined
in both long-lived and short-lived avian species belonging to
the order Psittaciformes over a four-year duration. The find-
ings indicated that long-lived birds, with lifespans ranging
from 33 to 65 years, exhibited longer telomeres in comparison
to their short-lived counterparts, which have lifespans of 10
to 17 years. However, it was noted that the long-lived birds
experienced a higher rate of telomere shortening. Notably, the
study established a significant correlation between the rate of
telomere shortening and the levels of accumulated oxidative
stress in short-lived birds. This correlation enhances the un-
derstanding of the underlying causes and dynamics associated
with changes in telomere length (Dominguez-de-Barros et
al., 2023, 2024).

Species exhibiting lower metabolic costs of reproduction
at a young age are posited to develop more effective mecha-
nisms for the maintenance and repair of somatic cells. This
phenomenon may subsequently contribute to an increased
potential lifespan and a deceleration of aging processes. In
2021, a phylogenetic meta-analysis encompassing data from
53 avian species was conducted to investigate the relationships
among average telomere length in both chicks and adults, the
average rate of change in telomere length throughout the lifes-
pan, and various life history traits. The findings indicated that,
irrespective of body size, longer-lived species characterized
by smaller clutch sizes and slower embryonic growth rates
demonstrate a reduced decline in telomere length over their
lifespan (Criscuolo et al., 2021). Comparable results were
observed in another study that analyzed telomere length across
19 bird species with lifespans ranging from 7 to 50 years. This
study concluded that species with extended lifespans exhibited
a slower decline in telomere length in comparison to those
with shorter lifespans (Tricola et al., 2018).

Telomerase activity plays a crucial role in determining
the rate of telomere attrition and is likely to have a direct in-
fluence on lifespan. A study conducted by M.F. Haussmann et
al. examined telomerase activity in the bone marrow of two
short-lived avian species: zebra finches (Taeniopygia guttata)
and tree swallows (Tachycineta bicolor), which have maxi-
mum lifespans of 5 and 11 years, respectively. Additionally,
two long-lived avian species were investigated: common terns
(Sterna hirundo) and Leach’s storm petrels (Oceanodroma
leucorhoa), which can live for 27 and 36 years, respectively.
The findings indicated that the short-lived species exhibited
high telomerase activity in nestlings; however, this activity
declined significantly in both young and older adults. In con-
trast, the long-lived species maintained relatively high levels
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of telomerase activity in their bone marrow, which did not
diminish with age (Haussmann et al., 2004).

In conclusion, the inherent anti-aging mechanisms observed
in avian species render them more appropriate models for the
study of longevity compared to short-lived laboratory rodents.
Investigations focused on birds may ultimately contribute to
the identification of therapeutic interventions for diseases
related to human aging.

Bats

Bats represent a distinctive subject for the investigation of
aging and longevity. Similar to birds, they exhibit an aty-
pical combination of small body size and extended lifespan
relative to other mammals. For instance, individuals of the
species Myotis brandtii can live for 40 years or more (Garg
et al., 2023), whereas M. myotis has an average lifespan of
approximately 37 years, Rhinolophus ferrumequinum about
30 years, and Miniopterus schreibersii around 22 years (Foley
etal., 2018).

The existing literature on telomere length in bats presents
conflicting findings. For instance, research indicates that telo-
meres shorten with age in species such as R. ferrumequinum
and M. schreibersii, whereas this phenomenon is not observed
in the genus Myotis, which is characterized by an extended
lifespan (Gomes et al., 2011; Ineson et al., 2020). Furthermore,
telomere shortening does not exhibit a correlation with age
in species including Myotis lucifugus, Pteropus rodricensis,
Eptesicus fuscus, and Tadarida brasiliensis. Notably,
M. lucifugus individuals infected with the fungal disease
known as white-nose syndrome (WNS) displayed signifi-
cantly shorter telomeres compared to their uninfected
counterparts (Ineson et al., 2020). These findings lend ad-
ditional support to the hypothesis that environmental factors
may exert an influence on telomere length, suggesting that
telomere length is not invariably associated with the aging
process.

The analysis of telomerase expression in wing fibroblasts
and blood cells of M. myotis revealed that this enzyme is not
expressed, suggesting the existence of alternative mecha-
nisms that maintain telomere length. A more comprehensive
investigation demonstrated a significant upregulation of
20 genes associated with telomere maintenance and DNA
repair in Myotis bats when compared to other mammalian
species. Notable among these genes are Atm and SETX, which
have been identified as evolving under divergent selection in
Myotis, alongside Abl1, Cct4, Dclrela, Dotll, Gnl3Il, MIh3,
Mrella, Parpl, Rad50, Rb1, Rfc3, Rpal, Sde2, Ssh, Terf2ip,
Wrap53, Wrn, and Xrcc5, all of which may play a role in
maintaining genomic stability in bats. Furthermore, it was
observed that variations in mean and minimum temperature,
precipitation, and wind speed were significantly correlated
with telomere length in bats (Foley et al., 2020). Consequently,
telomere length may serve primarily as a biomarker for ag-
ing and longevity in specific contexts, although this does not
appear to apply to the majority of bat species. Nonetheless,
this model could be instrumental in examining the impact
of environmental stressors on telomeres. Future research
should explore whether variations in telomere length are
linked to body size or survival strategies, such as hibernation
or aestivation.
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Mollusks

Another noteworthy model for longevity studies is the mol-
lusk. The North Atlantic oceanic quahog (Arctica islandica) is
the most extensively researched long-lived bivalve, possessing
the longest documented lifespan of at least 507 years. These
organisms exhibit a remarkable tolerance to various environ-
mental factors, including elevated salinity, temperature, and
oxygen levels. It is important to highlight that the Icelandic
population of A. islandica demonstrates an unusually high
lifespan, whereas populations in the Baltic and White Seas
have a maximum lifespan ranging from 30 to 50 years (Basova
et al., 2012; Gruber et al., 2015).

The investigation of telomere length and telomerase acti-
vity in the longest-lived non-colonial organism, A. islandica,
is crucial for comprehending the mechanisms underlying
telomere length maintenance and its contribution to the
organism’s exceptionally prolonged lifespan. An analysis
of both short-lived and long-lived populations of young
and old specimens (ranging from 10 to 226 years of age)
revealed significant heterogeneity in telomere length among
A. islandica. Notably, consistent telomerase activity and
telomere length were observed across all age groups, with no
correlation identified between these factors and population age
or habitat. It is posited that stable telomere maintenance may
play arole in the longevity of A. islandica; however, telomere
dynamics alone do not account for its extraordinary lifespan
(Gruber et al., 2014). Currently, the molecular mechanisms
and potential mutations associated with this organism remain
largely unknown, as the genome of A. islandica has yet to be
published. Consequently, the specific factors that contribute
to the longevity of this species are yet to be fully understood.

Corals

Due to their extended lifespans, corals represent a compelling
yet underexplored model for investigating telomere responses
to aging and environmental stressors. Recent radiocarbon
dating of the deep-sea proteinaceous corals Gerardia sp. and
Leiopathes sp. has revealed that these species exhibit radial
growth rates ranging from 4 to 35 um per year, with individual
colonies possessing lifespans that extend to thousands of years.
Notably, the oldest recorded individuals of Gerardia sp. and
Leiopathes sp. were found to be 2,742 and 4,265 years old,
respectively (Roark et al., 2009).

Research involving corals predominantly investigates the
function of telomeres in response to stress. For instance,
A. Rouan et al. (2022) analyzed telomere alterations in the
symbiotic coral species Stylophora pistillata, which was
subjected to a continuous dark environment for a duration of
six months. This stressful condition led to a significant loss
of symbiotic organisms. The study revealed that prolonged
darkness was correlated with a reduction in telomere DNA
length and a decrease in the expression of the Pot2 protein.
In mammals, Pot2 forms a heterodimeric complex with Tpp1
and is essential for the recruitment of telomerase to telomeres.
However, the authors did not establish connections between
their findings and the concepts of aging or accelerated ag-
ing (Rouan et al., 2022). Additionally, another investigation
explored the feasibility of using telomere length as a bio-
marker for estimating the age of colonial corals, specifically
examining Acropora digitifera at three developmental stages:
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sperm, planula larvae, and polyps of adult colonies (Tsuta
et al., 2014). The findings indicated that telomere length
diminishes throughout coral development, with the highest
values observed in spermatozoa, and the lowest in the polyps
of adult colonies. It has been established that telomere length
is affected not only by the chronological age of polyps but
also by the rate of cell proliferation. Consequently, it can be
inferred that attempts to accurately determine the age of co-
rals based on telomere length may yield inconclusive results
(Tsuta et al., 2014).

The long-term and short-term water temperature regimes
are critical factors that influence intercolony variations in the
Pacific Ocean. In this regard, telomere length was examined in
short-lived, more stress-sensitive colonies of Pocillopora spp.
and in long-lived, more stress-tolerant colonies of Porites spp.
The findings indicated that telomere DNA length in short-lived
colonies was significantly affected by seasonal temperature
fluctuations. Conversely, telomere DNA length in long-lived
colonies was not influenced by seasonal variations; rather, it
was determined by historical thermal anomalies (Rouan et
al., 2023).

In conclusion, the length of telomeres in corals is signifi-
cantly influenced by environmental factors. The mechanisms
involved in telomere maintenance are associated with the
productivity of the organism, which is particularly relevant
in light of the effects of climate change on overall health.
Nevertheless, corals may not serve as optimal models for
investigating the mechanisms of aging and lifespan, as their
distinct environmental adaptations and slow metabolic rates
could hinder the generalizability of findings to more complex
multicellular organisms.

Sea urchins

Sea urchins serve as a compelling model organism for the
investigation of developmental biology, longevity, and aging.
Within this group, one can differentiate between short-
lived species, such as Lytechinus variegatus and L. pictus,
which have a lifespan that does not exceed four years, and
long-lived species, including Mesocentrotus franciscanus,
Strongylocentrotus purpuratus, Echinometra mathaei, and
Stomopneustes variolaris, which can live for over 100 years
and are recognized as some of the longest-lived organisms.
The genomes of several species within this group have been
sequenced and published, providing valuable resources for the
study of genomic characteristics in relation to longevity (Sea
Urchin Genome Sequencing Consortium et al., 2006; Sergiev
et al., 2016; Polinski et al., 2024). Due to their capacity for
indeterminate growth, sustained reproductive activity, and
the absence of increased mortality with age, these organisms
represent an ideal model for examining the phenomenon of
negative aging (Ebert, 2019).

Research conducted within the established frameworks
of aging theories, such as alterations in telomere length, has
demonstrated that both short-lived and long-lived species
of sea urchins exhibit minimal signs of aging. These marine
organisms maintain consistent telomere length and telomerase
activity. Furthermore, they preserve antioxidant and protea-
some enzyme activities, and there is a negligible accumulation
of oxidative cellular damage as they age. Their regenerative
potential remains robust throughout their lifespan, irrespec-
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tive of its length (Francis et al., 2006; Du et al., 2013). To
investigate the mechanisms associated with longevity and
aging in this model organism, a comparative analysis of
gene expression in the radial nerve cord of M. franciscanus
at various ages was conducted. This analysis identified over
4,000 differentially expressed genes that encompass a broad
spectrum of cellular functions and molecular pathways, in-
cluding neural function, metabolism, and the maintenance of
DNA stability. Additionally, two genes, the expression levels
of which increase with age, are implicated in the preservation
of telomere length (Polinski et al., 2020).

A comparative study examined the amino acid sequence
of the telomere-binding protein Potl, which is crucial for
the maintenance of telomere length through the regulation
of telomerase-mediated elongation (Aramburu et al., 2020).
In cell culture experiments, it was observed that mutations in
the coding gene result in various telomere phenotypes, and
the absence of this protein contributes to cellular aging (Zade,
Khattar, 2023). Notably, the amino acid at position 198 of
Potl exhibits variability across different species. In long-lived
organisms, such as the red sea urchin and the bat (M. brandtii),
this position is occupied by valine, whereas in short-lived
species of sea urchins and bats, it is represented by threonine
and serine, respectively. Interestingly, in humans and the
long-lived naked mole rat, the amino acid at this position is
isoleucine (Sergiev et al., 2016).

Although telomere length does not function as a reliable
marker for longevity and aging in these models, it remains of
significant interest for investigating the mechanisms under-
lying longevity and the preservation of DNA stability.

Arthropods

Crustaceans represent a diverse group of arthropods character-
ized by significant variability in the size and structure of their
genomes. For instance, the genus Homarus, which includes
lobsters, is estimated to have a lifespan of up to 50 years in
the wild and potentially up to 100 years in captivity. These
organisms exhibit continuous growth throughout their lives,
possess the ability to regenerate limbs even in advanced age,
and older individuals may demonstrate greater fertility com-
pared to their younger counterparts (Koopman et al., 2015;
Bowden et al., 2020). A particularly noteworthy species within
this group is the American lobster (H. americanus), which is
distinguished by its remarkable longevity, potentially reaching
100 years. Lobsters serve as compelling subjects for research
on longevity, aging, and telomerase function, as they may
provide critical insights into the molecular mechanisms that
underlie these exceptional longevity traits. Nevertheless, the
available data on this model organism remain limited (Louzon
etal., 2019).

Lobsters exhibit a slow aging process, making the analysis of
telomerase activity in these organisms particularly intriguing.
A study conducted in 1998 identified elevated telomerase
activity across all organs of the lobster species H. americanus.
The authors concluded that the activation of telomerase rep-
resents a conserved mechanism that aids in sustaining long-
term cellular proliferative capacity and mitigating aging, not
only in cellular models or during embryonic development but
also in adult multicellular organisms (Klapper et al., 1998).
Furthermore, the lobster genome was scrutinized for genes
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that contribute to DNA stability. Comparative analysis of ex-
panded gene families in lobsters versus short-lived arthropods
revealed the presence of Fancc and Ddb2, both of which play
critical roles in maintaining genomic integrity (Polinski et al.,
2021). Importantly, there is currently a lack of data regarding
the relationship between telomere length and age in lobsters,
underscoring the necessity for further investigation in this area.

Naked mole-rat

The naked mole rat (Heterocephalus glaber) is a unique
species notable for its remarkably extended lifespan, which
can exceed 38 years. Traditional markers of aging, such as
reduced reproductive capacity, neurodegenerative disorders,
and cancer, are observed to manifest only minimally in this
species (Yang et al., 2024). A study was conducted to examine
telomere length across three age categories of naked mole
rats: young, adult, and old. The results indicated that telomere
length increased with age when compared to the young co-
hort; however, the authors acknowledged a limitation due to
the small sample size. These findings support the hypothesis
that telomeres are preserved in these animals as they age
(Leonida et al., 2020). Additionally, naked mole rats exhibit
low levels of telomerase activity (Seluanov et al., 2007), and
a comparative analysis has revealed a negative correlation
between telomerase expression levels and rodent size (Gomes
et al., 2011). To date, the precise role of telomeres in the
aging process remains unclear, suggesting that naked mole
rats may offer valuable insights into the relationship between
telomeres and aging.

Large animals (elephants, whales, and sharks)

The lifespan of large mammals is significantly influenced by
their habitat, behavioral strategies, and physiological adap-
tations. For instance, forest elephants (Loxodonta cyclotis),
which typically weigh between 2,000 and 2,500 kg, have an
average lifespan of approximately 50 years. In contrast, Afri-
can savannah elephants (L. africana), which weigh between
4,000 and 7,000 kg, and Asian elephants (Elephas maximus),
weighing between 2,500 and 5,500 kg, can live for 60 to
70 years. These interspecies variations in longevity present a
valuable model for investigating the molecular mechanisms
of aging, including telomere dynamics (Crawley et al., 2017;
Chusyd et al., 2021).

Comparative analyses of telomere length across species
with differing lifespans indicate that initial telomere length
may influence longevity. For instance, Asian elephants exhibit
relatively longer telomeres at a young age when compared to
Chihuahuas, a small dog breed that typically weighs between
1 and 3 kg and has a considerably shorter lifespan. Despite
this initial advantage in telomere length, both elephants and
Chihuahuas demonstrate similar rates of telomere shortening
over time. This observation implies that while initial telomere
length may partially contribute to determining maximum
lifespan, the process of telomere shortening with age appears
to be a relatively conserved trait across species.

An important factor associated with interspecies variations
in longevity is the activity of telomerase and its correlation
with body size. Research indicates that the suppression of
telomerase activity in the somatic cells of larger mammals may
represent an evolutionary adaptation aimed at decreasing the
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incidence of cancers commonly observed in organisms with
greater body mass. Consequently, the restriction of telomerase
activity and the presence of shorter telomeres in large, long-
lived species seem to function as an additional barrier against
tumorigenesis (Buddhachat et al., 2017).

The lifespan of large mammals is intricately linked not only
to their terrestrial counterparts but also to those inhabiting
marine environments. Among cetaceans (Cetacea), which
encompass the parvorders of baleen whales (Mysticeti) and
toothed whales (Odontoceti), a considerable variation in lon-
gevity is observed. Numerous whale species, characterized by
substantial body mass — ranging from several tons in dolphins
to tens and even hundreds of tons in the largest species — ex-
hibit remarkable lifespans. For instance, the bowhead whale
(Balaena mysticetus), belonging to the family Balaenidae, is
documented to live for over 200 years, thereby earning its
status as one of the longest-lived mammals on Earth (Bud-
dhachat et al., 2021; Lagunas-Rangel, 2021).

In contrast to several terrestrial species, for which a correla-
tion between initial telomere length and potential lifespan has
been established, the data concerning cetaceans remain more
ambiguous. A study using quantitative PCR on skin samples
from 28 humpback whales (Megaptera novaeangliae) aged
0 to 26 years revealed a statistically significant correlation
between telomere length and age. However, the considerable
variability observed among individuals of the same age sug-
gests that telomere length cannot be regarded as a reliable
indicator for determining age in free-swimming whales. This
variability may be attributed to both methodological factors,
such as measurement accuracy, and biological influences,
including hereditary traits, adaptations to unpredictable en-
vironmental conditions, and stochastic processes related to
resource allocation (Olsen et al., 2014).

Additional comparative studies encompassing 23 marine
mammal species, which include four Mysticeti and 19 Odon-
toceti species, revealed no significant association between
relative telomere length and maximum lifespan. Statistical
analyses indicated that longevity exhibited a stronger cor-
relation with body size; specifically, adult mass and length
were identified as robust predictors, whereas relative telomere
length did not demonstrate a significant association (Bud-
dhachat et al., 2021).

Another marine species notable for its exceptional lifes-
pan is the shark; however, determining their age can be
particularly challenging. For example, the Greenland shark
(Somniosus microcephalus) has recently been identified as
the longest-living vertebrate on Earth. Despite this recogni-
tion, many aspects of its biology, physiology, and ecology
remain insufficiently understood. This species can live for
nearly 400 years and reaches sexual maturity at approximately
150 years of age, with weights ranging from 700 to 1,000 kilo-
grams (Nielsen et al., 2016). Recent studies involving samples
from Greenland sharks have enabled researchers to analyze
RNA and identify a highly expressed long interspersed nuclear
element-like (LINE-like) transcript (Bartas et al., 2023). It
has been suggested that this transcript may be linked to an
increased lifespan and enhanced resistance to age-related
diseases. The authors of the study hypothesize that this factor
could contribute to improved telomere maintenance. Howe-
ver, there is currently no scientific evidence to support this
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hypothesis, nor are there any data regarding telomere length
in these animals (Bartas et al., 2023).

A separate study focusing on other shark species, such as
the southern lantern shark (Etmopterus granulosus), exam-
ined the relative telomere length in relation to age, which in
this case was assessed based on body mass (Nehmens et al.,
2021). The findings indicated that telomeres in this species do
shorten in accordance with size; however, it remains uncertain
whether age directly influences telomere length in this context
(Nehmens et al., 2021).

In conclusion, although the current body of research is in-
sufficient to reach definitive conclusions, it can be suggested
that large body size is a significant factor for the organisms
discussed. This phenomenon may reflect a combination of
evolutionary and physiological strategies that are aimed at
maintaining genomic stability, regulating cell division, and
reducing the risk of cancer.

Conclusion

In this review, we summarize the distinctive characteristics
of various alternative animal models that exhibit delayed and
accelerated aging phenotypes. The species examined are no-
table for their exceptional longevity, significant regenerative
capabilities, or resistance to age-related diseases. However, the
findings from studies investigating the relationship between
telomere length and age-related diseases, as well as lifespan,
remain inconsistent and contradictory. In this context, birds
and naked mole rats appear to be the most appropriate models
for studying the mechanisms of telomere shortening in relation
to aging and longevity, while bats and corals are more suitable
for analyzing the effects of stressors on telomere length. Large,
long-lived animals such as elephants, whales, and sharks
demonstrate a correlation between telomere length and body
mass. Sea urchins and lobsters are particularly intriguing for
exploring alternative aging mechanisms that have yet to be
identified (Fig. 2).

It is evident that all the aforementioned models possess
unique mechanisms for life extension and telomere length
maintenance that lack analogs in traditional model organisms.
Nevertheless, the extent to which insights gained from long-
lived model organisms regarding aging and longevity can
be applied to humans to promote a longer and healthier life
remains uncertain. Therefore, optimizing the application of
these models in applied research is crucial. Species exhibiting
constant telomere length and active telomerase, such as Arctica
islandica, Mesocentrotus franciscanus, and Homarus ameri-
canus, are particularly well-suited for in-depth investigations
into the molecular mechanisms underlying extreme longevity
and the identification of potential geroprotective targets. Or-
ganisms, in which telomere length varies significantly due to
external factors, such as bats of the genus Myotis and corals
of the genus Pocillopora, are appropriate for assessing the
impact of environmental stressors, diseases, or habitat quality
on aging processes. A combined study of sea urchins (e. g.,
Strongylocentrotus variolaris and Mesocentrotus francisca-
nus) or corals (e. g., Pocillopora spp. and Porites spp.) will
facilitate the identification of factors influencing telomere dy-
namics across different lifespan scenarios. Large-scale models,
including elephants, sharks, and whales, exhibit a correlation
between telomere length, body mass, and lifespan, which may
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Fig. 2. Factors affecting telomere length in various long-lived organisms.

be beneficial for developing biomarkers of population health
in natural settings. Data obtained from species with notable
resistance to age-related pathologies, such as naked mole rats
and Myatis bats, can be extrapolated to identify new therapeu-
tic targets for age-related diseases in humans.

Thus, the use of alternative species with diverse aging stra-
tegies and unique telomere maintenance mechanisms not only
broadens the scope for testing the hypothesis of telomeres as a
universal biomarker of aging but also enables a more objective
evaluation of their contributions to longevity and age-related
pathologies. Incorporating these extreme models alongside
classical organisms enhances our understanding of the funda-
mental mechanisms of longevity and opens new strategies for
applying the knowledge acquired in medicine, ecology, and
the conservation of endangered species, potentially aiding in
the extension of the active and healthy lifespan of humans.
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Abstract. Recalcitrance is defined as the inability of plant species or individual genotypes to effectively regene-
rate and/or to be transformed in in vitro culture, and is the most significant limitation for genome editing of agri-
cultural crops. To develop protocols for genotype-independent transformation and regeneration of cultivated
plants, knowledge of the genetic factors that determine recalcitrance in various plant species under in vitro condi-
tions is required. Their search by classical QTL mapping in populations segregating for callus formation efficiency,
regeneration, and transformation is considered a complex and labor-intensive process due to a specific nature
of the analyzed phenotypes and a strong genotype-environment relationship. The article provides an overview
of the methodology, prospects, and most outstanding achievements of “forward” genetics in identifying genetic
determinants of recalcitrance in the most popular and at the same time most difficult to work with in vitro cereal
and legume crops. Examples of genetic mapping and successful cloning of genes responsible for various aspects
of recalcitrance in cereals are discussed. Thus, it was found that the formation of rapidly proliferating type Il em-
bryogenic callus in maize is determined by increased expression of the Wox2a gene. The Koshihikari rice variety,
popular in Japan, poorly regenerates in vitro due to impaired nitrate metabolism, since it has a low expression level
of nitrite reductase (NiR), which converts nitrite into ammonia. Callus browning, which occurs among many plant
species and leads to a decrease in regenerative capacity and even to plant death, in rice varieties (Oryza sativa
ssp. indica) depends on the expression level of the Browning of Callus1 (BOCT1) gene, which encodes the SRO protein
(Similar to RCD One), regulating the plant response to oxidative stress. Similar studies on mapping loci for somatic
embryogenesis traits in soybean have revealed major QTLs explaining 45 and 26 % of phenotypic variation. Studies
on genetic mapping of loci affecting the efficiency of regeneration and embryogenesis in recalcitrant plant species
have obvious prospects due to the emergence of annotated reference genomes, high-throughput genotyping and
high-resolution genetic maps.
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OCO6eHHOCTU reHEeTUYEeCKOIr0 KapTUPOBaHUS JIOKYCOB,
BANMSIIONINIX Ha 0Opa30oBaHIe SMOpMOreHHOT0 KajIyca
11 pereHepanmnio pacTeHu’ii in vitro y 3epHOBbBIX 11 6000BbIX KY/IbTYD

E.K. ITorokuHa @, A.C. CymeHko

CKONKOBCKMI MHCTUTYT HayKkm 1 TexHonoruii (Ckontex), Mocksa, Poccua
@ e.potokina@skoltech.ru

AHHOTauusA. PekanbLUTPaHTHOCTb ONpefensaeTcs Kak HeCcnoco6HOCTb BMAOB UM OTAENbHbIX FeHOTUMOB pacTe-
HUI K 3bPeKTUBHONM pereHepaunn n/vnu TpaHchopmaumm B KynbType in vitro n npefctaBnseT coboi camoe cy-
LleCTBEHHOE OrpaHuyeHvie 4Jii FeHOMHOTO PefaKTUPOBaHUA CeNbCKOXO3ANCTBEHHbIX KynbTyp. [na pa3paboTtku
NPOTOKOJOB FEHOTUM-HE3aBNCMON TpaHCHOPMaLIMU 1 pereHepaLnn KysibTyPHbIX PacTeHM He06X0AMMBI 3HaHVA
0 reHeTMuYecknx dakTopax, AeTEPMUHMPYIOWIMX PEKANbLUTPAHTHOCTD Y Pa3fIMYHbIX BULOB PAacTEHNI B YCIIOBUAX
in vitro. NMownck vx nNyTem Knaccudyeckoro KapTtrpoBaHua QTL ans npusHakos 3GGeKTUBHOCTM Kannycoobpa3osa-
HYA, pereHepauuy, TpaHchopmaLmm B pacLuenasaiowmxcsa NoNyaaLMaX CYATAETCA CIIOKHBIM 1 TPYAOEMKUM Npo-
L|eccom 13-3a cneundpryHoOn Npupoabl aHanmsnpyembix GEHOTUMNOB 1 CUNbHON B3aMMOCBA3M «TeHOTUMN — Cpefar.
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KapTtunposaHue QTL, BAvAOLWMX Ha pereHepauuio
pacTeHuin in vitro y 3epHOBbIX 1 6060BbIX KynbTyp

B cTatbe npmBoAMTCA 0630p METOJONOMMM, MEPCNEKTUB 1 Hanbonee APKNX JOCTUMKEHUI «MPAMO» reHeTUKN B
NAEHTUOMKALMN FeHETUYECKMX [eTePMUHAHT PeKanbLUTPAHTHOCTM Y CaMblX BOCTPEOOBaHHbIX 1 OJHOBPEMEH-
HO Havbonee TpyAHbIX ANA PaboTbl in vitro 3epHOBbIX 1 6060BbIX KyNnbTyp. MpuBeAeHbl NpUMepbl reHeTUYecKo-
ro KapTUPOBaHWA N YCMELIHOMO KIIOHMPOBAHWA FreHOB, OTBEYAIOLMX 3@ Pa3Hble acneKkTbl peKanbLMTPaHTHOCTM Y
31aKkoB. Tak, yCTaHOBNEHO, yTo GopMUPOBaHME BbICTPO NponndeprpyioLero smbpuoreHHoro Kannyca Il Tuna y
KyKypy3bl onpefensaeTcs noBblleHHON SKkcnpeccuelt reHa Wox2a. MonynapHbii B AnoHun copt prca Koshihikari
NI0X0 pereHeprpyeT B KyNbType in vitro n3-3a HapyLUeHHOro MeTabosiM3mMa HATPATOB, TaK KaK OT/IMYaeTCs HU3KUM
YPOBHeM 3Kcnpeccun HUTpuTpepykTasbl (NiR), npeobpasytoLell HUTPUT B ammmak. lMobypeHune Kannyca, BCTpeyato-
Leeca Cpeamn MHOTUX BULOB PAaCcTEHUI U NMPUBOAALLEE K CHUMKEHMIO pereHepauroHHON CMOCOOHOCTH, Y COPTOB
puca (Oryza sativa ssp. indica) 3aBUcUT OT ypoBHA 3Kcnpeccum reHa Browning of Callus1 (BOCT), KoTopblil KogupyeT
6enok SRO (Similar to RCD One), perynupytowmin peakuuio pacTeHNA Ha OKUCIUTENbHDBIN CTpecc. AHaNorMyHble
paboTbl MO KAPTMPOBAHNIO NTOKYCOB [i/1A MPU3HAKOB COMATUYECKOro SMOPMOreHe3a y Cou NMo3BOSIMAN O6HaPYXNTb
MaxkopHble (major) QTL, obbAcHaAWYe 45 1 26 % W3MeHUMBOCTM Npr3Haka. MiccnenoBaHna no reHeTnyecKkomy
KapTUPOBaHMIO JIOKYCOB, BAVAIOWMX Ha 9GPeKTUBHOCTb pereHepaLnn 1 smbpuroreHesa y pekanbLUTPaHTHbIX BU-
[lOB pacTeHWI, UMeIoT OYeBMAHbIE NEPCMNEKTYBbI B CBA3M C MOABIEHMEM aHHOTUPOBAHHbIX pedepeHCHbIX FreHOMOB,
BbICOKOMPOV3BOANTENIbHOIO reHOTUMNPOBAHNA 1N FTEHETUYECKNX KapT C BbICOKMM pa3peLleHnem.

KntoueBble cnoBa: pacTeHus; in Vitro; reHOTUM-3aBUCMMan pereHepaums; pekanbLUTPaHTHOCTb; FreHeTUYeCKniA
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Introduction

In recent years, significant achievements in the field of plant
genome editing have contributed to the rising number of
new varieties and clones with introduced mutations that are
of interest for agricultural practice. In 2017, 20 crops were
reported to be improved using CRISPR/Cas9 technology
(Ricroch et al., 2017); by 2020, genome editing had been
applied to 40 crops in 25 countries to improve their yield
and resistance to biotic and abiotic stresses (Menz et al.,
2020). However, if we classify the current status of crop
genome editing projects into five sequential stages of de-
velopment and implementation: (1) discovery; (2) proof of
concept; (3) early development; (4) advanced development;
(5) commercialization, then by 2022, most such develop-
ments were in the “early development” stage, and only rice
genome editing was categorized as “advanced develop-
ment” (Pixley et al., 2022). The lack of new commercial
varieties improved using CRISPR/Cas9 is explained not
only by legal restrictions, but also by the fact that in most
cultivated plant species, only a small number of tested
genotypes are capable of regular and efficient development
of embryogenic and regenerative tissues under standard
in vitro conditions (Nam et al., 1997; Salvo et al., 2018;
Nivya, Shah, 2023; Nagle et al., 2024).

Recalcitrance in vitro is defined as the inability of plant
cells, tissues and organs to respond to manipulations in tis-
sue culture (Benson, 2000). Recalcitrance concerns not only
regeneration but also transformation efficiency: sometimes
successfully regenerating cells fail to be transformed using
Agrobacterium, and vice versa, successfully transformed
cells fail to regenerate. The failure of plants to effectively
regenerate and/or transform represents the most significant
limitation for transgenesis and genome editing in crops
(Altpeter et al., 2016).

The traditional approach to overcoming plant recalci-
trance in vitro is to work on optimizing external factors, in-
cluding the composition of the basal medium, pH, lighting

conditions, types of explants, etc. In most cases, the plant
cell development program is changed by adding growth
regulators (auxins and cytokinins) to the medium. In this
case, the choice of growth regulators, their arrangement
and time of exposure are usually determined empirically
for each species and are often adjusted for each genotype
(Altpeter et al., 2016). At the same time, research aimed at
identifying the genetic and epigenetic mechanisms control-
ling somatic embryogenesis and callus formation has made
it possible to manipulate these processes more finely using
hormonal signals (Maren et al., 2022).

Significant progress in the technology of transforma-
tion of monocots and recalcitrant dicot species has been
achieved by manipulating so-called “morphogenic genes”
to reprogram somatic cells to initiate embryogenesis. Such
morphogenic genes include, in particular, key regulators of
the development and determination of meristematic cells,
such as Baby Boom (BBM), Wuschel (WUS) and Wuschel-
Related Homeobox (WOX) (Chen Z. et al., 2022).

The development of “reverse” genetics methods has
led to the fact that today several dozen such morphogenic
genes that regulate the growth and development of plants
in vitro are known. The term “fine-tuning” has appeared in
the scientific literature, meaning precise adjustment of the
expression level of key morphogenic genes, ensuring suc-
cessful transformation and regeneration of plants (Maren
et al., 2022). For example, applying such adjustments to
the expression of the BBM and WUS2 morphogenic genes,
it was possible to induce somatic embryogenesis and
regenerate fertile transgenic plants of corn, sorghum and
sugarcane from calli of an immature embryo (Lowe K. et
al., 2016). In this particular study, low expression of the
WUS2 gene under the low-efficiency monocot nopaline
synthase promoter (Nos:ZmWUS2) was combined with
increased expression of the BBM gene under the “strong”
maize ubiquitin promoter (ZmUbi:ZmBBM). As a result of
such tuning of the expression of two morphogenic genes in
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maize, it was possible to obtain transformed fertile plants
from 40 % of the calli of the inbred line Pioneer PHH5G,
which had previously not been transformed using bioballis-
tics or agrobacterium. For maize, 53 potential morphogens
have been described to date that affect the efficiency of
regeneration and transformation, and manipulation of the
most effective of them — transcription factors ZmWINDI
and ERF/AP2 — allows increasing the frequency of callus
formation by 60.22-47.85 % and transformation by 16.56—
37.2 %, depending on the genotype (Jiang et al., 2024).

Dozens of similar examples of successful manipulation
of morphogenic genes expression for efficient transfor-
mation of agricultural crops (corn, rice, wheat, triticale,
barley, sorghum, soybean, beet, rapeseed, tomato, pepper,
potato, turnip, grapes) (Chen Z. et al., 2022) indicate that
the development of protocols for genotype-independent
transformation and regeneration of crop plants may eventu-
ally become not so much an art as a technology. However,
this requires knowledge of the genetic factors influencing
somatic embryogenesis, the formation of embryogenic
callus and the regeneration of various types of cultivated
plants in vitro. The search for them using the classical
QTL mapping for traits of callus formation efficiency,
regeneration, transformation in segregating populations
is considered a complex and labor-intensive process due
to the specific nature of the analyzed phenotypes and the
strong genotype-environment relationship affecting the
plant’s responsiveness to manipulations in vitro (McFarland
etal., 2023).

The purpose of this article is to review the methodology,
prospects and most impressive achievements of forward
genetics in identifying genetic determinants of recalcitrance
in the most popular and at the same time most difficult to
work with in vitro cereal and legume crops.

Mapping of loci that negatively

affect the regeneration of cereal crops

The issues of low regenerative capacity of explants in vitro
and genotype-dependent transformation of cereals have
received the most attention in the literature because these
crops provide the majority of calories consumed by human-
ity (Chen Z. et al., 2022). In many important cereals such
asrice, wheat, barley and maize, embryogenic regenerating
callus cultures have been limited to a few genotypes for
several decades, restricting the possibilities of breeding
these crops using biotechnology (Kausch et al., 2021).

A good example is the search for loci that determine the
genotype-specific regenerative capacity of inbred maize
lines (McFarland et al., 2023). Several maize genotypes,
namely H99 (Duncan et al., 1985), B104 (Frame et al.,
2011) and LH244 (Altschul et al., 1990), are capable of
forming slow-growing, compact, highly heterogeneous
embryogenic type I callus in vitro. From a biotechnological
point of view, it is much preferable to work with embryo-
genic callus type 11, which is looser, proliferates rapidly, has
high embryogenic and regenerative capacity. This type II
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callus was identified in a single inbred line A188 more than
40 years ago (Green, Phillips, 1975). Since then, despite an
active search for new maize lines suitable for manipulation
in vitro, highly embryogenic type II callus has remained a
specific attribute of a single genotype A188 and its deriva-
tives (McFarland et al., 2023). Numerous attempts to opti-
mize the composition of the culture medium have allowed
some increase in the efficiency of callus formation and
regeneration of fertile transgenic plants (Gordon-Kamm et
al., 1990). However, effective regeneration of transgenic
maize plants was achieved only for a few genotypes that
were of little interest from an agronomic point of view
(McFarland et al., 2023).

In response to the challenge from practical selection,
a breeding program was initiated in the 1970s to obtain
“culturable” lines of maize by crossing the unique line
A 188 with the inbred line B73, which was valuable from
a selection point of view, but recalcitrant in in vitro culture
(Russell, 1972). As a result of a series of recurrent back-
crosses, lines were obtained with an introgressive fragment
A188 on chromosome 3, which determines regeneration
ability (Armstrong et al., 1992). Another decade later,
through additional crosses, it was possible to obtain “cultur-
able” lines that inherited only 15 % of their genome from
A188 (Lowe B.A. et al., 2006). At this stage, it was still
not possible to identify the causative gene, but molecular
markers linked to it were identified. With the publication
in 2009 of the reference genome of the B73 maize line,
as well as the advent of high-throughput genotyping tools
(lumina 55k Maize SNP Chip), it became possible to
conduct more accurate QTL mapping for the trait “ability
to form embryogenic callus in in vitro culture”, using the
same material from crossing contrasting parents A188 and
B73, converted into almost isogenic and double haploid
lines. As a result, the desired interval on chromosome 3
was narrowed to 3,035 Gb (Salvo et al., 2018).

In 2023, following a series of additional backcrosses
and with the help of the annotated reference genome of the
parental line B73, 93 potential candidate genes were iden-
tified. Based on the results of their transcription analysis
using the RNAseq method, three most likely candidates
were identified, the increased expression of which in ex-
plants was achieved using vectors with a “strong” maize
ubiquitin promoter (ZmUbil), and this made it possible to
assess the effect of the expression level of potential candi-
date genes on the development of embryogenic callus. As
a result, the Wox2a gene was identified for the first time,
underlying the QTL for the ability to form embryogenic
callus, which was mapped in the population of offspring
from crossing the inbred maize lines A188 and B73. The
differences in the structural part of the Wox2a gene in
the contrasting parental genotypes were minimal, but the
promoter region coincided only by 69 %. It was concluded
that the increased expression of the Wox2a gene could be
the cause of the formation of type Il embryogenic callus
in the A188 line (McFarland et al., 2023).
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Another example of successful cloning of a gene affect-
ing regeneration and embryogenesis has been described in
rice, for which an efficient in vitro system had previously
been developed in model varieties such as Nipponbare
(Oryza sativa ssp. japonica) and Kasalath (O. sativa
ssp. indica). However, many leading rice varieties used for
food production in Japan, such as the Koshihikari variety,
had low regeneration capacity of mature embryo in vitro,
which was a serious obstacle to the efficient production of
transgenic plants (Nishimura et al., 2005). The recalcitrant
genotype Koshihikari formed calli that invariably turned
brown in tissue culture and never gave rise to green shoots.
The contrasting genotype Kasalath, used for crossing with
Koshihikari, on the contrary, was distinguished by the
ability to form viable calli from which new shoots were
successfully regenerated.

The trait “regeneration ability” (the number of shoots
regenerated from the callus) was mapped using a popula-
tion of 99 progeny of the BCF; generation using 262 PCR
markers regularly distributed over 12 rice chromosomes.
Four significant QTLs were mapped on chromosomes 1, 2,
3 and 6, and at all these loci, Kasalath alleles had a positive
effect on the regeneration ability of plants. The QTL on
chromosome 1 showed the greatest effect, was designated
as PSR1 (Promoter of Shoot Regeneration 1) and was
subjected to fine map-based cloning using 3,800 recombi-
nants of the BC5F, generation. The desired chromosomal
interval was narrowed to 50.8 kb, but to identify the PSR1
gene, it was necessary to construct a BAC (Bacterial Arti-
ficial Chromosome) library from the genomic DNA of the
Kasalath variety, in which the BHAL1S5 clone covering
the desired region of the genome was identified. Next,
several sequences covering possible candidate genes were
subcloned from BHAL15 and used to transform calli of the
recalcitrant Koshihikari genotype. One of these subclones,
12.2 kb in size, overlapping the sequence of the candidate
gene NiR encoding ferredoxin-nitrite reductase, restored the
regenerative capacity of Koshihikari calli and, on this basis,
was identified as the causative gene for the trait in question.

Comparison of the NiR gene sequences in the Koshihikari
and Kasalath varieties revealed several SNPs and InDels,
especially in the promoter region of the gene. The muta-
tions found in the structural part of the gene led to only
two conservative amino acid substitutions in the encoded
protein; on the other hand, the expression level of this gene
in the recalcitrant Koshihikari variety was 2.5 times lower
than in the Kasalath variety. It is also interesting that in
the Koshihikari variety, in addition to the full-length NiR
transcript, a transcript with a retained (third) intron was also
detected. Reduced NiR expression in Koshihikari appar-
ently led to a disruption of nitrate metabolism in this rice
variety, since in this metabolic pathway nitrate reductase
catalyzes the reduction of nitrates to nitrites, and nitrite
reductase (NirBD) converts nitrite to ammonia. Disrupted
nitrate metabolism probably caused the low embryogenic
capacity of Koshihikari rice calli.

2025
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pacTeHuin in vitro y 3epHOBbIX 1 6060BbIX KynbTyp

Another example of positional mapping of recalcitrance
loci in rice concerns the callus browning effect in vitro,
which is typical to the widespread varieties of O. sativa
ssp. indica (Zhang K. et al., 2020). Callus browning occurs
in many plant species and results in reduced regenerative
capacity, poor in vitro growth, and plant death (He et al.,
2009). The use of antioxidants, adsorbents, low salt con-
centrations and growth regulators can reduce the effects of
callus browning to some extent, but there is no universal
solution to this problem (Zhang K. et al., 2020).

To search for loci responsible for callus browning in
rice, a population of offspring was created by crossing the
YJCWR genotype of the wild species O. rufipogon Griff.,
which is relatively resistant to callus browning (donor),
and the elite variety Teqing (O. sativa ssp. indica) (recipi-
ent). In the population of hybrids, the YIL25 progeny line
was isolated, in which the callus browning frequency were
significantly lower than in Teqing, while in the YIL25 line,
introgressions from the donor parent YICWR were found
on chromosomes 2, 3, and 5.

Backcrossing of the YIL25 line with the recipient parent
Teqing yielded a population of 198 BC|F, lines, which were
genotyped using microsatellite markers and used to map
the QTL for the callus browning trait. The QTL mapped on
chromosome 3 explained 14 % of the observed variability.
To map this QTL at a higher resolution, a fraction of BC|F,
lines heterozygous at the QTL interval were selfed, result-
ing in 6,377 recombinants. Their genotyping using SNP
markers allowed to narrow the QTL interval to 18.6 kb,
in which only one coding sequence, LOC 0s03g12820,
annotated with the reference genome (The Rice Genome
Annotation Project Database) was identified. Comparison
of the sequence of this gene in the parental lines Teqing
and YIL25, which were contrast in the analyzed trait, did
not reveal polymorphism in the structural part of the gene,
but a deletion of 337 bp, 1 bp and three SNPs were found
in the promoter region of the Teqing variety. The sequence
LOC_0s03g12820 was thus identified as a candidate
gene Browning of Callusl (BOCL1), which affects callus
browning.

A comparative analysis of the BOC1 expression level in
the parental genotypes YIL25 and Teqing showed an almost
twofold difference that reached its maximum values starting
from the 21st day of callus cultivation and did not appear
at earlier stages. Additional experiments on protoplasts
with constructs representing various variants of muta-
tions in the BOC1 promoter integrated into the pGreenll
0800-LUC vector made it possible to evaluate the effect of
these mutations on the expression level of the luciferase
reporter gene (LUC), and to establish that it is the insertion
of 337 bp in the BOC1 promoter in the YIL25 genotype,
resistant to callus browning, that significantly increases
the expression level of this gene in callus culture. It was
also found that the 337 bp insertion in the BOC1 gene
promoter is a transposon (Tourist MITE), and the presence
of this insertion not only reduces callus browning in rice
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varieties, but also increases the transformation efficiency
by 2.5 times.

At least 16 scientific publications devoted to genetic
mapping of QTL for recalcitrance traits in cereals were
published between 2000 and 2020, but only 6 of them
reported identified candidate genes (QTGs) as final results
(see review by Lardon, Geelen, 2020). The identification
of QTGs has not always involved the long and thorough
process of positional mapping of genetic loci with mul-
tiple crosses and obtaining thousands of recombinants.
For example, in barley, the only variety that can be trans-
formed by agrobacterium is Golden Promise (Hisano,
Sato, 2016).

To identify the loci that ensure the “cultivability” of this
variety, Golden Promise was crossed with the recalcitrant
genotype Haruna Nijo. A total of 3,013 immature embryos
were isolated from F, caryopses that were inoculated with
Agrobacterium tumefaciens carrying a plasmid with a re-
porter gene for resistance to hygromycin HPT (Hygromycin
PhosphoTransferase). Of the 3,013 inoculated explants,
293 formed calli on a selective medium, and 60 of these
calli regenerated into full-sized plants (Hisano, Sato, 2016).
DNA analysis of these 60 plants showed the presence of
the HPT transgene, and the fact that these plants regener-
ated from callus indicated that they inherited alleles from
Golden Promise at loci critical for transformation and
regeneration processes that the parent Haruna Nijo did not
possess. Such TFA (transformation amenability) loci were
identified on chromosome 2 (TFA2, TFA3) and chromo-
some 3 (TFAL), and the confidence interval of each of these
QTLs was, on average, 40 centiMorgan (cM).

The next step was to answer the question of whether
the genes of the transcription factors BBM and WUS2,
already known for cereals, were localized in these large
chromosomal intervals. For this purpose, the sequences of
these genes in maize were used to search for homologous
sequences in the barley genome, and it turned out that the
barley BBM homolog falls into the TFAZ2 interval, and the
WUS2 homolog falls into the TFAL interval (Hisano et al.,
2017). Although this study did not provide direct evidence
on the effect of the BBM and WUS2 morphogenic genes
on barley transformation efficiency, it was shown that in-
trogression of chromosome regions 2 and 3, where these
genes are localized, from the Golden Promise variety into
the desired barley genotype helps to achieve a transfor-
mation level of 15.5-23.7 %, which can be considered a
high result, since for the Golden Promise variety itself, the
transformation efficiency is approximately 30 % (Hisano
etal., 2017).

By using segregating populations from biparental
crosses, it is possible to map loci that have different alleles
only in a particular parent pair. With the advent of high-
throughput genotyping, it has become possible to analyze
the variability of traits associated with callus formation,
regeneration, and somatic embryogenesis in large samples
of unrelated genotypes using association analysis (GWAS,
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Genome Wide Association Mapping). So, 510 rice varieties
were genotyped using several thousand SNPs identified by
sequencing of this global sample with [llumina HiSeq 2000
(Zhang Z. et al., 2019).

An association study between SNPs and variability of
three callus formation traits was performed: callus induc-
tion rate (CIR), callus induction speed (CIS), and time
of the first callus appearance (TO). The first two traits
(CIR and CIS) were correlated with each other (r2 = 0.881),
while the correlation between TO and the other two traits
was low (-0.337 and 0.286). As a result, 88 significantly
linked loci were identified: 33 loci for CIR, 31 for CIS, and
24 for TO, with the identified loci for the three traits not
overlapping. Of'the total 88 loci identified, 21 were detected
within QTL intervals previously mapped for rice in other
studies. Among others, candidate genes CRL1, OSBMML,
and OsSET1, which are orthologs of the LBD17/LBD29,
BBM, and SWN genes in Arabidopsis, were proposed for
callus induction frequency, where the role of these genes
in callus formation has been previously demonstrated
(Boutilier et al., 2002; Chanvivattana et al., 2004; Fan et
al., 2012).

A similar genome-wide association study was conducted
for the callus induction frequency trait on 110 rice (ssp. in-
dica) accessions genotyped with 2,385,475 SNP markers
(Kamolsukyeunyong et al., 2024). A unique feature of this
study was that the trait was tested on three culture media:
B5 (Gamborg), MS (Murashige—Skoog), and N6 (CHU).
Notably, callus induction was affected by different loci
on different media: for B5, such a QTL was mapped to
chromosome 6, for MS, to chromosomes 2 and 6, on N6,
callus induction was affected by four QTLs, two on chro-
mosome 6, and two more QTLs on chromosomes 7 and 11.
As in the previous study, the intervals of mapped QTLs
did not overlap. This suggested that different genes may
influence successful callus induction on different culture
media. This noticeable example partly explains why QTL
mapping for traits associated with callus induction and
subsequent production of fertile transgenic plants is not a
popular area of research today — there are too many factors
that can affect the reproducibility of the results.

Another difficulty with association analysis is that GWAS
allows one to identify interesting patterns related to the
physiological mechanisms of the studied traits, but rarely
results in the identification of causative genes. More often,
genes in close proximity to a reliably associated SNP, or
haplotypes in an identified region of a chromosome that
differ in the manifestation of a trait, are proposed for sub-
sequent detailed study.

Mapping of QTLs for transformation efficiency

and callus formation ability in legume crops
Widespread legumes of the tribe Phaseoleae (soybean,
beans, cowpea), as well as pea and guar, are recalcitrant
plants for in vitro culture, in contrast to some other legumes
like Medicago and Lotus (Nivya, Shah, 2023). In the most
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popular crop, soybean, the efficiency of regeneration and
transformation depends on a specific genotype and is ac-
ceptable for a few varieties, such as, for example, cv. Jack
(Yang et al., 2009) or Williams, Williams79 and Williams82
varieties (Xu et al., 2022).

Two features of the behavior of legumes in vitro have
been reported (Nivya, Shah, 2023). First, the regeneration
efficiency can be quite high, but only in the absence of
any transformation attempts that imply selective pressure.
The reasons for this phenomenon are unknown, although
optimization of transformation protocols may improve the
situation (Bekalu et al., 2023). Second, most published
experiments on legumes failed to demonstrate the inheri-
tance of transgenes or edited genes in the T1 generation
(Nivya, Shah, 2023). The reason for this low heritability
of transgenes is most likely the chimerism of regenerants,
in which the floral meristem cells giving rise to gametes
remain untransformed, which ultimately also explains the
low transformation efficiency.

Despite the obvious difficulties in overcoming the
recalcitrance of legumes in vitro, studies on mapping mor-
phogenic genes for this group of crop plants are very rare
and not comparable in scale with similar studies in cereals.

For example, soybean is a popular object of reverse
genetics of morphogenic genes (e. g., Chen F. et al., 2019;
Hao et al., 2019), but only two studies on QTL mapping
in biparental populations are known: for traits of somatic
embryogenesis efficiency (Song et al., 2010) and callus
induction (Yang et al., 2011). In the first study, a popula-
tion of 126 recombinant inbred lines (RILs) from a cross
between Peking (higher somatic embryogenesis capacity)
and Keburi (low capacity) was generated. The population
was genotyped with microsatellite markers and highly
significant QTLs were mapped to chromosome C2(6) for
the somatic embryogenesis frequency trait, explaining a
very high percentage of the observed variability — 45.2 %
(Satt307) and 25.97 % (Satt286). Such a significant effect
may indicate the presence of so-called major QTLs in these
intervals of chromosome 6 in soybean. Additional QTLs
with less pronounced effects (67 %) were identified on
chromosomes “H” and “G”, which correspond to chromo-
somes 12 and 18 according to the current nomenclature
(https://www.soybase.org/about/lgs and chromosomes/).
The second QTL mapping study for the callus induction
frequency (CIF) trait was performed on a population of
RILs from a cross between Kefeng (CIF = 0.69) and Nan-
nong (CIF = 0.86). The most significant QTL for this trait
was mapped to chromosome 14 (B2) and explained 16.6 %
of the observed variability (Song et al., 2010).

An example of a genome-wide association study
(GWAS) for in vitro culture-related traits in legumes has
been published for peanut (Luo et al., 2024). To identify
accessions with potential for regeneration, the authors
compared the genotyping results of 353 peanut accessions
from 26 countries with their ability to form embryogenic
callus in vitro. Embryos isolated from sterilized seeds
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were placed on MS medium with vitamins, and explants
were subcultured onto fresh medium every 4 weeks. It is
reported that after the sixth passage, the physiological state
of'the callus began to stabilize, and the number of calli was
recorded in the seventh, eighth, and ninth subculture each
(T7, T8, and T9, respectively).

The analyzed trait, callus formation frequency, was
designed as the ratio of the number of formed calli to the
initial number of explants for each passage separately.
864,179 SNPs and 71,052 InDels were used for popula-
tion genotyping. The correlation coefficient between the
callus formation frequency in the T7, T8 and T9 subcul-
tures varied from 0.56 to 0.61. As a result of the GWAS,
23 significantly associated SNPs were identified for the
T7 subculture, 30 SNPs for T8, and 8 SNPs for T9. An
important fact is that in this study, the same interval on
chromosome 13 containing several SNPs associated with
the trait was identified for all three passages. This fact may
indicate the presence of a major QTL on chromosome 13 in
peanut. The most reliable SNP in this region of the chromo-
some was identified in the gene encoding peroxisomal ABC
transporter 1, which affects plant growth and development
processes (Baker et al., 2015).

Another SNP from the same interval introduced an
amino acid substitution in the Arahy.MIX90M gene enco-
ding auxin response factor 19. The confidence interval on
chromosome 13 also included SNPs in close proximity
to the gene encoding the MYB transcription factor. In
maize, genes of this family are involved in the formation of
embryogenic callus via gibberellin signaling (Ge et al.,
2016).

Problems and prospects in searching
for genetic determinants of recalcitrance
in plants using QTL mapping
Mapping of QTLs controlling regeneration and transfor-
mation capacity is currently not a widely used research
approach for overcoming in vitro recalcitrance in plants.
The main reason is that mapped QTLs are often specific to
particular experimental conditions, thus the results depend
on the specific culture medium in which the explants are
grown or on the specific stage of explant development at
which the trait variability begins to manifest itself. Often,
the identified QTLs reflect polymorphisms inherent only
to a particular parental pair, and QTL mapping does not
always result in the identification of a candidate gene.
Nevertheless, it is clear that the low regeneration and
transformation efficiency of many crop species severely
limits the potential of CRISPR-Cas technology to improve
the agronomic performance of agricultural crops. Experi-
ence shows that knowledge of key genes encoding “global”
transcription factors, the expression of which is capable of
stimulating cell proliferation, makes it possible to solve
this problem using biotechnological methods. An example
of such an approach is the work of J.M. Debernardi et al.
(2020), who created a construct expressing a chimeric pro-
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tein combining the transcription factor Growth-Regulating
Factor 4 (GRF4) of wheat and its cofactor GRF-Interacting
Factor 1 (GIF1). GRF factors mediate interactions between
proteins and between proteins and DNA, and GRF genes
are highly conserved in angiosperms, gymnosperms, and
mosses, indicating their fundamental importance for growth
and development processes (Omidbakhshfard et al., 2015).

Expression of the chimeric GRF4-GIF1 protein in tetra-
ploid wheat calli increased regeneration by 7.8 times and
significantly reduced the time required to obtain regener-
ants. The same effect was observed when transforming
triticale and rice calli with the same GRF4—-GIF1 construct
(Debernardi et al., 2020), as well as in experiments with
barley (Timonova et al., 2023). J.M. Debernardi et al.
(2020) also showed that homologs of the wheat GRF4-
GIF1 genes expressed in the epicotyl of Carrizo citrus
(a hybrid of Citrus triptera x C. sinensis) also increased
regeneration by 4.7 times compared to explants transformed
with a vector without the GRF-GIF insert. This shows that
this approach can also be used to overcome recalcitrance in
dicotyledonous species, in particular, in legumes.

In soybean, for example, 22 genes of the GmGRFs
(Glycine max GRFs) family have been identified to date,
localized on 14 chromosomes (Chen F. et al., 2019). An-
other family of transcription factors, WUSCHEL-related
homeobox (WOX), is represented in soybean by 33 genes,
and out of 19 soybean chromosomes, these genes are absent
only on one chromosome, 16 (Hao et al., 2019). In this
regard, experiments on QTL mapping of regeneration and
transformation efficiency would help to find out which
genes of these families of “global” transcription factors
have the greatest effect on plant regeneration in culture. For
example, the above-mentioned study on mapping a QTL
in soybean that explains 26 % of the variability in somatic
embryogenesis frequency (Song et al., 2010) indicates the
presence of possible candidate genes on chromosome 6 in
the region of the microsatellite marker Satt286 (physical
position ~16,171,913 bp). One of the GRF family genes,
the GMGRF5 gene (Glyma.06G134600), is located at a
physical distance of ~5 Mb from the Satt286 marker, at a
position of ~11,067,587 bp. Considering that the average
genetic distance between markers on the used map was
28.4 cM, linkage between the Satt286 marker and the
GMGREFS gene can be assumed.

Genetic mapping is by no means the only way to identify
morphogenetic regulators; today, multi-omics approaches
are also used to search for them. For example, X. Liu et
al. (2023) identified 446 key transcription factors regulat-
ing callus induction in wheat by combining three omics
approaches at once: RNA-seq, ATAC-seq (Assay for
Transposase-Accessible Chromatin using sequencing) and
CUT&Tag (Cleavage Under Targets and Tagmentation).
Based on the results of transcriptome profiling and analy-
sis of the dynamics of epigenetic changes accompanying
the process of regeneration from immature wheat embryo
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of Fielder variety, the authors identified two new genes,
TaDOF5.6 and TaDOF3.4, the overexpression of which
significantly increased the induction of callus and the ef-
ficiency of transformation in the wheat varieties Fielder,
IJM22 and Kenong 199.

Today, based on available resources, researchers have
the opportunity to choose between a multi-omics approach
to find factors influencing the efficiency of regeneration
and transformation of the plants they work with, and the
classical method of mapping these factors in segregating
populations. The latter still seems less expensive, so studies
on genetic mapping of regeneration and embryogenesis effi-
ciency QTLs in recalcitrant species have obvious prospects.

Conclusion

Annotated reference genomes available for many crop
species, as well as modern genotyping and high-resolution
genetic mapping capabilities, can significantly simplify the
search for genes, the expression level or allelic polymor-
phism of which influences plant behavior in vitro.
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Optimization of technology steps
for obtaining white cabbage DH-plants
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Abstract. White cabbage is one of the economically important crops among the representatives of the genus Bras-
sica L. To create highly productive F; hybrids with improved characteristics, the breeders need genetically diverse
breeding material, which takes a long time to produce. It is possible to significantly accelerate this stage of breeding
by obtaining doubled haploids (DH-plants). The lack of standardized, efficient and reproducible protocols for in vitro
cultivation of different plant species, covering several factors and their interactions, often hinders the practical imple-
mentation of the method. Plant material, cultivation conditions and composition of nutrient media are determinants
of embryogenesis efficiency. As a result of this study, the protocol for obtaining doubled haploids in in vitro culture
of isolated microspores was optimized for late maturing white cabbage. The optimal bud size for introduction into
in vitro culture varied from 3.5 to 5.0 mm. For the studied genotypes, the combined effect of high-temperature stress
at 32 °C for 48 h and pH 5.8 stimulated the highest embryoid yield. The use of 3.5 g/L phytogel as a gelling agent was
not effective. The use of flow cytometry allowed for separation of doubled haploids (69.8 %) from haploids (8.4 %),
triploids (1.5 %) and tetraploids (20.3 %) at an early stage of development. Molecular genetic analysis with polymor-
phic microsatellite loci (SSR-analysis) confirmed the haploid origin of the diploid regenerant plants.

Key words: white cabbage; Brassica oleracea L.; DH-plants; in vitro microspore culture; androgenesis; doubled hap-
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OnTuMm3anydg 3TarloB TeXHOJIOTUN ITOJTYUYEeH IS
DH-pacTeHuii KarycTbl 6e/I0KOUaHHO

A L. Munenkuna (12, K.C. Crebunukas (%), M.I. ®omnuesa (%), A.A. Boupapesa, A.C. Aombanaec, E.A. Aombanpec @

DepfiepanbHblii HayUHbI LEEHTP OBOLLEBOACTBA, Noc. BHUMCCOK, OguHLuoBCKuin panoH, MockoBckas obnacTtb, Poccus
@ edomblides@mail.ru

AHHoTaumAa. OgHa 13 SKOHOMUYECKUN Ba)KHbIX CENTbCKOXO3ANCTBEHHbIX KYNbTyp Cpean npefacrasutenen poaa Bras-
sica L. — kanycTta 6enokoyaHHas. [inA co3aaHUA BbICOKOMPOAYKTUBHbIX F; rmbpraoB ¢ ynyylleHHbIMU noKasaTens-
MU HeobxoArMa reHeTuyecky pasHoobpasHaa 6a3a BbIPOBHEHHOro MaTepurarna, MosiyyeHne KOTOporo 3aHMMaeT
NPOJOMKNTENIbHYIO YaCTb CENeKLMOHHOro npolecca. YCKOpWTb 3TOT 3Tan Cenekymm MOXKHO 3a cYeT nosyyeHus
yABOeHHbIX rannovpos (DH-pacteHuin). OTCyTCTBME CTaHAAPTU3NPOBAHHDBIX, SGPEKTUBHbBIX 11 BOCMPON3BOANMbIX
NPOTOKOMNOB ANA KYyNbTUBUPOBAHWA in Vitro pa3HblX BUAOB PACTEHUI, OXBATbIBAOWMX HECKOSIbKO $GakTOpPOB U UX
B3aVIMOJENCTBIME, YaCTO NPENATCTBYET NPaKTUYeCKon peanvsaymm metofa. PactutenbHbi maTepuan, ycnoBua Kysib-
TUBMPOBAHMA 1 COCTAB NUTATENbHBIX CPef ABNSAITCA onpeaenaLwmumn paktopamm 3GpPeKTBHOCTY SMOpUOreHesa.
B pesynbTate npoBefeHHOro nccnefoBaHna ONTUMN3MPOBAH NPOTOKOS NOJSTyYeHNA YABOEHHbIX raniongos B KyJb-
Type M30MPOBaHHbIX MUKPOCHOP in Vitro Ana KanycTbl 6eI0KOYaHHOW MO3AHECNeNoro cpoka cospeaHua. Ontu-
MaJibHbI pa3mep OYyTOHOB MO3AHeCNeNon KanycTbl 6enokoyaHHON ANA BBeAEHUA B KYNbTypy in vitro BapbrpoBan
oT 3.5 10 5.0 MM. 15l M3yYeHHbIX FeHOTUMOB KanycTbl 6e/I0KOYaHHON COBMECTHOE BAINAHME BbICOKOTEMMEPATYPHOTO
cTpecca npu 32 °C B TeyeHne 48 4 1 pH nutatenbHo cpefbl 5.8 cnoco6cTBOBaNo HanbosnbLLeMy BbIxofy 3MOpUO-
MIO0B. 3a CYET CMOosb30BaHNA NnaTGopMbl-LIelikepa Npu pexxnme 40 06./MUH JOCTUFHYTO YCKOPEHME Pa3BUTUA SM-
6promnaoB fo ceMAaonbHONM CTaann Ha 7-10 cyTok. bnarogapsa nofobpaHHOMY KOMMIEKCY YCNOBUIA ANA YCNELHOro
ambpuroreHesa 13 MUKPOCMOP KamnycTbl 6eIOKOYaHHOW AOCTUTHYT BbIXOh dSMOpronaos Ao 273.6+32.2 wr./yawky
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for obtaining white cabbage DH-plants

MeTpw. MpumeHeHMe NPOTOYHOW LUTOMETPUU MO3BONMIO OTAENUTb YABOEHHbIe rannoungbl (69.8 %) ot rannonaos
(8.4 %), Tpynnonpos (1.5 %) n TeTpannongos (20.3 %) Ha paHHeln cTagmu pa3BuTMA. MonekynapHo-reHeTuYeCcKnia
aHanu3 C NCNonb30BaHNEM MUKPOCATENIUTHbIX MapkepoB (SSR-aHanv3) noaTBepAun raniongHoe NpoucxoxaeHne

AnnnonaHbIX paCTeHmM—pereHepaHTos.

KnioueBble cnoBa: Kanycta 6enokouaHHas; Brassica oleracea L.; DH-pacTeHuns; KynbTypa MUKPOCTOP in Vitro; aHapo-
reHes; yABOEHHble ranjounabl; KUCIOTHOCTb NUTaTeNIbHOW Cpefbl; NnaTdpopma-Lueiikep; MeTof NPOTOYHOW LUTOMET-

pvn KneTouHbix agep; SSR-aHann3

Introduction

Among the variety of vegetable crops belonging to the genus
Brassica L., the most popular among consumers is white
cabbage (Brassica oleracea L. var. capitata). In the Russian
Federation this crop accounts for 14.3 % of the area occupied
by vegetable crops in the open field. In the recent years, im-
port substitution is a pressing issue in the Russian Federation.
The Doctrine of Food Security of the Russian Federation (the
document was approved by Presidential Decree No. 20 of
January 21, 2020) strategic plan includes the task of expand-
ing export potential in the vegetable growing industry. In this
regard, vegetable producers have a great need for F; hybrids,
as they are economically advantageous for cultivation in terms
of quality and resistance to adverse environmental factors.

Genetic homogeneity of parental lines is required for the
development of hybrids. It can be achieved by inbreeding
over several generations. Since the white cabbage is a cross-
pollinated crop with a two-year development cycle, it takes
12-14 years to obtain a homogenous line by conventional
breeding.

In vitro culture of isolated microspores is one of the ad-
vanced biotechnological tools for obtaining homozygous
lines — doubled haploids. This technology enables to achieve
homozygosity in one generation. Due to genetic homogeneity,
doubled haploids can be used not only in practical breeding,
but also for basic research, for instance, for genetic transfor-
mation and induced mutagenesis.

The first successful experiments on the cabbage microspore
culture were carried out in the early 1980s (Lichter, 1982).
Then, a basic protocol for rape microspore culture was deve-
loped, which serves as a basis of DH technology for Brassica
plants (Pechan, Keller, 1988). At present, this technology is
being actively developed, but a high level of efficiency is
required for its full-fledged inclusion in the breeding process.
Plant genotype, cultivation conditions and nutrient medium
ingredients are determinants of the quality and quantity of
plant material obtained in any in vitro cell culture protocol.
Many strategies have been implemented worldwide to improve
cell culture protocols for plants of the Brassicaceae family.
Important advances have been observed in all major members
of the genus Brassica. Due to the high responsiveness of some
species, the main factors that have impact on the induction
of embryogenesis in B. napus (Weber et al., 2005), B. rapa
(Ferrie et al., 1995; Gu et al., 2003; Shumilina et al., 2020),
B. carinata (Barro et al., 2003), B. juncea (Prem et al., 2008)
have been studied. For white cabbage, such studies are sparse
due to lower responsiveness in different genotypes and low
embryo yield (Cao et al., 1990; Rudolf et al., 1999; Bhatia
etal., 2018).
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It is known that the in vitro culture of isolated microspores
is based on the ability of microspores to switch from the
gametophytic to the sporophytic developmental pathway
under the influence of certain factors. For plants of the genus
Brassica, this ability is observed in microspores at the late
one-cell stage and in pollen grains at the early two-cell stage
(Pechan, Keller, 1988; Kott, 1998). In more recent studies,
the viability of microspores and the embryoid yield have been
shown to be dependent on the bud size, which helps to reduce
the selection time when a large amount of plant material is
being processed (Takahata, Keller, 1991; Bhatia et al., 2018;
Kozar et al., 2022). The proper selection of the bud size en-
sures the homogeneity of the microspore population in terms
of developmental stage, which is key to the success of this
technology (Cristea et al., 2020).

Other key factors affecting the induction of embryogenesis
are bud cold pretreatment and microspore heat shock during
the first days of cultivation (Takahata, Keller, 1991; Bhatia et
al., 2018). In all tested protocols, temperature shock initiated
microspore division. According to studies (Pechan, Smykal,
2001), temperature treatment at 32 °C for 1-4 days is a re-
quired condition for microspore induction in B. napus. Thus,
the combination of cold pretreatment (4 °C) for 1 or 2 days
and heat shock (32.5 °C) for 1 day significantly enhanced
microspore embryogenesis in broccoli (Yuan et al., 2012),
and 32.5 °C for 1 or 2 days was optimal for white cabbage
(Yang et al., 2013).

The liquid nutrient NLN medium with 13 % sucrose was
developed in 1982 (Lichter, 1982) and has been used in mi-
crospore cultivation protocols for multiple cultures. Studies
have shown that the acidity of the medium has a significant
influence on embryogenesis. pH varies between 5.6 and 6.6 for
different genotypes of cabbage cultures (Yuan et al., 2012). To
increase the viability of induced microspores and developing
embryoids, it is also beneficial to add activated charcoal to
the medium (Prem et al., 2008).

An unambiguously positive response was observed when a
shaker platform at 40 to 50 revolutions per minute was used
for culturing microspores on the liquid medium. This increased
the formation of Brassica rapa L. ssp. chinensis embryoids
by 11.6-69.37 %, as well as shortened the culturing time
by 1-4 days and accelerated plant regeneration (Yang et al.,
2013). It is also important to support further embryoid and
plantlet development. MS solid medium (Murashige, Skoog,
1962) is most commonly used for propagation, while S. Yuan
and colleagues (Yuan et al., 2012) use 1/2 MS medium with
50 % salt content for rooting (Yang et al., 2013).

The procedure for obtaining DH lines includes two main
steps: induction of embryogenesis and chromosome doubling.
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The second step is necessary for the practical application of the
obtained regenerants, since plants are sterile before genome
doubling. At present, the mechanism underlying spontane-
ous chromosome doubling is unclear in many cases, and its
efficiency varies greatly among species and cultivars of the
same species (Kasha, 2005). A study by J.C. da Silva Dias
and coauthors found 43-88 % spontaneous diploidization
in broccoli and 7-91 % spontaneous diploidization in other
cabbage species (da Silva Dias, 2003). Since plants with dif-
ferent ploidy can occur among regenerants, it is necessary to
analyze the ploidy level of all obtained plants.

Early studies have shown that embryogenic ability in
cabbage crops is generally a quantitatively inherited trait
controlled by several genes that varies among cultivars and
genetic groups (Zhang et al., 2003; Kitashiba et al., 2016; Ji
etal., 2023). Thus, the selected optimal factors for successful
in vitro cultivation of microspores are suitable for a particular
genotype. However, there is no universal cultivation protocol.
Identification and modification of potentially interacting fac-
tors would help to improve embryoid yield, which is particu-
larly important for low-responsive genotypes.

The aim of this study is to improve the basic protocol of
isolated microspore culture for late-maturing genotypes of
white cabbage by identifying optimal cultivation conditions.

Materials and methods

Material and growing conditions. Eight varieties of late-
maturing white cabbage (Brassica oleracea var. capitata L.)
from the collection of the LLC “Agrofirma Poisk™ (No. 2403,
2404, 2405, 2406, 2407) and FSBSI FSVC (No. 127, 303,
360) were used. All genotypes had a maturity period of 160
to 180 days from sprouting and represented valuable breeding
samples of different genetic origin, selected for economically
valuable traits.

Donor plants were grown in a climatic chamber at 19 °C,
illumination of 65 pmol - m2-s~1 and photoperiod of 16 h —
day, 8 h —night. Plant vernalization was carried out at 6 °C in
the dark for three months. At the end of vernalization, at the
acclimatization stage, the growing vessels with plants were
placed in a climatic chamber to obtain inflorescences. During
15-35 days, the temperature was gradually increased from
+8 °C to 16+2 °C under the regime of 16 h — day, 8 h — night
and illumination 65 pmol - m=2-s71,

Culture of isolated microspores in vitro. At the first stage,
buds containing the maximum number of microspores at
the stages potentially capable of embryogenic development
from late uninucleate to early binucleate were selected by
linear size. Stages were identified by staining anthers with
a differential dye (Alexander, 1969) and observing them
under an Axio Imager A2 microscope (Zeiss, Germany). A
microspore suspension was prepared from the selected buds
so that microspores from 1 bud were placed in 1 ml of NLN
medium (Lichter, 1982) with 13 % sucrose and pH 5.8; 6.0;
6.1; 6.2; 6.4, depending on the experiment. For this purpose,
buds were collected at the beginning of donor plant flower-
ing and sterilized for 30 s in 96 % ethanol. Then, they were
sterilized for 15 min in a sodium hypochlorite commercial
solution (“Belizna”, Russia) diluted by sterile distilled water
in a 1:1 ratio with the addition of Tween 20 (Panreac, Spain)

2025
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(1 drop per 100 ml of solution), followed by three 7 min
washes in sterile distilled water.

Sterile buds were placed in the glass flasks with the NLN
medium and magnets on a magnetic stirrer (BioSan, Latvia).
The resulting microspore suspension was passed through a
40 um nylon filter and then centrifuged at 920g for 5 min using
an Eppendorf 5804R centrifuge (Germany). Microspores were
washed twice. After isolation and washing, microspores were
placed in 60 mm Petri dishes. The sterile solution of activated
charcoal and agarose (Sigma-Aldrich, USA) (1 g of activated
charcoal per 100 ml of 0.5 % agarose solution) was melted
in a microwave oven. Then 3—-4 drops of this solution were
added to each Petri dish. Petri dishes were then incubated in
the dark at 32 °C shock temperature for 1, 2, 3 days, followed
by 25 °C incubation in the dark at 40 rpm in a shaker incubator
(New Brunswick Innova® 44/44R Eppendorf, Germany) until
embryoids reached the cotyledonary stage. All experiments
were performed in triplicate.

Plant regeneration. Embryoids that reached the cotyle-
donary stage were transferred to the solid MS medium with
2 % sucrose and 0.7 % agar, pH 5.8, supplemented with 1 mg/L
6-benzylaminopurine (6-BAP), 0.1 mg/L 1-naphthylacetic
acid (NAA), or 0.1 mg/L gibberellic acid (GA). Shoots were
subcultured every 4 weeks on the same medium without the
addition of growth regulators. The cultivation was performed
on racks under mixed illumination of two types of fluorescent
lamps: OSRAM Fluora L36W/77 (predominantly blue and
red spectrum) and Philips 36 W/54-765 (predominantly white
spectrum), at a total illumination of 24 umol -m=2-slat 16 h
day/8 h night and 24 + 2 °C.

Adaptation of plants to in vivo conditions. The regene-
rant plants with developed leaves, stems and roots were
transplanted into 8-cm-diameter pots with peat and perlite
(7:3) for adaptation to in vivo conditions. To improve adapta-
tion and maintain high humidity during the first week after
transplanting into the soil, the regenerant plants were covered
with perforated plastic transparent cups tightly adhering to the
substrate. Then the cups were gradually lifted and removed.
Adaptation took place in a climate room with the same pa-
rameters as for donor plants.

DNA extraction for PCR analysis from regenerant
plants of white cabbage. Young leaves of each plant were
ground in 200 pL of CTAB buffer using tungsten carbide
beads (3 mm in diameter) and a TissueLyser Il homogenizer
(Qiagen, Germany) (1560 oscillations/min, duration 1.7 min)
to a suspension. After grinding, 15 pL of proteinase K was
added to each sample. Further DNA extraction was performed
by CTAB method using Sorb-GMO-B reagent kit (Syntol,
Russia) according to the manufacturer’s protocol. The final
purity and concentration of total DNA were determined using
a spectrophotometer (Smart Spec Plus, Bio-Rad, USA). The
obtained ratio OD260/280 = 1.6—1.8 corresponded to the pure
DNA solution. Preparations of isolated DNA were stored in
a freezer at —70 °C.

PCR analysis of white cabbage regenerant plants. Nine
microsatellite loci (Table 1) with known primer sequences for
amplification showing a primer PIC of at least 0.5 (Tongug,
Griffiths, 2004; Louarn et al., 2007) were used for microsatel-
lite analysis.
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Table 1. Characteristics of microsatellite loci

Optimization of technology steps

for obtaining white cabbage DH-plants

Marker name Primer sequence Motive Annealing Fragment size/ Known
in GenBank temperature (Ta), °C  range allele number
BoDCTD1/ AGAAAGCAGACGGGA (aga)g 55.7 166/ 5
AF458409 TGGTTAAAGCGAAAGTGTGC 133-168

BoPLD2/ GACCACCGACTCCGATCTC (ct),(at);4 56.4 267/ 11
AF113918 AGACAAGCAAAATGCAAGGAA 258-273

BoAP1/ GGAGGAACGACCTTGATT (at)g4 56 138/ 6
U67451 GCCAAAATATACTATGCGTCT 136-150

BoCAM1/ GCTGATGTTGATGGTGATGG (ga)s 56 206/ 3
AJ427337 GCCGAAGCAGACAAATAAAAC 187-212

BoABI1/ TATCAGGGTTTCCTGGGTTG (te 55 172/ 2
AF180355 GTGAACAAGAAGAAAAGAGAGCC 164-190

BoKAH45TR/ ATTATGACGCCTGGTTTTA (ttg)s 50 269/ 5
BZ523957 ATTGGTTAGAAGTTATGGGAAC 231-272

BolAB19TF/ AAGCCACCTCACCTTAGCC (ga)g 55 258/ 13
CC969431 GAAATCCCAGAGACTGAAAACC 237-272

BoCALa/ TTGTAAATGTAAACAAAGGGG (at)s(ta)g 53 204/ 6
AF241115(1) CAAAATGAAACAATTCTCAGGG 202-237

BoCALb/ GTAATTCCTTGATAATTGC (ta)sq 46 236/ 2
AF241115(2) TCTGATTGGTTTTGATGTGTCC 237-242

Basic PCR was performed in a volume of 25 pL, including
1x PCR buffer B, 2.5 mM MgCl,, 0.25 mM of each dNTP,
0.3 uM of each primer, 1.5 units of Tag DNA polymerase
(Syntol, Russia) and 3 pL of DNA from each plant sample
tested. The C1000 Touch instrument (BioRad, USA) was used
for amplification. The basic amplification protocol consisted of
a denaturation step of 2-5 min at 92-95 °C; an annealing step
of 30 sec at temperatures from 52 to 58 °C; and an elongation
step of 30 sec to 1 min at 72 °C. The program was designed
for 35 cycles of amplification.

PCR products were separated by vertical electrophoresis
using the Mini-PROTEAN Tetra Cell system (BioRad, USA)
in a 6 % polyacrylamide gel. After electrophoresis, gels were
stained with SYBR™ Safe DNA Gel Stain (Invitrogen, USA)
according to the manufacturer’s instructions and documented
using the ChemiDoc XRS+ system (BioRad, USA).

The sizes of the amplified fragments were determined
by comparison with Thermo Scientific GeneRuler 100 bp
Plus DNA Ladder molecular mass marker (Thermo Fisher
Scientific Baltics UAB, Lithuania). The obtained digital
photographs of amplification products were analyzed using
ImageLab 3.0 software (BioRad, USA).

Ploidy determination by flow cytometry. Young healthy
leaves were chopped with a razor blade in 300 pL of Gal-
braith buffer (45 mM MgCl,, 20 mM MOPS, 30 mM sodium
citrate, 0.1 % Triton X-100, pH 7.0) on ice supplemented
with 50 pg/mL RNase I (Syntol, Russia). The sample was
then filtered through a 30 um nylon filter. Then, propidium
iodide (Sigma, USA) was added to a final concentration of
50 pg/mL. DNA content was determined by the fluorescence
intensity of propidium iodide staining on a Beckman Coulter
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CytoFLEX flow cytometer with the B2-RO-V2 kit (Beckman
Coulter, USA) with a 532 nm laser light source.

Histogram visualization and data processing were per-
formed using CytExpert 2.4 software (Beckman Coulter,
USA).

Donor plant diploid samples were used as an external stan-
dard to determine ploidy and DNA content. The ploidy was
determined by the index of the difference between the diploid
standard and the sample peaks:

Index = the average peak of the sample
NOEX= the average peak of the standard

DNA content (2C, pg) was calculated according to the for-
mula:
the average peak of the sample

€- the average peak of the standard * 2C of standard.

Statistical analysis. Statistical analysis was performed
using analysis of variance (one-way, two-way ANOVA) and
mean values were compared using Duncan’s multiple range
test (DMRT) with 95 % probability. Statistical analysis was
performed using Statistica 8.0 (Statsoft, www.statsoft.com).

Results

Stages of white cabbage embryogenesis

After isolation, white cabbage microspores were subjected
to high-temperature stress at 32 °C for 1-2 days, after which
microspore division was observed (Fig. 1a, b). For all studied
samples of late-maturing white cabbage, multicellular struc-
tures could be observed on day 15 of cultivation. Their further
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Fig. 1. Microspore division and embryoid formation in white cabbage.
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a - the first microspore division (day 1); b - day 2; c - day 3; d - day 6; e - globule formation (14 days); f - a suspensor-like structure.
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Fig. 2. Growth and development of white cabbage embryoids in the microspore culture in vitro.

a - a globular stage after 16 days of cultivation; b — heart-shaped stage after 20 days of cultivation; ¢ - heart-shaped stage on day 25; d - an embryoid at the
cotyledonary stage after 30 days; e — an embryoid with expanded cotyledons after 30 days of cultivation.

development could occur by different embryoid formation
pathways. The most common is the formation of globules by
dividing cells. Further, similar to zygotic embryoids in vivo,
during the transition to the heart-shaped stage, radial symmetry
changes to bipolar symmetry with the development of two
future cotyledons (Fig. 2). Another way of embryoid formation
is through suspensor-like structures. In such structures, we
observed transverse division of daughter cells, resulting in the
formation of a suspensor shaped as a long filament (Fig. 1f).
The embryoid formation pathways have been investigated in
more detail in other Brassicaceae crops in different studies
(Tang et al., 2013; Kozar et al., 2021).

Along with normal embryoids, in all genotypes we also
observed abnormally developed embryoids characterized by
the absence of cotyledons and hypocotyl (Fig. 3a, b), as well

as various twin forms (Fig. 3c—f). The percentage of abnor-
mal embryoids ranged from 1 % to 15 % depending on the
number of embryoids formed per Petri dish (embryoid yield).
The percentage of abnormal embryoids increased in highly
responsive genotypes.

The bud size affects embryogenesis efficiency

The predominant stage of microspore development in cul-
ture, which correlates with the bud size, was a determinant
of embryogenesis efficiency in white cabbage. It was noted
that it is impossible to determine a single optimal bud size
for all genotypes. Before introduction into in vitro culture,
it is necessary to determine for each genotype, which bud
linear size has the maximum percentage of microspores at
the optimal developmental stages for androgenesis induction,
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Fig. 3. Abnormal development of white cabbage embryoids in in vitro microspore culture.

a - an embryoid with no pronounced hypocotyl; b — an embryoid without formed cotyledons; c—f - conjoined twin embryoids.

Table 2. White cabbage embryoids yield in in vitro microspore culture depending on bud size

Genotype The number of embryoids, number/Petri dish (mean + SE)*
3.5-3.9 3.9-45 4.5-5.0 5.0-5.5

2403 Oa 10.85 £ 0.69¢ 0.50 +0.29b -

2404 16.00 + 4.00c 2.00 + 1.08b Oa -

2405 - Oa 243 +1.04b 0.11+0.11a
2406 - 22.25+491b 273.56 £32.21c 0.25+0.25a
2407 - Oa 1.33+0.88b Oa

127 - 136.50 + 17.97b 265.00£5.11c 2.50+0.50a
360 - 16.75 +0.75b 136.25 + 3.84c 1.00+0.71a
303 Oa 38.50 +0.65c¢ 4.00 = 1.58b -
Note.”-" - microspores at the optimal developmental stage were absent in the study variants.

* Here and in the Table 3: values in a row within a genotype with the same lowercase letter (a—c) are not significantly different with 95 % probability, according

to Duncan’s multiple range test.

since genotypes have different phenotypic features, including
bud form. A round or elongated form of the bud will have
a significant effect on the range of bud lengths suitable for
microspores isolation.

In preliminary experiments, it was determined that em-
bryoid induction per Petri dish was significantly reduced or
inhibited, if the bud length range exceeded 1 mm in a bud
sample. This was due to the fact that many microspores/pollen
grains were introduced into the in vitro culture, which died by
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day 10-14 of cultivation and had a toxic effect on the culture.
The male gametophyte stages optimal for embryogenesis were
in bud samples varying by 0.5 mm in length.

In eight genotypes, we isolated several bud groups differ-
ing in length and studied the embryoid yield (Table 2). For
all genotypes, the maximum embryoid yield was obtained
only in one of the groups, which confirms the need to select
buds by size with a variation of no more than 0.5 mm in the
sample. Only for genotype No. 2404 the optimum bud size
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was 3.5-3.9 mm. For two genotypes (No. 2403 and 303),
the optimum size was 3.9—4.5 mm, and for five genotypes,
(No. 2405, 2406, 2407, 127, 360) it was in the range of
4.5-5.0 mm. The highest embryoid yield was achieved for
genotype No. 2406 from the 4.5-5.0 mm buds and averaged
273.56 + 32.21 embryos/Petri dish (Table 2).

The effect of temperature treatment, pH of the medium
and their combined effect on microspores embryogenesis
No embryoids were formed when microspores were cultured
at a constant temperature of 25 °C in all genotypes used in the
study. Short-term 32 °C shock temperature treatment proved
to be a key factor in reprogramming microspores to the sporo-
phytic path of development with the formation of embryoids
for all studied white cabbage genotypes. The duration of high
temperature treatment had a significant effect on embryoids
yield. The maximum embryoid yield for genotype No. 2406
was achieved after 48 h treatment. One-day high temperature
treatment also initiated embryogenesis, but it was insufficient
for the majority of potentially embryogenic microspores in
the studied genotype (Supplementary Materials, Fig. S1)1. For
genotypes No. 127 and 360, the difference between embryoid
yield under high-temperature treatment for 24 and 48 h was
insignificant. When the treatment time was increased up to
three days, there was a significant decrease in embryoids yield
for all studied white cabbage genotypes (Fig. 4). The geno-
types characterized by low responsiveness had no embryoids
in this variant of the experiment (Table S2).

The use of the medium with different pH on four white cab-
bage genotypes showed a significant effect of medium acidity
on embryoid yield. At the same time, all genotypes responded
differently to the different pH (Table 3). In our experiments,
we used nutrient media with the most common pH values for
in vitro cultivation (Yuan, 2012) (5.8; 6.1; 6.4). Within each
genotype, we observed a significant shift in embryoid yield
relative to the pH of the medium. For genotypes No. 2403,
2405, 2407, the highest embryoid yield was achieved at pH
5.8. On the contrary, for genotype No. 2404, the medium with
pH 6.1 and 6.4 increased the embryogenesis efficiency more
than two times. Nutrient medium with pH 5.8 also promoted
embryoid formation for this genotype but to a smaller extent.

For genotype No. 2403, an experiment on the combined
effect of medium acidity and high-temperature treatment on
embryogenesis was conducted. Two-factor analysis of vari-
ance showed that both the factor of nutrient medium acidity
and the factor of high-temperature induction treatment, as well
as the interaction of both factors have a significant effect on
embryoids yield (Table S2). At the same time, the factor of
temperature induction treatment is the main one (the influ-
ence share of 45 %). Apparently, this is the factor that triggers
embryogenesis in the culture of isolated microspores. This is
confirmed by the absence of embryoids in all three variants of
the experiment with different nutrient medium acidity, if the
microspores were not subjected to high-temperature stress and
cultured at 25 °C. Temperature treatment at 32 °C promoted
microspore reprogramming to the sporophytic developmental
route and induced embryogenesis in all tested variants of nutri-

T Tables S1,S2 and Figures S1, S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Minej_Engl_29_4.pdf
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Fig. 4. The effect of the shock temperature treatment duration on
embryoids yield in the highly responsive white cabbage genotypes
No. 2406, 127, and 360 (from left to right: constant 25 °C, 24 h - 32 °C,
48h-32°C,72h-32°Q).

Table 3. The white cabbage embryoid yield
in in vitro microspore culture depending
on the nutrient medium pH

Genotype Number of embryoids obtained at different pH,
number/Petri dish (mean + SE)
5.8 6.1 6.4
2403 13.0£1.0a 3.5+25b 1.0+ 0.0c
2404 9.5+2.5b 21.0£8.0a 18.0x1.0a
2405 4.5+ 2.5a 23+0.9a 0.7+0.3b
2407 0.5+0.3a 0.5+0.3a 0b

ent medium acidity. At the same time, the highest embryoid
yield was achieved after 48 h high-temperature treatment at
pH 5.8. Increasing the duration of temperature treatment up to
2 days contributed to the increase of embryoid yield at pH 6.1,
but in a smaller extent. However, at a pH value of 6.4, the
duration of temperature treatment did not significantly affect
embryoids yield (Table S2).

The regeneration of DH plants from embryoids

Embryoids with cotyledons were first transplanted from liquid
medium to solid MS (Fig. 5a), supplemented with 20 g/L
sucrose, 7 g/L agar, BAP (1 mg/L), NAA (0.1 mg/L), and GA
(0.1 mg/L) to induce shoot formation (Fig. 5b). One month
later, the developing adventitious shoots were transplanted
for rooting onto the solid hormone-free MS medium contain-
ing 20 g/L sucrose and 7 g/L agar or 3.5 g/L phytogel. When
planted on the medium with phytogel, callus outgrowth at the
base of the shoot with no root formation was observed. On nu-
trient media with agar, shoots quickly grew a well-developed
root system (within 7-10 days) (Fig. 5¢).

Identification of regenerant plant ploidy

The regenerant plant ploidy was determined at the seedling
stage (5-8 leaves) by flow cytometry of isolated nuclei
(Fig. S2). The analysis of 163 regenerant plants of the six
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Fig. 5. The regeneration of white cabbage No. 2403 plants from embryoids and their adaptation to ex vitro conditions.

a - pembryoid outgrowth on MS medium; b - secondary embryogenesis; ¢ — rhizogenesis; d — adaptation to ex vitro conditions; e - the diploid plants (2n)
obtained from genotype No. 2403; f - the tetraploid plants (4n) obtained from genotype No. 2403.

Table 4. White cabbage regenerant plant ploidy

Genotype Number of analyzed plants, pcs.
n

2403 50 0.0
2406 25 0.0
2404 13 7.8
127 20 5.0
303 30 30.0
360 25 8.0
Total 163 8.4

white cabbage genotypes that successfully passed the adapta-
tion stage showed that the average percentage of haploids was
8.4 %, doubled haploids, 69.8 %, triploids, 1.5 %, tetraploids,
20.3 %. The genotypes noticeably differed by the occurrence
of different ploidy (Table 4).

Confirmation of haploid origin

of white cabbage regenerant plants

To confirm the haploid origin of diploid regenerated plants
from four samples (No. 2403, 2406, 303, 360) obtained

Ploidy level, (%)

2n 3n 4n
88.0 0.0 12.0
64.0 0.0 36.0
46.1 0.0 46.1
70.0 5.0 20.0
66.7 0.0 33
84.0 4.0 4.0
69.8 1.5 203

through the culture of isolated microspores, nine microsatel-
lite loci (AJ427337, AF180355, AF241115(1), AF241115(2),
AF458409, AF113918,BZ5223957,CC969431,U67451) that
had been previously successfully used for genotyping of white
cabbage were evaluated (Tongug, Griffiths, 2004; Louarn et
al., 2007; Domblides et al., 2020). Genetic differences between
the regenerated plants and the donor genotypes were not ob-
served in loci AJ427337, AF180355, and AF241115(1), where
only one allele was obtained for all donor plant genotypes
included in the study. More than four alleles were amplified
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Fig. 6. The electrophoregram of DNA amplification results of white cabbage plants with microsatellite locus AF458409.

Here and in the Figure 7: the numbers: 1-3 - donor plants of genotype No. 2406; 4-9 - diploid regenerant plants obtained in the isolated
microspore culture of No. 2406; 10-12 - donor plants of genotype No. 2403; 13-19 - diploid plants — regenerants obtained in the isolated

microspore culture of No. 2403.

Fig. 7. The electrophoregram of DNA amplification results of white cabbage plants by microsatellite locus U67451.

with primers for the CC969431 locus, which was more than
expected. Therefore, this marker was not taken for further dif-
ference assessment of the studied samples. Amplification with
loci BZ5223957 and AF241115(2) revealed a polymorphism
between donor plants and obtained regenerant plants only in
genotypes No. 2406 and 303.

A polymorphism in all four genotypes was identified in loci
AF458409, AF113918 and U67451. For example, amplifica-
tion of the AF458409 locus revealed three alleles for No. 2403
and two alleles for No. 2406 in donor plants, whereas only
one allele was observed in diploid regenerated plants (Fig. 6).

The U67451 locus showed two alleles in donor plants
No. 2406, 303 and 360 and three alleles in donor plants
No. 2403, while only one allele was present in regenerant
plants (Fig. 7).

The absence of identity in SSR profiles of donor plants and
regenerated plants was also observed for the microsatellite
locus AF113918, where regenerated plants had a reduced num-
ber of alleles in SSR profiles compared to their donor plants.

Thus, genetic analysis with use of microsatellite markers
enables to confirm the haploid origin of regenerated plants
from microspores. When analyzing the profiles of three
microsatellite loci AF458409, AF113918 and U67451, the
absence of similarity in SSR markers between donor plants
and regenerated plants was shown, and the reduced number
of alleles in DH plants of white cabbage was also observed.
In the case of implementation of in vitro culture of isolated
anthers to obtain DH plants, this stage of the technology

should be required to have 100 % accuracy, so that it is pos-
sible to separate true doubled haploids from diploid regener-
ated plants, which may have originated from anther somatic
tissues.

Discussion

Over the last decades, significant progress has been made in
the development of cell technologies for Brassica plants. They
are based on the optimization of cultivation conditions and
the application of manipulations that increase the embryoid
yield.

The selection of buds at the optimal stage of microspore
development determines the success of embryogenesis in
any in vitro cultivation protocol. According to literature data,
microspores at the late uninucleate and early bicellular stages
have the highest probability of embryoid formation in vitro
(Kott et al., 1988; Pechan, Keller, 1988). The stage of micro-
spore development correlates with bud size, which allows
us to select material based on this characteristic (Fan et al.,
1988; Huang et al., 1990). Studies for different members of
the Brassicaceae family have shown that the optimal bud size
differs between species, different genotypes within one species
and individual plants within one genotype. The optimal bud
sizes of the studied genotypes were established experimen-
tally —4—5 mm for broccoli (Takahata, Keller, 1991), 4—6 mm
for cauliflower (Gu et al., 2014), 4.1-5.0 mm for red cabbage
(Mineykina et al., 2021), 3.0-3.1 mm for sarepta mustard
(Ali et al., 2008), 2.5-3.5 mm for white cabbage (Yuan et al.,
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2012; Tuncer et al., 2016), 4.5-4.6 mm for white cabbage of
Indonesian origin (Winarto, da Silva, 2011).

In early studies, it was shown that a high percentage of non-
embryogenic microspores in the culture resulted in increased
levels of autotoxins in the medium affecting embryoids deve-
lopment. The negative effect of the toxins was correlated with
the presence of bicellular microspores in the culture (Kott et
al., 1988). In more recent studies (Duijs et al., 1992), good
results were obtained in variants with 10 to 40 % of bicellular
pollen in buds. We observed that the microspore develop-
mental stage is a limiting factor in in vitro culture of white
cabbage. Since cabbage exhibits pronounced asynchronous
development of microspores within the bud, their selection
with a certain limit of size variation maximizes the coverage
of potentially embryogenic microspores.

An early study (Lighter, 1989) modified the microspore
culturing protocol for the Brassicaceae family. The addition
of activated charcoal to the cultured medium and the use of
a shaker in microspore culture helped to minimize factors
affecting cell destruction and suppression of cell division.
Studies J.C. da Silva Dias, (1999) also indicate an increase
in the embryogenesis of different cabbage genotypes when
activated charcoal is used in the culture medium. A reduction
in cultivation time by 1-4 days using a shaker platform was
observed when Chinese cabbage microspores were cultured
in liquid medium (Yuan et al., 2012).

In our studies, to increase the survival rate of white cabbage
microspores and inhibit oxidation products that negatively
affect cell division, we used activated charcoal in all variants
as an integral element of the protocol. The use of a shaker
platform allowed us to accelerate the embryoid development,
thereby increasing the efficiency of the protocol by reducing
the culture time in the liquid nutrient medium. As a result,
more embryoids reached the cotyledonary stage 7—10 days
faster, which is especially important for highly responsive
genotypes that have a non-uniform embryoid maturation.

Stress is the most important condition during the transition
of microspores from the gametophytic to the sporophytic path-
way (Touraev et al., 1996). Stress can be applied both in vivo
and in vitro. The most common type of stress for cabbage
crops is exposure of buds and inflorescences to low positive
temperatures (Gu et al., 2014) and short-term microspore heat
shock in the in vitro culture (Custers et al., 1994).

Pretreatment with low positive temperatures does not
promote reprogramming of microspore development but
effectively maintains microspore viability (Zur et al., 2009).
Heat treatment of isolated microspores in a range from 30
to 40 °C with time exposure from 1 to 3 days is most com-
monly used as an inducing factor of embryogenesis (Takahata,
Keller, 1991; Duijs et al., 1992; Ferrie, Caswell, 2011). Some
authors have noted that the duration of temperature treat-
ment affects the number of developing embryoids (Telmer
et al., 1992; Custers et al., 1994; Cordewener et al., 1995;
Simmonds, Keller, 1999). For white cabbage of Indonesian
origin (Winarto, da Silva, 2011), exposure to 30.5 °C for 48 h
followed by continuous cultivation at 25 °C was found to be
a successful approach. However, 30 % of embryoids in that
study had abnormal cotyledon and no hypocotyls. In a study
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(Tuncer et al., 2016), the authors studied the effect of tempera-
ture shock on the induction of embryogenesis and embryoid
development in B. oleraceae of Turkish origin. The authors
observed a positive effect of 32 and 35 °C 2-day treatment
on the induction of embryogenesis. However, the embryoid
development was impeded in this study, and white cabbage
plants did not regenerate.

To understand the molecular regulation of embryogenesis
induced by high-temperature treatment, H. Su et al. (2019)
performed a proteomic study. They found that the 32 °C high-
temperature shock for 24 h induced changes in the expression
of specific proteins in an in vitro culture of isolated cabbage
microspores.

In addition to the fact that high-temperature stress is an
effective trigger for switching microspore development to
the sporophytic pathway, it also has a negative effect on cell
division. Studies A. Zeng et al. (2015) showed massive white
cabbage microspore death (80-90 %) after 3 days of in vitro
cultivation. The authors observed microspore death after
24 h of shock temperature treatment at 32.5 °C, presumably
caused by increased levels of reactive oxygen species (ROS)
and the associated oxidative stress affecting cell viability and
metabolism. According to the results of 1. Zur et al. (2009),
the lethal effect of high temperature during the induction of
triticale microspore embryogenesis is associated with a sharp
decrease in the enzymatic activity of all studied antioxidants.
The authors suggest that high temperature stress induced oxi-
dative stress, and cells in a nitrogen-carbohydrate starvation
environment (Kyo, Harada, 1986) were unable to activate
defense responses. The reduction of ROS levels was promoted
by the use of ascorbic acid as an antioxidant in microspore
culture (Zeng et al., 2015). However, the use of ascorbic acid
in in vitro culture does not always have a positive effect and
depends on its concentration (Rodriguez-Serrano et al., 2012;
Hoseini et al., 2014).

In a study 1. Barinova et al. (2004), the effects of carbohy-
drate stress induced by high pH values of the medium were
observed in the cultivation of tobacco microspores. Analysis
of sucrose metabolism at different pH showed that the activ-
ity of invertase (EC 3.2.1.26) in microspores was the highest
at pH 5.0 and strongly decreased at higher pH, resulting in
slower sucrose cleavage. These data suggested that isolated
microspores cannot metabolize carbohydrates at higher pH and
undergo starvation stress, which in turn triggers sporophytic
development.

Our studies confirm the inducing effect of high-temperature
stress at 32 °C on the white cabbage microspore development
via the sporophytic pathway. The effect of the nutrient me-
dium acidity on the embryoid yield depends on the duration
of microspore high-temperature treatment.

Among the techniques used to obtain doubled haploids,
only isolated microspore culture can ensure that the embryoids
develop from haploid cells, whereas anther and unfertilized
ovule cultures can include somatic tissues. The process of
callus and embryoid formation as well as subsequent plant
regeneration from somatic diploid tissues of anther walls is
a well-known fact. Molecular analysis has been successfully
used to distinguish true doubled haploid lines originating
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from gametes from regenerant plants of somatic origin. The
use of molecular markers to screen pepper plants obtained
via in vitro culture is known from the literature (Gyulai et
al., 2000). A. Cousin and M.N. Nelson (2009) used eight mi-
crosatellite markers to confirm homozygosity and the haploid
cell origin of rape regenerant plants obtained in microspore
culture.

SSR analysis has also been successfully used to assess
heterozygosity and determine the origin (gametophytic or
somatic) in lemon (Yahyaoui, Germana, 2021), cucumber
(Diao et al., 2009), melon (Malik et al., 2011) and Chinese
cabbage (Adamus et al., 2021). Our results also allowed us
to confirm the gametophytic origin of the regenerant plants
using microsatellite markers. We showed that donor plant
bands are different from the regenerant plant. Moreover, the
number of alleles in DH plants of white cabbage decreased
compared to the control.

Conclusion

In this study, we optimized the protocol for obtaining doubled
haploids in the culture of isolated microspores in vitro for
late-maturing white cabbage to achieve up to 273.6 £32.2 em-
bryoids/Petri dish. A genotype-specific multifactorial approach
should be used to achieve the best results. Before introduc-
tion into in vitro culture, determination of linear bud size is
required. To obtain microspores at the optimal developmental
stage for embryogenesis induction, the range of bud lengths
in the sample should not exceed 0.5 mm. The final yield of
white cabbage embryoids is significantly influenced by the
duration of temperature induction treatment and the acidity of
the nutrient medium. Cultivation of the induced microspores in
the dark on a shaker platform at 40 revolutions/minute allows
to significantly accelerate the development of embryoids to
the cotyledonary stage and to shorten this step of the protocol
by 7-10 days. Flow cytometry makes it possible to determine
the ploidy of the regenerant plants at an early stage of deve-
lopment rather quickly. The following ploidy was observed:
haploids (8.4 %), doubled haploids (69.8 %), triploids (1.5 %)
and tetraploids (20.3 %).

The analysis with microsatellite markers confirmed the
haploid origin of diploid regenerant plants. Three microsatel-
lite loci AF458409, AF113918, and U67451 showed that the
spectra of white cabbage donor plants and regenerant plants
were not identical. Moreover, a smaller number of alleles was
observed in DH plants.
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Abstract. One of the ways to increase yield stability of bread wheat under changing climatic conditions is through
improving the photosynthesis efficiency. For this purpose, various genetic strategies are used. They include marker-
assisted selection and the use of the genetic potential of wild wheat relatives. Previously, using introgression wheat
lines carrying different segments of chromosome 2D from Aegilops tauschii in the genetic background of the wheat
(Triticum aestivum) variety Chinese Spring (CS), we mapped QTLs associated with variability in shoot biomass and
gas exchange under contrasting water supply conditions. In this work, by “splitting” the primary introgressions, we
obtained secondary introgression CS lines with reduced segments of Ae. tauschii introgressions in the short and long
arms of chromosomes 2D. The aim of this study was to investigate the tolerance of the photosynthetic apparatus to
soil water deficit in these lines. We estimated the size of drought effect on shoot biomass, gas exchange parameters,
photosynthetic pigment content, slow and fast chlorophyll fluorescence parameters, and fast light curve parameters.
The results showed that line 1004 with an introgression in chromosome 2DS limited by microsatellite loci Xgwm296
and Xgwm261 was little affected by drought in respect of the chlorophyll (a+b)/carotenoid ratio and primary pho-
tosynthetic processes. In line 1005 with a single introgression in the region of the Xgwm261 marker, the chlorophyll
(a+b)/carotenoid ratio and indicators of the functional activity of photosystems significantly decreased under water
deficiency. The chlorophyll (a+b)/carotenoid ratio, CO, assimilation rate, and chlorophyll fluorescence parameters
remained stable in line 1034 with an introgression in chromosome 2DL near the Xgwm1419 and Xgwm157 loci. In
line 1021 with an introgression in the region of the Xgwm539 marker on the same chromosome, we observed a
strong negative effect of drought on the rate of CO, assimilation and indicators of the functional activity of photosys-
tems. The Xgwm1419 and Xgwm296 markers can be recommended for use in marker-assisted breeding for drought
tolerance of bread wheat in the cases where Ae. tauschii acts as a donor of genetic material.

Key words: bread wheat; soil drought; shoot biomass; gas exchange; chlorophyll fluorescence; introgressions;
molecular markers
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3acyxoyCcTOMUYMBOCTb IMHUI NweHuLbl T. aestivum
C VIHTporpeccuamu oT Ae. tauschii B xpomocome 2D

AHHoTaumA. YnyyweHune 3¢peKTMBHOCTU GOTOCKMHTE3A B USMEHAIOLLMXCA KIMMATUYECKUX YCIIOBUAX ABMAETCA OfHUM 13
CNocoboB NOBbILEHNA CTAOUSIBHOCTY YPOXKas CeNTbCKOXO3ANCTBEHHbIX PACTEHWNIA. [1N1A 3TOro NPUMEHAIOT pas3finyHbIe reHe-
TUYeCKre cTpaTernn, B YaCTHOCTY MapKep-OpPUEHTUPOBaHHYIO CeNeKLMIo, a TakKe NPUBMEKaloT reHeTUYeCKnin noTeHuman
AVIKMX copoanyen nweHnLbl. PaHee, nCcnonb3ya MHTPOrpeccnBHbIe IMHUN MLLEHULbI, COAepKalyme pasfinyHble CerMeHTbl
xpomocombl 2D ot Aegilops tauschii B reHeTuyeckom ¢oHe nweHuubl Triticum aestivum copta YanHuz CnpuHr (4C), mbl
kaptuposanu QTL, accounmpoBaHHble C BaprabenbHOCTblo 6uoMacchl mobera U ra3006MeHa B KOHTPACTHbIX YCIOBUAX
BOJOCHAabXeHVsA. B faHHOI paboTe nyTem «Apo6aeHnA» NEPBUYHbBIX MHTPOIPECCUA Mbl MONTYYMSIV BTOPUYHbIE MHTPOrpec-
cuBHble NHUK NweHuLbl YC ¢ 6onee KOPOTKMMY CermeHTaMm MHTporpeccuii ot Ae. tauschii. Lienbio nccnegosaHma 6110
N3Y4nTb YCTONUMBOCTb POTOCMHTETMYECKOrO annapaTta K AeduumTy BoAbl B MOYBE Y BTOPUUYHBIX MHTPOrPECCUBHbIX JINHWI,
cofeprKalynx pefyLmupoBaHHble MHTporpeccun ot Ae. tauschii B KOPOTKOM 1 ANIMHHOM Mieyax XpoMocombl 2D. Mbl oueHm-
nn pasmep 3ddekTa 3acyxm Ha bruomaccy nobera, napameTpbl ra3006MeHa, coaepKaHe GOTOCUHTETUYECKUX MUTMEHTOB,
napameTpbl MefieHHO 1 GbicTpoit GpnyopecueHLnn xnopodunna 1 napameTpbl GbICTPbIX CBETOBbIX KPUBbIX. Pe3ynbTaTbl
nokasanu, 4to y nnHmum 1004 ¢ yyacTKkom MHTporpeccumn B xpomocome 2DS, orpaHnyeHHOM MUKPOCaTETIUTHBIMU NTOKYyCa-
Mu Xgwm296 n Xgwm261, 3acyxa He3HaunTeNIbHO BNMANA HAa COOTHOLIeHMe xnopodunnbl a+b/KapoTuHonabl 1 NepBuy-
Hble npouecchbl poTocmHTesa. Y IMHMM 1005 € yYaCcTKOM UHTPOrpeccum B painoHe Mapkepa Xgwm261 npu geduunte Bogbl
3HAUNUTENbHO CHWMXaNNCb COOTHOLeHMe Xnopodunnbl a+b/kapoTuHonabl U nokasatenn GyHKUMOHaNbHOM aKTUBHOCTH
dotocuctem. Y nuHnm 1034 ¢ nHtporpeccrein B xpomocome 2DL B paiioHe nokycoB Xgwm 1419 n Xgwm157 cooTHOLEHNe
xnopodunnbl a+b/KapoTrHonapl, ckopocTb accummnaumm CO, n napameTpbl dayopecueHLnn xanopodunnia npu 3acyxe
0oCTaBanuCb CTabunbHbIMU. Y IMHKMKM 1021 C y4acTKOM MHTPOFpeccu B paiioHe Mapkepa Xgwm539 Ha 3Tol e XpomMocome
Mbl Habnogany cunbHOe HeraTUBHOE BAMUAHME 3aCyXy Ha ckopocTb accumunaumm CO, 1 nokasatenn GyHKLUMOHaNbHOWN
AKTUBHOCTM dpoTocncTem. Mapkepbl Xgwm 1419 n Xgwm296 MOXXHO peKkoMeH0BaTb AJA NCNOJIb30BaHUA B MapKep-OpUueH-
TUPOBAHHOW CeNneKLUN Ha 3aCyXOyCTONYMBOCTb MAMKOW MLUEHULbI B C/TyYanX, KOraa JOHOPOM FreHeTMYyeCcKoro matepuana
BbIcTynaet Ae. tauschii.

KnioueBble cnoBa: mMArkasa nieHnLa; NoYBeHHas 3acyxa; buomacca nobera; razoobmeH; dnyopecueHuua xnopodunna;

VHTPOrPeCccum; MONeKysipHble MapKepbl

Introduction

Improving the efficiency of photosynthesis is considered
one of the most important issues of breeding work aimed at
increasing productivity of bread wheat (Triticum aestivum L.)
through improving tolerance to unfavorable factors. Various
genetic strategies are effective in achieving these goals, in-
cluding the use of the genetic potential of wild relatives of
wheat and marker-assisted selection (Reynolds et al., 2012).

Wild relatives represent a valuable gene pool for bread
wheat improvement, since this crop has a limited genetic di-
versity for meeting the challenges of modern breeding. Various
species of the genus Aegilops L., which is most closely related
to the genus Triticum L., are considered a source of beneficial
alleles for bread wheat fortification against abiotic stresses,
pests, and diseases (Przewieslik-Allen et al., 2019; Pour-
Aboughadareh et al., 2021). One such species is Ae. tauschii,
known as the donor of the D genome of bread wheat and
containing favorable allelic variations in genes associated
with stress responses (Jia et al., 2013). Its homology with
the D subgenome of bread wheat simplifies the introgression
process during breeding and for genetic analysis. Therefore,
Ae. tauschii is widely used in research aimed at improving
the productivity and stability of wheat under various climatic
conditions (Nyine et al., 2021; Ma et al., 2023).

An intermediate step in the transfer of genetic diversity
from this genome is synthetic hexaploid wheats with the
BBAADD genome, homologous to bread wheat. The first
synthetic, called Synthetic 6x (Syn6x) (McFadden, Sears,
1946), was used to obtain single-chromosome substituted
lines of Chinese Spring (CS)(Syn6x) (Nicholson et al., 1993).
Subsequently, on the basis of substitution lines D-genome
chromosomes, introgressive lines carrying single chromosome
segments from Ae. tauschii of different sizes were obtained
(Pestsova et al., 2001). Using this set of eighty introgressive
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lines CS(Syn6x), we mapped quantitative trait loci (major
QTL) associated with variability in shoot biomass (SB) and
gas exchange parameters under soil water deficit in two re-
gions of chromosome 2D (Osipova et al., 2016). One of the
regions was located on the short arm between microsatellite
markers Xgdm5 and Xgwm296, and the second was flanked
by markers Xgwm539 and Xgwm1419 on the long arm. The
size of the first region was 11.4 cM, and the second, 10.5 cM
(Roder et al., 1998).

Further refinement of the position of loci associated with
photosynthesis variability on chromosome 2D and search for
putative candidate genes became possible by obtaining the
lines with reduced segments of introgressions and studying the
stability of the functioning of the photosynthetic apparatus in
the new lines. Chlorophyll (Chl) fluorescence parameters are
considered a reliable source of information about the physi-
ological state of photosynthetic apparatus of plants (Goltsev
et al., 2016). They have been successfully used in screening
of adult bread wheat plants for drought tolerance in the field
and in that of wheat seedlings in the laboratory (Botyanszka
et al., 2020; Persic¢ et al., 2022).

The aim of this study was to investigate the tolerance
of the photosynthetic apparatus to soil water deficiency in
the introgressive lines containing short introgressions from
Ae. tauschii.

Materials and methods

Genetic material, molecular analysis and experimental
conditions. The two groups of secondary introgressive lines
(SILs) obtained on the basis of two introgressive lines, Chi-
nese Spring CS(Syn6x 2D-4) and CS(Syn6x 2D-6) (Pestsova
et al., 2001), along with a recipient variety CS were used in
the work. To narrow down the regions of introgressions, a
“splitting” approach was used, consisting of hybridization
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Fig. 1. Schematic arrangement of introgression regions of chromosome 2D in secondary introgressive lines CS(Syn6x 2D-4) (lines 1004 and 1005)
and CS(Syn6x 2D-6) (lines 1021, 1022, 1028 and 1034).

Microsatellite markers of chromosome 2D represented by allelic variants of Syn6x and relevant to the previously identified positions of QTL clusters associated
with drought response (Osipova et al.,, 2016) are shown in bold. The sequence of markers and the distances between them (not to scale) are presented according

to the maps of M.S. Roder et al. (1998) and E.G. Pestsova et al. (2001).

of these two primary lines with the recipient CS. Secondary
introgressive lines were obtained by a single backcrossing
followed by subsequent self-pollination into F,. The plants
were then analyzed for their microsatellite marker composi-
tion. Those plants were selected that showed allelic differences
in the target chromosome 2D regions where clusters of QTL
loci associated with drought response had previously been
detected (Osipova et al., 2016).

DNA extraction was performed according to the protocol
of Plaschke et al. (1995). The obtained PCR products were
separated in 3 % agarose gel and photographed under UV light
using the Molecular Imager® Gel DocTM XR+ system (Bio-
Rad Laboratories, Inc., California, USA). Two lines, numbered
1004 and 1005, were selected among F, plants from the cross
between CS and IL CS(Syn6x 2D-4) (Fig. 1). These lines
differed only in the allelic state of marker Xgwm296. Allelic
variants of this marker obtained using the PCR reaction are
presented in Figure S1 in Supplementary Material'.

Four lines numbered 1021, 1022, 1028 and 1034 were
selected among F, plants from the cross between CS and
IL CS(Syn6x 2D-6). They differ in the allelic state of mark-
ers Xgwm1419, Xgwm157 and Xgwm539 (Fig. S2). The
plants were grown under controlled conditions in a CLF
PlantMaster climate chamber (CLF Plant Climatic GMBH,
Germany) installed in the phytotron of SIPPB SB RAS, with
a 16-hour photoperiod, a temperature of 23 °C during the day
and 16 °C at night, air humidity of 60 % and a light intensity
0f 300 pmol/(m?-s). Ten grains of each genotype were sown in
two Mitscherlich pots filled with a mixture of humus, sand and
peat (1:1:1). The moisture content of the soil in one pot was
maintained at an optimal level (60 % of the total soil moisture
capacity). In the second pot, watering was reduced by half, to
30 % of the total soil moisture capacity starting from the third
leaf stage. The water regime was maintained gravimetrically.
At the flowering stage, the gas exchange parameters and chlo-

1 Figures $1-53 and Tables S1, S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Osipova_Engl.xIsx
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rophyll (Chl) fluorescence were measured in plants. At this
stage, the main shoot mass was measured and samples were
collected to determine the content of photosynthetic pigments.

Gas exchange, chlorophyll fluorescence and photosyn-
thetic pigment content. Net photosynthesis rate (A), stomatal
conductance (Gs) and transpiration rate (E) were measured
using a portable leaf gas exchange system GFS-3000 (Heinz
Walz, Germany). The following values of light intensity, CO,
concentration, relative humidity, temperature and airflow rate
were set: 800 umol/(m?-s), 400 pmol/mol, 60 %, 25 °C and
750 umol/s, respectively. Water use efficiency (WUE) was
calculated as A/E. The mean values and standard deviations
for gas exchange parameters are given in Table S1.

Using a PAM 2500 fluorimeter (Heinz Walz, Germany)
integrated with PamWin 3.05 software, the following para-
meters were measured: the kinetics of slow Chl fluorescence
induction; the parameters of fast light curve; the kinetics of
fast Chl fluorescence induction (OJIP test). To record the
minimum Chl fluorescence yield in the dark-adapted state
(F,), the leaves were darkened for 30 min and then illumina-
ted with modulated measuring light of low-frequency (5 Hz)
and low-intensity (630 nm). The chlorophyll fluorescence
intensity under conditions of closed reaction centers (Fm)
was measured after exposure to a high-intensity light pulse of
25,000 pmol (photon)/(m?-s), wavelength 630 nm, 0.1 s. Red
actinic light (677 pmol photons/(m?-s)) was used to maintain
photosynthesis and achieve a steady state (F). Based on the
measured values of chlorophyll fluorescence parameters,
the PamWin 3.50 program calculated other parameters. We
assessed the response to rapid irradiance increases (every
30 s) by exposing leaves to light intensities ranging from
0 to 1,935 pmol/(m?-s) PAR photons and recorded the initial
slope of the fast light response curve (o), maximum electron
transfer rate (ETR ) and minimum saturating irradiance (I,).
Chl fluorescence induced by strong light pulses was sampled
in the range from 0.1 to 300 ms in the View instrument mode
under the Fast Kinetics tab (Chen K. et al., 2013, Srivastava
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et al., 2021). All Chl fluorescence parameters measured and
calculated during the study, as well as the size of drought
effect (SDE) on each parameter, are listed and described in
Table S2.

Determination of photosynthetic pigments content. The
preparation and measurement of the optical density of extracts
containing photosynthetic pigments were carried out accord-
ing to the previously described method (Osipova et al., 2024).
To calculate the content of chlorophyll a (Chl @), chlorophyll b
(Chl b) and carotenoids (Car) in the leaves, the formulas given
in the work of D. Wettstein (1957) were used.

Search for coordinates of molecular markers and
candidate genes that may participate in the formation
of drought tolerance on chromosome 2D. To search for
coordinates of markers Xgwm261 and Xgwm157, the primer
sequences presented in the GrainGenes information resource
(https://wheat.pw.usda.gov/GG3) were used. For marker
Xgwm1419, the primer sequences were provided by Martin
Ganal (TraitGenetics GmbH). Using the BLASTN program,
coordinates were determined for them in the wheat genome
assembly Chinese Spring IWGSC RefSeq v2. The coordinates
of markers Xgwm296 and Xgwm539 are specified in this as-
sembly (https://wheat.pw.usda.gov, last accessed February 05,
2025). In the regions limited by these markers, a search for
the most probable candidate genes was carried out. Candidate
genes annotated by the International Wheat Genome Sequenc-
ing Consortium (IWGS, 2018) with a high degree of reliability
were considered.

Statistics. A single plant was taken as a biological repli-
cate. At the flowering stage, gas exchange parameters were
measured in six plants of each genotype under each water
regime. Chl fluorescence parameters were measured in three
plants of each genotype. Then, the aboveground part of the
main shoot of nine plants of each genotype was cut off and
weighed. Three samples taken from the flag leaves of three
plants were frozen with liquid nitrogen and stored at —70 °C
for subsequent determination of pigment content. The pigment
content is given in mg/g fresh leaf weight. The tables present
the average values + standard deviations. The effect of soil
water deficit on chlorophyll fluorescence, pigment content,
and shoot biomass was assessed using the size of drought
effect (SDE) index (Hedges, Olkin, 1985). The formulas for
calculating SDE are given in the work of S.V. Osipova et al.
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(2024). The higher the effect size, the greater the increase
in the parameter under drought conditions compared to the
control. Negative values indicate a decrease in the parameter
compared to the control.

All calculations, including average values, pooled standard
deviation, adjusted SDE value, and diagram plotting were
performed in Microsoft Excel, version 14.0.7268.5000 (Mic-
rosoft Corporation, 2010). The significance of differences was
assessed using Student’s t-test. The fluorescence data pool was
processed using nonmetric multidimensional scaling in Past,
version 3.01 (Hammer et al., 2001).

Results

Shoot biomass and photosynthetic

pigments content in leaves

The biomass of the main shoot in the lines varied from 2.6
to 3.5 g in the control and from 1.5 to 2 g under soil drought
conditions (Table 1). Under normal watering, only one line,
1005, exceeded the recipient for this trait, and the lowest
value was found in line 1021. Under water deficit conditions,
the shoot biomass in two lines, 1028 and 1034, exceeded the
values of this trait in CS, while in lines 1021 and 1022, on the
contrary, it did not reach CS values. SDE was negative in all
the studied genotypes, but the value of this indicator varied
from —1.69 in line 1021 to —7.06 in line 1005. Line 1021 was
distinguished by reduced values of shoot biomass, both under
optimal irrigation and under drought conditions. The high
shoot biomass of line 1005 in the control was significantly
reduced under drought. Line 1004 was more stable than line
1005 in this trait.

Under drought conditions, the content of Chl a, Chl b
and Car in CS decreased, and SDE on Chl a+b/Car ratio
was close to zero (Table 2). Pigment content in leaves of
the lines changed differently. In lines 1004 and 1034, Chl a
content significantly increased under drought. Car content
also increased in all lines, except for line 1022. The greatest
positive effect of drought on Car content was observed in
lines 1004, 1005 and 1034, in ascending order. Chl a+b/Car
ratio changed insignificantly in all genotypes, except for line
1005. The negative effect of drought on this trait in line 1005
was due to the fact that Chl a content remained stable under
different conditions, and Car content increased.

Table 1. Shoot biomass (g) and its size of drought effect (SDE) of the recipient Chinese Spring and the studied lines

at the flowering stage in the control and under water deficit

Genotype Line number Control Drought SDE
Chinese Spring (CS) 3.0+03 1.7 £0.1%** -4.74
Secondary introgressive lines

CS(Syn6x 2D-4) 1004 28+0.7 1.6 £ 0.4*** -1.96
1005 3.5+0.3% 1.6 + 0.3*** -7.06

CS(Syn6x 2D-6) 1021 26+0.6 1.5+ 0.1%%* -1.69
1022 29+0.5 1.5+ 0.1%%* -3.82
1028 27+03 2.0 £0.27%* -2.85
1034 29+05 1.9 + 0.12%** -3.04

**p<0.01,**p<0.001 - significant differences between each genotype in control and drought conditions; p < 0.05; #p < 0.01 - significant differences between

CSand lines.
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Table 2. Content of photosynthetic pigments (mg/g of raw weight) and their size of drought effect in the leaves of the recipient
Chinese Spring and the studied lines (n = 9) in the control and under water deficiency

Trait Chinese Spring 1004 1005 1021 1022 1028 1034
Control
Chlorophyll a 24+£0.2 29+0.1 29+0.1 2.7+0.2 26+0.1 - 23+0.1
Chlorophyll b 1.1+£0.1 1.3+0.1 1.2+0.0 1.2+0.1 1.2+0.1 - 1.1+£0.1
Carotenoids 0.7 £0.1 0.6 £0.1 0.5+0.0 0.6+0.0 0.7+0.0 - 0.4£0.1
Chlorophyll a+b/Carotenoids 56+0.3 11.6+44 7.8+0.3% 6.9+0.2° 58+03 - 10.6 £ 3.7
Drought
Chlorophyll a 22+0.1 34+02%® 29%0.1 3.1+0.12 29+0.2 3.1+0.2° 2.8+0.2*
Chlorophyll b 1.0+ 0.0 14+0.1 1.3+0.0° 14+0.1° 1.0+0.1 14+0.1° 1.2+0.1
Carotenoids 0.6 £ 0.0* 0.7 £0.0° 0.6 £ 0.0* 0.7£0.1 0.7£0.0 0.7+0.0 0.6 £ 0.0%*
Chlorophyll a+b/Carotenoids 57=+0.1 6.9+0.1° 6.6+02**  7.1+0.7° 58+04 6.3+0.5 7.2+0.12
Size of drought effect
Chlorophyll a -1.2 3.2 0 2.2 22 - 3.0
Chlorophyll b -1.3 1.2 2.1 1.8 -2.0 - 1.2
Carotenoids -33 1.7 3.8 14 -0.5 - 53
Chlorophyll a+b/Carotenoids 0.3 -0.1 -4.4 0.4 0.0 - -0.1

*p < 0.05, ** p < 0.01 - significant differences between each genotype in control and drought conditions; @p < 0.05; @ p < 0.01 - significant differences between

CS and lines.

Gas exchange and chlorophyll fluorescence

Figure 2 shows SDE values for gas exchange parameters of
CS and six secondary introgressive lines. Of all the studied
genotypes, the recipient had the most stable gas exchange
parameters, although its net photosynthesis rate significantly
decreased under drought. The lines with introgression in the
short arm of chromosome 2D showed similar changes for
these traits. E and Gs significantly decreased, while net pho-
tosynthesis rate, to a lesser extent. As a result, WUE increased
under drought. The lines with introgressions in the long arm
of 2D chromosome showed various changes in gas exchange
parameters. In line 1021, all gas exchange parameters, as well
as WUE were significantly reduced. Lines 1022 and 1028
demonstrated atypical stomatal effects, increased E, Gs, and
net photosynthesis rates under drought conditions. Line 1034
showed a classic adaptive response to water deficit, with de-
creased E and Gs, and stable net photosynthesis rate, resulting
in a significant increase in WUE under drought.

To reveal the influence of introgressions on variability of
Chl fluorescence parameters under water deficit conditions,
we applied multidimensional nonmetric scaling of SDE
indices for 39 Chl fluorescence parameters (Fig. S3). Three
lines (1004, 1022, and 1028) formed a tight cluster with CS,
indicating minor differences in SDE among these genotypes.
This suggests that the existing introgression has a small effect
on the structural and functional characteristics of photosyn-
thetic apparatus under drought. Three other lines (1005, 1021,
and 1034) were located at a significant distance from CS.
This indicated significant differences in the responses of
photosynthetic apparatus of these lines from others included
in the cluster.

Next, we compared the size of drought effect on Chl fluo-
rescence parameters in the recipient CS and lines 1004 and
1005 with introgression in the short arm of chromosome 2D
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(Fig. 3a) and in CS and lines 1021 and 1034 with introgres-
sions in the long arm of the same chromosome (Fig. 3b).
Figure 3 demonstrates that CS had relatively stable Chl fluo-
rescence parameters under different irrigation conditions. The
same is true for line 1004. Line 1005, on the contrary, demon-
strated large differences for Chl fluorescence in the control and
under drought indicating a stressed state of the photosynthetic
apparatus under water deficiency. This conclusion follows
from a statistically significant increase in Fy and NPQ under
drought, a decrease in F /F, g, F,/F,and ETR, as well as
the productivity indices Pl and Plyy. Lines 1021 and 1034
with introgressions in the long arm of chromosome 2D dif-
fered significantly in their responses to drought (Fig. 3b). The
photosynthetic apparatus of line 1034 adapted well to water
deficit as indicated by an insignificant difference between the
average values in the control and under drought and a zero
value of SDE for Plyy. In line 1021, ®pgyp, qP, ETR and both
productivity indices (Pl,,s and PL,,) significantly decreased
under drought. These changes indicated a stressed state of the
photosynthetic apparatus under water deficit.

Discussion

Effect of introgression from Ae. tauschii in the short arm
of chromosome 2D on the stability of photosynthetic
processes and shoot biomass. Line 1004 carried the in-
trogression in chromosome 2D region flanked by markers
Xgwm296 and Xgwm?261, which is limited by coordinates
2D:18085000-19623173 bp. Line 1005 carried the introgres-
sion in the region adjacent to marker Xgwm261. The lines
differed substantially in the magnitude of SDE on chlorophyll
and carotenoid content. This variability of photosynthetic
pigments content and Chl a+b/Car ratio was more favorable
for drought adaptation in line 1004 than in line 1005. In both
lines, the size of PSII light-harvesting antenna increased
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Fig. 2. Size of drought effect (SDE) on transpiration rate (E), stomatal conductance (Gs), photosynthetic rate (A) and water use

efficiency (WUE) in CS and secondary recombinant introgressive lines.

*p < 0.05,* p<0.01,***p <0.001 - significant differences between average values of the traits in control and drought conditions.
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Fig. 3. Size of drought effect for Chl fluorescence parameters in CS and secondary introgressive lines 1004 and 1005 (a); 1021 and 1034 (b).

The Chl fluorescence parameters (after Goltsev et al., 2016): F, - the minimum fluorescence of dark-adapted leaves; F, /F,;, - the maximum photochemical activity
of photosystem Il (PSII); Opg, — the effective quantum yield of PSII; NPQ - the non-photochemical fluorescence quenching; gP - the photochemical fluorescence
quenching; ETR - the rate of linear electron transport through the photosystems; ¥, - the efficiency with which an exciton captured by a reaction center moves
an electron along the chain after QA; F,/F, — the ratio of the rate constants of the primary photochemical reaction to the total rate of non-photochemical losses;
Pll,ps - an indicator of the functional activity of PSlI related to the absorbed energy; M, - a parameter that reflects the rate of closure of the reaction centers of
PSlI; ABS/RC - the energy flow absorbed by one reaction center; Dly/RC - the total amount of energy dissipated by one reaction center; Pl — an indicator of the
functional activity of PSII, PSI and the electron transport chain between them.
*p < 0.05; ** p < 0.01, significant differences between average values of the traits in control and drought conditions.
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during drought, but in line 1005, this adaptation did not result
in efficient energy use. The energy flux absorbed by one PSII
reaction center during drought (ABS/RC) increased in this
line compared to the recipient CS, while energy dissipation
(DI/RC parameter) increased. In line 1005, F, significantly
increased under drought indicating disturbances in the ex-
citation energy transfer in antenna and from the antenna
to PSII reaction center (Goltsev et al., 2016). We observed
a similar effect earlier on other wheat genetic material, in
Saratovskaya 29 lines with modifications in the distal region
of the short arm of chromosome 2A (Osipova et al., 2023),
indicating the involvement of these chromosomal regions of
the second homoeologous group in the control of primary
photosynthesis processes.

The only difference between lines 1004 and 1005 was
the introgression from Ae. tauschii in the region of marker
Xgwm296, which was detected in line 1004 (Fig. 1). The
genes associated with this marker probably determined the
observed differences in drought tolerance of the two lines.
The most likely candidate gene to explain them may be the
gene TraesCS2D03G0092600 encoding the plant-specific
transcription factor (TF) TCP. The coordinates of this gene
are 2D:18667052—-18667318 bp (https://wheat.pw.usda.gov/
cgi-bin/GG3). The TCP family of TFs regulate cell division,
affect meristem growth (Cubas et al., 1999), and are involved
in regulating responses to external signals (Danisman, 2016).
The gene TraesCS2D03G0092600 was likely involved in the
formation of high shoot biomass, characteristic of line 1005
under optimal watering, an advantage that the line lost under
drought. The same gene is presumably associated with large
differences between lines 1004 and 1005 in Chl a accumula-
tion under water deficit, since TCP TFs have been shown to
regulate chlorophyll biosynthesis in Arabidopsis (Zhen et
al., 2022). In general, the physiological differences between
the two lines were that line 1005 exhibited an imbalance be-
tween growth and adaptation to water stress, while line 1004
remained relatively stable.

Effect of introgression from Ae. tauschii in the long
arm of chromosome 2D on photosynthesis stability.
We studied four lines with introgressions of different size in
the region of the long arm of chromosome 2D, limited by
markers Xgwm157, Xgwm1419 and Xgwm539. Line 1034
with introgression in the region of markers Xgwm1419 and
Xgwm157 and line 1021 with introgression in the region
of marker Xgwm539 were the most contrasting in stability.
Line 1034 was distinguished by the stability of net pho-
tosynthesis and chlorophyll fluorescence indices, as well
as by the relatively stable shoot biomass. In line 1021, on
the contrary, the stability of photosynthetic parameters and
shoot biomass were reduced compared to CS. The marker
Xgwmb539 coordinates are 2D:515210161-515210309 bp.
This region has a very high gene density. We believe that the
most likely candidate gene for explaining the negative effect
of introgression in line 1021 is the gene under the number
TraesCS2D03G008700 with coordinates 2D:515214093—
515217180 bp (https://wheat.pw.usda.gov/cgi-bin/GG3). One
of the two transcripts of this gene is annotated as correspond-
ing to the homeodomain-like, Myb-containing protein. Its
sequence is similar to that of the plant-specific GARP family
of transcription factors (Hosoda et al., 2002). These proteins,
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including the Golden2-like proteins, play an important role
throughout the plant’s life cycle (Ohama, Yanagisawa, 2024).
In particular, among other processes, they control the develop-
ment of chloroplasts and determine the quantitative aspects
of photosynthesis (Chen M. et al., 2016). Our results suggest
that this gene plays an active role in adaptation of CS wheat
to soil drought. The genetic modification of the chromosome
segment in the region of its localization led to a significant
decrease in the stability of photosynthesis and shoot biomass
in line 1021. Golden2-like (GLK) transcription factors have
recently been considered as potential candidates for impro-
ving photosynthesis in agricultural crops (Hernandez-Verdeja,
Lundgren, 2024). Our data support the idea that GLK genes
may be a promising biotechnological tool for improving
drought tolerance in bread wheat, if the donor genotype is
properly selected.

Three lines (1022, 1028 and 1034) had segments from
Ae. tauschii in the region of marker Xgwm1419 in chromo-
some 2D. Additionally, line 1034 had introgression in the
region of marker Xgwm157 (Fig. 1). According to GrainGenes
data, genes functionally significant for drought tolerance are
not localized in the region of this marker. This is probably
why lines 1028 and 1034 were similar in terms of stability
of the shoot biomass. At the same time, lines 1022 and 1028
differed from lines 1034 and 1021 in the response of stomatal
apparatus to water deficit. We suggest that this phenom-
enon is associated with the gene TraesCS2D03G0081400
(2D:494675291-494678461 bp), localized relatively close to
marker Xgwm1419. This gene encodes a protein, a member of
the GTL1 family of transcription factors. GTL1 is known to
be involved in the regulation of stomatal density, transpiration,
stomatal conductance and, as a consequence, affects water use
efficiency (Yoo et al., 2011). In addition, using RT-PCR, its
significant expression was shown in many organs of wheat
plants at the flowering stage, as well as an immediate (within
3 hours) response to osmotic stress (Zheng et al., 2016). The
increase in transpiration and stomatal conductance in lines
1022 and 1028 and the decrease in WUE, especially in line
1022, could be associated with a change in the functionality
of the GTL1 gene.

Lines 1021 and 1034 differed contrastingly for the stabi-
lity of chlorophyll fluorescence indices (Fig. 3). In line
1021, unlike 1034, the real efficiency of PSII, the rate of
electron transport, the index of functional activity of PSII
(PLps), and the integral index of functional activity of PSI
and PSII (Pl decreased under water deficiency. These
differences are presumably due to introgression from
Ae. tauschii into chromosome 2D. Line 1034 had the intro-
gression in the region of marker Xgwm1419, which is located
in coordinates 2D:472226450—472226470 bp, close to the
TraesCS2D03G0058100 gene (coordinates 2D:480941598—
481111682 bp), encoding the PsbQ protein. The functions
of this protein are associated with the coordination of the
activities of the donor and acceptor functions of PSII and the
stabilization of the active form of the light-harvesting complex
of PSII (Ifuku et al., 2011). Introgression from Ae. tauschii in
the region of marker Xgwm1419 could have a positive effect
on the functioning of photosystem II, which makes the main
contribution to chlorophyll fluorescence.
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Conclusion

A comparative study of the stability of photosynthesis and
shoot biomass in wheat variety CS and secondary introgres-
sive lines CS(Syin6x) for chromosome 2D showed significant
diversity in these traits. Considering that the genotypes were
grown under controlled conditions, the found differences
in soil drought tolerance are presumably associated with
introgressions from Ae. tauschii. Based on the results of the
study, it can be concluded that the single introgression into the
short arm of chromosome 2D limited by molecular markers
Xgwm296 and Xgwm261 was favorable for drought tolerance.
Introgression into the long arm of the same chromosome in the
region of marker Xgwm1419 also supported drought tolerance.
Introgression in this chromosome arm restricted by marker
Xgwm539 was unfavorable for photosynthetic stability and
shoot biomass. Markers Xgwm296 and Xgwm1419 can be
recommended for the use in marker-assisted breeding of wheat
for drought tolerance in cases where Ae. tauschii is used as a
donor of genetic material
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Abstract. Biologization is a priority direction of agricultural production. One of the promising approaches to solve the
biologization problem is the use of chitosan-based biopreparations to stimulate plant growth and protect plants from
awide range of pathogens. Currently, active work is underway to create and test new chitosan preparations. Novochizol
was obtained as a result of intramolecular crosslinking of linear chitosan molecules and has a globular shape. Previ-
ously, a Novochizol-stimulating effect on the growth and development of common wheat was demonstrated. However,
the induced resistance mechanisms against rust diseases have not been studied before. The reported studies have re-
vealed the dose effect of the preparation on the development of wheat stem rust. The best results of visual estimation
of plant reactions were obtained with 0.125 and 0.75 % Novochizol pretreatment four days before rust infection. After
pretreatment of susceptible cv. Novosibirsk 29 seedlings, a resistant reaction appeared and the urediniopustule density
was decreased. Cytophysiological studies have shown that 0.75 % Novochizol stimulated an intensive accumulation
of hydrogen peroxide H,0, in the leaves of the infected and healthy plants within 48 hours post inoculation (h p/in).
During the period of 48-144 h p/in, H,0, gradually disappeared from tissues, but its content increased significantly at
the sporulation stage around pustules. However, Novochizol did not induce the hypersensitivity reaction in infected
plants. The preparation induced an earlier and more intensive (compared with untreated plants) accumulation of phe-
nolic substances with different autofluorescence in the zones around pathogen colonies. Novochizol induced a change
in the ratio of phenols with different spectral characteristics towards compounds with an increased content of syringin
derivatives. This work is the first stage in the study of Novochizol effects on wheat defense mechanisms against stem
rust. The research will be continued using molecular genetics, biochemical and cytophysiological methods.
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AHHoTauuA. bronorusauma semnegenuna cuntaeTca NPUOPUTETHBIM HanpaBneHnem CeJIbCKOXO3ANCTBEHHOIO npouns-
BogcTBa. OgHum 13 NepcrneKTUBHbLIX MOAXOA0B K peLleHNIO 3aa4n 6VIOI'IOI'VI3aL|VIVI ABJIAETCA NpUMeHeHMe npenapaTtos
Ha OCHOBE XUTO3aHa AnA CTUMyNALNN poCTa U 3alnTbl paCTeHVIVI OT WMPOKOro Kpyra rnatoreHos. B HacToAwee BpemA
NnpoBOAATCA aKTUBHbIE paﬁOTbI No CO34aHNI0 N NCMNbITaHUIO HOBbIX d)OpM XMTO3aHOBbIX MpenapaTos. I'IpenapaT «HoBo-
X130/1b» NMonyyeH B pe3synbraTte BHYTPUMONEKYNAPHbIX CLUMBOK JINHENHbIX MOJIEKYJT XUTO3aHa U nmeet FJ'IO6yJ'IﬂpHyIO
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Cytophysiological manifestations of wheat's defense
reactions induced by the biofungicide Novochizol

¢dopmy. PaHee ycTaHOBNEHO CTMynupytollee BanAaHMe HOBOXM301A Ha POCT 1 pa3BUTUE MATKOW MLUEHWLbl, OfHAKO
MHAyUVpyeMmble 3alUTHbIE MeXaHV3Mbl MPOTUB PXKaBUMHHBIX 6oNe3Hel He n3yyanuchb. NpoBefeHHble NCCef0BaHS
nokasanu fo308blii 3pdeKT NpenapaTa Ha pa3BUTUE CTEGNEBOI PXKaBUMHbI NweHuLbl. [pyn 06paboTke 3a YeTBEpO Cy-
TOK [10 3aparkeHusA NyyLlume pe3ynbTaTbl MO Pa3BUTUIO YCTONYNBON peaKkLMmn pacTEHUNI, COKPALLEHMIO YMCa 1 pa3mepoB
nycTyn 66111 nonyyeHbl ¢ HoBoxmnsonem B KoHueHTpaumm 0.125 1 0.75 %. MNMocne npenobpaboTky Ha MPOPOCTKax BOC-
npummumnBoro copta Hosocnbupckas 29 nposasmiach ycTonumBasa peakuma 1 CHU3UNoCh Yicno nyctyn. Lintodursnono-
rMyeckune NCCNefoBaHNA Nnokasanu, uto obpaboTka 0.75 % HoBoxmsonem cTMynnpoBana MHTEHCMBHOE HaKomMeHne
nepokcuga sogopoga H,O, B IMCTbAX UHGULIMPOBAHHbBIX 1 3[OPOBbIX PacTEHUI B TeYeHre 48 4 Nocsie NHOKYALMN.
B nepuop 48-144 4 nocne nHokynauyumn H,0, nocTeneHHO ncyesan U3 TKaHel, HO Ha CTagum COPOHOLLEHNA ero Coaep-
»KaHMe 3HaunTesIbHO BO3PacTasio B 30He KONOHWI 1 NyCTyn. HOBOXM30/b He MHAYLMPOBan pa3BuTMe peakumm cBepx-
UYBCTBUTENbHOCTM B 3apaXkeHHbIX pacTeHusax. NpumeHeHne npenapata cnocobcTBoBano 6onee paHHeMYy U UHTEH-
CcMBHOMY (MO CpaBHEHUIO C HeOOPabOTaHHbIMM PacTEHNAMMN) HAKOMIEHNIO GEHOMbHbIX BELECTB C Pa3HbiM CNEKTPOM
aBTOdIyopecLeHLMM B 30He KOMIOHUIA naToreHa. Mpenapat NoBivAN Ha M3MeHeHNe COOTHOLEHUA GEHONMOB C pa3Hbl-
MU CNEeKTPasbHbIMW XapaKTepUCTUKaM/ B CTOPOHY COEAMHEHNI C NMOBbILIEHHbIM COAePKaHNEM OCTaTKOB CMPUHIMHA.
[laHHan paboTa ABNAeTCA NepPBbIM 3TanNoM M3yUyeHna AencTBrA HOBOXM130Ms Ha 3alMUTHbIE MEXaHWU3MbI MLIEHULIbI TPO-
TUB CTebNeBON pxKaBUMHbIL. MiccnegoBaHua 6yayT NPOAOIKEHbI C MPYMEHEHEM MONEKYNIAPHO-TeHEeTUYECKMX U Bro-
XVIMUYECKNX METOL0B.

Kniouesble cnosa: 6ruonectnunibl; HOBOXn30nb; MArkas niweHnua; ctebnesan pxxaByriHa; MEXaHU3Mbl YCTOMYMBOCTY;

AOK; peHonbl

Introduction

Due to the proposed rise in the world’s population to 9.5 bil-
lion people by 2050, it is necessary to increase grain produc-
tion by 1.7 times (USDA, 2016). An increase in wheat grain
harvests can be achieved by breeding more productive and
stress-resistant varieties, as well as reducing losses caused by
abiotic and biotic factors. Synthetic pesticides are traditionally
widely used to protect crops from diseases and pests. These
protective agents are highly effective; however, they can be
accumulated in plants and soils, having a negative effect on
the ecological situation in agrocenoses and product quality
(Sternshis et al., 2016). The use of biological pest manage-
ment agents (BPMA) increases stress resistance mechanisms
(Chandler et al., 2011).

BPMA based on natural compounds and beneficial microor-
ganisms attract the attention of researchers and practitioners.
These substances are often close to chemical pesticides in ef-
fectiveness, but do not have their disadvantages (Chakraborty
et al., 2020). The range of biopesticides and their application
schemes are very diverse, which is determined by the patho-
gens and pests’ biology, as well as their interaction with plants.
BPMA may inhibit the pathogens and pests directly or induce
a complex of plant resistance reactions (Orzali et al., 2017,
Yarullina et al., 2023).

Chitin and chitosan derivatives are widely used as BPMA
(Tyuterev, 2015; Malerba, Cerana, 2016). Polymer carbo-
hydrate chitin is widespread in nature, as components of
integuments of arthropods (including crustaceans and insects)
and fungi. Chitosan is produced by chitin hydrolysis and
deacetylation. Chitosan-based preparations have a stimulating
effect on plant growth and development, as well as enhance
resistance to abiotic stresses (Haggag et al., 2014; Orzali et
al., 2017). Chitosan derivatives are also of particular interest
as inducers of resistance to fungal, bacterial, and viral diseases
(Chakraborty et al., 2020; Shcherban, 2023).

Chitosan preparations may differ in their main charac-
teristics: molecular weight, deacetylation degree, and poly-
dispersity index (Richter et al., 2012). The effectiveness of
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chitosan derivatives can be significantly enhanced by their
modification, such as the introduction of functional groups
of Schiff bases, halogen atoms (Cl or F), metal nanoparticles,
urea groups, etc. (Varlamov et al., 2020; Yarullina et al., 2023).
Preparations based on conjugates of chitosan with phenolic
hydroxycinnamic acids (ferulic and caffeic) have proven
promising for protecting plants from fungal and viral diseases
(Rkhaila et al., 2021; Yarullina et al., 2024a). A positive effect
of combining chitosan preparations with other biologically ac-
tive substances and beneficial microorganisms (Plant Growth
Promoting Bacteria, PGPB) has been established (Rkhaila
et al., 2021; Yarullina et al., 2024b). The protective effects
strengthening is due to the synergistic action of different drug
components (Tyuterev, 2015). Currently, a wide range of
chitosan-based BPMA have been created in the world and their
tests have been carried out on various cultures. A comparison
of the results showed that their stimulating and protective
effects depended on preparation compositions, as well as
plant and pathogen species (Rabea et al., 2005; Orzali et al.,
2017).

A number of complex chitosan preparations with the ad-
dition of biologically active substances have been developed
in Russia, including “Narcissus” with succinic and glutamic
acids; “Chitosar M” with salicylic acid (SA); “Chitosar F”
with arachidonic acid; an agent with SA and vanillin, etc.
(Tyuterev, 2015; Popova et al., 2018). The combined agents
were effective against different pathogenic fungi, viruses and
pests. Their application enhanced crop resistance to diseases,
such as that of wheat to leaf rust, spot blotch and root rot;
rice, to Pyricularia; tomatoes, to late blight and Fusarium
fruit rot; potatoes, to late blight and Y virus; cucumbers, to
downy mildew, etc. (Tyuterev, 2015; Badanova et al., 2016;
Popova et al., 2018).

A promising new chitosan derivative is “Novochizol”,
obtained by intramolecular crosslinking of linear chitosan
molecules. Novochizol has a globular shape, which gives
it a number of advantages over chitosan, namely increased
solubility in aqueous solutions, chemical stability, resistance
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to biodegradation, high adhesion and ability to penetrate tis-
sues. This form is able to absorb various substances and slowly
release them into plants after application (Novochizol SA,
www.novochizol.ch). These properties are important for creat-
ing promising combined agents with other biologically active
substances. Novochizol has a growth-stimulating effect when
processing seeds and leaves. It was shown that this substance
enhanced common wheat seed germination, contributed to
an increase in root and total plant weight (Teplyakova et al.,
2022). The effectiveness of complex Novochizol preparations
with usnic acid or Siberian pine bark extract for protecting
wheat from root rot and Septoria blotch was proved in the
field (Burlakova et al., 2025).

It is known that after plant recognition of non-specialized
or avirulent pathogen effectors (elicitors), a set of defence
reactions is activated. The earliest responses include the
reactive oxygen species (ROS) and nitric oxide NO genera-
tion (Manjunatha et al., 2009; Singh et al., 2021; Plotnikova,
Knaub, 2024). ROS (03, H,0,, ‘OH, 10,) accumulation
leads to a splash of oxidative reactions, called an oxidative
burst. The enzyme superoxide dismutase (SOD) converts
the superoxide anion O3 into the hydrogen peroxide H,0,
(Maksimov, Cherepanova, 2006). H,0, has a toxic effect on
pathogens, and is a messenger in NADP-H-oxidase signal-
ing system implemented through a SA-dependent signaling
cascade (Tarchevsky, 2000; Yarullina et al., 2023). As a result
of SA-dependent cascade action, a complex of resistance
mechanisms against biotrophic pathogens is implemented in
the infection zone, including ROS generation, hypersensitive
reaction (HR), defence PR proteins (Pathogenesis-Related
Proteins) and phenolic substances synthesis. Defence reactions
against necrotrophic pathogens are realized using a signaling
cascade dependent on jasmonic acid (JA), abscisic acid and
ethylene. The resistance to hemibiotrophs is ensured by the
combined action of the SA- and JA-dependent cascades (Singh
etal.,2021; Yarullina et al., 2023). The study of the chitosans’
effects on defence reactions showed activation of the ROS and
phenolic metabolism enzymes, PR proteins accumulation and
cell wall strengthening with the lignin and callose (Orzali et
al., 2017; Shcherban, 2023).

To develop BPMA technology, it is necessary to learn their
effect on defence mechanisms and the development of the most
devastating diseases. Novochizol action on wheat resistance
mechanisms against rust diseases has not been studied before.
The aim of the work was to study the Novochizol effect on
the defence mechanisms of a susceptible common wheat
variety infected with the stem rust fungus Puccinia grami-
nis f. sp. tritici Erikss. et Henn.

Materials and methods

Plant material. The objects of the research were 10-day-old
seedlings of the spring common wheat cv. Novosibirskaya 29
susceptible to stem rust. Plants were grown in pots with soil as
recommended for experiments with rust fungi by international
protocols (Woldeab et al., 2017). The seedlings were treated
with Novochizol solutions at concentrations of 0.125, 0.75,
1.5, and 2.5 %. Solutions were applied to plants (15 ml per
100 plants) using a sprayer four days before infection with
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stem rust. Such a pretreatment period is sufficient to induce
defensive effects by BPMA, including chitosan derivatives,
against oomycetes and rust fungi (Faoro et al., 2008; Bel-
lameche et al., 2021; Elsharkawy et al., 2022). Plants treated
with bidistilled water served as a control.

The seedlings were inoculated with urediniospores of a
mixed sample of the West Siberian population of P. grami-
nis f. sp. tritici (Pgt), included isolates with avirulence/viru-
lence genes to wheat genes Sr11Sr24Sr30Sr31/Sr5Sr9aSrob
Sr9dSr9gSr10Sr17Sr38SrMcN. The urediniospores were
stored at =70 °C before the experiment and revitalized using
susceptible common wheat cv. Khakasskaya (Rsaliyev A.S.,
Rsaliyev Sh.S., 2018). Urediniospore suspension at the con-
centration of 0.8 mg/ml Novec 7100 (Serensen et al., 2016)
was applied to seedlings using a sprayer. Inoculated plants
were incubated for 24 h in a humid chamber in the dark at
a temperature of 15-20 °C for maximal spore germination.
After that, the plants were transferred to growth chambers
and incubated under 16 h illumination with an intensity of
10,000 lux at a temperature of 26—-28 °C. Such temperature is
critical for full appressoria structure formation and pathogen
penetration into the stomata, and infection hyphae develop-
ment in the plant tissue (Roelfs et al., 1992).

Phytopathological assessment of plant reaction to infec-
tion. The effect of Novochizol was assessed by quantitative
and qualitative characteristics used to describe the resistance of
wheat seedlings to stem rust, such as pustule density (number
per leaf, 10 plants per variant) and reaction type. Plant reaction
(infection type, IT) was determined 12-14 days post inocula-
tion (p/in) using a modified Stackman scale. The ITs “07, «;”,
“1”, and “2” were interpreted as resistant (R), and “3”, “3+”
and “4”, as susceptible (S) (Roelfs et al., 1992).

Cytological and cytochemical methods. The studies were
carried with plants treated with 0.75 % Novochizol. The mate-
rial was fixed at 0, 24, 96, 144 and 240 h p/in in lactophenol
fixative (phenol, lactic acid, glycerin, distilled water, 96 %
ethanol, in the ratio of 1:1:1:1:8) (Plotnikova, Meshkova,
2009). Infection structures on the surface and in plant tissues
were detected using the fluorescent dye Uvitex 2B (Sigma-
Aldrich, USA) by a modified method (Moldenhauer et al.,
2006). For this, the material fixed in lactophenol was washed
with distilled H,O, and afterwards it was kept for 3 h in acetic
alcohol (96 % ethanol and glacial acetic acid, in the ratio of
3:1). After washing with distilled H,O, the leaf pieces were
kept in a series of liquids, such as 50 % ethanol (20 min),
0.5N NaOH (30 min), distilled H,O (5 min), 0.1M Tris-HCI
buffer pH 5.8 (30 min), and distilled H,O (5 min). Staining
was carried out for 15 minutes in 0.1 % Uvitex 2B in 0.1M
Tris-HCI (pH 5.8), preheated at 60 °C. To differentiate the
colour, the material was kept in distilled water for 90 min.
The observations were carried out in reflected light with an
excitation wave of Ay = 355 nm and an emission wave of
Amax = 420 nm. Undamaged fungal structures showed a blue
fluorescence, the damaged plant cells and pathogen hyphae
were light blue or white.

For hydrogen peroxide H,O, localization in tissues, a vital
staining of the material with 0.02 % 3,3’-diaminobenzidine
tetrachloride (DAB, Sigma-Aldrich, USA) was implemented

541



A.B. Shcherban, L.Ya. Plotnikova, V.V. Knaub
E.S. Skolotneva, V.V. Fomenko

before fixation (Plotnikova, Meshkova, 2009). The DAB solu-
tion was infused into the leaves by vacuum infiltration and
incubated for 30 min. Insoluble cherry formazane was formed
in the presence of H,0,.

Phenolic substances distribution in the leaves was studied
using special reaction with aniline sulfate to common phenols
(low molecular weight phenols and polymer lignin). The mate-
rial was stained with 1 % aniline sulfate (aniline sulfate, glacial
acetic acid, and 50 % ethyl alcohol, in the ratio of 1:2:97)
for 1 h, followed by washing in distilled water (Japaridze,
1953). The lignins in the veins and plant cell walls in the in-
fection zones were coloured yellow-brown. Additionally, the
phenols autofluorescence in reflected light with an excitation
wave of Ayayx = 355 nm and emission of A, =530 nm (green
fluorescence) or Ayay = 605 nm (red fluorescence) was studied
(Plotnikova, Meshkova, 2009). Cytological studies were car-
ried out using an ARSTEK E62 light microscope (ARSTEK,
China) with a Sony Alpha A6400 APS-C digital camera (the
resolution of 24.2 MP/inch, Sony, Japan).

The results of 30-50 vbgPgt urediniospores development
in each of the five plants per variant were studied at each ex-
periment stage, and were counted as repetitions. The areas of
mycelium and urediniopustule (35-50 pcs. per variant) were
measured after 240 h p/in, using the camera software. The
mean values and standard errors were determined (in tables
and graphs), and the least significant difference at p < 0.05
(LSDg g5) was calculated.

Results

Visual assessment of the Novochizol effect

on stem rust development

At the first stage of the work, the effect of different Novochizol
concentrations on the disease development in the susceptible
cv. Novosibirskaya 29 seedlings was studied. Awide range of
preparation concentrations was used in the experiments, from
0.125t0 2.5 %. The pustules with IT “4” were formed on plants
treated with water (control). Any Novochizol concentration
influenced the disease development. It could be seen in the
decrease of pustule density, pustule size reduction, and chlo-
rosis appearance around the pustules (Table 1). IT decreased
to the least extent when 2.5 % Novochizol solution was used
(IT “3”, “3+"). The treatments with 0.125, 0.75 and 1.5 %
concentrations induced resistant reactions. The pustules sizes
decreased to the greatest extent when the plants were treated
with 0.75 % Novochizol (IT “2”, “2-"). This experimental
variant was used for studying plant defence reactions.

Cytophysiological manifestations of wheat's defense
reactions induced by the biofungicide Novochizol

Results of cytophysiological studies

of the Novochizol effect on pathogenesis

The Novochizol effects were assessed by Pgt development
on the leaf surface and in the tissues, and plant reactions in
the infection zone. After contact with the moistened plant
surface, the urediniospores swelled and formed growing tubes
(Fig. 1a). The appressoria were formed at the ends of most
growing tubes, which were necessary for penetration into the
stomata (Fig. 1b). A big part of the appressoria (7378 %) were
located on the stomata, and more than 93 % of them ensured
pathogen penetration into the tissues. No significant differ-
ences in the development of Pgt on the surfaces of untreated
and Novochizol-treated plants have been established (Table 2).
The main appressoria proportion was formed 18-24 h p/in.
After penetration into the stoma, the fungus formed infection
hyphae with haustorial mother cells (Fig. 1¢), and the first
haustoria in mesophyll cells were formed 2448 h p/in. Pgt
formed large pustules with the next urediniospore generation
240 h p/in (Fig. 1d).

The localization of hydrogen peroxide and phenolic com-
pounds in the leaves was studied to determine active reactions.
A high H,0, concentration was revealed in leaf cuts by DAB
staining at the beginning of the experiment in each variant
(control untreated uninfected, Pgt-infected, Novochizol-
treated, and Novochizol-treated infected plants) (Fig. 1e, n).
In areas far from the cuts, DAB staining was weak (Fig. 1¢).
At the end of the experiment, DAB staining decreased sig-
nificantly at the ends of all leaves (Fig. 1f, k). Probably, H,O,
generation at leaf ends was associated with plant stress reac-
tion to mechanical damage.

The distribution of total phenols in the leaves was firstly
studied using a special aniline sulphate staining. The phenols
were detected in the cytoplasm and plant cell walls in the
zone of Pgt development, as well as in the vein cell walls,
which corresponds to the presence of polymer lignin. The
phenols were low in other leaf parts (Fig. 1g). Phenol auto-
fluorescence coincided with their localization, determined by
aniline sulphate staining. Under different observation modes,
a bright green or red fluorescence appeared (with emission
at Amax = 530 nm or Ay = 605 nm, respectively). Different
fluorescence colour is associated with the presence of different
phenol compounds. In the control plants, red fluorescence was
brighter in the midveins, and green fluorescence was more
active in small veins, in particular, in the walls of stomatal
guard and mesophyll cells (Fig. 1h, i).

In the untreated plants, significant changes in the cells in the
infection zones were not found during pathogenesis, up to the

Table 1. Results of a visual assessment of the Novochizol concentration effect

on the development of P. graminis f. sp. tritici in wheat seedlings

Indicator Control Novochizol concentration, %

0.125 0.75 1.5 2.5
Reaction, IT 4 2 2,2- 2,2+ 3,3+
Average pustule number, pcs./leaf 204 +0.54 8.3 +£0.35% 18.1 £0.32* 15.1 £0.28% 14.3 +0.28*

* Significant differences with the control at p < 0.05.
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Fig. 1. Development of P. graminis f. sp. tritici and distribution of hydrogen peroxide and phenols in tissues. a-d, g, k-m — infected
untreated plants; e, f, h, i — control uninfected plants; n-z - Novochizol-treated infected plants.

a - growing tubes development on the leaf surface; b — appressorium on stoma; ¢ — infection hyphae and haustorial mother cell in the
tissue; d - colony with urediniopustule; e - intensive H,0, accumulation on the leaf cut of the control plant, 24 h p/in; f - weak H,0, ac-
cumulation on the leaf section cut of the control plant, 240 h p/in; g - phenols in plant cytoplasm in the urediniopustule area and lignins
in the parallel veins; h, i — phenols autofluorescence in the leaf of the control plant; k - H,0, accumulation in the colony area with the
urediniopustule and on the leaf cut (arrow), 240 h p/in; |, m — phenols autofluorescence in the tissues surrounding urediniopustules;
n - intensive H,0, accumulation on the leaf cut and in the plant tissue, 24 h p/in; 0 - H,0, localization in the stomata area, 96 h p/in; p -
empty appressorium shell on the plant stoma (black arrow, selected fragment) and intensive accumulation of H,O, under other stomata
(white arrows), 48 h p/in; g — autofluorescence of dead plant cells and fungal infection hyphae, damaged cells (light blue) and normal
hyphae (blue), 48 h p/in; r - abortive colony (arrow); s, t — phenols and lignin autofluorescence in the same abortive colony (arrow) zone,
96 h p/in; u - actively developed colony (arrow); v, w — phenols autofluorescence in actively developed colony zone (arrows), 144 h p/in;
x — intensive H,0, accumulation (arrow) in the colony zone with urediniopustule, 240 h p/in; y, z - intensive phenols accumulation with
different colour illumination in the colony with urediniopustule zone, 240 h p/in. Designations: ap — appressorium; ih — infection hypha;
| = lignin; hmc - haustorial mother cell; m — mycelium; ve - vein; gt - growing tube; sp - spore; st — stoma; up — urediniopustule. Stain-
ing: a-d, q - Uvitex 2B; e, f, k, n-p, r, u, x - DAB; g - aniline sulfate; h, I, s, v, y — phenols autofluorescence at emission A,,, = 530 nm;
i,m, t, w, z - phenols autofluorescence at emission A, = 605 nm.
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Cytophysiological manifestations of wheat's defense
reactions induced by the biofungicide Novochizol

Table 2. Development of P. graminis f. sp. tritici on the surface of wheat plants treated with Novochizol

Experimental variant Germinated spore

proportion, %

from the number
of germinated spores

Control 772+16 61.3+5.1
Novochizol 80.2+1.9 63.8+3.9
LSDg 5 32 34
a b
200 50
m Colony

™ 40 -
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Fig. 2. The effect of Novochizol treatment on P. graminis f. sp. tritici colonies and pustules development.

a - caverage area; b — distribution of colonies by area; ¢ — distribution of pustules by area. C - control; Nh - Novochizol. * Significant difference at p < 0.05.

sporulation stage. High H,0, accumulation was determined
in the tissues under the pustules, and less in the surrounding
mycelium area at 240 h p/in (Fig. 1k). A moderate accumula-
tion of phenols with green fluorescence and that of phenols
with brighter red autofluorescence were detected around the
pustules in the mycelium zones (Fig. 11, m).

In the Novochizol-treated uninfected plants, H,O, ac-
cumulation of varying intensity was noted in the leaves in
the form of spots for 48 h p/in. The H,0O, distribution was
irregular, which may be due to uneven Novochizol distribu-
tion by spraying. The stomatal guard cells, as well as meso-
phyll cells under the stomata and between the veins, were
strongly stained (Fig. 1n). The H,0, gradually disappeared
from the tissues after 96-144 h p/in, but remained in the
guard cells and in small zones below them in small amounts
(Fig. 1o, r, u).

In Novochizol-treated infected plants, the H,O, content in
tissues for 96 hours was similar to that described above. The
fungus penetrated into the stomata between H,O, accumula-
tion zones without deviations, and empty appressoria shells
remained on the surface of guard cells (Fig. 1p). In areas with
a high ROS content, the cytoplasm of dead plant cells showed
a white glow, while damaged ones showed light blue fluores-
cence. The dead fungal hyphae had white autofluorescence,
and the intact ones had a blue colour (Fig. 1q). The colonies
died (aborted) at early developmental stages in the ROS ac-
cumulating loci. The phenols in the cytoplasm and lignin on
the cell walls accumulated in the zones of the dead colonies.
These substances had a brighter green and a less pronounced
red autofluorescence after 96 h p/in. The accumulation of

green and red lignins was also enhanced in the adjacent vein
regions. At the same time, phenols did not accumulate near
the stomata area with a high H,O, content (Fig. 1s, t).

Significant H,O, generation was not detected near the
actively developing colonies 144 h p/in, and simultaneously
its content decreased in the stomatal zones (Fig. 1u). Phenols
with brighter green and less vivid red fluorescence covered
the mycelium area (Fig. 1v, w). Intensive H,0, accumula-
tion was determined in the large colony and pustule areas
240 h p/in (Fig. 1x), and strong phenol accumulation was noted
around such colonies in a wider than H,0, zone. Phenols and
lignin with green autofluorescence were synthesized more
intensively and spread over a larger area than ones with red
colour (Fig. 1y, 2).

A study of Pgt development showed that in Novochizol-
treated plants, the average colony and pustule areas decreased
(by 1.5 and 2.2 times to untreated, respectively) (Fig. 2a).
The preparation’s effect resulted in a significant change in
distribution of the colonies and pustules by sizes, compared
with untreated plants. The proportion of small colonies and
pustules increased sharply, and some colonies (22 %) died
before sporulation (Fig. 2b, c).

Discussion

The biological properties of the BPMA based on chitin and
chitosan have been investigated since the 1980s. During this
time, numerous tests have been carried out on the chitosan
derivatives effects on pathogens (fungi, bacteria, and viruses)
development and disease manifestations. The fungicidal ef-
fects of chitosans have been mainly studied on pathogens with
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a necrotrophic or hemibiotrophic feeding type. These groups
include the most harmful species of the Botrytis, Fusarium,
Alternaria, Colletotrichum, Phytophthora, Rhizoctonia ge-
nera (Chakraborty et al., 2020; Zheng et al., 2021; Shcherban,
2023). The cultivation of these fungi is available on artificial
media, which makes it possible to evaluate the drug’s effects
in vitro. Using different pathogen species, it was showed that
the chitosan preparations manifested fungicidal effects by the
suppression of spore germination, inhibition of growing tubes
development, disruption of cell walls and membranes, and an
impenetrable film formation around fungal cells (Ghaouth et
al., 1994; Abd El-Kareem, Haggag, 2014). Growth suppres-
sion could also be associated with calcium and copper ions
chelation and deposition of chelate complexes on cell surface,
which reduced the metabolic activity of fungi (Chakraborty
etal., 2020). The effects of preparations in planta are realized
after chitosan recognition by plant receptors and signalling
systems activation (Yarullina et al., 2023).

The mechanisms of Novochizol action on wheat stem rust
development have been studied for the first time. The Novo-
chizol concentration effect on the disease development has
been revealed. This confirms the results of previous studies on
the effect of drug doses on plant resistance reactions (Orzali
etal.,2017; Varlamov et al., 2020). In the 0.75 % Novochizol
variant, the greatest inhibiting effect on Pgt development
was noted. In contrast to previous results, obtained with chi-
tosan (Ghaouth et al., 1994; Abd El-Karee, Haggag, 2014),
Novochizol had no negative effect on Pgt development on the
leaf surface, as well as penetration into stomata.

In the 0.125 % Novochizol variant, a more intense pus-
tule development suppression was found. The effect of the
0.125 % Novochizol on stem rust will be studied at the next
research steps.

In the 2000s, a hypothesis of a two-level organization of
plant immunity was formulated, called PTI-ETI (Gill et al.,
2015). It was assumed that plants have PRRs (Pattern Rec-
ognition Receptors) that recognize molecules of non-patho-
genic (MAMPs, Microbe-Associated Molecular Patterns)
and non-specialized pathogenic microorganisms (PAMPs,
Pathogen-Associated Molecular Patterns), as well as plant cell
destruction products (DAMPs, Damage-Associated Molecular
Patterns). As a result of the recognition of these molecules,
the first level of PTI (PAMP-triggered immunity) defence is
triggered. After PTI is overcome, the second resistance level
is activated, associated with the recognition of specific effec-
tors — ETI (Effector-Triggered Immunity). PTI corresponds
to the response of non-host species, while ETI is similar to
varietal resistance and is usually accompanied by hypersensi-
tive reaction (Gill et al., 2015). Later, an improved model of
plant immunity was proposed, according to which ETI is a
PTI-dependent module for the reactions amplification, but not
an isolated system (Yuan M. et al., 2021; Zhao et al., 2022).

Two peaks of ROS generation have been identified in resis-
tant plants previously. The first peak occurs a few minutes after
elicitor recognition and is associated with the activation of the
NADP-H-oxidase enzyme, which is constitutively present in
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the membrane. NADP-H-oxidase produces the superoxide
anion O3, which is rapidly converted by the SOD enzyme to
H,0O, (Boller, Keen, 2000). The second ROS peak appears
3-5 days later, and is associated with de novo synthesis of
the pro/antioxidant system enzymes (peroxidases, oxalate
oxidases). The pro/antioxidant system maintains optimal ROS
levels in the tissues. Catalase cleaves H,O, to water, and at
the same time the peroxidases, polyphenol oxidase, and ascor-
bate oxidase utilize ROS in oxidative reactions (Maksimov,
Cherepanova, 2006).

Previously, when studying the interactions between the
rust fungi P. triticina and P. coronata with non-host species
(oats and wheat, respectively), the O; generation by stomatal
guard cells contacting with appressoria, which led to pathogen
death, was revealed (Plotnikova, 2008). Pgt dies on the plant
surface before penetration into the stomata of non-host species
Secale cereale and Thinopyrum ponticum. When Pgt interacts
with cultivars carrying resistance genes of non-hosts (Sr31,
Sr24, Sr25, Sr26), the appressoria dies on the stomata after
the peak of superoxide anion generation (Plotnikova et al.,
2022, 2023). On the example of chitosan-treated rice, a similar
NADP-H-dependent O synthesis was shown (Lopez-Moya
et al., 2021). An enhanced synthesis of enzymes involved in
ROS accumulation was also found in millet plants treated
with chitosan and infected with Alternaria kikuchiana (Meng
et al., 2010). The chitosan application on barley induces an
oxidative burst and synthesis of phenolic compounds, which
increases the resistance to fungal diseases complex (Faoro
et al., 2008).

Novochizol is similar to MAMPs in its origin. A histochemi-
cal study of Novochizol-treated plants revealed intensive
H,0O, accumulation in tissues four days after its application.
Obviously, this is due to the second peak of oxidative burst
manifestation and confirms the inducing resistance activity
of Novochizol. Zones with a high H,0, content were found
both in the stomata areas and between the veins. Such results
may be explained by increased Novochizol ability to penetrate
through the leaf epidermis and induce ROS production. The
H,0, content in the tissues decreased after 96-144 h p/in of
Pgt inoculation, so did the traumatic ROS on leaf cuts to the
end of the experiment in all variants. Such dynamics may be
related to the synthesis of the antioxidant system components
(both the enzymes and non-enzymatic substances) that utilize
ROS. The activation of antioxidant enzymes following ROS
accumulation was shown in potatoes treated with the chitin-
ferulic acid conjugate and beneficial bacteria Bacillus subtilis
(Yarullinaetal., 2024a). It is also possible that the antioxidant
activity increased with the age of the plants.

Defense reactions did not appeared before sporogenesis
in infected untreated plants. In Novochizol-treated plants,
a small number of host cells and mycelium fragments died
in the areas with increased H,O, content. At the same time,
the dead plant cells did not exhibit the yellow fluorescence
characteristic for HR (Vander et al., 1998). This indicates that
Novochizol induces reactions that partially differ from those
occurring during HR in resistant varieties.
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Some colonies died at the early pathogenesis stages. H,O,
was not detected in the zones of abortive colonies 96 h p/in.
ROS accumulation has also not been established in the areas
of medium and large developing colonies before sporogen-
esis, and even a decrease in H,O, near the colonies has been
noted. The decrease in H,0, content can be explained both
by the accumulation of antioxidant plant enzymes and by the
pathogen activity. Currently, it is known that biotrophic rust
fungi secrete hundreds of effectors into plant cytoplasm and
apoplast. The pathogens are able to suppress protective reac-
tions, as well as to alter or reprogram host metabolism by the
effectors. It was shown that a virulent isolate of wheat yellow
rust pathogen P. striiformis f. sp. tritici secreted an effector
catalase cleaving H,0,, which led to plant resistance sup-
pression (Yuan P. et al., 2021). At the same time, Novochizol
treatment stimulated increasing H,O, accumulation in the
colony zones at the stage of sporogenesis.

It has previously been shown that the phenols synthesis and
the strengthening of cell walls with lignins after treatment with
chitosans were the most typical protective reactions against
necrotrophic and hemibiotrophic fungi (Orzali et al., 2017;
Shcherban, 2023). In our experiments, it was found that No-
vochizol treatment stimulated an earlier and more intensive
phenols accumulation than in untreated plants. For the first
time, it was shown that Novochizol promotes the changing
in the phenols ratio towards compounds with a green fluores-
cence, while phenols with a red light prevailed in untreated
plants. It was previously determined that lignin with green
autofluorescence includes syringin derivatives and accumu-
lates in wheat tissues after treatment with SAR inducer Bion
(Plotnikova, 2009). Previously, it was shown that in plants
treated with the chitosans and infected with necrotrophic
fungi, the PR proteins’ (chitinases, glucanases, peroxidases,
polyphenol oxidases, PR-1, PR-5, etc.) genes expression
increased (Manjunatha et al., 2008, 2009; Nandeeshkumar
et al., 2008; Orzali et al., 2014). Similar accumulation of PR
proteins with different functions was also revealed in potatoes
treated by chitosan conjugates with ferulic or caffeic acids
(arullina et al., 2024a, b). Accumulation of PR-proteins
in Novochizol-treated plants, which are not detectable by
cytological methods, is also likely. The complex action of
Novochizol-induced defence mechanisms led to the death of a
significant part of the colonies at the early development stages,
as well as to a significant reduction in the pustule density and
suppression of the pathogen’s reproduction.

The reported studies were the first stage of investigation
of the Novochizol effect on the wheat resistance mechanisms
against stem rust. At the next stage, detailed studies of the
preparation’s action on the pathogenesis will be carried out
using molecular genetics, biochemical and cytophysiological
methods.

Conclusions

Studies have shown that Novohizol can be used as a resistance
inducer to wheat stem rust. The dose effect of the treatment
was revealed, with the best results at 0.125 and 0.75 % con-
centrations.
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Novochizol treatment of leaves at the 0.75 % concentration
did not affect the urediniospore germination and fungal struc-
tures development on the plant surface, but led to a significant
reduction in the number of colonies, as well as the mycelium
and pustule sizes.

Intensive hydrogen peroxide accumulation in infected and
uninfected plant tissues 4—8 days after Novochizol treatment
was found (corresponds to 0-4 days after inoculation), which
decreased by the end of the experiment.

Partial death of plant cells and pathogen mycelium was
noted in the zones of intensive H,O, accumulation. The dead
plant cells did not show the autofluorescence characteristic
for HR.

Novochizol stimulated earlier and more intensive phenols
accumulation in infection zones, such as a change in the ratio
of phenolic compounds towards substances with syringin
derivatives.
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Receptor-like leucine-rich repeat kinases of subfamily III
are involved in the recognition of Pectobacterium spp.
by Solanaceae plants

E.V. Shrub, N.V. Kalubaka, PV. Vychyk, O.A. Badalyan, Y.A. Nikolaichik (%) &

Belarusian State University, Minsk, Belarus
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Abstract. The genomes of Solanaceae plants contain over 600 receptor-like protein kinase genes with leucine-rich
repeats (LRR-RLK), many likely associated with pathogen detection, but very few functionally characterized. Pectobac-
terium spp. are the major bacterial pathogens of agricultural crops, particularly potatoes and other Solanaceae plants.
For relevant potato pathogens from the genus Pectobacterium, specific immune receptors have not been described in
Solanaceae. However, in Malus x domestica, four LRR-RLK from the LRRIII subfamily (DIPM1-4) have been characterized
as receptors for the related pathogen Erwinia amylovora. DIPMs specifically interact with the effector protein DspE
and are involved in E. amylovora recognition. Since the DspE ortholog is also the main effector in Pectobacterium spp.,
we performed a phylogenetic analysis of LRRIIl subfamily receptors in the most relevant Solanaceae representatives
together with a much better characterized LRR-RLKIII of Arabidopsis thaliana and identified nine clusters of related
RLKs. Clustering followed by analysis of published data allowed us to functionally characterize this RLK family and
suggest the most likely candidates for checking interactions with the main effector of pectobacteria, DspE. Testing the
kinase domains of representative cluster members in a yeast two-hybrid system revealed four Solanaceae RLKs inter-
acting with the DspE effector from Pectobacterium versatile. Virus-induced silencing of these RLK genes demonstrated
their involvement in P. versatile recognition. The RLK6 gene from Solanum bulbocastanum, which is not an ortholog of
the DIPM proteins in apple, seems to be the most promising potential resistance gene. This work expands our under-
standing of LRR-RLKIII subfamily RLKs and their role in plant immunity, providing a foundation for future development
of disease-resistant Solanaceae varieties.
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PelreniTOpIIog00HbIe KMHA3bI C IeMIIH-00raThIMU IIOBTOPaAMMU
rnmogcemericTBa III y4aCcTBYIOT B pacliO3HaBaHUM
Pectobacterium spp. pacTeHUsIMU ceMelicTBa Solanaceae

E.B. IlIpy6, A.B. Koay6axo, IT.B. Beruuk, O.A. Bapaasis, E.A. Huxoaarumux @

Benopyccknin rocynapcTBeHHbIN yHuBepcmteT, MHCK, benapycb
@ nikolaichik@bsu.by

AHHoTauuA. [eHOMbI pacTeHuid cemenctaa MacneHoBble copepat 6onee 600 reHOB PeLENTOPHbIX NPOTENHKNHA3
C nenynH-6orateiMu nostopamm (LRR-RLK), MHOrme u3 KotopblX, BEPOATHO, CBA3aHbl C AeTeKUMelN MaToreHoB, HO
NUWb HekoTopble 6bin GYHKLMOHANBbHO OXapaKTepr3oBaHbl. JHTepobakTepun poaa Pectobacterium — OCHOBHble
6aKTepurasibHble NMaToreHbl MHOTUX CENbCKOXO3ANCTBEHHBIX KYNbTYp, B TOM Unicie KapTodena n Apyrux pacTeHui
cemenicTtBa MacneHoBble. 1A akTyanbHbIX NaToreHoB 13 pofa Pectobacterium cneunduyeckne MMMyHHble peLien-
TOpPbI pacTeHUn He onucaHbl. OaHako y Malus x domestica oxapakTepu3oBaHo yeTblpe LRR-RLK 13 nopcemeinctsa
LRRIIl (DIPM1-4), cneunduryeckn Bzammopenctayowmx ¢ 3pdeKktopHbiM 6enkom DspE v yyacTBytowWwmx B pacnosHa-
BaHWUM POACTBEHHOrO 3HTepobaKTepuranbHoro dutonatoreHa Erwinia amylovora. NMockonbky optonor DspE agnaetca
OCHOBHbIM 3ddeKkTopoM 1 y Pectobacterium spp., Mbl BbiNONHWAN dunoreHeTnyeckunii aHanus RLK-LRRIII pacteHunin
cemelicTBa MacneHoBble COBMECTHO C 6ornee nosHo oxapakTepusoBaHHbiMy LRR-RLKIIy Arabidopsis thaliana v Bbi-
Lennnu feBATb KnactepoB poacTBeHHbIX RLK. Knactepmsauma n aHanus ony6nmMkoBaHHbIX AaHHbIX NO3BOANAN GYHK-
LIMOHaJIbHO OXapaKTepr3oBaTh 370 cemelncTBo RLK 1 npeanoxute Hanbonee BePOATHbIX KAHANAATOB AJ1A MPOBEPKM
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Subfamily Ill LRR-RLKs involved in the recognition
of Pectobacterium spp. by Solanaceae plants

B3aMMO[ENCTBMA C OCHOBHbIM 3pdeKkTopom nektobaktepuii DspE. TecTmpoBaHme KMHa3HbIX JOMEHOB penpeseHTa-
TUBHbIX NPefCTaBMUTeNelN pasHbIX KIacTepoB B POXKEBOW ABYXTMOPUAHON crcTeMe BbiABUNO YeTbipe RLK pacteHui
cemelicTBa lNacneHoBble, KOTOpble B3auMoaencTByoT ¢ 3ddekTopom DspE n3 Pectobacterium versatile (Pve). YpoBeHb
3Kcnpeccnn reHoB 3Tux RLK 1 nx opTonoros y pasHbIX pacTeHUi ceMeincTBa BapbrpoBali, HO B LiefioM 6bin OYeHb
HU3KUM. MMpKn 3TOM Ob6HapyxeHa cunbHasa DspE-3aBucuman cynpeccusa reHoB RLK2 n RLK5 y nHouumpoBaHHbix Pve
pacTeHuii KapTodens, a MHaKTMBaLMWA NX OPTONOrOB NpefoTBpaLlana pasBuTNe CBEPXUYBCTBUTENbHON peakunn B
NNCTBAX PACTEHUN, MHPUNBTPOBAHHBIX CycrneH3namu Pve. [JlaHHas paboTa paclumpseT NoHVMaHWe pasHoobpasus
RLK noacemernictea LRR-RLKIII v ux ponu B UMMyHUTETE pacTeHUI N MOXKET CMOCOOCTBOBATb CeNleKLmn yCTOMUMBDIX K
6aKTepro3am COPTOB pacTeHUin cemelicTa MacneHoBble.
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NMMYHUTET

Introduction

Pectobacterium spp. are major bacterial pathogens of a range
of important crops, particularly potatoes. P. atrosepticum,
P. carotovorum, P. parmentieri, P. brasiliense, and P. versatile
are the most relevant pathogenic species for potato. Depend-
ing on conditions and strain characteristics, pectobacteria
can infect underground or above-ground parts of the plant,
causing soft rot of tubers, blackleg, or aerial stem rot. The
hallmark of Pectobacterium infections is the massive produc-
tion of around 30 exoenzymes (pectolytic, cellulolytic, and
proteolytic), leading to the characteristic softening of infected
tissues (Chatterjee et al., 1995; Pérombelon, 2002).

Most potato varieties are susceptible to Pectobacterium
infections. Although relatively tolerant varieties are known
(Kwenda et al., 2016), potato plants resistant to Pectobacte-
rium have not yet been developed. This situation can be largely
explained by an insufficient understanding of the mechanisms
by which plants recognize these pathogens, especially at the
earliest stage of the infection.

Pectobacterium spp. were long considered typical necro-
trophs minimally interacting with their hosts. However, since
the advent of the genomic era, a substantial amount of data
has accumulated, indicating the complex nature of molecu-
lar communication between Pectobacterium spp. and their
hosts. A notable feature of this communication is the ability
of Pectobacterium to coexist with its hosts in a “stealth”
mode — without developing a systemic infection and without
causing significant damage to plant tissues (Toth, Birch, 2005;
Gorshkov et al., 2018).

The switch between these two fundamentally different
phases of infection, latent and symptomatic, depends on
regulatory events that are still poorly understood, particularly
the early stages of plant-pathogen interaction. For instance,
the pathogen’s quorum sensing system activates the synthe-
sis of numerous virulence factors only at high population
densities (Liu H. et al., 2008). The specialized repressor of
pectin degradation, KdgR, is inactivated by the products of
polygalacturonate hydrolysis (Liu Y. et al., 1999; Skoblyakov
et al., 2004), which occurs only after significant cell wall
degradation. Additionally, the PhoPQ-dependent switch in
the pathogen’s metabolism and transmembrane transport is
triggered by the release of divalent cations during cell wall
degradation (Kravchenko etal., 2021). These three regulatory
mechanisms are well studied but operate relatively late in the
infection process; by this time some damage to the plant is
already inevitable, making them less effective as targets for
pathogen control. Therefore, the initial stage of pathogen
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recognition by the plant, mediated by membrane receptors,
appears more promising. However, specific plant receptors for
Pectobacterium spp. have not yet been described.

The classical model of plant immunity (Jones, Dangl,
2006) is based on the specific recognition of pathogen-
associated molecular patterns (PAMP/MAMP, Pathogen/
Microbe-Associated Molecular Pattern) and effectors, which
induce interconnected pathways of PAMP-triggered immunity
(PTI) and effector-triggered immunity (ETI). PAMPs are
often conserved proteins (flagellin, translation elongation
factor Tu) (Gémez-Goémez, Boller, 2000; Zipfel et al., 2006),
lipids (e. g., 3-hydroxydecanoic acid) (Kutscheraetal., 2019),
peptidoglycan (Willmann et al., 2011), and polysaccharides
(Kawaharada et al., 2015).

Effectors are proteins translocated by the pathogen directly
into plant cells. Some effectors, such as Avr proteins of the
fungal pathogen Cladosporium fulvum (Fulvia fulva), act
outside the cell (Rooney et al., 2005). The primary function
of effector proteins is to disrupt plant signaling pathways
responsible for pathogen recognition and immune response
activation, with effector mechanisms being quite diverse
(Giraldo, Valent, 2013; Macho, Zipfel, 2015; Zhang S. et al.,
2022). Despite the key role of effectors in pathogen adaptation
to its host, the presence of a plant immune receptor specific
to a particular effector (encoded by an R-gene) activates ETI
and provides resistance to infection.

PAMP/MAMP detection is carried out by membrane recep-
tor complexes, while effector receptors triggering ETI can be
either cytoplasmic or membrane-bound (Béhm et al., 2014;
Couto, Zipfel, 2016; Bentham et al., 2020; Sun, Zhang J.,
2020). Membrane receptors for MAMP/PAMP and cytoplas-
mic receptors for effectors can physically interact with each
other (Qi et al., 2011). Despite different initial components,
the subsequent signaling pathways and activated immune
responses largely overlap, so the difference between PTI/MTI
and ETI is quantitative rather than qualitative (Navarro et al.,
2004; Thomma et al., 2011; Yuan et al., 2021).

Receptor complexes typically include co-receptors, which
can be part of many receptor complexes. Receptors and co-
receptors belong to several protein families, but most are
part of the leucine-rich repeat (LRR) receptor domain family
(Shiu, Bleecker, 2003; Chakraborty et al., 2019; Dievart et al.,
2020). Receptors usually have more than 10 LRRs, while co-
receptors have fewer than 9. Specific receptors may or may not
have a cytoplasmic kinase domain and are called receptor-like
kinases (RLK) or receptor-like proteins (RLP). Co-receptors
typically have a kinase domain and can phosphorylate other
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components of the receptor complex, including the receptor
itself. A receptor complex may include several co-receptors
(mandatory in receptor complexes involving RLP) (Huang,
Joosten, 2025).

Applying the classical zigzag model of immunity (Jones,
Dangl, 2006) to Pectobacterium is challenging due to the
limited data on PAMP-triggered responses (Kroner et al.,
2011; Kuzmich et al., 2014), and the fact that, to date, only
one effector protein, DspE (DspA), has been identified for
Pectobacterium spp. (Nikolaichik et al., 2005; Kim J.-G. et
al., 2011). DspE belongs to the AvrE superfamily of type III
secretion system (T3SS) effectors (Nikolaichik et al., 2005;
Degrave et al., 2015). Effectors in this family are named in
different species after “avirulence”, “disease-specific protein”
and “water-soaking” according to phenotype induced in plants
(e.g. AvrE, DspE, and WtsE) and are considered critical for
pathogens with a small number of effectors (Erwinia spp.,
Pantoea spp., and Pectobacterium spp.) (Gaudriault et al.,
1997; Frederick et al., 2001; Mor et al., 2001; Kim H.-S. et
al., 2011).

DspE of P. versatile (Pve) is required for successful in-
fection of the host plant. It is also the main inducer of the
hypersensitive response (a typical sign of ETI) in non-hosts.
DspE is delivered into plant cells via T3SS and can be detected
within host cells as early as 3 hours after infection with a non-
induced culture (Nikolaichik et al., 2005). DspE triggers local
and systemic defense responses, indicating the plant’s ability
to detect this effector protein (Nikolaichik, 2009).

The first direct evidence of a plant’s ability to specifically
recognize DspE was obtained by studying the ortholog of this
effector from Erwinia amylovora, the causative agent of apple
fire blight. In yeast two-hybrid screen, four receptor-like ki-
nases (DIPM1-4) were identified in Malus < domestica plants,
the intracellular domains of which specifically interacted with
DspE (Meng et al., 2006). DIPMs (DspE-Interacting Proteins
from Malus) are receptor-like kinases with leucine-rich repeats
in the sensory domain (LRR-RLK), belonging to the third
subfamily (LRR-RLKIII).

Inactivation of certain DIPMs via silencing or genome edit-
ing increased plant resistance to fire blight (Borejsza-Wysocka,
2006; Pompili et al., 2020). A similar approach allowed us to
identify three receptor-like kinases in tomato and tobacco that
interact with DspE from P. versatile. Silencing the RLK2 and
RLKS5 genes in Nicotiana benthamiana reduced the plant’s
ability to recognize P. versatile, leading to a weakened hy-
persensitive response (Nikolaichik et al., 2012; Badalyan,
Nikolaichik, 2014). Three receptor-like kinases (WIP3-5)
that specifically interact with WtsE, an ortholog of DspE from
Pantoea stewartii subsp. stewartii, were also identified in Zea
mays, but their functions have not yet been studied in planta
(Jinet al., 2016).

The phenotype of apple and N. benthamiana plants with
inactivated DIPM1-4 and RLK2/5 indicates that these recep-
tor-like protein kinases are responsible for plant sensitivity
to DspE-producing pathogens, meaning they can be consid-
ered S-genes. Inactivation of S-genes can be used to create
resistant plants. However, the characterized DspE-interacting
kinases partially duplicate each other’s functions, and their full
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spectrum is unknown, so complete elimination of pathogen
sensitivity through the inactivation of a single or even a couple
of these receptor genes seems unlikely. On the other hand, to
ensure resistance to the pathogen, a single “suitable” R-gene
might be sufficient, and such a gene encoding an LRR-RLKIII
has been described for another pathosystem (Zhao et al., 2019).

The discussion above shows that LRR-RLKIII can be can-
didates for S- and R-genes against various pathogens and can
also perform functions related to plant growth and develop-
ment. This work summarizes and classifies available data on
LRR-RLKIII with a focus on plants of the Solanaceae family,
and may simplify the search for promising resistance genes
for use in breeding programs of Solanaceae plants. We also
provide an example of using this LRR-RLKIII classification to
identify a potential resistance gene to pectobacterial infection.

Materials and methods

Plant material and microorganism strains. Solanum tu-
berosum cv. Ragneda and N. benthamiana plants were grown
in non-sterile nutrient soil at 20 °C with a 16-hour photoperiod.
The following micraobial strains were used: P. versatile JN42
(mcrB::ISPcc2, AfITEFG, CmR (Tn9), RifR), VKE (JN42
dspE) (Nikolaichik et al., 2005); A. tumefaciens GV3101
(RifR, GmR, vir*) (Arabidopsis Biological Resource Center);
Saccharomyces cerevisiae SKY48 (MATa, trpl, his3, ura3,
lexAop-LEUZ2, clop-LYS2), SKY473 (MATa, his3, leu2, trpl,
ura3, lexAop-LEU2, clop-LYS2) (Serebriiskii etal., 2005). The
JN42 strain is derived from the natural P. versatile isolate 3-2,
which lacks flagella due to a deletion within the fli cluster
(GenBank CP024842). Cultures of P. versatile and A. tume-
faciens were grown on LB medium, while S. cerevisiae was
cultured on YPD medium at 28 °C.

Nucleic acids. The following plasmids were used: pTRV2,
p1039, p1044, p1046 (Liu Y. et al., 2002), obtained from the
Arabidopsis Biological Resource Center; pTRV2::RLK2,
PTRV2::RLK5; pJG4-5; pJG4-5::dspF, pJK202::dspE (Niko-
laichik et al., 2012); pJG4-5::'sIRLK2, pJG4-5::'sIRLKS,
pJG4-5::'ntRLKS (Badalyan, Nikolaichik, 2014). The oli-
gonucleotide sequences for RT-gPCR are listed in Table S1
(Supplementary Materials)?.

Molecular cloning. A fragment of the C00T013379
(sbRLK®G) gene from S. bulbocastanum was amplified using
the primers 5'-ccgaattcggtttatttcctggtaagat-3' and 5'-cgectega
gggccaactcattgagaatcag-3' and cloned into the pJG4-5 and
pTRV2 vectors using EcoRI and Xhol restriction sites.

Protein-protein interaction analysis. Protein-protein
interactions were analyzed using the LexA-based yeast two-
hybrid system (Serebriiskii et al., 2007). The bait plasmid had
a fragment of the dspE gene cloned into the pJK202 vector.
For positive control of interaction with DspE, the secretory
chaperone DspF, specific to DspE, was used (Valentovich
et al., 2008). Cells of the S. cerevisiae SKY473 strain were
transformed with pJG4-5 derivatives. Cells of the opposite
mating type SKY48 were transformed with pJK202::dspE.
To detect protein-protein interactions, diploid S. cerevisiae
cells obtained by crossing SKY473 and SKY48 strains were

' Supplementary Tables $1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shrub_Engl_29_4.pdf
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cultured on a selective medium for 2—4 days, followed by a
“blue-white” test for B-galactosidase activity.

Protein sequence analysis. Genomic assemblies and an-
notations of the following versions were used: S. tuberosum
DM v.6.1 (Pham et al., 2020), S. bulbocastanum (Tang et
al., 2022), S. lycopersicum cv. Micro-Tom v.1.2.1 (Kudo et
al., 2017), Arabidopsis thaliana Araport11 as of 2022-09-14
(Cheng et al., 2017).

Identification of receptor-like kinases in proteomes and their
classification into families was performed using iTAK v. 1.2
(Zheng et al., 2016). Redundancy in sequences was reduced
using the easy-cluster algorithm of the MMseqs2 program
(Steinegger, Soding, 2017). For the alignment of kinase do-
main amino acid sequences, the MAFFT web service was used
(Rozewicki etal., 2019). Alignment correction was performed
using Jalview 2.11.2.7 (Waterhouse et al., 2009). A maximum
likelihood dendrogram was constructed using ITREE v. 2.1.3
based on the Edge-linked partition model (von Haeseler et al.,
2014; Chernomor et al., 2016), and graphical visualization was
performed using the iTOL 6.8 service (Letunic, Bork, 2021).

Virus-induced gene silencing (VIGS). VIGS in N. ben-
thamiana plants was performed using the TRV2 vector as
described by Y. Liu et al. (2002). The hypersensitivity test was
conducted 40 days after VIGS induction by infiltrating plant
leaves with suspensions of P. versatile strains in 0.85 % NaCl
at a density of 1.5x 108 cells/ml using a needle-less syringe.
At least 10 plants of each type were subjected to infiltration
with all types of suspensions and NaCl solution as a control.
For each type of suspension or NaCl solution, two or more
leaves per plant were used. Results were recorded and samples
were collected 24 hours after infection.

RT-gPCR. Leaf samples from N. benthamiana were col-
lected 24 hours after infiltration (as described above) with
P. versatile cell suspensions. Potato tubers were inoculated
with an automatic pipette using suspensions of the same
density (1.5 x 108 cells/ml) in a volume of 10 pl. Potato tis-
sue samples were collected at the maceration zone boundary
48 hours after inoculation. RNA extraction and RT-qPCR
were performed in six biological replicates as described
(Nikolaichik et al., 2009). Gene expression levels were de-

Quantitative analysis of RLKs in plants of the Solanaceae family

Subfamily Ill LRR-RLKs involved in the recognition
of Pectobacterium spp. by Solanaceae plants

termined by RT-gPCR relative to the reference genes CAC,
EF1A, TBP for N. benthamiana, and SAND, CAC, EF1a for
S. tuberosum and calculated with the REST2009 2.0.13 soft-
ware (Qiagen, USA).

Results

Phylogenetic analysis identifies distinct structural

and functional subgroups within LRR-RLKIII

Since all known RLKs (Receptor-Like Kinases) that interact
with AvrE-like effectors belong to the LRR-RLKIII family, we
analyzed the spectrum of RLKSs in this family across various
members of the Solanaceae family and compared them with
the characterized LRR-RLKIII (mostly from A. thaliana).
The iTAK classifier assigns between 45 and 77 RLKs to
LRR-RLKIII in different Solanaceae species and 47 RLKs in
A. thaliana (see the Table), leaving many options for identify-
ing potential receptors involved in immunity regulation and
pathogen detection, including P. versatile.

Phylogenetic analysis allowed us to identify nine clusters
of related LRR-RLKIII (Fig. 1). For RLKSs in clusters I-V
and VIII, published information does not show a connection
to immunity. In the remaining three clusters (VI, VII, and IX),
kinases capable of binding AvrE-like effector proteins are
present but immunity-related functions have only been demon-
strated for members of clusters VII and IX. More detailed
information on experimentally characterized LRR-RLKIII is
provided in Table S2.

Identification of a NEw DspE-interacting LRR-RLKIII

in S. bulbocastanum

So far, no R-genes have been identified among those encoding
DspE-interacting RLKs. Most known immunity-related genes
from this family, such as mdRLK4, s/TARKI, nbEIR1, and
ntRLK?2, can be classified as S-genes. However, at least one
clear R-gene in this family (RLK902 of A. thaliana, required
for resistance to Hyaloperonospora arabidopsidis) has been
described (ten Hove et al., 2011), suggesting the possibility
of identifying resistance genes to other pathogens in this
family. RLKs with a demonstrated role in immunity (includ-

Species Total RLKs Number of Rank of LRR-RLKIII Number of
RLK classes (iTAK) among other classes LRR-RLKIIl members

Capsicum annuum var. glabirisculum 1,151 121 I 59

S. melongena 1,189 123 VI 45

S. bulbocastanum 1,892 123 Vi 69

S. tuberosum 1,328 124 VI 46

S. lycopersicum cv. Heinz 1,020 123 1l 45

S. lycopersicum cv. Micro-Tom 2,073 123 Vil 61

N. benthamiana 1,329 123 \Y 77

A. thaliana 1,028 123 1] 47
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Fig. 1. Dendrogram of the LRR-RLKIII family members.

Only kinase domain sequences were used. Species are indicated by two-letter codes: at — A. thaliana, md — Malus x domestica, nb - N. benthamiana, nt - N. taba-
cum, sb = S. bulbocastanum, sl - S. lycopersicum, st - S. tuberosum, zm - Z. mays. Clusters of similar RLKs are highlighted in color and labeled with Roman numerals.
LRR-RLKs interacting with AvrE family effectors (DspA/E, WtsE) are marked with circles, where the shading intensity is proportional to the interaction strength, and
the color (blue or yellow) indicates whether the blue-white test was performed. Numbers next to the identifiers show the number of leucine-rich repeats (LRR)
within the sensory domain. Experimentally studied LRR-RLKs are marked with “*”if they are involved in growth and development regulation and/or “#"if they are

involved in immunity control.

ing those interacting with AvrE-type effectors) are present  gene from S. bulbocastanum, a species often used as a source
only in clusters VII and IX. The connection to immunity of  of R-genes suitable for potato resistance breeding.

DspE/WtsE-interacting RLKs from cluster VI has not yet The cloned fragment of C00T013379, encoding the cyto-
been shown but seems plausible. Cluster V11 is the closestto  plasmic part of the RLK, gave a positive result in the interac-
clusters VII, IX, and VI, but none of its members was shown tion test with DspE in the yeast two-hybrid system (Fig. 2).
to interact with DspE. Therefore, we selected a representative  Based on the intensity of growth and coloration of yeast
from cluster V111 for experimental analysis: the C00T013379  macro-colonies on selective medium, the interaction of DspE
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sIRLKS

Subfamily Ill LRR-RLKs involved in the recognition
of Pectobacterium spp. by Solanaceae plants

DspF

ntRLK5 pJG4-5

Fig. 2. Interaction of the effector protein DspE with kinase domains of RLKs. Growth of diploids on leucine-deficient medium with X-gal.

All cells contain plasmids pJK202-DspE, pDR8 with lacZ, and derivatives of plasmid pJG4-5 with an insertion of the reading frame of the indicated gene.

TRV:RLKS

TRV::GFP

TRV::RLK2

TRV::RLK6

Fig. 3. Hypersensitive response of N. benthamiana plants subjected to RLK gene silencing.

Control plants were infected with TRV containing a neutral insert (GFP).

with kinase domain amplified from S. bulbocastanum was
at the level of SIRLK2 and the positive control (DspF) and
significantly exceeded the interaction intensity with sIRLKS
and ntRLKS5 (orthologs of nbEIR1). By analogy with the
previously characterized LRR-RLKIII, we designated this
gene as shRLK6.

Silencing the ortholog of sbRLK®6 in N. benthamiana, un-
like silencing nbRLK2 and nbRLKS5, did not affect the inten-
sity of the hypersensitive response upon infiltration of leaves
with Pve JN42 cell suspension (Fig. 3).

P. versatile suppresses plant LRR-RLK genes

To understand the consequences of DspE recognition by LRR-
RLKIII, we assessed the expression levels of key immunity
marker genes in both host plants (S. tuberosum) and non-host
plants (N. benthamiana). Radical changes were observed for
genes involved in salicylic acid and jasmonic acid signaling,
as well as for the RLK genes (Fig. 4).

In Pve-infected N. benthamiana plants, expression of sali-
cylic acid-dependent genes PR1A and SIPK was significantly
reduced (Fig. 4a). In contrast, the jasmonic acid-dependent
transcriptional activator gene JAZ3 was induced, while COI1
encoding the inhibitor of this pathway was repressed, and the
marker genes WIPK and PR3 were strongly induced. Impor-
tantly, both suppression and induction of these genes were

dependent on DspE, as the response of plants to inoculation
with dspE mutant bacteria was much weaker. Similar DspE-
dependent suppression of the salicylic acid pathway marker
PR1A was observed in Pve-infected potato plants (Fig. 4b).
COI1 was slightly repressed, while JAZ3 — strongly induced,
but the effect was independent of DspE.

Expression of RLK2 and RLKS5 orthologs in both plants, as
well as that of RLK4 in N. benthamiana, was also reduced in a
DspE-dependent manner (Fig. 4a, b). The very low expression
level of stRLKG6 did not allow for an assessment of its change.

To see how typical the observed expression pattern is during
Pve infection, we checked the expression of two well-studied
RLK genes from other families in N. benthamiana: FLS2,
encoding the flagellin receptor, and WAKZ, encoding a cell
wall-associated kinase involved in oligogalacturonate percep-
tion. FLS2 responded to contact with wild-type Pve and the
dspE mutant similarly to RLK2 and RLK5 (Fig. 4a). WAK1
in Pve-infected plants showed a barely noticeable (approxi-
mately twofold) but reproducible suppression, independent
of DspE.

Discussion

The phylogenetic analysis allowed us to divide LRR-RLKIII
into two distinct functional groups. According to the available
information, we conclude that members of clusters I-V are
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Fig. 4. Changes in gene expression levels in N. benthamiana (a) and S. tuberosum (b) plants inoculated with suspensions of wild-type P. versatile (w.t.)

and dspE mutant (dspE) or 0.85 % NaCl solution (K).

Average values (in arbitrary units) of six measurements with 95 % confidence intervals are shown.

primarily involved in controlling plant growth and develop-
ment, while clusters VI-IX are enriched with RLKSs associated
with the regulation of immune responses. Most LRR-RLKIII,
including all those interacting with DspE, lack a key aspartate
residue in the conserved catalytic loop motif (HRDXXXXN)
and are therefore classified as pseudokinases. However, many
pseudokinases retain some kinase activity and can function
as part of receptor complexes containing an active kinase
(Rodriguez-Furlan et al., 2022). Additionally, LRR-RLKIII
generally have a small number (5-7) of leucine-rich repeats
in their sensor domain, meaning they can only perform their
signaling function as part of complex receptor systems that
must include two additional critical components: a kinase
and a receptor (or receptor-like protein) with a full set (more
than 10, typically around 20) of leucine-rich repeats.

Known DspE-interacting proteins belong to clusters VI,
VII, and IX. Among these, the role in pathogen recogni-
tion has been established for four proteins: mdDIPM4 and
nbRLK?2 from cluster VII and ntRLKS5 and nbEIR1 from
cluster IX. In all these cases, suppression of the RLK gene
increased plant resistance (Borejsza-Wysocka et al., 2006;
Nikolaichik et al., 2012; Badalyan, Nikolaichik, 2014; Pompili
etal., 2020). Based on these results, mdDIPM4, nbRLK2, and
nbEIR1 can be considered S-genes. However, we note that
due to the cross-regulation of RLK genes reported in both
apple (Borejsza-Wysocka et al., 2006) and tobacco (Badalyan,
Nikolaichik, 2014), the observed phenotype cannot be un-
equivocally linked to the suppressed gene. Another member
of cluster IX, TARKI, is also a product of an S-gene, as its
over-expression enhances, while its inactivation weakens
disease symptoms (Kim J.-G. et al., 2009; Campos, 2020;
Guzman et al., 2020).

The shRLKG6 gene, described for the first time in this study,
encodes an LRR-RLKIII belonging to cluster VIII, where
no DspE-interacting RLKs had been previously described.
Silencing the ortholog of sbRLK6 in N. benthamiana plants
did not (unlike silencing RLK2 and RLK5) weaken the hyper-
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sensitive response of plants upon contact with Pve bacteria.
For necrotrophs (including Pve), necrosis accompanying the
hypersensitive response is favorable for expanding the infec-
tion zone and further colonization of the plant, so we classify
RLK2 and RLK5 as S-genes. However, shRLK6 cannot cur-
rently be considered an S-gene. The question of whether RLK6
can function as an R-gene requires its stable inactivation or
over-expression followed by testing plant resistance when
infecting organs (tubers and stems) that are typical targets of
pectobacteria but are poorly suited for the virus-induced gene
silencing technology used here.

Since the genes of co-receptor-like RLK2, RLK5, and the
newly described RLK6 exhibit an expression pattern during
Pve infection similar to that of the pattern recognition receptor
gene FLS2, and the expression of all four genes shows signs of
common control through the salicylic acid signaling pathway,
we can hypothesize that DspE-interacting LRR-RLKIII are
components of complex receptor systems involved in detecting
Pve. Other components of such complexes and the cytoplasmic
signaling proteins interacting with them may be considered
promising candidates for identifying resistance genes to Pve
and other bacteria.

Conclusion

So far, specific resistance genes to Pectobacterium spp. have
not been described, and targeted breeding of potatoes for
resistance to pectobacteriosis is not being conducted, not
least due to the lack of information on R-genes that could
provide such resistance. We propose to use receptor protein
kinases of the RLK-LRRIII family, which specifically rec-
ognize the main effector protein of pectobacteria, DspE, for
this purpose. As a first step in this direction, this study has
compiled information on experimentally studied members
of this family, identified promising subfamilies (clusters) for
further research, and identified a new receptor-like kinase that
specifically recognizes DspE and has properties distinct from
those previously described.
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Abstract. Grafting with resistant rootstocks is one of the most effective methods to prevent soil-borne diseases, and
it can influence vegetative growth, flowering, maturation periods, and fruit quality, thereby ensuring high yields.
In this study, four species from the family Cucurbitaceae were tested as potential candidates for grafting cucumber
and melon: Cucurbitaficifolia Bouché, Cucurbita moschata L., Cucurbita pepo L. and Cucurbita maxima Duch. The study
focused on the grafting methods that optimize growth parameters and the accumulation of hormones and vitamins
in rootstock. The results indicated that Cucurbita maxima Duch. is the most suitable rootstock material for grafting to
Cucumis sativus L. and Cucumis melo L., as it exhibited superior plant and root mass. Among the two grafting methods
tested, the tongue approach ('X’) demonstrated the best results in terms of growth parameters and the accumula-
tion of indole-3-acetic acid (IAA) and vitamins in the scion leaves. IAA and vitamin concentrations were measured
using HPLC in grafted samples at 2, 4 and 6 weeks of age. In the ‘X" method, IAA accumulation from the end of the
second week was twice as high compared to control plants. This method also showed higher vitamin content, with
increased levels of B vitamins and vitamin C at the end of the 4th week (25.2-135.1 and 52.3-67.0 %, respectively),
and vitamins A, E, D5, K starting from the 2nd week (1.5-2 times higher). Conversely, the insertion or slant cut grafting
method ('Y’) did not show any significant increase in the analyzed parameters and was comparable to the control.
The X' method for grafting both Cucumis sativus L. and Cucumis melo L. onto Cucurbita maxima Duch. plants demon-
strated the best results and is recommended for production.
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BausiHyie 0oTO6OpaHHOTO IIOABOS Ha IMapaMeTphl POCTa,
HakorvieHre VK 11 BUTaMIMHOB B IIPUBOSIX
Cucumis sativus L. u Cucumis melo L.
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AHHoTauus. MpUBKBKa C MOMOLLbIO YCTONUYUBbIX MOABOEB — OAMH 13 Hanbonee 3GGeKTVBHbIX METOAOB NpeaoTBpa-
LeHNA 6onesHel, NnepeaatoLLXcs Yepes NnoyBy, KOTOPbI MOXET BAVATb Ha BEF€TaTUBHbIN POCT, LIBETEHME, MEPUOLbI
CO3pEeBaHUA U KayecTBO MIOAOB, TEM CaMblM 06ecrneurBasn BbICOKYIO YpOXaliHOCTb. B HacToALleM nccnenoBaHnm
yeTblpe BrAA U3 CEMENCTBA ThIKBEHHbIX OblIM MPOTECTUPOBaHbI B KaYeCcTBe NOTEHLMaNbHbIX KaHAMAATOB AN Npu-
BMBKM orypua v abiHu: Cucurbita ficifolia Bouché, Cucurbita moschata L., Cucurbita pepo L. n Cucurbita maxima Duch.
WiccnepoBaHue 6biNlo COCPEAOTOYEHO Ha MeTofax MPUBKBKM, KOTOpPble OMTMMU3VPYIOT NMapameTpbl pocTa 1 Ha-
KOMMieHe TOPMOHOB 1 BUTaMMHOB B npuBoe. CornacHo nosyyeHHbIM pesynbTatam, oTobpaHHbii Bug Cucurbita
maxima Duch. ABnseTcsa Hanbonee NoaxoAALMM MaTepranom NoaBoA Ana NpusmBKK K Cucumis sativus L. n Cucumis
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Influence of selected rootstock on growth parameters,
accumulation of IAA and vitamins in scions

melo L., NOCKONbKY OH MoKasan Haunyyllyio Maccy pacTeHusa n KopHei. Cpemn AByX NPOTECTMPOBAHHbIX METO0B
NPUBMBKIM A3bIYKOBbIN Noaxoa ('X’) NpoAeMOHCTPMpPOoBan fyylire pesynbTaTbl C TOUKM 3peHNA NapameTpoB POCTa,
HaKoMnneHnAa NHAoNNN-3-yKcycHom Kucnotbl (MYK) n ButammHoB B nncTbax npueos. KoHueHTpauun YK n ButammnHos
n3mepanu ¢ nomollbio BOXKX B o6pasuax npusos B Bo3pacTe 2, 4 1 6 Hegenb. B metoge ‘X' HakonneHune UYK ¢ KoHua
BTOPOV Heaenuv 6blNo B ABa pa3a Bbile MO CPABHEHVIO C KOHTPOSbHbIMY PACTEHUAMK. DTOT METOA TaKXKe rnokasan
6onee BbICOKOE coflepKaHne BUTaMUHOB, C MOBbILLEHHbIM YPOBHEM BUTaMUHOB rpynmnbl B 1 BuTamuHa C B KOHLE
yeTBepTOM Hepgenu (25.2-135.1 1 52.3-67.0 % cOOTBETCTBEHHO), a BUTaMnHOB A, E, D3, K — HaunHasa co BTopoli Hepe-
nm (B 1.5-2 pasa Bblwwe). HanpoTrB, MeToa NPrBMBKU BCTABKOWN UM KOCbIM cpe3om ('Y’) He noKasan 3HauynTenbHOro
yBENUUYEHNA aHanM3npyemMblx NapameTpoB 1 Obi CONOCTaBMM C KoHTponem. Metop npusmeku ‘X' kak gna Cucumis
sativus L., Tak n ana Cucumis melo L. Ha pacteHuna Cucurbita maxima Duch. npogeMoHCTp1poBan Haunyylumne pesysb-

TaTbl U pEKOMeHAYeTCA ANnA NPon3BOACTBa.

KnioueBble cnosa: mopdomeTpuyecknin aHanms; npususka; C. maxima; BOXKX; NYK; ButammHbl

Introduction

Grafting cucumber and melon (as scions) onto pumpkin root-
stocks is one of the most effective methods to prevent soil-
borne diseases, influence vegetative growth, flowering, matu-
ration periods, and fruit quality, thereby ensuring high yields
of these crops (Mauro et al., 2022). Grafting vegetable crops
is an important cultivation method in many countries where
intensive and continuous cultivation is practiced (Farhadi et
al., 2016), particularly in greenhouses with controlled condi-
tions, where rootstocks can extend the fruiting period.

In global practice, rootstocks such as fig leaf gourd Cucur-
bita ficifolia Bouché (C. ficifolia) (EI-Eslamboly, Deabes,
2014), winter squash landrace Cucurbita moschata L. (C. mos-
chata) (Traka-Mavrona et al., 2000; Noor et al., 2019; Li X.
etal., 2023), pumpkin Cucurbita maxima Duch. (C. maxima)
(Farhadi et al., 2016), summer squash landrace Cucurbita
pepo L. (C. pepo) (Noor et al., 2019), and combinations of
C. maximaxC. moschata (Bekhradi et al., 2009; Toporek,
Keinath, 2020) are used.

Scion-rootstock combinations affect pH, taste, sugar con-
tent, color, carotenoid content, fruit texture, resistance to low
soil temperatures and salinity, and nutrient and water uptake.
Studies have shown that RNA, proteins, and small molecules,
some of which are involved in signal transduction, can move
from the rootstock to the scion, directly affecting scion phy-
siology (Mauro et al., 2022). This practice is also applied to
other vegetable crops (Tsaballa et al., 2021). Such functional
interdependence includes a complex relationship between
the two plants, involving the exchange of water, nutrients,
hormones, and other metabolites (Albacete et al., 2015).

Auxins play a central role in root formation. They induce
the initiation of root primordia and influence the growth of
newly formed roots. Plants produce indole-3-acetic acid (IAA)
in shoot tips and young leaves, but exogenous auxin is impor-
tant for successful rooting. There is no direct evidence that
synthetic auxins can replace natural ones in cells, but they
help in the overall accumulation of IAA in the plant, thereby
promoting the formation of adventitious roots (Stefancic et al.,
2007). The percentage of rooted cuttings positively correlates
with the concentration of exogenous auxin, but only up to a
certain point — at high concentrations, rooting stops or even
decreases. Therefore, the presence of endogenous auxin in the
plant is important (Stefancic et al., 2006).

The quality of the initial material plays a very important
role in the formation of adventitious roots. The optimal phy-
siological state of the initial plants can significantly improve
the rooting of cuttings.
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It is especially important to consider the accumulation
of one of the main growth hormones, IAA (Balliu, Sallaku,
2017; Bunsangiam et al., 2021; Tang et al., 2023), in this case
in scion-rootstock combinations (Noda et al., 2000; Li W. et
al., 2017; Lam et al., 2020; Bantis et al., 2021) of cucumber
and melon with pumpkins. In addition to resistance to biotic
and abiotic factors, grafted plants need a good scion-rootstock
union, rapid growth, and high productivity in a shorter time.

Moreover, the accumulation of vitamins in plants as a bio-
chemical indicator plays a significant role (Asensi-Fabado,
Munné-Bosch, 2010; Abbas et al., 2023), particularly if these
are water-soluble and fat-soluble vitamins with antioxidant
properties (Asensi-Fabado, Munné-Bosch, 2010). Previously,
the importance of their role in plants, various organs, and sub-
cellular locations, as well as their main biosynthetic pathways,
were described by the authors. In this context, it is necessary
to study the influence of rootstock on scion in vitamin accu-
mulation over post-grafting periods, as such studies have not
been conducted previously according to the literature data.
For optimal quantitative determination of IAA and vitamins,
the high-performance liquid chromatography (HPLC) method
is used (Battal, Tileklioglu, 2001; Aslam at al., 2008; Keskin
et al., 2022).

The aim of this study was to select the most suitable candi-
date from C. ficifolia, C. moschata, C. pepo, and C. maxima
as rootstock for grafting of C. sativus and C. melo as scion,
and to select the grafting method that ensures optimal growth
parameters, measurement of IAA and vitamins in the scion.

Materials and methods

Plant material. The plant material used for the study con-
sisted of the following Cucurbitaceae species: cucumber
(C. sativus) cultivar Asylim, melon (C. melo) cultivar Valet,
fig leaf gourd (C. ficifolia) cultivar Arbuzny, winter squash
landrace (C. moschata) cultivar Aphrodite, summer squash
landrace (C. pepo) cultivar Danaya, and large-fruited pump-
kin (C. maxima) cultivar Karina, from both Kazakhstan and
global selections. The cultivation of cucurbits was conducted
on neutralized peat with a pH of 6.0 (Kekkila™) in 1-liter
containers with expanded clay drainage. Seeds of the cucurbits
were planted in the peat-filled containers and watered daily
with a nutrient solution of mineral salts at a rate of 100 mL
per plant. After seed germination, the plants were illumi-
nated with LED lamps at 5,000 lux for one week, followed
by 10,000 lux for the subsequent six weeks. Morphometric
analysis measures included plant mass and root mass sepa-
rately, number and area of leaves, and stem thickness. Table 1
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presents the composition of mineral salts and trace elements
(According to the nutrient system of General Hydroponics,
https://generalhydroponics.com).

Every two weeks, the ppm values of the solution were
increased by 500. To achieve concentrations of 500, 1,000,
and 1,500 ppm in the nutrient solutions, 1.3 mL, 2.7 mL and
4 mL, respectively, were taken from each stock solution per
liter (Table 1). The pH was adjusted to 6.0 using a 1M solu-
tion of NaOH or KOH. The total concentration of the nutrient
solution was measured using a TDS meter.

HPLC analysis of IAA, fat- and water-soluble vitamins
determination. The chromatographic separation was per-
formed using a Shimadzu Prominence LC-20 system (Shi-
madzu, Japan) equipped with a UV detector (SPD-20A) and
a fluorescent detector (RF-10AXL). The HPLC system was
equipped with a binary pump (LC-20AD), an autosampler
(SIL-20AC), a degasser (DGU-20A5) and a column oven
(CTO-20A) controlled by LCSolution. For TAA, fat- and
water-soluble vitamins determination were used the fresh
plants.

Fat-soluble vitamins analysis. Stock solutions of vitamins
A, D3, E, K 10 mg (Sigma Aldrich, USA) were dissolved in
10 mL of methanol in each falcon tube. Next, the working cali-
bration standard was prepared with seven concentration ranges
0f 0.48-250 pg/mL for D3, 1.95-1,000 pg/mL for vitamin E,
0.195-100 pg/mL for vitamin K and 0.39-200 pg/mL for
vitamin A. All standards were stored at —20 °C and protected
from light. The concentration of each vitamin was selected
based on the sensitivity of the detector.

All working calibration standard solutions and samples
were analyzed using the column Shimpack ODS XR (75 mm x
3.0 mm x 2.2 pm) (Shimadzu, Japan) and the following HPLC
conditions: column oven temperature 35 °C; eluent Ace-
tonitrile/methanol/dichloromethane/H,O (70:15:10:5 %),
and flow rate programmed using the following conditions:
0-10 min of 0.5 mL/min, then for 11-19 min the flow was
increased to 1.0 mL/min, at 20 min it was decreased to
0.5 mL/min. Working calibration standards and samples were
determined at a UV detector at 280 nm for 0—14 min, then the
UV wavelength was switched to 295 nm. All these chromato-
graphic parameters allow to better separate mixed standard
calibrations.

In 1 g of the mixed sample, 100 pg ascorbic acid, 10 mL
ethanol, 3 mL KOH (50 %) were added, stirred, and refluxed
for 50 min using water bath at 80 °C. Extracts were neutral-
ized with distilled water twice and then dehydrated using
anhydrous sodium sulfate. Extracts were concentrated using
rotary evaporator at 50 °C (IKA HB-8 basic, IKA, Germany),
diluted by 5 mL acetonitrile, filtered (Aslam at al., 2008) using
0.45 pm membrane (Chromafil AO-45/25, Macherey-Nagel,
Germany) and finally analyzed using HPLC.

Water-soluble vitamins analysis. The mobile phase con-
sisted of 100 % acetonitrile and 99 % deionized water with
0.1 % orthophosphoric acid and 25 mM sodium dihydrogen
phosphate. Flow rate was isocratic — 0.5 mL/min. The separa-
tion of vitamins was carried out in a Supelco Ascentis C18
column (250 mm — 4.6 mm — 5 um) at 35 °C. Preparation of
stock standard samples of B vitamins (B, B,, B3, Bs, Bg, B7,
By, B1y) was dissolved in deionized water at a concentration
of I mg/mL. All water-soluble vitamins were purchased from
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BnuaHne otobpaHHOro NoABoA Ha NapameTpbl POCTa,
HakonneHue NYK 1 BUTaMMHOB B MPUBOAX

Table 1. Minimum allowable composition of nutrient elements
in stock solution, %

Grow (vegation) Bloom (flowering) Micro (microelements)

Total N -3 Total P,O5 -5 Total CaO -5
Total P,O5 - 1 Total K,0 -4 Total N -5
Total K,0 -6 Total MgO -3 Total K,0 -1
Total MgO - 0.8 Total SO, -5 Boron (B) - 0.01

Molybdenum (Mo) — 0.0008
Cobalt (Co) - 0.0005

Cu chelate EDTA - 0.01

Zn chelate EDTA - 0.015
Mn chelate EDTA - 0.05

Fe chelate EDTA - 0.10

Titan Biotech Ltd. All vitamins were pure and pharma-grade
(purity at least > 99 %). The solubility of vitamins B, and By
in water is limited, so a separate aqueous solution was prepared
in 5 mM KOH and 20 mM KHCOg, respectively. Working
standard samples will be prepared for B,, Bs, B; at a concentra-
tion range of 50-200 pg/mL, B3, Bg at 25-100 pg/mL, By, at
12.5-50 pg/mL, B, and By at 2.5-10 pg/mL, and then all will
be combined into one single standard for further calibration
(Aslam et al., 2008).

For preparing an extraction solution, 50 mL of acetonitrile
was mixed with 10 mL of acetic acid, and the final volume
was made up to 1,000 mL with deionized water. 1 g samples
were weighed and homogenized. After that, the samples were
transferred into a conical flask where 10 mL of extraction
solution was added. A water bath was set at 70 °C for 30 min.
Afterwards, the sample was cooled down and finally filtered
with filter trips (0.45 pum) and 20 pL aliquots solution was
injected into the HPLC (Mozumder et al., 2019).

IAA analysis. Samples and standards were separated on a
Restek Ultra C18 HPLC column 150 mm x4 mm, 5 um (Bel-
lefonte, PA, USA) at 40 °C. UV detection was performed at
269 nm. The flow rate of the mobile phase was 0.8 mL/min.
Mobile phase A consisted of 100 % HPLC grade acetonitrile,
mobile phase B consisted of 99.9 % HPLC grade water and
0.1 % formic acid using the gradient elution as follows:
95 % B, 0 min; 70 % B, 13 min; 95 % B, 15 min. The flow
rate of the mobile phase was 0.8 mL/min (Battal, Tileklioglu,
2001; Keskin et al., 2022). 10 mg of IAA standard solution was
dissolved in 1 mL 1N NaOH, then filled with 9 ml deionized
water in a 10 mL tube.

1 g samples were weighed and homogenized. After that,
the samples were transferred into 10-mL centrifuge tubes and
10 mL of acetonitrile was added: deionized water (9:1, v/v)
under dim light conditions. Then, 100 pL formic acid was
added and shaken. Homogenates were incubated for 2 h, and
centrifuged at 12,000g at 4 °C for 20 min. The upper super-
natants were then collected and dried in a vacuum evaporator
(Biobase, China). The residues obtained by drying were dis-
solved in 2 mL of acetonitrile and purified by a 200 mg/3 mL
C18 solid phase extraction cartridge (Strata, Phenomenex,
Torrance, USA). The cartridge was prepared by successively
passing 2 mL of water and 2 mL of ethanol using SPE tube
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vacuum manifold (Biobase, China), where the vacuum valve
was set at negative pressure — 0.01 MPa. The liquid that
passed through the cartridge was discarded, and the IAA was
washed off with 2 mL of a mixture of ethanol-water—formic
acid (80:20:0.5 %; v/v) into a 10 mL centrifugal tube. The
collected residuals were transferred to a 2 mL Eppendorf
tube, evaporated using a sample concentrator (NDK200-2N,
Miulab, China), then dissolved with 2 mL acetonitrile. Finally,
20 pL aliquots solution was injected to HPLC.

Grafting methods. Two of the most common grafting
methods were used for plant grafting. The first method,
termed Y, involved insertion grafting or slant-cut grafting.
One cotyledon leaf was left on the rootstock to enhance graft-
ing success (approximately to 90 %). All leaves, including
cotyledon leaves, were left on the scion. The graft junction
was secured with a clip.

The second method, termed ‘X’, involved tongue approach
grafting. Longitudinal cuts at an angle of 20-30° were made
on the stems of both the rootstock and the scion, with the cut
on the rootstock directed downward and the cut on the scion
directed upward. The plants were then joined by their tongues

Influence of selected rootstock on growth parameters,
accumulation of IAA and vitamins in scions

and secured with clips. Initially, both root systems were used.
After 10 days, the vegetative part of the rootstock and the root
system of the scion were pruned.

The grafted plants were then placed in a climate chamber
with controlled temperature, humidity, and light conditions for
further grafting. The grafted plants were grown in the growth
chamber at 20 °C with 92 % humidity in complete darkness
for four days. Subsequently, the grafted plants were grown
under 12,000 lux lighting with an 8/16-hours light/dark cycle
for 10 days (Lee et al., 2010). C. sativus and C. melo were
used as control and self-grafted. All data were statistically
assessed using Duncan’s test.

Results

Morphometric analysis of the Cucurbitaceae family

For setting up the experiment on growth parameters (plant and
root mass), seeds of rootstocks C. maxima, C. pepo, C. ficifo-
lia, and C. moschata, and scions C. sativus and C. melo were
sown for further morphometric analysis and extraction (for
quantitative determination of auxins and vitamins) over a pe-

2 weeks
80 « M Plants

701 M Roots

Weight, g
S

201 *%

*%

4 weeks

80

Weight, g
*

40t

*%

120~ 6 weeks *
100
80f <

60

Weight, g

401 *%

*%

20 * ** **

C. sativus
C. melo
C. ficifolia
C. pepo

C. moschata
C. maxima

Fig. 1. Growth of Cucurbitaceae plants: a, one-week seedlings after germination: b, four-week plants; ¢, morphometric analysis of the Cucurbitaceae

plants; d, 2-, 4- and 6-week plants and roots’ weight in gram of fresh plants.

* Statistically significant results between the Cucurbitaceae plants at p <0.05. ** Statistically significant results between the Cucurbitaceae roots at p<0.05.
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riod of 2 to 6 weeks (Fig. 1a). For reliable results, experiments
were conducted in three replicates under identical conditions:
seedlings were planted in 1,000 mL containers and irrigated
with a nutrient solution at a concentration of 500 ppm. During
the third and fourth weeks, the concentration of the nutrient
solution was increased to 1,000 ppm, and from the fifth week
to the end of the sixth week, it was increased to 1,500 ppm.
The results showed a significant difference across the four
types of rootstocks and two samples of scions.

As an example, Figure 1b shows the plants at four weeks
post-germination and the morphometric analysis (Fig. 1c).
The morphometric analysis focused on the mass of the entire
plant and the root. The results of the morphometric analysis
are presented in Figure 1d as bar charts.

At 2,4, and 6 weeks post-germination, plant and root mass
parameters were measured using digital scales adapted from
the methods. Based on the plant and root mass measurements
at all intervals (2, 4, and 6 weeks), C. maxima exhibited the
highest values. C. pepo ranked second in these metrics. How-
ever, at the 6-week mark, C. ficifolia matched C. pepo in plant
mass, though all its values remained significantly lower than
those of C. maxima. The lowest values were observed in C. sa-
tivus and C. melo. Morphometric analysis identified C. maxima
as the most suitable candidate for grafting of C. sativus and
C. melo. C. sativus plant did not show statistical significance,
except for the 6th week. C. melo, C. ficifolia, C. moschata,
C. pepo, and C. maxima plants showed significant differences,

Fig. 2. Grafting of C. sativus and C. melo on C. maxima.
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with C. maxima having the highest plant biomass over time.
C. sativus and C. melo roots weight had no statistical signifi-
cance atall. C. ficifolia, C. moschata, C. pepo, and C. maxima
root weights showed significant differences.

IAA, water- and fat-soluble vitamins in grafted plants

In the second stage, grafting of one-week-old plants of C. sa-
tivus and C. melo onto the pumpkin rootstock C. maxima was
performed. The grafting method is illustrated in Figure 2a.
The tongue approach grafting (Fig. 2a, first from the left)
is designated as ‘X’ based on the shape of stem fusion. The
second grafting method (second from the left) involved hole
insertion grafting (scion stem with an oblique cut) to the
growth point of the rootstock and is conditionally designated
as ‘Y’. For the ‘Y’ grafting method, the true leaf buds of the
rootstock were removed, and a cut was made along the stem
where the scion with an oblique stem cut was attached. The
grafting methods ‘X’ and ‘Y’ are marked with red arrows in
Figure 2a. The third grafting method was the control, where
atongue cut was made on the C. sativus and C. melo plants to
ensure the experiment was conducted under the same condi-
tions. The self-grafted scion plants of C. sativus and C. melo
are designated as Control.

Two weeks after grafting, active plant growth commenced.
Differences in growth rate and development between the
grafted plant variants were observed at the end of the third
week. Figure 2b illustrates the results for plants at four weeks

a, From left to right X-type grafting, Y-type grafting and self-grafting accordingly; b, grafted and self-grafted Control plants; ¢, X-type
grafted connection between scion and rootstock; d, Y-type grafted connection between scion and rootstock; e, self-grafted Control.
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Fig. 3. Morphometric analysis of 6-week-old grafted plants (fresh plants): a, plant height; b, number of every grafted plant leaf; ¢, stem thickness;
d, leaves area of grafted plants.

* Statistically significant results between the control and experimental groups at p <0.05.
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Fig. 4. 1AA content in C. sativus and C. melo depending on grafting methods (from fresh plants).

* Statistically significant results between the control and experimental groups at p <0.05.

of age marked with red arrows. Additionally, the healed graft  peak (Fig. S1). Also, chromatographic peaks of water and fat-
unions are shown in Figure 2c—¢ for graft variants ‘X, °Y’,  soluble vitamins quantification of the Cucurbitaceae family
and Control, respectively. From the start of grafting until the  are shown in Supplementary Figure S2. And peaks of pure
end of the sixth week post-grafting, it was visually observed  standard substances of IAA, water/fat-soluble vitamins are
that the graft variant ‘X’ did not lag behind the control plants  provided in Supplementary Figure S3.

and the ‘Y’ variant. In the graft variant “Y”’, a slowdown in Based on the results of the HPLC analysis, it was found
growth and development was noted. Upon reaching six weeks  that the content of IAA and vitamins is higher in the leaves
of age, a structural analysis was conducted, which identified  than in the stems. Consequently, we conducted further targeted
the graft variant ‘X’ as the best among the others (Fig. 3). Six  biochemical analyses using the leaves. As a result, the highest
weeks post-grafting, the ‘X’ variant exhibited a 96 % survival  accumulation of [AA was observed in the graft variant ‘X’.
rate, while the Y’ variant showed only a 43 % survival rate of ~ As shown in Figure 4, the accumulation of IAA in grafted
grafted plants. The control variant also demonstrated a high  plants increased in the ‘X’ variant from the end of the second

survival rate of 97 %. week, and by the end of the sixth week, the difference with
Upon reaching six weeks of age, a structural analysis of  the control plants was almost doubled.
the grafted plants was conducted, revealing that the grafting Vitamins identification using chromatographic detection

variant ‘X’ was superior to the others (Fig. 3). This variant ~ was performed (Tables 2, 3). The quantitative values of vita-
excelled in plant height, leaf number, stem thickness, and  mins are given in pug/g, recalculated to dry weights of stem
leaf area for both C. sativus and C. melo. Grafting variant Y’  and leaf samples. The differences in the content of water- and
ranked second in stem thickness and matched the Control  fat-soluble vitamins in the grafted plant variants are presented
in leaf number and leaf area. When comparing C. sativus  in Tables 2, 3. A significant increase in vitamin content was
and C. melo, no significant differences were found within  observed from the end of the fourth week.
the ‘X’ variant of grafting, for plant length, stem thickness An increased content of all B vitamins and vitamin C was
and number of leaves, except for leaves area according to  noted in the grafting variant ‘X’ at the end of the 4th week —
Figure 3. The TAA content in the grafted plant variants is ~ 25.2—135.1 and 52.3-67.0 %, respectively, with all indicators
presented in Figure 4. The extracts of leaves and stems were  being higher in the grafted C. sativus than in the C. melo. In
filtered through solid phase extraction (SPE) (Supplementary ~ C. melo, vitamin B, levels exceeded the Control by 122.7 %,
Fig. S1)%. Upon completion of the extraction, IAA detection  and those of vitamin By, by 135.1 %. In the grafting va-
was performed, which was expressed as a chromatographic  riant “Y”, all indicators were at the control level.

After 6 weeks, the indicators in the grafting variant ‘X’
became more balanced and amounted to 17.5-61.8 % for B vi-

1 Supplementary Figures S1-S3 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx20.pdf
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tamins and 51.6 % for vitamin C in C. sativus; 19.3-42.6 %
for B vitamins and 44.9 % for vitamin C in C. melo. In the
grafting variant ‘Y, the indicators were also at the standard
Control level.

For vitamins A, E, D3, and K, starting from the 2nd week, a
stable difference in their accumulation in leaves was observed
in the grafting variant ‘X, being 1.5-2 times higher compared
to the Control variant.

Additionally, in the ‘X’ variant, the accumulation of IAA
compared to the control plants in Control also increased from
the end of the second week and was almost twice as high. This
pattern with the grafting variant ‘X’ was observed both in the
C. sativus grafting variant and in the melon grafting variant.

Discussion

The influence of the root system of the rootstock on the scion,
and vice versa, 1. ¢., the impact of the more developed biomass
of the rootstock on the further development of the scion and
improved growth of melon plants grafted onto Cucurbitaceae
species, was identified in a previous study (Martinez-Ballesta
etal., 2010). This study confirms that the union of the rootstock
and scion and the differentiation of new vascular tissue from
callus cells, as well as the resumption of scion biomass growth,
begin within 2 weeks post-grafting, as clearly demonstrated
in our research.

Based on the obtained results, we observe that the grafting
method ‘X’ is the most acceptable among other methods. As
expected, this method allows plants to resume growth pro-
cesses more quickly and better accumulate TAA and vitamins
in the leaves. According to (Noor et al., 2019), the use of
the tongue grafting method showed high compatibility with
hybrid cucumber scions compared to other grafting methods
and non-grafted plants.

The novel idea of the study was to identify the optimal type
of grafting that will result in the fastest recovery of the grafted
plant, as well as a stimulating effect of the rootstock on the
scion, where an increase in IAA and vitamin content occurs.
Other researchers have noted that the influence of cucurbit
rootstock on cucumber scion provides salt tolerance and in-
creases fruit yield by improving morpho-physio-biochemical
and ionic properties, specifically increasing the content of the
following substances in grafted plants: superoxide dismutase,
catalase and peroxidase enzymes, antioxidant scavenging
activity, ionic TK and Ca, | Na (Abbas et al., 2023). We
obtained similar results. It can be assumed that the mecha-
nism of vitamin accumulation in scions occurs similarly to
the mechanism of TAA accumulation in scions post-grafting
onto the rootstock. In other words, the growth factors of the
rootstock in the form of IA A may stimulate the accumulation
of hormones and vitamins in the scion. The conducted studies,
including morphometric analysis of grafted plants, show that
parameters such as plant height, number of leaves on grafted
plants, stem thickness, leaf area of grafted plants, as well as
chromatographic data on [AA and vitamin accumulation, are
superior in grafting method ‘X’ compared to the control and
grafting method Y.

The next stage should include studies throughout the entire
physiological development of the plant, up to full maturation
and harvest.

Influence of selected rootstock on growth parameters,
accumulation of IAA and vitamins in scions

Conclusion

Analyzing the data, we concluded that among four species
of Cucurbitaceae: C. ficifolia, C. moschata, C. pepo and
C. maxima, the plants of the species C. maxima are the best
candidate for use as rootstock material for grafting of C. sati-
vus and C. melo. This is due to their superior performance in
terms of plant mass increase, root mass, and stem thickness at
the root base for both C. sativus and C. melo. The second-best
candidates are plants of the species C. pepo.

Among the two different grafting methods tested, the graft-
ing method ‘X’ showed the best results in terms of growth
factors and the accumulation of IAA and vitamins in the
leaves of the rootstock. In method ‘X’, the IAA accumulation
from the end of the second week was twice as high compared
to the Control plants. Regarding vitamins, this method also
exceeded the control, with increased levels of all B vitamins
and vitamin C at the end of the fourth week by 25.2—135.1
and 52.3-67.0 %, respectively, and vitamins A, E, D3, and K
starting from the second week by 1.5-2 times. In contrast, the
grafting method ‘Y’ did not show any significant increase in
any of the analyzed parameters and was at the Control level.

Therefore, it is recommended to graft both C. sativus and
C. melo onto C. maxima plants using the tongue approach
grafting method ‘X’.
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Abstract. The polymorphism of the mtDNA cytochrome b (cyt b) gene’s partial sequences has been studied in the
Demoiselle crane (Anthropoides virgo Linnaeus, 1778) for the first time. Based on cyt b variability, the population
genetic structure of the species was characterized within most of its range in Russia. Among 157 individuals we
identified 18 haplotypes, nine of which were unique. In the European samples, we observed greater haplotype and
nucleotide diversity and stronger genetic differentiation than in the Asian ones. Gene flow between different parts
of the Demoiselle crane range is probably mediated by birds breeding in the Trans-Urals. The overall genetic subdivi-
sion of the species as estimated by Fs; was 0.265 (p < 0.001). The structure of the gene pool is formed by three main
haplotypes, one of which predominates in the Azov-Black Sea region, the second in the Caspian and Volga-Ural
regions, and the third is most common in the Asian samples. Based on the correspondence of intraspecific genetic
differentiation of the Demoiselle cranes from different parts of the range to their flyways, we propose to distinguish
the following subpopulations: (1) Azov-Black Sea/Chadian; (2) Caspian/Sudanese; (3) Trans-Ural/Indian; (4) South
Siberian/Indian; (5) Baikal/Indian and (6) Trans-Baikal/Indian. The obtained data create the basis for monitoring the
genetic diversity of the Demoiselle crane and developing a scientific background for measures to protect the gene
pool of the species as a whole and its subpopulations.

Key words: Gruidae; gene pool; cytochrome b (cyt b); haplotype; genetic diversity; genetic differentiation; population-
genetic structure; flyway

For citation: Mudrik E.A., llyashenko E.I., Kazimirov PA., Kondrakova K.D., Archimaeva T.P, Bazarov L.D., Goroshko O.A.,
Dorzhiev Ts.Z., Kuksin A.N., Postelnykh K.A., Shurkina V.V., llyashenko V.Yu., Shatokhina A.V., Politov D.V. Mitochon-
drial DNA data allow distinguishing the subpopulations in the widespread Demoiselle crane (Anthropoides virgo).
Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2025;29(4):568-577. doi 10.18699/vjgb-25-60

Funding. This study was supported by a grant from the Russian Science Foundation, No. 23-24-00613, agreement from
January 13, 2023, https://rscf.ru/project/23-24-00613/

Acknowledgements. We thank Abushin A.A., Babichev Yu.V., Badmaeva E.N., Balzhimaeva S.B., Belik V.P, Gugueva E.V.,
Davygora A.V., Dzhamirzoev G.S., Kartashov N.D., Kyzyl-ool V.A., Mikhailovsky V.M., Pyzhyanov S.V., Skripnichenko A.Yu.,
and V.N. Fedosov for assistance in the collection of samples in the field.

HaHHbIe MUTOXOHOpMaabHOU JTHK
IIO3BOJISIIOT BBIAEJINTh CYOIMOMY/ISIINY IIMPOKOapeaJbHOTO BIIA
>KypasJieii KpacaBku (Anthropoides virgo)

E.A. Myapux (D1 @), EJ. Vabsimenko (D12, TLA. Kasumupos (01, K.A. Kouppaxosa (912, T.IT. Apunmaesa (23,
A.A. Bazapos (9%, O.A. Topomxo (2> 6, 11.3. Aopsxwues (278, A.H. Kykcun (23, K.A. ITocteabnbix (2)°, B.B. Illypkuua (210,
B.IO. Vabsimenko (92, A.B. [llatoxuna (91, A.B. TToautos 1

© Mudrik E.A,, llyashenko E.I, Kazimirov PA., Kondrakova K.D., Archimaeva T.P, Bazarov L.D., Goroshko O.A., Dorzhiev Ts.Z., Kuksin A.N.,
Postelnykh K.A., Shurkina V.V., llyashenko V.Yu., Shatokhina A.V., Politov D.V., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-1089-7486
https://orcid.org/0000-0002-1668-2515
https://orcid.org/0009-0009-4792-3121
https://orcid.org/0000-0002-1569-0708
https://orcid.org/0000-0002-4200-5155
https://orcid.org/0000-0002-9482-1015
https://orcid.org/0000-0003-2090-9062
https://orcid.org/0000-0003-3103-6818
https://orcid.org/0000-0003-2541-419X
https://orcid.org/0009-0006-0303-1592
https://orcid.org/0000-0002-6376-4732
https://orcid.org/0000-0001-9734-2290
https://orcid.org/0000-0003-1573-478X
https://orcid.org/0000-0003-1569-5565
https://orcid.org/0000-0002-1089-7486
https://orcid.org/0000-0002-1668-2515
https://orcid.org/0009-0009-4792-3121
https://orcid.org/0000-0002-1569-0708
https://orcid.org/0000-0002-4200-5155
https://orcid.org/0000-0002-9482-1015
https://orcid.org/0000-0003-2090-9062
https://orcid.org/0000-0003-3103-6818
https://orcid.org/0000-0003-2541-419X
https://orcid.org/0009-0006-0303-1592
https://orcid.org/0000-0002-6376-4732
https://orcid.org/0000-0001-9734-2290
https://orcid.org/0000-0003-1573-478X
https://orcid.org/0000-0003-1569-5565

E.A. Mygpuk, E.N. Unbawerko, MN.A. Kasumnpos ...
B.1O. UnbAaweHko, A.B. LLaToxnHa, [.B. Monutos

2025
29-4

[aHHble muTOXoHApPUanbHon AHK
NMO3BOAAIOT BbIAEUTbL CyONonNynALMmM KpacaBKum

L NHcTuTyT 061weit reHeTukn um. H.W. BaBunoBa Poccuiickon akagemmm Hayk, MockBa, Poccun
2 NHCTUTYT npo6nem skonoruv v 3sontoumn nm. A.H. CeBepuoBa Poccuiickoin akagemmm Hayk, Mocksa, Poccus
3 TYBUHCKMI MHCTUTYT KOMIMIIEKCHOTO OCBOEHUA NMPUPOAHbIX pecypcoB Cnbrpckoro otaeneHnsa Poccuiickon akagemum Hayk, Kbisbin, Poccua

4 HaLmoHanbHbIf napk <TYHKUHCKUI, KbipeH, Poccna

5 MHCTUTYT NprpOAHbIX pecypcoB, akonoruv u Kpronorun Cnbrpckoro otaeneHna Poccuinckol akagemmnm Hayk, Ynta, Poccua
6 locyaapCTBeHHbIN MPUPOAHDIN BUOCHEPHDIN 3anoBefHIK «[aypckuity, HuxHuin Liacyuen, Poccns

7 BypATCKMIA FOCYnapCTBEHHbIN yHUBEpPCUTET UM. [lopxin BaHzaposa, YnaH-Yas, Poccus

8 MHCTWTYT 06Len 1 SKkcneprmeHTanbHom 6uonorun Cnbrpckoro otTaeneHnsa Poccninckon akagemun Hayk, Ynan-Yas, Poccua
9 OkcKuit rocyfapcTBeHHbIVi NPYPOAHBIN BruocdepHbiii 3anoBefHuK, bpbikuH bop, Poccns

10 TocynapcTBEHHbBIN MPUPOAHDI 3anoBeAHNK «XakaccKuiny, AbakaH, Poccus
mudrik@vigg.ru

AHHoTauuA. Bnepsble n3yyeH nonumopdusm nocneposatenibHocTen parmeHTta reHa mTAHK unutoxpoma b 1 Ha ero
OCHOBe OxapaKTepr3oBaHa MNoMNyNALMOHHO-TeHeTUYeCKan CTPYKTypa »KypaBna KpacaBku (Anthropoides virgo Linnaeus,
1778) Ha 6onbLueli yacTn apeana B Poccun. ina 157 ocobein naeHTrdULMpoBaHo 18 ranioTunos, AeBATb U3 KOTOPbIX
0Kasanucb yHUKanbHbiMy. EBponeiickre BbIOOPKY XxapaKTepri30BannCb GonblUel ranfaoTUNMYECKON U HYKNeoTUgHOM
N3MEHUMBOCTbIO 1 6onee CUbHON reHeTnyeckon anddepeHumaurels, Yem azmatckre. MOTOK reHOB MeXay Pa3HbIMU
YacTAMM apearna KpacaBKu, BEPOATHO, OCYLLECTBAAETCA Yepe3 NTuL, rHe3aAwmxca B 3aypanbe. Obwan reHeTnyeckas
anddepeHumayma Buaa coctaBuna >20 % (Fsr = 0.265, p < 0.001). CTpyKTypa reHodoHaa chopmrpoBaHa TPEMA OCHOB-
HbIMM FranIoTUNamu, OAMH 13 KOTopbIX Npeobnaaaet B A30B0-YepHOMOPCKOM pernoHe, BTOpon — B MpuKacnminckom un
Bonro-Ypanbckom, a TpeTuin Hanbonee pacnpocTpaHeH B a3naTckrx BblbopKax. Micxofa u3 cooTBeTCTBMS BHYTPYBMAO-
BOW reHeTnyeckon anddepeHumaLymm KpacaBki NPOeTHbIM MNYTAM NTUL, U3 pa3HbIX YacTel apeana, Mbl npeanaraem B
CTPYKTYpe BrAa BblAENUTb clegytoLime cybnonynauum: 1) a3oBo-4epHOMOPCKO-YaACKYHo; 2) MPUKaCNMNCKO-CYAaHCKYHO;
3) 3aypanbCko-UHANNCKYIO; 4) I0XKHOCUBUPCKO-UHANIACKYIO; 5) BalikanbCKO-UHANACKYIO; 6) 3abaiikanbCKO-NHANNCKYIO.
MonyyeHHble faHHble CO3Aal0T OCHOBY AN MOHUTOPVHIA FreHeTUYeCKOro pa3Ho0bpa3mnA KpacaBKm 1 pa3paboTKu Hayy-
HOro 060CHOBaHUA Mep OXPaHbl FeHODOHA Kak BUAA B LISIOM, TaK U €ro OTAENbHbIX Cybnonynsuuii.

KnioueBbie cnoBa: Gruidae; reHodoHA; LMUTOXPOM b; ranioTun; reHeTUYecKoe pasHoobpasue; reHeTnyeckasn andoepen-
Lmauma; nonynauMoHHO-reHeTuYeckan CTPYKTYpa; MPOeTHbIN NyTb

Introduction

The Demoiselle crane (Anthropoides virgo, Linneaus, 1778)
is a Eurasian crane species, the gene pool of which has been
studied only fragmentarily. The breeding part of the Demoi-
selle crane range extends across the steppe and semi-desert
zones from the Azov-Black Sea region of Russia eastward to
North-Eastern China. In Europe, the species is categorized
as endangered (BirdLife International, 2021) due to habitat
degradation, periods of prolonged drought, and a steady
population number decline caused, among other things, by
hunting at migration routes and wintering grounds, while on
a global scale its status is evaluated as least concern (BirdLife
International, 2018). The Demoiselle crane is listed in the
Red Book of the Russian Federation (llyashenko, 2021). The
remaining European breeding groups are almost completely
localized in the territory of the south of the European part of
Russia. As for the Asian part of the range, the core of which
is centered in Kazakhstan and Mongolia, its northern border
runs along the southern regions of the Trans-Urals and Siberia
(llyashenko, 2019).

The first and only data on the population genetic structure
of the Demoiselle crane to date were obtained by us using
microsatellite loci and sequences of the Control Region (CR)
of mtDNA. A high level of genetic diversity was revealed
for both types of markers in all parts of the range. European
groupings have been shown to be more subdivided than Asian
ones, and in general, the genetic differentiation of the species
is low (Mudrik et al., 2018, 2022). However, these studies
were carried out on a small number of individuals from the
wild, especially as far as the Asian part of the range is con-
cerned. In addition, some biomaterial from zoo birds was also
included. At the same time, the analysis of the CR, justified by

the high variability of this non-coding region of mtDNA, may
not reflect the structure of the gene pool formed by protein-
coding genes, among which cytochrome b is recognized as
one of the most reliable markers (Zardoya, Meyer, 1996).
The overwhelming majority of population genetic studies
of cranes were performed on the CR, while information on
the polymorphism of the sequences of the more conservative
cytochrome b in this group of birds is quite scarce (we found
only a few identical Demoiselle crane cyt b sequences in the
NCBI Genbank). In this regard, we set the goal of assessing for
the first time at the population level and on a large geographic
scale the polymorphism of the mitochondrial cytochrome b
gene in the Demoiselle crane and characterizing its gene pool
in different parts of the range using more representative bio-
material from nature than in previous studies, primarily from
previously unstudied Asian groups.

Material and methods

Biological sample collection. In this research, we used bio-
logical specimens from 157 individuals of the Demoiselle
crane. The study was approved by the Local Bioethics Com-
mittee at the Vavilov Institute of General Genetics of the
Russian Academy of Sciences (protocols No. 1 dated May 15,
2017 and No. 1 dated May 18, 2023). The source of DNA was
blood (or, less often, epidermis) from plucked feathers from
the chest or neck area of chicks aged 15-35 days. Feather
samples were collected in 2016—2024 during our own expedi-
tions to Demoiselle crane breeding locations run during the
seasons when the chicks were yet unable to fly (June—July).
The chicks were caught by hand in accordance with permits
from the Federal Service for Supervision of Natural Resources
of the Russian Federation No. 43 (2016); No. 104, 105, 106
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(2017); No. 52, 56 (2018); No. 9, 60 (2019); No. 21 (2023);
and No. 78 (2024). After collecting the biomaterial and tag-
ging, which usually takes 5-10 min, the chicks were released
and monitored until they rejoined their parents. Plucked feath-
ers were placed in Longmire’s preservative solution in screw
tubes, transported to the laboratory at room temperature, and
then stored in a freezer at —20 °C. Normally, a Demoiselle
crane brood consists of two chicks, and if biomaterial from
both sibs was available, a specimen from only one sibling of
each pair was included in the analysis.

To designate samples in the European part of the range,
we followed the established division into breeding groups
(Belik et al., 2011), while for the Asian part, we assigned
topographic names to the samples. So, we analyzed 156 un-
related individuals from 10 samples covering most of the
species range in Russia: Azov-Black Sea, Caspian, Volga-Ural
(which includes several individuals from Western Kazakh-
stan), Cis-Ural (European part); Trans-Ural, Khakass, Altai,
Tyvan, Baikal and Trans-Baikal (Asian part). Some samples
(Cis-Ural, Trans-Ural, Khakass, Altai) were represented by a
small but the maximum available number of birds due to the
low density of Demoiselle cranes in the corresponding study
areas and/or low success of their reproduction during the years
of field work. In order to increase the Altai sample, we ad-
ditionally sequenced the biomaterial of an individual kept in
the Barnaul Zoo, which, according to documents, originated
from the nature of the Altai Krai.

Molecular genetic analysis. Genomic DNA was extracted
from plucked feathers using the K-sorb kit (Syntol, Russia)
according to the manufacturer’s protocol. Amplification of the
cytochrome b gene fragment was carried out using forward
(F: CTACTACTAGCYGCACACTA) and reverse (R: AGG
TTGGCGGTTAGGGTTC) oligonucleotide primers (Sun
et al., 2020) and the GenPak PCR Core Reagent kit (Isogen
Laboratory LTD, Russia) on a GeneExplorer amplifier, model
GE-96G (Bioer Technology Co LTD, China). The amplifica-
tion program consisted of pre-denaturation (94 °C for 5 min),
30 cycles (94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min)
and final elongation (72 °C for 10 min) (Sun et al., 2020). The
size and quality of the amplification products were checked by
electrophoresis in 1.5 % agarose gel, then they were purified
using Cleanup St PCR kits (Evrogen, Russia) and sequenced
in the forward direction on an ABI 3130 Genetic Analyzer
(Applied Biosystems, USA) at Evrogen Joint Stock Company
(Russia).

Analysis of molecular genetic data. Alignment of ap-
proximately 900 bp cytochrome b sequences obtained from
Sanger sequencing was performed against each other and
the only complete sequence of this gene of the Demoiselle
crane in NCBI Genbank (NC_020573) using the MAFFT
algorithm (Katoh et al., 2002) in Geneious v. 9.1.8 (Kearse
et al., 2012). Nucleotide diversity, selective neutrality tests,
pairwise and total estimates of genetic subdivision of Ggt and
Fst, female gene flow (number of female migrants per genera-
tion) Nm were calculated using DnaSP v. 6.11.01 (Librado,
Rozas, 2009). AMOVA analysis of molecular variability and
construction of the median haplotype network using the TCS
algorithm (Clement et al., 2002) were performed in POpART
(Leigh, Bryant, 2015). Maximum Likelihood haplotype trees
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were constructed using the IQTree service (Trifinopoulos et
al., 2016; Kalyaanamoorthy et al., 2017; Minh et al., 2020)
based on the HKY+F (Hasegawa—Kishino—Yano) nucleotide
substitution model (Hasegawa et al., 1985), selected as opti-
mal according to the Bayesian criterion (BIC). Branch node
support was calculated using the UltraFast Bootstrap method
for 1,000 replications (Hoang et al., 2017). The cytochrome b
sequence of the Demoiselle crane’s closest relative, the Blue
crane (Anthropoides paradiseus) (Genbank accession number
U27557), was used as an outgroup.

Graphical visualization of trees was performed in the R
environment (R Core Team, 2022) using the ggtree (Yuetal.,
2017, 2018; Yu, 2020, 2022), ggtreeExtra (Xu et al., 2021;
Yu, 2022), tidytree (Yu, 2022), ggplot2 (Wickham, 2016),
pals (Wright, 2024), and ggnewscale (Campitelli, 2024) pack-
ages. A heat map of haplotype similarity based on nucleotide
substitutions was constructed in the R environment using the
algorithm described in the article (Toparslan et al., 2020). To
create maps with the geographic localization of haplotypes,
the following packages were used: ggmap (Kahle, Wickham,
2013), ggrepel (Slowikowski, 2024), smoothr (Strimas-Mac-
key, 2023), sp (Pebesma, Bivand, 2005; Bivand et al., 2013)
and pals, as well as basic methods of the R environment.

Results

Haplotype distribution patterns

After alignment, the size of the analyzed sequences was
771 bp. In the total sample of 157 birds, 18 haplotypes were
identified (Table 1, Fig. 1a) (Genbank accession numbers
PQ663762-PQ663779). Nine of them (h1, h2, h3, h5, h7,h12,
h14, h15, h18) were found in at least two breeding groups.
The most frequent (in 50.9 % of individuals) was haplotype
h18; it was present in all samples except Cis-Ural. Also,
haplotypes h7 (except Cis-Ural and Khakass, 23.6 % of indi-
viduals) and h5 (except Azov-Black Sea and Altai, 11.5 % of
individuals) were spread almost throughout the entire range.
Unique haplotypes were found in the Caspian (h6, h10, h13),
Trans-Ural (h4, h16), Tyvan (h8, h17), Baikal (h9) and Trans-
Baikal (h11) samples. No unique haplotypes were found in the
Azov-Black Sea and Volga-Ural samples; however, the most
frequent ones were h7 and h5, respectively, but not h18, as in
the others. The only individual from the Cis-Ural sample had
a non-unique haplotype: the same was present in the Caspian
sample (h2). The haplotype of the Demoiselle crane from the
Barnaul Zoo turned out to be the same as in the Azov-Black
Sea region (h15) (Table 1), and since the reliability of the
origin of this bird was not obvious, we excluded it from the
subsequent population genetic analysis, as well as the only
available Cis-Ural individual.

Genetic diversity and differentiation

In general, the European and Asian samples were comparable
in the number of individuals analyzed, and the same number
of haplotypes (11) and segregating sites (10) of cytochrome b
were found in them (Table 2). The samples from the western
(Azov-Black Sea) and eastern (Trans-Baikal) boundaries of
the range showed the lowest haplotype (Hd) and nucleotide ()
diversity compared to other samples and the average values for
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Table 1. Distribution of cytochrome b haplotypes in the Demoiselle crane samples

Sample

Azov-Black Sea (AB)
Republic of Crimea 1 14
Krasnodar Krai 2
Caspian (CP)
Republic of Kalmykia 1 1 5 1
Republic of Dagestan 1 1 1 1 1
Stavropol Krai
Volga-Ural (VU)
Volgograd Region 3 4 3
West Kazakhstan Region 3 3
Cis-Ural (CU)

Orenburg Region, 1
Sol-lletsk District

Trans-Ural (TU)

Orenburg Region, 1 1 1
Svetlinsky District

Kostanay Region
Khakass (KH)
Republic of Khakassia
Altai (AL)
Altai Republic 1 1
Altai Krai*
Tyvan (TV)
Republic of Tyva 2 9
Baikal (BK)
Irkutsk Region
Republic of Buryatia 2 2
Trans-Baikal (TB)
Zabaikalsky Krai 1
Sample size 7 2 2 1 18 1 37

* Bird from the Barnaul Zoo, presumably from the Altai Krai.

Europe and Asia and the species as a whole. Reduced values of
these indices compared to the average were also found in the
Khakass sample, which was the northernmost of those studied.

The maximal number of haplotypes (9) was found in
the Caspian sample, while the Volga-Ural and Trans-Ural
samples had the highest haplotype diversity. In general,
the values of haplotype and nucleotide diversity indices as
well as the average number of nucleotide differences were
higher in the European part of the range (Hd = 0.768 +0.027;

Sample
size

Haplotype
9 M0 11 12 13 14 15 16 17 18
21

32

22

24

20

20

n=0.00178+00018; k = 1.371) compared to the Asian part
(Hd =0.635+0.054; == 0.00130+0.00017; k = 1.001).

Analysis of the similarity

and spatial distribution of haplotypes

The heat map of haplotype similarity showed two clusters
(h1-h5 and h6-h18), within which haplotypes h5, h7, h6, and
h18 demonstrated the greatest similarity to haplotypes from
outside of their own group (Fig. 2). This is probably due to
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Fig. 1. Location of the Demoiselle crane cytochrome b haplotypes in the studied samples (a) and subpopulations identified in the European (b) and

Asian (b, ¢) parts of the range.

The contours of the subpopulations are conditional, since they only outline the points of material collection.
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Table 2. Summary statistics of polymorphism and genetic differentiation of the Demoiselle crane samples

according to cytochrome b data

Sample N Nh S Hd

AB 21 4 5 0414 +£0.124
CP 32 9 9 0.692 + 0.079
VU 22 5 4 0.801 +0.043
Europe 75 11 10 0.768 £ 0.027
TU 7 5 5 0.857 +£0.137
KH 4 2 1 0.500 + 0.265
AL 5 3 3 0.700+0.218
TV 24 5 4 0.606 + 0.062
BK 20 5 5 0.626+0.110
B 20 4 4 0.489+0.117
Asia 80 1 10 0.635 + 0.054
Average Total 155 18 16 0.732 £0.027

n k Fsr Ggr Nm

0.00091 +0.00037  0.705

0.00208 + 0.00035 1.601

0.00176 £0.00024  1.355

0.00178 +£0.0018 1.371 0.105 0.158 213
0.00247 £0.00062  1.905

0.00065 +0.00034  0.500

0.00182 +0.00074  1.400

0.00089 +0.00015  0.844

0.00129£0.00033  0.995

0.00090 +0.00029  0.695

0.00130+0.00017  1.001 0.032 0.027 7.66
0.00170 £0.00014  1.263 0.116 0.128 1.91

Note. N - sample size; Nh - haplotype number; S - segregating site number; Hd - haplotype diversity; n — nucleotide diversity; k — average number of nucleotide
differences; Fst and Gst — genetic subdivision estimates; Nm — gene flow. Samples: AB — Azov-Black Sea, CP - Caspian, VU - Volga-Ural, CU - Cis-Ural, TU - Trans-

Ural, KH - Khakass, AL — Altai, TV - Tyvan, BK - Baikal, TB — Trans-Baikal.

the fact that h5, h7, and h18 were the most widespread hap-
lotypes, occurring in almost all samples from the studied part
of the range of the Demoiselle crane. On the median network,
haplotype h7 (and its derivative h6) was located between h5
and h18 (Fig. 3).

The cluster formed by h5 included haplotypes of European
samples and the geographically close Trans-Ural sample,
and the cluster in which the central haplotype was h18 was
distributed throughout the entire studied part of the species
range. This is also confirmed by the clustering of individuals
on the ML-tree, which demonstrates the intermediate position
of individuals with the h7 haplotype relative to h5 and h18
with a high degree of bootstrap support (Fig. 4a).

The tree constructed using the outgroup indicated that the
cytochrome b haplotypes did not form a single monophyletic
group, and the h7 haplotype was putatively ancestral to the
other two most frequent haplotypes, h5 and h18, and their
derivatives (Fig. 4b).

Genetic differentiation and gene flow

Genetic differences between the studied samples generally
reflected their relative geographic location. The highest genetic
differences were found between the most distant Azov-Black
Sea and Trans-Baikal (Fst = 0.4675), as well as between the
northernmost Khakass and two European samples — Azov-
Black Sea and Volga-Ural (Table 3). There was no genetic
differentiation detected between the most geographically close
\olga-Ural and Trans-Ural; Altai and Tyvan; Baikal and Trans-
Baikal groups, as well as between some other samples within
the European and Asian parts of the range. The Trans-Ural
sample, geographically close to the European ones, but belong-
ing to the Asian group, was genetically indiscernible from the
Caspian one in Europe and the Altai and Tyvan ones in Asia,

m N un

£ c c <

Fig. 2. Heat map of nucleotide differences between Demoiselle crane
cytochrome b haplotypes.

Color intensity indicates degree of similarity (decreasing from darkest to light-
est tint).

and differed only slightly from all other studied samples, which
was probably due to its westernmost position in the Asian part
of the range. Genetic subdivision within the European samples
(Fst = 0.105, Gg7 = 0.158) was more pronounced than that
among the Asian ones (Fst = 0.032, Ggr = 0.027), which
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Fig. 3. Median network of Demoiselle crane cytochrome b haplotypes constructed using the TCS algorithm.

The circle size is proportional to the number of individuals, the length of the branches corresponds to the genetic distances,
the notches indicate the number of mutation events, and the pie charts display the frequencies of haplotypes in the samples.
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Fig. 4. Maximum likelihood clustering (ML-trees) of individuals (a) and haplotypes (b) of the Demoiselle crane by nucleotide sequences of cytochrome b.

In the left figure, the outer circle illustrates the belonging of individuals to samples, the inner one illustrates the belonging of individuals to haplotypes.

Table 3. Pairwise values of genetic subdivision statistic Fs; between the Demoiselle crane samples

based on cytochrome b sequence data

Sample
AB
cP
VU
TU
KH
AL
TV
BK
B

AB

0.1505
0.1237
0.0734
0.5181
0.0555
0.1148
0.3015
0.4675

cp

0.0507
-0.0669
0.1996
-0.1012
0.0310
0.0625
0.1746

VU

0

0.4409
0.0096
0.1487
0.2551
0.3939

TU

0.1367
-0.1566
-0.0354

0.0099

0.1166

KH

0.0952
0.2318
-0.0308
-0.1378

AL

-0.0947
-0.0411
0.0812

TV

0.0549
0.2074

BK

0.0003

B

Note. AB - Azov-Black Sea, CP - Caspian, VU - Volga-Ural, CU - Cis-Ural, TU - Trans-Ural, KH - Khakass, AL - Altai, TV — Tyvan, BK - Baikal, TB — Trans-Baikal samples.
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Table 4. Results of AMOVA in the total sample of the Demoiselle crane and when divided into European and Asian

groups according to cytochrome b data

Source df
|. Total

Among individuals 9
Within individuals 147

II. Europe and Asia

Between groups 1
Among individuals 8
Within individuals 147

Note. df - number of degrees of freedom; *** p < 0.001.

was putatively associated with a more limited gene flow in
Europe (Nm = 2.13) compared to Asia (Nm = 7.66) (Table 2).
The average values of these parameters for the species were
estimated as: Fst = 0.116, Ggt = 0.128, Nm = 1.91. Selective
neutrality test values for cytochrome b were slightly nega-
tive and statistically insignificant (D = -1.514, F = -1.618),
indicating the absence of the Demoiselle crane population
expansion in the recent evolutionary past, just as we have
shown previously for the CR sequence analysis (Mudrik et
al., 2018, 2022).

Hierarchical analysis of molecular variance AMOVA
showed that the genetic differentiation of the total studied
sample of the Demoiselle crane was 18.57 % (Level I:
Fsr = 0.1875, p < 0.001), and when divided into European
and Asian groups, it was 26.52 % (Level 1I: Fgr = 0.26524,
p < 0.001) (Table 4).

Discussion

Analysis of the nucleotide sequences of cytochrome b in the
Demoiselle crane on a large geographical scale and a represen-
tative sample of birds from nature revealed polymorphism of
this gene and a more pronounced population genetic structur-
ing of the species compared to the data obtained previously for
the Control Region of mtDNA (Mudrik et al., 2018, 2022). The
lowest haplotype and nucleotide diversity were found in the
westernmost (Azov-Black Sea), easternmost (Trans-Baikal)
and northernmost (Khakass) samples, which was probably
due to their attribution to marginal populations surviving at
the edges of the species range. The highest values of these
parameters were found eastwards of the Volga River and on
both sides of the Urals, i.e. in the Volga-Ural and Trans-Ural
samples. The largest number of haplotypes, including unique
ones, was found in the Caspian region.

The cytochrome b gene pool structure of the Demoiselle
crane was formed by the three most frequent haplotypes h5,
h7 and h18, of which the most frequent haplotype from the
Azov-Black Sea region, h7, was presumably ancestral. It is
interesting that the Azov-Black Sea birds differ from other
European and especially Asian ones in their migration routes
over the Black and Mediterranean Seas and their wintering
ground in the Republic of Chad at the junction of North and
Central Africa, which was recently discovered using GPS-

Variance, % Fsr
0.18570%**
18.56972
81.43028
0.26524%**
16.82040
9.70327
73.47633

GSM telemetry (llyashenko et al., 2021). Probably, such
isolation and greater similarity to the outgroup (the related
African species Blue crane) compared to other haplotypes
has an evolutionary basis, which needs to be studied further
using genomic methods.

The most frequent haplotype in the total studied sample,
h18, found in more than half of the individuals and equally
common with higher frequencies in the most remote Asian
samples (Tyva, Buryatia and Transbaikalia) and prevailing
in Altai and Khakassia (Fig. 1a), formed a “star” from which
most other cytochrome b haplotypes, including unique ones,
originated (Fig. 3). Birds from all these samples use a com-
mon wintering ground in the states of Rajasthan and Gujarat
in India, and most of them (except for the Trans-Ural ones)
make loop migrations, crossing the Himalayas in autumn
and skirting the Tien Shan from the west in spring, sharing
a significant part of the flyway (Ilyashenko et al., 2021). All
this putatively contributes to gene flow among local breeding
groups and a decrease in genetic subdivision of Demoiselle
cranes in this part of the range. Genetic differences between
Trans-Baikal and Baikal; Altai and Tyvan; Baikal, Altai and
Khakass samples were practically absent (Table 3).

Finally, the third of the above-mentioned structure-forming
haplotypes h5, lying on the median network on the other side
than h18 from the central haplotype h7, was the most frequent
in the Trans-\Volga region (Volga-Ural sample) and formed
the branch of “European” haplotypes, which also included
haplotypes from the Cis-Ural and Trans-Ural samples. It
should be noted that the previously identified Volga-Ural and
Caspian breeding groups (Belik et al., 2011) are essentially
a single genetically homogeneous (Table 3, Fig. 1b) sub-
population using common migration routes over the Arabian
Peninsula and the Red Sea to wintering grounds in Sudan and
partly Ethiopia in Africa (llyashenko et al., 2021). The only
individual from the Cis-Ural sample had the same haplotype
as the bird from Kalmykia (Caspian sample) (Table 1) and
used the same flyway and pre-migratory gathering site in
the Manych Valley as the Caspian and \Volga-Ural cranes
(llyashenko et al., 2021, 2024), which allows it to be classi-
fied as part of this subpopulation. It is noteworthy that in the
“European” group of haplotypes, half of the haplotypes from
the Trans-Ural sample are present. Although the Trans-Ural
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sample is geographically close to the European ones in the
breeding part of the range (Fig. 1a), it uses wintering site in
India, like all other Asian Demoiselle cranes. However, birds
from the Trans-Ural sample fly in both autumn and spring
through Kazakhstan, Uzbekistan, Tajikistan and Pakistan,
without making a loop migration (Ilyashenko et al., 2021).
According to the Fgt values, the Trans-Ural cranes have no
genetic differences from the Volga-Ural and Caspian samples
in the west, and with the Altai, Tyvan and Baikal samples in
the east of the range, and with the geographically marginal
ones (Azov-Black Sea, Trans-Baikal and northern Khakass),
the proportion of differences was within 7-13 % (Table 3).
Thus, we assume that the Trans-Ural integrates the Demoi-
selle crane gene pool to a certain extent, possibly due to the
gene flow between the European and Asian parts of the range
through Central and Eastern Kazakhstan, which requires fur-
ther study in the future using a set of various DNA markers
and verification by independent methods. For a more complete
understanding of the Demoiselle crane gene pool structure,
population genetic studies need to be undertaken in Kazakh-
stan and Mongolia, the countries with the largest Demoiselle
crane population number.

Conclusion
So, we have demonstrated the effectiveness of using sequences
of the mitochondrial cytochrome b gene, which is less variable
than the Control Region, but exhibits a higher degree of inter-
population differentiation, to identify the population genetic
structure of the Demoiselle crane. Based on the definition
of the term “subpopulation” (interbreeding individuals with
highly limited gene flow with adjacent subpopulations) and the
correspondence of the intraspecific genetic differentiation data
of the Demoiselle crane flyways characterized using remote
tracking (llyashenko et al., 2021), we propose to distinguish
subpopulations in the species structure, reflecting their breed-
ing and wintering grounds in their names: 1) Azov-Black
Sea/Chadian (Azov-Black Sea region — Chad); 2) Caspian/
Sudanese (Caspian region, Trans-\olga, Cis-Urals — Sudan);
3) Trans-Ural/Indian (East of the Orenburg Region, Northern
Kazakhstan and presumably the Chelyabinsk Region — India);
4) South Siberian/Indian (Altai, Khakassia, Tyva — India);
5) Baikal/Indian (Buryatia, Irkutsk Region — India) and
6) Trans-Baikal/Indian (Zabaikalsky Krai — India) (Fig. 1b, c).
The obtained results create a basis for monitoring the
genetic diversity of the Demoiselle crane and developing a
scientific justification for its protection measures at the level
of species, subpopulations and local breeding groups. Further
comprehensive studies (remote tracking and molecular genetic
analysis) in other parts of the range will contribute to a more
complete understanding of the factors of isolation and integra-
tion of the gene pool of this crane species.
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of the magpie’s genus Pica in the Holarctic
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Abstract. The theory of Pleistocene refugia is often used to explain the population genetic structure of species. How-
ever, it does not fully account for the diversity of species-specific characteristics and natural conditions. The genus Pica,
which is widespread in the Holarctic, provides an ideal model for studying phylogeographic patterns in order to better
understand processes of diversification and speciation. Markers of mitochondrial DNA remain widely used in phylogeo-
graphic studies, despite advances of whole genome techniques. We have summarized published research on the mito-
chondrial DNA Control Region (CR) variation, based on data from 279 samples which represent the majority of extant
taxa across the entire distribution range of the genus. In the phylogenetic trees and networks, we found several cases
of reciprocal monophyly among most allopatric species and subspecies, and in addition some examples of paraphyly
and polyphyly. Bayesian skyline plots were calculated to explore population dynamics over time. They showed varying
longevity of the lineages since their origin or after experiencing a bottleneck, e.g., in the case of the Kamchatka popula-
tion, as well as unequal rates of expansion. In most cases, speciation followed a geographic model involving expansion
and vicariance, sometimes with divergence in refugia. Somewhere, peripatric speciation may have happened due to
separation of a marginal populations. By comparing haplotype composition among populations, we traced the origin
of the recently established populations on Hokkaido and Kyushu islands from a limited number of colonizers from the
mainland. Isolated cases of species in statu nascendi were identified through evidence of incomplete lineage sorting,
leading to paraphyly, or signs of limited unidirectional interspecies introgression of nuclear genes in secondary contact
zones. Several hypotheses regarding the formation of the magpie’s range are proposed. Various evolutionary scenarios
found in the genus Pica were compared to those reported for the other bird species in a number of literature sources.
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leHeTU4YeCKas N3MEHUYMBOCTb U punoreorpadus
COpOK poza Pica T'onapKTUKI

A.TT. Kproxos

MepepanbHbI HayYHbIN LIEHTP 6opa3HOO6pa3una HaseMHo 61oTbl BocTouHoi A3vn [lanbHEeBOCTOYHOTO OTAENeHNA POCCUACKO akagemumn Hayk,
BnagusocTtok, Poccus

@ kryukov@biosoil.ru

AHHoTauuA. Ins 06bACHeHNA nctopun GOpMMPOBaHMA NONYAALMOHHO-TEHETUYECKON CTPYKTYpPbl BUAOB YacTo Npu-
B/leKaloT TeopUio NNIENCTOLEHOBbIX pedyrmymoB. OfHaKO OHa He MOXET OXBaTWUTb BCe MHOroobpasuve Buaocneundu-
YecKmx ocobeHHOCTEN 1 NPUPOAHBIX cuTyauuid. LLnpoko pacnpocTpaHeHHbIl B fonapKTrke pog copok Pica okasanca
YAOOHbIM Af1A MOCTPOEHMA KapTuHbI dunoreorpadum C Lenbio No3HaHKA NPOLLEeCcCOB AnBepcudrKaunm n Bugoobpaso-
BaHUA. Mapkepbl MutoxoHapuanbHon [JHK no-npexkHemy WMPOKO ncnonb3yloTca B dpunoreorpadpuyecknx nccienoBa-
HUAX, HECMOTPA Ha MPOrpecc METOAOB NOIHOreHOMHOTO CeKBeHMpPOoBaHKA. MpeAcTaBneH 0630p pe3ynbTaToB aHanMu3a
MN3MEHUYMBOCTU KOHTPOsIbHOrO pernoHa (CR) mutoxoHapuranbHon JHK no ony6nmkoBaHHbIM Hamy AaHHbIM OT 279 06-
pasuoB, NpeacTaBaAlLWNX NoAasnAoLlee OONbINHCTBO TaKCOHOB COPOK. Ha dunoreHeTMyecknx aepeBbAx U CeTAX
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leHeTnyecKkas N3MeHUMBOCTb U punoreorpadurs
COpoK popa Pica TonapKTuku

rarjoTUNoB Mbl O6HaPYXWK, MOMUMO PEeLVNPOKHON MOHOGUAMK annonaTpuyecknx BUAOB 1 NOABWAOB, MPUMEPSDI
napadunmmn n nonndunumn. KoOHTypHble Ararpammbl gemorpadpuv NoNynAuniA NoKasanu pasHyto NPOJOMKUTEIbHOCTb
XKM3HU NIMHWIA NOCNe UX OCHOBAHMA NGO NMPOXOXAEHNA «OYTbITOYHOrO rOPAbILLKa», Kak B KaM4aTCKOM MonynAaumu, n
HeOAVHaKOBYIO MHTEHCMBHOCTb SKCNaHCui. BugoobpasosaHme cOpoK Npoxoamno, BEpOATHO, Mo reorpaduyeckoin Mo-
[leNn 3a cYeT paccesieHuna 1 BUKapMpoBaHWA, B TOM UMcie C U3onauvei n ansepreHuueii B pepyrmymax. B pape cnyyaes
npepanonaraeTca nepunaTpryeckoe BMAoobpasoBaHe 3a CYET OTAeNeHNA KpaeBbiX 130M1AToB. [1o rannotunuyeckomy
CoCTaBy MOJOAbIX MOMYNALMI OCTPOBOB XOKKanAo v Kiocio MpocnexeHbl MaTePUKOBbIE MCTOUHMKM MX MPOVNCXOMXAEHWA.
Cnyyaun He3aBepLUEHHOrO BUA00OPa30BaHUA BbIABEHbI MO HANIMYMIO HEMOMHON COPTUPOBKM NINMHWIA, NMPUBOAALLEN K
napapunmu, 6o CoBpeMeHHON MEXXBUAOBON NHTPOrpeccum aAlepHbIX reHoB. MpeanoXeHbl rmnoTtesbl GopMUpoBaHUA
apeasioB HEKOTOPbIX TAKCOHOB COPOK. puBneyeHne 6onblioro obbema nUTepaTypbl MO3BOANIO COMOCTaBUTb OTMe-
YeHHble B pofie Pica pazHoobOpa3Hble 3BOJIIOLMOHHbIE CLEeHapUK C ONMCAHHbIMU A8 APYTUX BUAOB MTUL.

KnioueBble cnosa: MutoxoHapuranbHasa [IHK; KOHTponbHbIN pernoH; BugoobpasosaHue; pedyrnym; apeas; NneincToleH

Introduction

The current distribution and genetic structure of species are
primarily shaped by processes which took place during the
Quaternary (Avise, Walker, 1998; Hewitt, 2000). However,
this perspective often underestimates overlapping processes,
such as invasions, and shifts the species’ range boundaries,
ecological and anthropogenic changes, population size fluctua-
tions and secondary contacts with or without hybridization.
Distinguishing the genetic consequences of these factors is
crucial for a better understanding of diverse processes driving
diversification and speciation. Widespread polytypic species —
or complexes of closely related species — are of particular
interest for building hypotheses of range formation and for
learning the divergence mechanisms. Modern phylogeogra-
phic approaches have been adopted to address a wide range of
evolutionary and genetic problems (Avise, 2000; Bannikova,
2004; Abramson, 2007; Zink, Barrowclough, 2008; Kholo-
dova, 2009; Edwards et al., 2015, 20164, b, 2022).

Phylogeographic studies of birds and other animals have
made significant advances (reviews: Zink, 1996; Joseph,
Omland, 2009; Hickerson et al., 2010; Toews, Brelsford,
2012; McCormack et al., 2013; Ottenburghs et al., 2019;
Péarau, Wink, 2021; Fu, Wen, 2023). Multilocus and genomic
databases are expanding, analytic approaches and hypotheses
testing methods are becoming more sophisticated, species
distribution and ecological niches are being modeled, com-
parative as well as statistical phylogeography develops. Phylo-
geographic structures of many bird species, first European and
American, were investigated, primarily by using traditional
mitochondrial DNA markers. These structures and speciation
ways are usually associated with the refugial phenomenon,
in which recurring glaciation cycles forced populations to
retreat southward and form isolated populations (Taberlet et
al., 1998; Hewitt, 2000, 2004). Within such refugia, popula-
tions diverged due to genetic drift or/and local selection. In
the case of long enough isolation over several glacial cycles,
speciation could occur. Populations that underwent a bottle-
neck in a refugium, suffered a loss of diversity. On the other
hand, fusion of the diverged populations within a refugium
could increase variation.

However, refugial theory cannot fully explain all of the di-
verse cases found in nature. Range expansions occurred during
the brief interglacials and especially after the Last Glacial
Maximum (LGM), when advancing populations experienced
new environmental conditions which could drive divergence.
Consequently, the postglacial expansion hypothesis provides

an alternative pathway of speciation within a short time frame,
rather than through refugial isolation over a set of glacial
cycles (Hansson et al., 2008). The case of exceptionally fast
speciation was reported for the genus Junco, where five geneti-
cally distinct morphotypes of the species level evolved within
~10,000 years, during a single postglacial expansion (Mila et
al., 2007). This challenges the idea that speciation occurred
throughout the entire Pleistocene (Avise, Walker, 1998) or at
least over the last 250 thousand years (Johnson, Cicero, 2004).
Other reports suggest that the principal diversification and
speciation events occurred as early as Pliocene and concluded
in Pleistocene (Klicka, Zink, 1997). In some cases, phylogeo-
graphic breaks may appear within a continuous range, even
without any geographic barriers to gene flow, particularly
when individual dispersion distances are limited or population
size diminished as was demonstrated for the greenish warbler
Phylloscopus trochiloides (Irwin, 2002). In addition, zones of
secondary contact and hybridization appeared in other cases
of postglacial expansion. These processes are diverse, usually
species-specific and insufficiently studied.

Despite being one of the best-known birds, “the magpie”
keeps still many mysteries. Species of the genus Pica are
widely distributed across the Holarctic from Western Europe
to North America and from the arctic tundra to the Arabian
deserts (Fig. 1). The genus includes forms with varying de-
grees of relatedness. Aside from the “good” allopatric species,
several subspecies-level forms intergradate in Eurasia, while
others form isolates. This naturally causes disputes over their
taxonomic rank: whether they should be classified as separate
species or subspecies. Interestingly, no magpie species are
sympatric. For a long time, all magpies were classified as
one species P. pica (Linnaeus, 1758) with 9—15 subspecies;
however, this species was divided into several species after
genetic approaches were adopted. Current taxonomic classi-
fications accept seven species of magpies (Song et al., 2018;
Madge et al., 2020; Gill et al., 2021), although the taxonomy
of the genus remains a subject of debate.

Isolated populations of North Africa, Arabian Peninsula
and Central China are accepted as distinct species based
on analyses of mitochondrial and, to some extent, nuclear
markers: Maghreb magpie (P. mauritanica Malherbe, 1845),
Asir magpie (P. asirensis Bates, 1936), and black-rumped or
Tibetan magpie (P. bottanensis Delessert, 1840), respectively
(Song et al., 2018). Likewise, two allopatric forms of North
America — black-billed magpie (P. hudsonia (Sabine, 1823))
and yellow-billed magpie (P. nuttalli (Audubon, 1837)) — are
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Fig. 1. Distribution of magpies P. pica. From (Kryukov et al. 2022), with changes.

clearly distinct by phenotype and genetically diverse. This
classification is further supported by reciprocal monophyly in
the phylogenetic trees based on single genes (Song et al., 2018)
and by complete mitochondrial genome analysis (Kryukov et
al., 2020, 2024). The isolated Kamchatka population has been
identified as a distinct lineage among Pica subspecies (Lee S.
et al., 2003) and traditionally treated as subspecies P. pica
camtschatica, but its potential elevation to species rank is a
matter of discussion.

The known gap between the western and eastern subspecies
groups in South Siberia has not been previously investigated
genetically. They differ by both phenotype and calls (Ebels,
2003; Kryukov et al., 2017). Our analysis of the mt cyt b
gene and CR estimated p-distances between them as 4-5 %
(Kryukov et al., 2004, 2017; Haring et al., 2007). These
findings became the background for separating the eastern
magpie P. serica Gould, 1845 from the former single spe-
cies P. pica (Song et al., 2018; Madge et al., 2020). Thus,
the modern taxonomic scheme of the genus includes five
monotypic species P. mauritanica, P. asirensis, P. bottanensis,
P. hudsonia and P. nuttalli, along with the polytypic spe-
cies P. pica comprising the subspecies P. p. pica (Linnaeus,
1758), P. p. fennorum L6nnberg, 1927, P. p. hemileucoptera
Stegmann, 1928, P. p. bactriana Bonaparte, 1850, P. p. leu-
coptera Gould, 1862, P. p. melanotos A.E. Brehm, 1857 and
P. p. camtschatica Stejneger, 1884; and P. serica including the
subspecies P. s. serica Gould, 1845, P. s. jankowskii Stegmann,
1928 and P. s. alashanica Stegmann, 1928 (Winkler et al.,
2020; Gill et al., 2021, with small corrections in subspecies).

The above-mentioned range gap between P. pica and
P. serica deserves special attention. The gap was reported by
the ornithologists as early as the last century (Stegmann, 1932;
Rustamov, 1954), but was ignored in most major studies. The
range of P. pica therefore appeared to stretch continuously
from the Iberian Peninsula to the Sea of Okhotsk (Goodwin,
1986; del Hoyo, Collar, 2016). We established that the gap
in fact exists and coincides with a discontinuity in mtDNA.
However, it is gradually filling up before our eyes due to the
range expansion of the eastern subspecies P. s. jankowskii

westward along the Amur River valley and the Siberian
subspecies P. p. leucoptera moving in the opposite direction
(Goroshko et al., 2018). It was discovered that a few decades
ago these populations came into contact and hybridization
started. This zone was the subject of our recent integrative
study (Kryukov et al., 2022). It revealed asymmetric intro-
gression using nuclear single nucleotide polymorphism (SNP)
analyses. Furthermore, a statistically significant decrease in
breeding success was found in a hybrid population in Eastern
Mongolia. This implies selection against hybrids and, conse-
quently, limitation of introgression (Kryukov, 2019; Kryukov,
Goroshko, 2025).

Despite extensive research on distribution, ecology and
variability of magpies throughout the genus’ range, a com-
prehensive understanding of the relationships and origins of
the taxa — and the genus in general — is still lacking. The aim
of the current study is to summarize both our own and previ-
ously published data on genetic variation, phylogeography
and population dynamics of (nearly) all Pica taxa and to
propose a hypothesis on the formation of their ranges. As
our main genetic marker, we used the mitochondrial Control
Region (CR) which is well-known as a frequently used marker
at lower taxonomic levels, widely applied in phylogeographic
studies. This noncoding region is one of the most variable
and phylogenetically informative regions of mtDNA (Baker,
Marshall, 1997; Saunders, Edwards, 2000; Barker et al., 2012).
In total, we obtained and analysed 279 sequences ranging in
length from 1,298 to 1,310 nucleotide pairs from the samples
representing almost all taxa of the genus Pica (Kryukov et
al., 2004, 2017, 2022; Haring et al., 2007). The origin of the
samples, museum numbers and GenBank accession numbers
are presented in Table S11. In addition, fragments of mt CR
of P. hudsonia and P. nuttalli were extracted from their total
mitogenomes published by Kryukov et al. (2024). We applied
commonly accepted methods to analyse nucleotide and hap-
lotype variation, perform neutrality tests, model population
dynamics, construct haplotype networks and phylogenetic

T Table S1 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Kryukov_Engl_29_4.pdf
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Fig. 2. Time-calibrated Bayesian inference tree based on complete mitochondrial Control Region sequences of

Pica species and outgroup.

Bold figures indicate Bayesian posterior probabilities. Values below the nodes indicate divergence time estimates (in
millions of years), aligned with the time scale below. Blue bars next to the nodes indicate 95 % credibility intervals for
age estimates. Triangle widths reflect specimen numbers. Colors of triangles and taxon names correspond to those at

the map and network.

trees, and estimate divergence times. These methodologies
had been described in details in our studies mentioned above.
Published data on both mitochondrial and nuclear genes were
considered for the discussion of our findings.

Origin of the magpie genus Pica

Origin of the genus Pica and the classification of its close
relatives remain uncertain. Molecular phylogenetic recon-
structions suggest that the ancestral forms of Corvides (pre-
viously referred to as “core Corvoidea™) diversified during a
period of insular isolation as a result of creation of the proto-
Papua archipelago after its separation from Australia in the
late Eocene—Oligocene (Jonsson et al., 2011; Aggerbeck et
al., 2014). Subsequently these birds spread across Asia and
other continents. The family Corvidae is believed to have
originated in Southeast Asia (Ericson et al., 2005). However,
the phylogenetic position of genus Pica remains unresolved,
and a range of studies indicate various closely related and
sister genera. Proposed sister genera include Ptilostomus and
Podoces based on sequences of one mitochondrial and two
nuclear genes (Ericson et al., 2005); Zavattariornis based on
the mitochondrial cytochrome b gene (Ekman, Ericson, 2006);
Nucifraga and Perisoreus based on the mitochondrial Control
Region (Haring et al., 2012); Podoces and Carrulus based on
the complete mitogenome (Igbal et al., 2020). However, no
study has provided a comprehensive analysis of all possible
related genera, leaving the evolutionary origins of the genus
Pica speculative.

The basal split of the eastern magpie P. serica in the phy-
logenetic tree (Fig. 2) supports the hypothesis that the genus
Pica originated in Southeast Asia. Its subsequent expansion
across the continent was likely linked to the Holocene agri-

cultural centers of south China and Mesopotamia (Nazarenko,
1982). However, our molecular dating suggests that the main
divergence events within the genus occurred earlier, between
1 million years ago (hereafter Mya) and 200 thousand years
ago (hereafter kya) (Fig. 2). There is a reason to believe that
the evolution of magpies was clearly associated with grazing
mammals. These animals provide a steady food source in the
form of ectoparasites, as well as insects and other small ani-
mals disturbed while grazing. Some researchers even proposed
a mutualistic relationship with ungulates (Londei, 2018). The
long-stepped tail of magpies may have originally functioned as
a balancer for perching on the backs of moving ungulates. The
role in maneuverable flight among trees may have developed
secondarily (Londei, 2018). Magpies primarily forage in short
grass and likely spread mainly across grasslands and pastures.
With the emergence and expansion of human populations,
their high adaptability allowed them to occupy anthropogenic
landscapes where they successfully reproduced. Magpies are
mainly sedentary, but display a tendency to vagrancy including
even hitchhiking on ships, as discussed below.

Phylogeny of the magpies

Despite analyzing only a rather short part of each mitogenome,
a high-resolution phylogenetic tree was obtained for all the
principal branches, representing nearly all taxa of the genus
Pica (Fig. 2). Deep divergence revealed between all main
lineages generally corresponds to current taxonomic scheme
at the species level (Fig. 2 and 3). The three main branches
of the tree form a polytomy with deep divergence: 1) eastern
magpie P. serica, 2) P. pica including its subspecies and the
related P. hudsonia and P. nuttalli, and 3) the North-African
P. mauritanica. The species P. mauritanica, P. hudsonia, and
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Fig. 3. Phylogenetic Median Joining network based on complete mitochondrial Control Region sequences.

Sizes of circles correspond to the number of birds sharing this haplotype; branch lengths are proportional to the number of substitutions and those over 6 are
shown at the nodes.

Table 1. Parameters of variation, neutrality tests and times for the most recent common ancestor (tMRCA) estimations
for eight haplogroups of the genus Pica

Haplogroup/ N S k n+SD, % h  HdxSD D Fs R, r tMRCA, kyr

taxa by by BEAST
the BSP +Tracer
curves (95 % HPD)

melanotos 14 19 4.088 0.312+0.081 9 0.835+£0.101 -1.314 -2.046 0.081 0.024 54 113.0 (54-179)
leucoptera 61 28 4.861 0.371+£0.019 23 0.920+0.017 -0.782 -6.871 0.081 0.047 66 118.2 (66-178)
pica, fennorum 49 34 3301 0.252+0.019 28 0.955+£0.017 -1.912% -22.798*** (0.043*** 0.031 36 70.0 (36-111)
bactriana,

hemileucoptera,

leucoptera

serica 1 49 26 2592 0.198+£0.027 21 0.864+0.042 -1.829* -13.445*** 0.044** 0.023 32 76.4 (32-132)
serica 2 70 30 2.694 0.207+0.016 30 0.942+0.017 -1.803* -25.189*** 0.042* 0.037 37 73.9(37-116)
camtschatica 20 5 1.032 0.079+0.022 4 0.489+0.117 -0.820 0.063 0.120 0.284 6 35.7 (6-72)
hudsonia 10 9 3.067 0.236+0.000 6 0.867+0.085 -0.158 -0.763 0.162 0.085 29 75.0 (29-131)
nuttalli 5 4 1600 0.123+0.000 4 0.900+0.161 -1.094 -1.405 0.187 0.150 6 34.2 (6-72)

Note. N - sample size; S — number of polymorphic sites; k — average number of pairwise nucleotide differences; w+SD - nucleotide diversity with standard
deviation; h — number of haplotypes; Hd - haplotype diversity with standard deviation. Neutrality tests: D - Tajima’s; Fs — Fu's; R, - Ramos-Onsins & Rozas's; their
p-values: * p < 0.05, ** p < 0.01, *** p < 0.001. r - Harpending’s raggedness index and its p-value, with insignificant values (p > 0.05) given in bold. tMRCA - times
for the most recent common ancestor estimated by BSP plots and from Tracer, with 95 % HPD range, all in thousands of years.

P. nuttalli along with the subspecies P. p. camtschatica and The highest nucleotide variation and number of pairwise
P. p. melanotos are reciprocally monophyletic. P. serica is  differences were found in the leucoptera lineage, while the
monophyletic, but consists of two lineages: serica + jankow-  lowest occurred in the camtschatica lineage (Table 1). Hap-
skii 1 and serica + jankowskii 2 (further briefly serica 1 and  lotype variation is close in all lineages, with the exception of
serica 2). Subspecies P. p. leucoptera is paraphyletic regarding  the lowered variation in camtschatica. Interspecies nucleotide
the other subspecies of P. pica. substitution level was from 4 to 77 (1-6 % p-distance), while
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Table 2. Average number of nucleotide substitutions per site (D,,) and p-distances between Pica haplogroups (in %)

Haplogroup 1 2 3

1. leucoptera, n = 62 0.997 1.494
2. Mixed group, n =49 0.998 0.986
3. melanotos, n = 14 1.499 0.987

4. camtschatica, n = 20 1.976 1.616 1.815
5. hudsonia, n =10 4.491 4.499 4.290
6. nuttalli,n=5 4.276 4.275 4.295
7.serical,n=49 4.665 4.850 4.706
8.serica2,n=70 4.701 4.892 4.953

4 5 6 7 8
1.977 4.990 4471 4.859 4.829
1.618 4.708 4.631 5.060 5.040
1.814 4.486 4.492 4.902 5.096

5373 5.274 5.770 5.720
5.123 0.921 5.894 6.309
5.030 0.919 5.635 6.014
5524 5.526 5.286 1.081
5.532 6.051 5.779 1.081

Note. Average number of pairwise nucleotide substitutions per site between haplogroups (Dyy) above diagonal and uncorrected p-distances below diagonal.

subspecies differences ranged from 0 to 19 substitutions
(up to 2 %) (Fig. 3, Table 2). P. hudsonia and P. nuttalli where
the closest related taxa. Some lineages comprised several taxa,
such as the subspecies P. p. pica, P. p. fennorum, P. p. bactri-
ana, P. p. hemileucoptera and P. p. leucoptera in one “mixed”
group. In contrast, P. serica is represented by two highly
distinct clades, each of them mixed regarding subspecies com-
position. A mutation rate of 0.025 substitutions/site/million
years was used to calculate divergence times, consistent with
the commonly applied substitution rate in CR of bird mtDNA
(Freeland, Boag, 1999; Fok et al., 2002; Omland et al., 2006).
Based on these calibrations, divergence of the main lineages
of magpies took place in the mid-Pleistocene, about 1.1 Mya
(Fig. 2), which is more recent than the previously proposed
estimate of 2.5-3.1 Mya (Song et al., 2018). The most recent
common ancestor (MRCA) of each lineage appeared in the
late Pleistocene, approximately 66 kya or later (Table 1).

Deep divergence of the southeast lineage serica from the
others was identified earlier by mitochondrial genes coding for
16S rRNA, tRNA-Leu and ND1 (Lee S. etal., 2003), as well as
by cyt b (Kryukov et al., 2004), and was later confirmed by CR
(Haring et al., 2007; Kryukov et al., 2017). At the same time,
the position of the lineage of P. p. camtschatica remote from
the eastern magpie was demonstrated (Lee S. et al., 2003).
The pronounced divergence between the camtschatica lineage
and the common hudsonia and nuttalli lineage (Fig. 2 and 3)
contradicts the supposition of origin of American magpies
form the Kamchatka subspecies (Lee S. at al., 2003). Instead,
both American species seem to share a common ancestry with
the south Siberian populations P. p. leucoptera. In contrast,
the African P. mauritanica and the Iberian P. p. melanotos
are more closely linked to the European-Siberian haplogroup
(Fig. 3). The relationships among the remaining subspecies
of P. pica are weakly resolved and appear as a polytomy in
the tree (Fig. 2). However, based on a haplotype network
and subspecies distribution, there is reason to assume that
P. p. leucoptera may represent the ancestral haplogroup of
all other subspecies of common magpie.

The subspecies P. p. leucoptera is paraphyletic regarding
the subspecies group pica, fennorum, bactriana and hemileu-
coptera (Fig. 2 and 3). Species-level paraphyly is common in
phylogenies based on animal mitochondrial genes and causes

inconsistencies in taxon delimitation and discrepancies be-
tween gene and species phylogenies. A survey of 2,319 bird
species revealed 23 % paraphyletic or polyphyletic for mtDNA
(Funk, Omland, 2003). Mitochondrial paraphyly is distributed
in 44 % of Australian bird species (Joseph, Omland, 2009).
Misinterpretation of paraphyly may lead to false evolution-
ary inferences. There are numerous examples of erroneous
taxonomy, and elevating subspecies status to species status
can sometimes eliminate paraphyly. For examples, raising the
rank of Corvus corax clarionensis to species status solved
the problem of paraphyly in American ravens (McKay, Zink,
2010). During divergence from a common ancestor, lineages
typically progress through phases of polyphyly, paraphyly,
and ultimately reciprocal monophyly, driven by stochastic
gene sorting (Avise, 2000). Therefore, a common cause of
paraphyly is the incomplete lineage sorting due to recent
speciation (Funk, Omland, 2003). In addition, introgressive
hybridization, ancient or recent, may contribute to paraphyly,
but distinguishing it from incomplete lineage sorting requires
nuclear gene analysis involving coalescence models (Peters
et al., 2007). In magpies, incomplete lineage sorting is the
most likely explanation for subspecies-level paraphyly. This
is supported by the observation that in early-stage divergence,
common haplotypes are mostly in the centre of a clade, while
taxon-specific haplotypes occupy the periphery (Omland et al.,
2006). This pattern is clearly visible in the “mixed” haplogroup
of the network (Fig. 3).

The presence of well-differentiated haplogroups is well
confirmed by the networks we constructed. Each group cor-
responds to one or several taxa. The network constructed by
the NeighborNet method with the SplitsTree software clearly
shows the close affinity of P. hudsonia and P. nuttalli and
the sister group relationship between serica 1 and serica 2
(Fig. S1). P. p. camtschatica appears to be most closely related
to the “mixed” group. The Median Joining network provides a
more detailed picture. Intergroup distances reach 77 substitu-
tions (Fig. 3). The subspecies P. p. leucoptera is present in two
haplogroups: in the “mixed” group and in the one including
leucoptera only. The “mixed” group has a star-like structure
with the single central haplotype shared by three subspecies.
Notably, P. p. camtschatica is related to the mixed group,
while both American species, P. hudsonia and P. nuttalli, are
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Fig. 4. Bayesian skyline plots for population dynamics over time for eight haplogroups, based on the mitochond-

rial Control Region.

Curves of the skyline plot represent median values of effective female population size in millions (Nef). Colored column

depicts the LGM period.

closer to the Siberian subspecies P. p. leucoptera. The groups
serica 1 and serica 2 differ by 10 or more nucleotide substitu-
tions, corresponding to a p-distance of 1.1 %. Representatives
of the same populations from both subspecies P. s. serica and
P. s. jankowskii were observed in each group without any
apparent geographic pattern. The central haplotype of group
serica 1 is shared by both subspecies (altogether from four
populations), while in group serica 2, the main haplotype
represents a sample from Korea. Thus, the phylogenetic tree
and the haplotype networks show mutually complementary
patterns offering insights into lineage divergence and ongoing
evolutionary processes.

Population size dynamics

The skyline plots based on Bayesian analysis of mitochon-
drial haplotypes reflect the dynamics of effective populations
sizes for maternal populations and time since the most recent
common ancestor (tMRCA). The earliest lineage emergence
or bottleneck event was identified for the leucoptera popula-
tion from Transbaikalia and Mongolia, while the latest was
observed for nuttalli and camtschatica (Fig. 4). These two
populations, together with hudsonia, exhibit relatively stable
population sizes, while all the other populations show signs of
population growth (Fig. 4). Among these, only three lineages
(“mixed” and both serica lineages) showed significant support
for population growth according to the three neutrality tests
(Table 1). Yet the r-index suggests that population growth can-
not be excluded for most lineages, except for melanotos and
the serica 1 lineage. Pairwise nucleotide difference plots (not
shown) displayed single leftwards peaks for all populations
except melanotos, which does not contradict the hypothesis
of population growth.

The diversity of contour diagram patterns depicting lineage
or population dynamics suggests the following conclusions.
The leucoptera lineage appears to have been formed earlier
than the others, and the model predicts its most rapid growth

584

after the LGM (Fig. 4). The “mixed” lineage, which has a
star-like structure in the haplotype network, also underwent
significant growth. Its growth started earlier than that of leuco-
ptera and went in parallel with the expansion of the melanotos
lineage. In eastern Eurasia, among the two P. serica lineages,
the serica 1 lineage (represented by less samples) grew faster,
corresponding to a star-like pattern with multiple representa-
tions of the common central haplotype (Fig. 3) and a shorter
growth curve (Fig. 4). The recent growth of the “mixed”
lineage as well as both of the serica lineages is supported by
three neutrality tests (Table 1). The North American sister
species P. hudsonia and P. nuttalli show population stability.
P. nuttalli, which inhabits the extreme south of the American
part of the genus range, diverged from common ancestor with
P. hudsonia very recently. Short lifespan of the former species
(Fig. 4) is supported by high haplotype and low nucleotide
diversity (Table 1) which may indicate a founder effect. Short
lifespan as well as low haplotype and nucleotide diversity is
also observed in P. p. camtschatica (Fig. 4, Table 1), likely
indicating a bottleneck rather than a founder effect. Generally,
the pattern of population dynamics aligns with the estimated
growth of the East Chinese clade after 100 kya (Zhang R. et
al., 2012), as well as with the expansion of the east-Asian
lineage around 60 kya, Eurasian lineage around 40 kya, and
American lineage around 20 kya (Song et al., 2018).

Phylogeography of magpies

compared to other birds

The phylogeographic structure of species is primarily mani-
fested in the presence of genetic clades (haplotype groups) that
are distributed allopatrically or parapatrically and have been
mainly identified by mtDNA data. For example, 14 species
have been recorded in the Western Palearctic, which display
clear distinctions between geographic lineages within species
(Parau, Wink, 2021). These are mostly sedentary species.
Three allopatric haplogroups corresponding to subspecies
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were revealed in the green woodpecker Picus viridis (Pons et
al., 2011). In the middle spotted woodpecker Dendrocoptes
medius, two groups were found, each associated with seve-
ral separate refugia during the LGM (Kamp et al., 2019).
Similar patterns have been observed in other species: three
haplogroups in the Arctic warbler Phylloscopus borealis
(Saitoh et al., 2010), three in the black-throated tit Aegithalos
concinnus in east China (Dai et al., 2011), and three lineages
with associated morphotypes in the Steller’s jay Cyanocitta
stelleri (Cicero etal., 2022). Presence of three well-supported
haplogroups, originated from three South-European Pleisto-
cene refugia, was shown for the tawny owl Strix aluco (Brito,
2005). Five monophyletic groups with deep divergence in the
early-middle Pleistocene and expansion before the LGM were
discovered in the great tit Parus major (Zhao et al., 2012). The
dipper Cinclus cinclus exhibits a complex structure with five
lineages derived from two main refugia, Italian and Balkano-
Karpatian, which were isolated during interglacials (Hourlay et
al., 2008). In a number of examples, the presence of such di-
vergent clades, often supported by additional distinct features
as well, led to proposals for recognizing them as species. This
applies to the horned lark Eremophila alpestris (Drovetski et
al., 2014), the winter wren Troglodytes troglodytes (Toews,
Irwin, 2008), the long-tailed rosefinch Carpodacus sibiricus
(Liuetal., 2020) and the Arctic warbler Phylloscopus borealis
(Alstrém et al., 2011). On the other hand, there are also cases
where taxa were merged rather than split, for example, the
lumping of three species of rosy-finches of the genus Leuco-
sticte into a single species (Drovetski et al., 2009).

More common, however, is the lack of a clear genetic struc-
turing of species across their ranges. For example, 90 % of the
145 analysed bird species of the western Palearctic show either
a high degree of panmixia (46 species) or are only weakly dif-
ferentiated throughout their ranges (85 species) (Parau, Wink,
2021). This finding was attributed to admixing of populations
during both their retreat into southern refugia during glaciation
and their subsequent post-glacial expansion. Overlapping hap-
logroup ranges were reported in several species, e.g., for the
bunting Emberiza schoeniclus (Zink et al., 2008), the common
rosefinch Carpodacus erythrinus (Pavlova et al., 2005) and the
bearded vulture Gypaetus barbatus (Godoy et al., 2004). Four
groups were identified in the long-tailed tit (Aegithalos cau-
datus complex), two of them occur allopatrically in southern
China, while the other two, widespread across the northern
Palearctic, overlap (Song et al., 2016). Similarly, among the
four distinct clades of the wagtail Motacilla alba, three (N, SE
and SW) partially overlap (Li X. et al., 2016). The European
turtle dove Streptopelia turtur does not exhibit panmixia in the
European part of its range. However, the three most frequent
haplotypes were found in samples of all populations, from
Greece to Spain and Great Britain (Calderon et al., 2016).
These haplotypes differ by 2—6 substitutions only, which is
a much smaller difference than that between the overlapping
groups serica 1 and 2 (16 substitutions between the centers
of the haplogroups in the network (Fig. 3)). Non-strict phy-
logeographic structure was revealed in the stonechat Saxicola
torquata complex, which consists of three highly diverged
and partially overlapping clades in the Palearctic (Zink et al.,
2009). In the Chinese hwamei Leucodioptron canorum, three
clades partially overlap in east China, with intensive gene
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flow between offspring of different refugia maintaining a high
effective population size (Li S.H. et al., 2009). Similarly, in
the vinous-throated parrotbill Paradoxornis webbianus, two
lineages partly overlap as result of recent gene flow (Qu et
al., 2012). In the common raven Corvus corax, two groups
with divergence level of 4 % overlap in the western United
States; this secondary contact allows for frequent interbreed-
ing (Webb et al., 2011).

The examples of species exhibiting wide gene flow includes
the hoopoe Upupa epops in Europe (Wang et al., 2017), the
willow tit Parus montanus (Kvist et al., 2001; Pavlova et al.,
2006) and the common sandpiper Actitis hypoleucos (Zink et
al., 2008). Panmixia has been observed in the great spotted
woodpecker Dendrocopos major throughout the central Pa-
learctic (Perktas, Quintero, 2013), and in the marsh warbler
Acrocephalus palustris throughout Europe (Arbabi et al.,
2014). In most of the examples cited, bottlenecking or expan-
sion from a single refugium occurred. The genetic affinity
among western magpie subspecies, except for the Iberian
subspecies, can be explained by recent gene flow between
populations (Fig. 2 and 3, Fig. S1).

The significant phylogeographic break in the magpie’s
range was discovered in South Siberia (Kryukov etal., 2004),
which led to the separation of the eastern magpie (P. serica)
as a distinct species from the previously single species P. pica
sensu lato. Such a division between closely related western
and eastern taxa is observed rather often in species with wide
trans-Palearctic ranges and is often reflected in clear mtDNA
divergence. Examples of this East/West pattern include: the
azure-winged magpie Cyanopica cyanus (Fok et al., 2002;
Kryukov et al., 2004), the rook Corvus frugilegus (Haring
et al., 2007; Salinas et al., 2021), the flycatcher Ficedula
parva and the skylark Alauda arvensis (Zink et al., 2008).
Apart from birds, similar breaks have been observed in other
animals, e.g., in the narrow-headed vole Microtus gregalis
(Abramson et al., 2006), the Siberian newt Salamandrella
keyserlingii (Berman et al., 2005) and the wasp spider Ar-
giope bruennichi (Krehenwinkel et al., 2016). Interestingly,
localization of these phylogeographic breaks rarely coincides
across species. Complex structure with division into a western
clade (Europe and Caucasus) and an eastern clade (central,
eastern Asia and Sino-Himalayas) was found in the Eurasian
wren Nannus troglodytes (Albrecht et al., 2020). In the car-
rion crow Corvus corone and the hooded crow C. cornix, the
divergence between mtDNA clades does not coincide with
subdivision into subspecies (Kryukov, Suzuki, 2000; Haring
etal., 2007). In other examples, subspecific division coincides
with phylogeographic breaks: the two subspecies of the black
kite Milvus migrans show clear mtDNA divergence, with a
broad zone of intergradation in Siberia (Andreyenkova et al.,
2021). At the same time, other widely distributed species have
no such phylogeographic breaks, which may indicate their
more recent evolutionary history or/and current gene flow.

History of the formation of the magpie range

The evolutionary history of the genus Pica throughout its
vast trans-Holarctic range has undergone multiple stages,
and it seems difficult to completely reconstruct it. However,
several key points may be identified. Vicariance, as a result
of fragmentation of previously extensive ranges, together
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Fig. 5. Genotypic content of the population of the eastern magpie
P. serica.

Proportion of serica 1 haplogroup representatives is shown in blue, and that
of serica 2 in red.

with local adaptations appears to be the main mechanism of
speciation. Marginal populations might have diversified from
isolated border population, in accordance with the peripatric
speciation model, a variation of the geographic speciation
model (Mayr, 1963). This hypothesis was discussed in de-
tails for the endemic species P. nuttalli in a study analyzing
complete mitogenomes of magpies (Kryukov et al., 2024).
A similar process may have led to the diversification of the
isolated, small-range taxa, e.g., P. mauritanica, P. asirensis
and P. p. camtschatica. The Asir magpie P. asirensis represents
a remote isolate and is still barely studied genetically (Song
et al., 2018). However, a recent study of two mitochondrial
genes revealed its sister group relation to the Tibetan magpie
P. bottanensis (Song et al., 2018). This observation suggests
a hypothetical spreading of magpies along the belt of steppes
and semideserts from East Asia to Arabia and further into
North Africa in multiple waves, driven by repeated cooling
and warming periods. Range fragmentation may have led to
the formation of isolates such as the Asir and Maghreb mag-
pies, which are identified as the most basal lineages according
to mitochondrial phylogenetic reconstructions (Song et al.,
2018). It is unlikely that the magpie carried on from North
Africa to Europe since the Strait of Gibraltar separated them
at the early Pliocene, ~5 Mya (Krijgsman, 2002). According to
our data, the Maghreb and Iberian magpies are deeply diverged
in both phenotypes and mtDNA, and the former species may
represent a dead end to that hypothetical route. This scenario,
which involves a few remote extant isolates, implies the past
elimination of intermediate forms.

The eastern magpie P. serica diverged from the other
lineages in the middle Pleistocene (Fig. 2). The subspecies
P. s. serica and P. s. jankowskii are geographically separated

Genetic variation and phylogeography
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(Fig. 1). They are similar by plumage coloration, but clearly
distinct by size and proportions (Red’kin et al., 2021). The
finding of two haplogroups with genetic divergence at p-dis-
tance of 1.1 % within this species was unexpected (Fig. 2
and 3). Notably, both haplogroups serica 1 and serica 2
coexist in populations across the species’ entire range, from
Eastern Transbaikalia in the west to Korea and Hokkaido in
the east (Fig. 5). The proportions of both haplogroups vary
between population, but not significantly. The only exception
is the homogenic population of Kyushu Island, discussed
below.

Asimilar sympatric pattern was reported for the red-backed
shrike Lanius collurio, where two clearly diverged hap-
logroups with a genetic distance of 2.8 % coexist throughout
Europe (Parau etal., 2019). A further example is the common
redstart Phoenicurus phoenicurus: two haplogroups diverged
by 5.1 % are sympatric in the whole of Western Europe (Hog-
ner etal., 2012). In both cases, the most likely explanation of
this rare phenomenon is the impact of recurrent glacial cycles
throughout the Pleistocene. Populations retreated to the south
in cooling periods and intermixed in refugia, e. g. in Iberia and
the Balkans, while during the warming cycles they spread
northward with repeated mixing. A similar pattern became
evident in the European bee-eater Merops apiaster, where
two star-like haplogroups, differing by only one substitution,
connect haplogroups of populations from South Africa to
Western Europe and China, illustrating the panmixia result-
ing from lineage mixing both after refugial isolation as well
as in present times (Moura et al., 2019). A different case was
observed in the great reed warbler Acrocephalus arundinaceus
in Europe: two mitochondrial clades diverged 65-87 kya and
partly overlapped on a wide range (Hansson et al., 2008).
Presumably, they originated independently in two refugia
located in Southern Europe and Middle East, respectively.
The first expansion wave may have resulted in the occupa-
tion of the total range, while the second one was limited to
its southern part only (Hansson et al., 2008). These clades are
not isolated reproductively, because the length of isolation
within refugia proved not to be long enough for establish-
ing complete isolation barriers. It supports the hypothesis of
postglacial expansion as a reason for speciation in a rather
short period of time. Some other examples were listed above
at the section Phylogeography.

Origination and establishment of the haplogroups serica 1
and serica 2 in the studied parts of Asia likely occurred in
two refugia, which is supported by the post-Pleistocene di-
vergence times and tMRCA estimates (Fig. 2, Table 1). While
the southern part of the P. serica range was not surveyed by
us, previous research on two nuclear genes did not reveal any
genetic structure in Eastern China (Zhang R. et al., 2012). This
suggests a spread from a single refugium and subsequent gene
flow between populations. The star-like haplotype structures
and the results of neutrality tests, for both haplogroups serica 1
and serica 2, do not contradict the hypothesis of population
expansion, which might have started even before the LGM
(Fig. 3 and 4, Table 1). A similar pattern has been observed
in the great tit Parus major, where a clade in Eastern Asia
started a wide expansion ~50 kya showing no impact from
the LGM (Song et al., 2020).

586 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 - 4



A.T. Kptokos

In general, the region of eastern temperate Asia might have
included many large and small refugia, not necessary the same
for different species, in contrast to Europe, where the main re-
fugia were identified in Iberia, the Apennines and the Balkans
(Hewitt, 1996; Fu, Wen, 2023). Several species in Far East
Asia demonstrate a deep divergence between haplogroups,
from the Korean peninsula, on one side, and North-Eastern
China and the Primorsky region in the Russian Far East, on
the other. Such a pattern was found in the Siberian chipmunk
Tamias sibiricus with a divergence level of 11 % (Lee M.Y.
et al., 2008), the Asian wood mouse Apodemus peninsulae
(Serizawacetal., 2002; Kim H.R., Park, 2015; Chelominaetal.,
2024), the Korean field mouse Apodemus agrarius (Sakka et
al., 2010), the tree frogs of the group Hyla japonica (Dufresnes
etal., 2016), the Asiatic toad Bufo gargarizans (Borzée et al.,
2017) and partly in the raccoon dog Nyctereutes procyonoides
(Kim S.-1. et al., 2013). Refugia in both Eastern China and
Korea were recognized for the black-spotted frog Pelophylax
nigromaculata, with two lineages having diverged by 7.7 %
(Zhang H. et al., 2008). Two refugia were also proposed for
the bamboo partridge Bambusicola thoracica in China (Huang
etal., 2010). Climatic oscillations having occurred in that re-
gion did not lead to total glaciation, and average temperatures
decreased in the Korean peninsula by only 5-6 °C (Yi, Kim,
2010). Many species survived the LGM in their refugia and
subsequently expanded northward, but not exclusively (Fu,
Wen, 2023).

The refugial hypothesis in magpies and specifically those
of two refugia in the east easily explains the existence of two
rather deeply genetically diverged haplogroups: serica 1 and
serica 2. One refugium may have been located in the Ko-
rean Peninsula, the most known refugium for Eastern Asia,
as the central haplotype of group serica 2 in the network
originated from Korea (Fig. 3). The ancestral population of
group serica 1 likely has formed later and expanded faster
(Fig. 4). The central haplotype of group serica 1 is widely
distributed from Hokkaido to Transbaikalia, suggesting that
its corresponding refugium might have been located in Pri-
morye or Manchuria, similar to those described above for
other species. The divergence level of these groups of 1.1 %
(Table 2) is lower than in the examples presented above. This
low level of divergence is likely due to a rather short period
of isolation in their respective refugia with insufficient time
for establishing reproductive isolation in case of secondary
contact. In Northeast China, the coldest period of the Plei-
stocene was not the LGM, as in Europe and America, but the
Dali glaciation (corresponding to Wirm in Europe), which
started 54—44 kya (LiJ.J. et al., 2004; Zhang H. et al., 2008),
when the refugia could have formed. This dating is close to our
estimate of the post-glacial expansion of group serica 2 from
the Korean Peninsula (37 kya), and a more recent and rapid
expansion of serica 1 from Primorye (32 kya) (Table 1, Fig. 4).
An alternative hypothesis could be that the two haplogroups
originated from the same population as a result of ecological
speciation. Yet such an explanation appears unlikely. First,
it would require the existence of different ecological prefer-
ences; however, magpies are eurybionts. Second, it would
contradict the differentiation of the two subspecies in their
geographic ranges.
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After merging, both lineages continued to spread without
undergoing lineage sorting (Fig. 5). The population intro-
duced to Kyushu is the only homogenic population among
group serica 2 (Fig. 3), as explained below. The later and
currently ongoing expansion westward along the Amur River
valley and eastward to Hokkaido originated from a common
population carrying both haplogroups. Overall, the formation
of the current genetic structure within the range of P. serica
implies a process of vicariant divergence in refugia, followed
by expansion and subsequent admixing of representatives of
both groups.

Magpies are generally sedentary birds but exhibit nomadic
tendencies. The initial diversification of the ancient lineage
occurred before 1 Mya (Fig. 2), presumably during a period of
expansion. This expansion from the original range of P. picain
Southeast Asia could have taken two routes: a southern path,
south of the deserts and mountains of Central Asia to Arabia
and then up to Northern Africa, and a northern path through
South Siberia continuing westward. The southern route might
have left relic populations, such as ancestors for the Asir and
Maghreb magpies. Establishment of the modern populations
completed much later, in the late Pleistocene. During the most
recent interglacial since ~126 kya, South Siberian forests
were replaced by steppe, albeit some forests and forest-steppe
landscapes still persisted even during the maximal glaciations
(Nazarenko, 1982; Granoszewski et al., 2005; Allen et al.,
2010). The presence of sufficient herbaceous vegetation sup-
ported ungulates such as the saiga, which may have facilitated
the spread of magpies. As magpies spread along the northern
path, partial lineage sorting may have led to the formation of
two haplogroups in South Siberia (diverged by 1 %) (Table 2).
One of them (leucoptera) emerged around 66 kya, after the
cold period of Marine Isotope Stage (MIS) 4 (71-57 kya). Over
time it accumulated considerable nucleotide and haplotype
diversity (Table 1). This lineage kept a stable population size
until the LGM, after which fast numeric and range growth
(Fig. 4) accompanied its wide distribution throughout Siberia
and adjacent regions. Descendants of this lineage apparently
migrated to Alaska across the Bering Strait and gave rise to
the two American species P. hudsonia and P. nuttalli. The
other (“mixed”) group might have been formed later, about
36 kya during a relatively warm period MIS 3 (Fig. 4). This
may have occurred in the Altai-Sayan refugium (Pavelkova
Ri¢ankova et al., 2014), also named the “center of spread”
(de Lattin, 1957), or in the Hentei subcenter (Nazarenko,
1982). The star-like pattern in the haplotype network (Fig. 3)
suggests that it underwent a bottleneck stage, followed by a
rapid population growth, surpassing that of its sister lineage
(Fig. 4). While spreading to the West, this lineage gave rise
to a series of subspecies, ranging from P. p. hemileucoptera
to the nominate P. p. pica (Fig. 1). The lack of lineage sort-
ing in this process resulted in paraphyly of P. p. leucoptera
(Fig. 2 and 3). In this line of subspecies, clinal variation in
size and coloration follows an “isolation by distance” pattern
(Cramp, Perrins, 1994), yet the close genetic affinity among
these subspecies is indisputable (Fig. 3, Table 2). Physical
barriers, such as the Ural Mountains, evidently do not prevent
the gene flow between them. The subspecies P. p. melanotos
presumably originated from this same “mixed” group but
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underwent deep divergence beyond the Pyrenees, as is dis-
cussed below. Additionally, the “mixed” group lineage gave
rise to the Kamchatka subspecies, independently form the
American lineage.

Forming the populations

of the islands and peninsulas

The homogenic population of Kyushu Island originated from
a small number of birds introduced by people from Korea
about 400 years ago (Eguchi, Kubo, 1992). It is likely, that
just by chance, among the few founders of the population
there were no representatives of the other haplogroup, namely
serica 1. The population has been long protected and had a
very restricted range, and only in the last 40 years it started to
spread to the north of the island (Eguchi, 2016). The extreme
genetic homogeneity of the Kyushu population illustrates the
founder effect. Its origin is confirmed by a haplotype from
Korea, which is identical to that of all birds from Kyushu
(Fig. 3), as well as by analysis of six microsatellite loci (Mori
etal., 2014).

The same study demonstrated that the Hokkaido Island
population originated from Primorye or Korea rather than
from Kyushu. Hokkaido and Primorye populations are closest
in allele composition. In addition, mitochondrial haplotypes
found in Hokkaido are as diverse as those from the presum-
ably parental population of Primorye, and both haplogroups
are present (Fig. 3). This indicates a fairly large number of
founders of the Hokkaido population. The first nesting pairs
of magpies were met in the port cities of south-western Hok-
kaido since 1993 (Horimoto, 2004), and the population has
since grown to over 200 pairs (O. Hasegawa, personal com.).
Notably, magpies do not breed on the neighboring islands
of Sakhalin and Honshu. Their wings are not adapted for
long-distance flights across open water. The most likely way
of their arrival at Hokkaido is the occasional invasion with
logging and other ships in the 1980—-1990s, when cargo traffic
between Primorye and Hokkaido was common. Observations
of ornithologists suggest that magpies are attracted to ships in
harbors as overnight roosting sites (Kryukov et al., 2017). Itis
likely that magpies use the same way to make it to Australia
(GWA, 2017), Mauritius (Reinegger, Bhanda, 2024), and the
eastern USA (Ebels, 2003). The same holds for the widely
introduced house crows Corvus splendens (Ryall, 2016).

The Kamchatka magpie population shows a close affinity to
the western forms and, according to genetic data and morpho-
logy, by means of migration from Siberia, and not from the
southern P. serica. Magpies may have inhabited Kamchatka
as early as the Pleistocene. During much of the last stage of
the ice age, at least 40 % of the peninsula was covered by ice
(Kamchatka..., 1974). However, magpies could have survived
the harshest period in refugia of tree and bush vegetation in
the Central Kamchatka depression. Postglacial expansion to
the north and beyond the peninsula may have been influenced
by human activity, including the development of settlements
and reindeer herding. So far, the magpie penetrated the an-
thropogenic landscape of Kamchatka poorly, and in cities it
only inhabits parks. The population’s extremely low nucleotide
and haplotype diversity (Table 1) and the very short curve of
the skyline plot (Fig. 4) indicate that it underwent a severe
bottleneck in the recent past.
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Genetic variation and phylogeography
of the magpie’s genus Pica in the Holarctic

The Iberian Peninsula is recognized as one of the main
European refugia alongside the Apennines and the Balkans
(Hewitt, 1996). The magpie population in Iberia probably
originated from the North, but became isolated behind the
Pyrenees during glacial advances, leading to divergence
within the refugium. Magpies have since occupied almost the
entire peninsula and a recent population growth was noted,
which fits our genetic analyses (Fig. 4). Haplotype diversity
in P. p. melanotos is comparable to that of other widely dis-
tributed lineages (Table 1) suggesting the existence of not
one but several refugia within the Iberian Peninsula. This
aligns with the “refugium within refugium” concept (Gémez,
Lunt, 2007; Abellan, Svenning, 2014). Genetic evidence for
multiple refugia within Iberia has been reported for other
species, e. g., the red-legged partridge Alectoris rufa (Ferrero
et al., 2011), the ocellated lizard Lacerta lepida (Miraldo et
al., 2011), and some fish and amphibian species (Gémez,
Lunt, 2007). In no less than seven cases, the refugial ranges
coincide across different species (Hewitt, 2011). We found no
shared haplotypes between P. p. melanotos and the nominate
subspecies P. p. pica, thus there is no clear evidence of gene
flow beyond the peninsula. Nevertheless, this cannot be ruled
out due to a lack of specimens from the Pyrenees, where in-
termediate melanotos x pica phenotypes have been reported
(Martinez, 2016). On the other hand, in the Pyrenees there
are contacts between the ranges of several animal and plant
species (Hewitt, 2011; Poschel et al., 2018; Pons et al., 2019),
which allows for the attribution of this ridge to “suture” hybrid
zones (Remington, 1968). Unlike magpies, the Iberian rook
population (Corvus frugilegus) has contributed to the north-
ern populations, although it retains its genetic distinctness
as shown by mtDNA and microsatellite analyses (Salinas et
al., 2021). Generally, the Pyrenees appear to act as a barrier
primarily for sedentary bird species (Neto et al., 2012), and
for a few low-mobility amphibians and reptiles.

Conclusion

The magpie genus Pica is of great interest for phylogeographic
research due to its wide Holarctic distribution and notable phe-
notypic diversity. Despite its broad range, the genetic variation
of magpies remains insufficiently investigated, particularly
concerning nuclear genes. At the same time, exploring the
highly variable, non-coding Control Region of mtDNA has
proven effective for population genetic studies, revealing
significant phylogeographic breaks among major genetic
lineages. Interestingly, these breaks are not always consistent
with the current taxonomic classification of the genus. The
degree of reproductive isolation and divergence among genetic
lineages in magpies varies considerably, from strict isolation
in allopatry (all but one pair of species) to secondary contact
with limited gene flow and selection against hybridization,
as is the case in P. pica x P. serica. In contrast, other lineages
that presumably diverged in separate refugia, such as serica 1
and serica 2, have completely merged. Also, the degree of
reproductive isolation is weakly correlated with the level of
mtDNA divergence. Despite substantial genetic differences,
P. pica and P. serica interbreed rather successfully, and con-
versely, the parapatric species P. hudsonia and P. nuttalli,
which are closely related in mtDNA, are fully reproductively
isolated.
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The speciation of magpies appears to have predominantly
followed an allopatric model driven by dispersal and vicari-
ance, including separation of marginal isolates (peripatric spe-
ciation). The hypothesis combining divergence in two refugia
with partial lineage sorting and present gene flow between
western subspecies is proposed to explain the paraphyly in
the white-winged magpie P. p. leucoptera. The presence of
two genetically distinct sympatric haplogroups serica 1 and
serica 2 in the eastern magpie P. serica might be similarly
explained by the hypothesis of divergence in refugia followed
by mutual introgression and current expansion. The ongoing
process of speciation is also evident in Transbaikalia and
Mongolia, where incomplete reproductive isolation of P. pica
and P. serica leads to limited asymmetric introgression of
nuclear genes. The gene pool of the young insular popula-
tions of Kyushu and Hokkaido reflects the genetic makeup
of their parental populations, while the Kamchatka popula-
tion presumably experienced a glaciation and underwent a
bottleneck. Both historical processes and current dynamics
of species ranges shape the phylogeographic structure of
magpies. Notably, all these phenomena can be detected by
rather conventional analysis of the mtDNA Control Region. In
total, a widespread and trivial taxon — the common magpie —
presents us with a uniquely variable set of microevolutionary
processes and their outcomes.
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Genetic potential for biofilm formation
of clinical strains of Pseudomonas aeruginosa

U.M. Nemchenko (12, N.L. Belkova @, E.S. Klimenko (), N.E. Smurova (%), R.E. Zugeeva (1), V.V. Sinkov (12}, E.D. Savilov
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Abstract. Pseudomonas aeruginosa is one of the leading causes of nosocomial respiratory tract infections and plays an
important role in lower respiratory tract infection in patients with cystic fibrosis (CF). Biofilms, which are organized cell
clusters, ensure the survival of microorganisms in unfavorable environmental conditions and contribute to the chro-
nicity of infection and the formation of persistent forms. The aim of this study was to determine the phenotypic ability
and genetic potential for biofilm formation in clinical strains of P. aeruginosa persisting in patients with CF against the
background of constant intake of antimicrobial drugs. Bacteriological, genetic, and bioinformatic methods were used
to characterize five P. aeruginosa strains obtained from patients with CF. Phenotypically, all strains were classified as
moderately biofilm-forming, while the biofilm formation coefficient varied from 2.10 to 3.15. Analysis of draft genomes
revealed differences in the representation of some genes or individual loci of three of the four known signaling path-
ways (cCAMP/Vfr, Gac/Rsm, and c-di-GMP) that have been described in P. aeruginosa genomes and are related to the
regulation of biofilm formation. In addition, differences in the representation of genes such as frzE, tcpE, and rcsC are
shown. Of undoubted interest is the analysis of genes such as pppA, icmF, clpV1, trpE, trpG, and stp1, which are used
for extended multilocus typing PubMLST and differed in the structure of loci in all analyzed strains. These genes can
be used to identify clinical strains of P. aeruginosa and to characterize their biofilm-forming properties. Thus, genes
potentially participating in both biofilm formation and regulation have been characterized in the genomes of clinical
P. aeruginosa strains that persist for a long time in patients receiving continuous antibiotic therapy. Characterization of
the genetic potential for biofilm formation makes it possible to search for reliable genetic markers of this process in
order to monitor the evolution of the pathogen as a result of long-term persistence in the host organism.
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FeHeTUYeCKMI MOTEHIIMAI K 00pa30BaHMIO OMOIIJIEHOK
KJIMHNYECKUX IITaMMOB Pseudomonas aeruginosa

V.M. Hemuenko (), H.A. Beabkosa ()@, E.C. Kaumenko (), H.E. Cwmyposa (12}, P.E. 3yreesa (), B.B. Cunbxos (12}, E.A. CaBuaos

VIHCTUTYT 3nnaemmonorum n Myukpoburonoriy, HayuHblil LeHTp npobnem 340poBbsA ceMby 11 penpoayKLUmumn Yenoseka, MpkyTck, Poccua
@ nlbelkova@gmail.com

AHHoTauusA. baktepuun Braa Pseudomonas aeruginosa ABNAIOTCA OQHOW M3 BefyLMX NMPUYNH HO30KOMUANBbHbIX UH-
deKumin fbixaTeNbHOro TPaKTa M UrpaioT BaxkHYIO Pofb B MHOULMPOBAHMUN HUMKHUX AbIXaTeNbHbIX MyTel y 60/bHbIX
mykoBucumposom (MB). buonneHku, npefcraBnaa co6ol opraHM30BaHHbIe CKOMEHUA KNeTok, obecneunsaioT Bbl-
KMBAEMOCTb MUKPOOPraHM3MOB B HEGNAronpuATHbIX YCIOBUAX OKpYy»Katollel cpefbl 1 CMOCOOGCTBYIOT XPOHM3aLuUm
NHbeKUUN 1 GopmMMpoBaHUIo NepcucTpyowmnx popm. Lienbio paboTbl ctano onpegeneHve GeHOTUNMYECKON Cro-
COBHOCTY M reHeTUYeCKOro noTeHUMana K 61MonnIeHKoo6bpas3oBaHmio y KIMHUYECKMX LWTaMMOB P. aeruginosa, nepcuctu-
pytoWwmx y naymeHToB ¢ MB Ha poHe NOCTOAHHOrO NprieMa aHTUMUKPOGHbIX NpenapaToB. A XxapakTepucTukn natu
LWITaMMOB P. aeruginosa, NonyyYeHHbIX OT nauueHToB ¢ MB, B paboTe npumeHeHbl 6aKTepuonornyeckme, MoneKynapHo-
reHeTnyeckne n 6uornHdopmatyeckne metofpl. DEHOTUMMYECKM BCE LWITaMMbl OTHECEHbI K YMepPeHHO-06pa3yoLwym
6UONNIEHKY, MPY 3TOM KO3PdULKEHT bBuonneHkoobpasoBaHua Bapbuposan ot 2.10 go 3.15. AHanu3 gpa¢T-reHomoB
BbIABW/ Pa3NnymnA B NpeACcTaBNeHHOCTU HEKOTOPbIX FTeHOB UAWN OTAE/NbHbIX JIOKYCOB TPeX 13 YeTblpeX N3BECTHbIX CUr-
HanbHbix nyTen, LAM®/Vfr, Gac/Rsm n c-di-GMP, koTopble onucaHbl B reHoMax P. deruginosa n UMeioT OTHOLIEHUe K
perynaummn obpaszoBaHua 6ronneHoK. JonofHUTENIbHO NOKa3aHbl OTIMYNA B MPEACTaBIEHHOCTU TakUX FreHOB, Kak frzE,
tcpE v resC. HecOMHeHHO MHTepeceH aHanu3 reHoB pppA, icmF, clpV1, trpE, trpG v stp1, KOTopble NCNONb3YTCA Af1A
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[eHeTMyecKnin NoTeHUMan K 06pa3oBaHmMio 6LUONIEHOK
KJIMHNYECKUX WTaMMOoB Pseudomonas aeruginosa

paclIMPEHHOrO MYNIBTUIIOKYCHOTO TUNUpoBaHusa PubMLST v pasnnuaioTca no CTpyKType JIOKYCOB Y BCEX MpoaHanu-
3IPOBaHHbIX WTAMMOB. DT FeHbl MOTEHLMANIBHO MOTYT 6biTb MPUMEHEHb! A1A TUMMPOBAHNUA KIVHUYECKUX LUTAMMOB
P. aeruginosa ¢ Uuenbto XapakTepUCTVKU X BMOMIEHKOO6Pa3ytoLX CBONCTB. TakM 06pa3om, B reHOMaXx KIMHUYECKIX
LWITaMMOB P. deruginosa, BNUTENbHO NepCUCTUPYIOLLMX Y NALUEHTOB Ha GOHE NOCTOSHHOTO MOJyYeHVs aHTUONOTHKO-
Tepanuu, oxapakTepn3oBaHbl reHbl, KOTOpble MOTEHLMANbHO MOTYT yUacTBOBaTb Kak B npoLecce 61onneHkoobpaso-
BaHWSA, TaK 1 B €ro perynauuv. XapakTeprcTka reHeTMYecKoro noTeHumana kK obpasoBaHmnio 6ONNeHOK JaeT BO3-
MOXXHOCTb MOMCKa HaZIeXKHbIX FeHETUYECKMX MAapPKEPOB STOro MpoLecca AJi8 MOHUTOPWHIA 3BOMOLMY BO3OyauTens B
pesynbraTe AIMTeNbHON NEPCUCTEHLUM B OPraHN3Me XO35MHa.

KnioueBble cnoBa: Pseudomonas aeruginosa; MyKoBMCLA03; GBUOMNNEHKY; NOSIHOFEHOMHOE CEKBEHNPOBAHMNE; CUTHAsb-

Hble NyTn

Introduction

Pseudomonas aeruginosa is one of the leading causes of
nosocomial respiratory tract infections and plays an important
role in lower respiratory tract infections in patients with cystic
fibrosis (CF) (Parkins et al., 2018; Shaginyan et al., 2019).
Surface colonization and subsequent biofilm formation and
development provide numerous advantages for infectious
agents. Biofilms, which are organized clusters of cells enclosed
in a polysaccharide matrix and protected from adverse envi-
ronmental conditions, including antimicrobials, disinfectants,
and antiseptics, ensure microorganism survival. Such struc-
tural organization contributes to the increased heterogeneity
of the bacterial population and the selection of cells that
counteract damaging effects by acquiring and accumulating
genetic mutations. Therefore, biofilm-forming microorga-
nisms significantly contribute to the chronicity of infection
and the formation of persistent forms (Penesyan et al., 2021).

Considering the pathogenetic potential of P. aeruginosa
in the biofilm state in patients with CF, it should be noted
that bacterial cells are tolerant not only to antibiotics, disin-
fectants, and antiseptics, but also to factors of the innate and
adaptive defense system of the body (Jurado-Martin et al.,
2021; Fernandez-Billon et al., 2023). In response to anaerobic
conditions, competition for resources, high concentrations of
antibiotics, and immune responses of the body, such as neu-
trophil attacks in the lungs in CF, P. aeruginosa undergoes
microevolution, acquiring spontaneous mutations that lead
to the selection of cells that better survive long-term coloni-
zation (Winstanley et al., 2016; Jurado-Martin et al., 2021).
Experimental studies have shown the ability of P. aeruginosa
to form biofilm structures in the sputum of patients with CF
(Bjarnsholt et al., 2009), which is a decisive factor for survival
and tolerance to antibiotics, and the inability to completely
eliminate bacteria is directly associated with the chronicity
of the infection (Elfadadny et al., 2024). Understanding the
mechanisms of adaptation and evolution of the pathogen
during chronic respiratory infections in patients with CF
may help discover new treatment methods for P. aeruginosa
infections.

Modern sequencing technologies allow us to analyze the
complete genomes of opportunistic microorganisms not only
for their typing but also for identifying molecular markers
that are potentially significant for the infectious agent. Cur-
rently, a map of the main signaling pathways characterized
in the P. aeruginosa genomes and related to the regulation of
biofilm formation has been created on the KEGG PATHWAY
Database platform (PATHWAY: ko02025; https://www.genome.
jp/kegg-bin/show_pathway?ko02025). The k002025 map con-
tains information on 90 loci included in four main signaling

pathways: the cAMP/Vfr pathway, the quorum sensing (QS)
system, the Gac/Rsm pathway, and the c-di-GMP signaling
pathway.

The aim of this study was to determine the phenotypic
ability and genetic potential for biofilm formation in clinical
strains of P. aeruginosa persisting in patients with CF against
the background of constant use of antimicrobial drugs.

Materials and methods

The objects of the study were five clinical strains of P. aeru-
ginosa from the working collection of the microbiome and
microecology laboratory of the Institute of Epidemiology and
Microbiology, Scientific Center for Family Health and Hu-
man Reproduction Problems. The strains were isolated from
the sputum of patients with CF who were treated at Ivano-
Matreninskaya City Children’s Clinical Hospital (Irkutsk,
Russia) and who received long-term antibiotic therapy. The
strains were identified using morpho-biochemical tests and
were confirmed using mass spectrometry (Nemchenko et
al., 2022). Sensitivity to AMPs was determined according to
EUCAST criteria (Nemchenko et al., 2024).

The ability of the strains to form biofilms (BF) was stud-
ied using the G.A. O’Toole plate method (O’Toole, 2011), with
our own modifications (Nemchenko et al., 2020; Sitnikova
et al., 2022). Briefly, the ability of cultures to form BFs was
determined using a 96-well sterile flat-bottomed plastic im-
munological plate. Daily bacterial culture was standardized
in sterile meat-peptone broth (MPB) to 1 x 109 CFU/ml. The
culture suspension and control were inoculated with 150 pl
per well of the plate into four replicates. Sterile MPB served
as the background control. The plate was incubated in a dry-
air thermostat for 18-20 h at 37 °C. Biofilms were stained
using a modified G.A. O’Toole method: planktonic cells
were removed by pipetting, the plate was washed three times
with sterile saline, dried for 10—15 min without a lid, and the
biofilms were stained with 1 % gentian violet, followed by
alcohol extraction according to the method (O’Toole, 2011).
The biomass of the formed films was estimated from the opti-
cal density (OD) of the gentian violet dye extracts at 492 nm
(STAT FAX®4300 spectrophotometer, USA). The biofilm
formation coefficient (BFC) was calculated as the A492exp/
A492control ratio. Strains with BFC values < 2 units were
considered to be weakly BF-forming; those with a BFC of
2-3.99 had a moderate ability to form BFs (Nemchenko et
al., 2020; Grigorova et al., 2021).

Whole-genome sequencing. Genomic DNA was isolated
using a Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo
Research, USA). Whole-genome sequencing of strains was
performed on Illumina NextSeq 550 equipment using the
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Table 1. Brief results of genome assembly and annotation of P. aeruginosa strains

Indicator IMB101 IMB105 IMB103 IMB100 IMB104
Genome assembly
Number of reads 12,369,102 13,477,896 3,737,929 36,044,976 14,328,761
Number of contigs 121 274 278 258 487
N50 255,738 298,770 550,311 65,489 238,191
Coverage 279 686 592 1,500 179
Genome annotation
GC, % 66 66 66 66 65
CDS number 5,895 5,874 5,910 5,548 5,935

[lumina® DNA Prep Tagmentation, IDT® for [llumina® DNA/
RNA UD Indexes Set Tagmentation, and NextSeq 500/550
High Output Kit v.2.5 (300 Cycles) library preparation reagent
kits according to the manufacturer’s recommendations.
Bioinformatics analysis. Genome assembly was performed
using the SPAde sv.3.11.1 program (Bankevich et al., 2012).
Contig alignment and orientation correction were performed
using MAUVE 2.4.0 (Rissman et al., 2009) and the P. aeru-
ginosa PAOI reference genome (GenBank AE004091.2)
(Table 1). Functional annotation was performed using
Prokka 1.14.6 (Seemann, 2014). The genes involved in bio-
film formation were identified using the KEGG (Kanehisa et
al., 2022) and PubMLST (Jolley et al., 2018) databases. The
complete genomes of the strains obtained in this study were
deposited in the NCBI database project PRINA1026796.

The study was conducted using equipment from the Center
for collective use “Center for the development of progressive
personalized health technologies”, and “Collection of human
microbiota of the Irkutsk region” of the Institute of Epidemio-
logy and Microbiology, Scientific Center for Family Health
and Human Reproduction Problems (Irkutsk).

Results

Five clinical strains of P. aeruginosa isolated from patients
with CF who had received long-term antibiotic therapy were
analyzed in the study. Phenotypically, all strains were clas-
sified as moderately biofilm-forming, with the BFC varying
from 2.10 to 3.15 (Table 2). The minimum BFC value was
determined for strain IMB101, and the maximum values were
3.11 and 3.15 for IMB100 and IMB104, respectively.

Table 2. Phenotypic characteristics and genetic potential of P. aeruginosa strains for biofilm formation

Indicator IMB101

Biofilm formation coefficient 2.10

cAMP/Vfr signaling pathway

pil; twitching motility proteins pilT/Y/Q

cyaA; adenylate cyclase -

Gac/Rsm pathway

hcpA; secreted protein Hcp -

hcpC; secreted protein Hep 1

c-di-GMP signaling pathway

wbp; phosphomannose isomerase/
mannose-1-phosphate guanylyl transferase

wbpABDEI

Additional genes potentially involved in biofilm formation not included in the ko02025 map

frzE; gliding motility regulatory protein -
tcpE; toxin coregulated pilus biosynthesis proteinE ~ +

rcsC; sensor histidine kinase RcsC 1-15

IMB105 IMB103 IMB100 IMB104
2.50 291 3.11 3.15
pilT/Y/Q/A pilT/Y/Q/A pilT/Y/Q pilT/Y/Q/A
-_ + - -_

- - 1-3 -

wbpA wbpA - -

— — + —_

- + - +

1-15 1-15 1-13 1-14

Note. Numbers indicate the number of variants of the hcpA, hcpC, and resC genes according to genome annotation using Prokka 1.14.6 (Seemann, 2014).
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Table 3. Description of loci identified in the genomes of the studied P. aeruginosa strains
for genes used for extended MLST typing (PubMLST) and included in the k002025 map

Gene; synthesized protein IMB101 IMB105 IMB103 IMB100 IMB104
Gac/Rsm pathway
hcp1, protein secretion apparatus assembly protein 1 1 1 1 1
pppA, serine/threonine phosphatase 9 4 3 4 16
icmF1, type VI secretion protein IcmF 72 5 19 120 39
clpV1, secretion protein ClpV1 67 176 22 113 120
ppkA, serine/threonine protein kinase PpkA 44 187 113 - 138
fha1, Fha domain-containing protein 127 6 26 - 326
gacA, response regulator GacA 3 3 3 3 3
gacs, sensor/response regulator hybrid protein 59 487 18 - 24
retS, sensor histidine kinase MifS 59 - - 108 154
QS pathway
trpE, anthranilate synthase component | 58 5 14 5 116
trpG, anthranilate synthase component Il 1 48 12 27 72
stp1, serine/threonine phosphoprotein phosphatase Stp1 34 82 4 13 70

Whole-genome sequencing was performed for all strains.
The primary objective of this study was to identify genes that
could participate in biofilm formation and its regulation. The
ko02025 map (KEGG PATHWAY Database) was used for
routine search. Additionally, we analyzed the loci used in typ-
ing P. aeruginosa strains on the PubMLST platform (Jolley et
al., 2018) and manually searched for genes that had previously
been shown to participate in the process of biofilm formation
or its regulation (Thelin, Taylor, 1996; Kearns, Shimkets,
1998; Wall et al., 2018).

We showed that all tested genes are localized in chromo-
somal DNA. Differences between the genomes of the studied
strains were found in the presence or absence of some genes
or in the representation of loci of three signaling pathways:
cAMP/Vfr, Gac/Rsm, and c-di-GMP (Table 2). An additional
search for genes involved in biofilm formation revealed differ-
ences in the presence or absence of genes primarily involved
in regulatory processes: frzE (gliding motility regulatory
protein), tcpE (toxin coregulated pilus biosynthesis protein E),
and rcsC (sensor histidine kinase RcsC) (Table 2). Of great-
est interest are genes that not only participate in signaling
pathways according to the k002025 map (KEGG PATHWAY
Database) but are also used for extended multilocus typing
PubMLST (Table 3).

The hcpl and gacA genes were completely identical in the
genomes of the studied strains. Genes such as ppkA, fhal,
and gacS were not identified in the IMB100 strain, which
showed a fairly high biofilm formation coefficient (3.11).
Note that retS was absent in the genomes of the IMB103 and
IMBI105 strains, which had biofilm formation coefficients of
2.91 and 2.50, respectively. Of undoubted interest is the analy-

sis of genes such as pppA, icmF, clpV1, trpE, trpG, and stpl,
which differed in the structure of loci in all the analyzed strains.
These genes can be used to identify clinical strains of P. aeru-
ginosa and to characterize their biofilm-forming properties.

Discussion

P. aeruginosa is an opportunistic pathogen that causes infec-
tions in immunocompromised or CF patients. P. aeruginosa
infection in CF patients occurs as a mild acute infection that
subsequently progresses to chronic respiratory disease. It has
been suggested that two distinct, mutually exclusive sets of
virulence factors are associated with the two stages of infection
(Brencic, Lory, 2009). The type III secretion system (T3SS)
and type IV pili genes are thought to be associated with acute
disease, whereas the type VI secretion system (T6SS) HSI-I
and biofilm formation are important during chronic infection
(Deretic et al., 1995; Brencic, Lory, 2009). There is currently
an active search for genes, the expression of which differs
according to the lifestyles of bacterial pathogens and which
may be biomarkers of the transition from acute to chronic
infection and vice versa (Cao et al., 2023).

In this study, we analyzed the phenotypic and genetic pro-
perties of P. aeruginosa strains isolated from patients with
CF receiving continuous antibacterial therapy. All strains
were defined as moderate biofilm-forming, but their genomes
showed differences in the presence/absence of some genes or
in the loci of signaling pathways that were characterized in
the genomes of clinical P. aeruginosa strains and were related
to both biofilm formation and regulation of this process. The
identification of genetic markers of phenotypes associated
with biofilm structure formation is of undoubted interest.

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 597



U.M. Nemchenko, N.L. Belkova, E.S. Klimenko
N.E. Smurova, R.E. Zugeeva, V.V. Sinkov, E.D. Savilov

These genes may be used for extended multilocus typing
PubMLST and may be responsible for individual stages of
biofilm formation or regulation. In our studies, we identified
12 such genes, 9 of which belong to the Gac/Rsm signaling
pathway, and 3 — to the QS pathway.

The two-component GacS/GacA system stimulates the
expression of two small regulatory RNAs, RsmY and RsmZ,
which in turn regulate the translational repressor RsmA.
Members of the RsmA/CsrA family have been identified in the
genomes of many Gram-negative bacteria, including P. aeru-
ginosa, P. fluorescens, Escherichia coli, and some species of
Salmonella, Legionella, Proteus, Helicobacter, and Erwinia,
where they have been implicated in the regulation of pheno-
types such as virulence, motility, QS systems, and stress re-
sponse (Brencic, Lory, 2009).

QS systems are a form of bacterial intercellular communi-
cation used by many species to determine population density
and coordinate gene expression (Coggan, Wolfgang, 2012).
QS is achieved by producing autoinducer signaling molecules
so that an increase in bacterial population density leads to their
accumulation. Once a threshold concentration is reached, auto-
inducers bind their cognate receptors, which directly or indi-
rectly activate gene expression. Three QS systems are encoded
in the genomes of P. aeruginosa: two N-acyl-homoserine
lactone (AHL)-based and a 2-alkyl-4-quinolone (AQ)-based
signaling system. These three QS systems are involved in the
regulation of virulence factor production, biofilm maturation,
and motility phenotypes (Coggan, Wolfgang, 2012).

It should be noted that studies of transcriptional profiles
of different clinical P. aeruginosa strains grown under plank-
tonic and biofilm conditions showed that transcriptional
profiles detected under planktonic growth conditions were
quite similar, and more divergent transcriptional profiles
were recorded when isolates were grown under biofilm
conditions (Thoming et al., 2020). The model experiments
showed that different groups of clinical isolates follow parallel
evolutionary pathways and produce similar phenotypes. This
convergence of organismal phenotypes was observed for a
variety of traits, including the formation of different biofilm
structures characterized by specific transcriptional signatures,
as well as virulence and motility phenotypes (Thoming et al.,
2020).

It can be assumed that, despite the different sequence types
identified in patients with CF, the transition to a persistent
form during chronic P. aeruginosa infection will not simply
stimulate the expression of certain genes to create a certain
pathogen phenotype but will also form the corresponding
genotype, realizing the potential of genetic heterogeneity of
the bacterial population. It should also be noted that genes that
participate in biofilm formation or regulation of this process
(according to the k002025 map) are used for extended mul-
tilocus typing of PubMLST and can be used to type clinical
strains of P. aeruginosa in order to characterize their biofilm-
forming properties.

Conclusion

In the genomes of clinical strains of P. aeruginosa that persist
for a long time in patients with CF against the background
of constant antibiotic therapy, genes that can potentially

Genetic potential for biofilm formation
of clinical strains of Pseudomonas aeruginosa

participate both in the process of biofilm formation and in its
regulation have been characterized. Characterization of the
genetic potential for biofilm formation makes it possible to
search for reliable genetic markers of this process to monitor
the evolution of the pathogen as a result of long-term persis-
tence in the host organism.

References

Bankevich A., Nurk S., Antipov D., Gurevich A.A., Dvorkin M., Ku-
likov A.S., Lesin V.M., ... Sirotkin A.V., Vyahhi N., Tesler G., Alek-
seyev M.A., Pevzner P.A. SPAdes: a new genome assembly algo-
rithm and its applications to single-cell sequencing. J Comput Biol.
2012;19(5):455-477. doi 10.1089/cmb.2012.0021

Bjarnsholt T., Jensen P.Q., Fiandaca M.J., Pedersen J., Hansen C.R.,
Andersen C.B., Pressler T., Givskov M., Heiby N. Pseudomonas
aeruginosa biofilms in the respiratory tract of cystic fibrosis patients.
Pediatr Pulmonol. 2009;44(6):547-558. doi 10.1002/ppul.21011

Brencic A., Lory S. Determination of the regulon and identification
of novel mRNA targets of Pseudomonas aeruginosa RsmA. Mol
Microbiol. 2009;72(3):612-632. doi 10.1111/j.1365-2958.20009.
06670.x

Cao P, Fleming D., Moustafa D.A., Dolan S.K., Szymanik K.H., Red-
man W.K., Ramos A., Diggle F.L., Sullivan C.S., Goldberg J.B.,
Rumbaugh K.P., Whiteley M. A Pseudomonas aeruginosa small
RNA regulates chronic and acute infection. Nature. 2023;618(7964):
358-364. doi 10.1038/s41586-023-06111-7

Coggan K.A., Wolfgang M.C. Global regulatory pathways and cross-
talk control Pseudomonas aeruginosa environmental lifestyle and
virulence phenotype. Curr Issues Mol Biol. 2012;14(2):47-70. doi
10.21775/cimb.014.047

Deretic V., Schurr M.J., Yu H. Pseudomonas aeruginosa, mucoidy and
the chronic infection phenotype in cystic fibrosis. Trends Microbiol.
1995;3(9):351-356. doi 10.1016/s0966-842x(00)88974-x

Elfadadny A., Ragab R.F., AlHarbi M., Badshah F., Ibafiez-Aranci-
bia E., Farag A., Hendawy A.O., De Los Rios-Escalante P.R., Abou-
bakr M., Zakai S.A., Nageeb W.M. Antimicrobial resistance of
Pseudomonas aeruginosa: navigating clinical impacts, current resis-
tance trends, and innovations in breaking therapies. Front Microbiol.
2024;15:1374466. doi 10.3389/fmicb.2024.1374466

Fernandez-Billon M., Llambias-Cabot A.E., Jordana-Lluch E., Oli-
ver A., Macia M.D. Mechanisms of antibiotic resistance in Pseudo-
monas aeruginosa biofilms. Biofilm. 2023;5:100129. doi 10.1016/
j-bioflm.2023.100129

Grigorova E.V., Nemchenko U.M., Voropaeva N.M., Belkova N.L.,
Noskova O.A., Savilov E.D. Effect of disinfectants with different
active ingredients on biofilm formation in Pseudomonas aeruginosa.
Bull Exp Biol Med. 2021;171(6):745-749. doi 10.1007/s10517-021-
05308-y

Jolley K.A., Bray J.E., Maiden M.C.J. Open-access bacterial popula-
tion genomics: BIGSdb software, the PubMLST.org website and
their applications. Wellcome Open Res. 2018;3:124. doi 10.12688/
wellcomeopenres.14826.1

Jurado-Martin L., Sainz-Mejias M., McClean S. Pseudomonas aeru-
ginosa: an audacious pathogen with an adaptable arsenal of viru-
lence factors. Int J Mol Sci. 2021;22(6):3128. doi 10.3390/ijms
22063128

Kanehisa M., Sato Y., Kawashima M. KEGG mapping tools for un-
covering hidden features in biological data. Protein Sci. 2022;31(1):
47-53. doi 10.1002/pro.4172

Kearns D.B., Shimkets L.J. Chemotaxis in a gliding bacterium. Proc
Natl Acad Sci USA. 1998;95(20):11957-11962. doi 10.1073/pnas.
95.20.11957

Nemchenko U.M., Kungurtseva E.A., Grigorova E.V., Belkova N.L.,
Markova Yu.A., Noskova O.A., Chemezova N.N., Savilov E.D.
Simulation of bacterial biofilms and estimation of the sensitivity of
healthcare-associated infection pathogens to bactericide Sekusept
active. Klinicheskaya Laboratornaya Diagnostika = Russian Clini-

598 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 4


https://pubmed.ncbi.nlm.nih.gov/22506599/
https://pubmed.ncbi.nlm.nih.gov/19418571/
https://pubmed.ncbi.nlm.nih.gov/19426209/
https://pubmed.ncbi.nlm.nih.gov/19426209/
https://pubmed.ncbi.nlm.nih.gov/37225987/
https://pubmed.ncbi.nlm.nih.gov/22354680/
https://pubmed.ncbi.nlm.nih.gov/8520888/
https://pubmed.ncbi.nlm.nih.gov/38646632/
https://pubmed.ncbi.nlm.nih.gov/37205903/
https://pubmed.ncbi.nlm.nih.gov/37205903/
https://www.elibrary.ru/item.asp?id=47517817
https://www.elibrary.ru/item.asp?id=47517817
https://pubmed.ncbi.nlm.nih.gov/30345391/
https://pubmed.ncbi.nlm.nih.gov/30345391/
https://pubmed.ncbi.nlm.nih.gov/33803907/
https://pubmed.ncbi.nlm.nih.gov/33803907/
https://pubmed.ncbi.nlm.nih.gov/34423492/
https://pubmed.ncbi.nlm.nih.gov/9751772/
https://pubmed.ncbi.nlm.nih.gov/9751772/

Y.M. HemueHnko, H.J1. benbkoBa, E.C. KnumeHko
H.E. CmyposBa, P.E. 3yreesa, B.B. CuHbkos, E.[l. CaBunos

cal Laboratory Diagnostics. 2020;65(10):652-658. doi 10.18821/
0869-2084-2020-65-10-652-658 (in Russian)

Nemchenko U.M., Sitnikova K.O., Belkova N.L., Grigorova E.V.,,
Voropaeva N.M., Sukhoreva M.V., Sukhareva E.S., Savilov E.D.
Effects of antimicrobials on Pseudomonas aeruginosa biofilm for-
mation. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J. Genet.
Breed. 2022;26(5):495-501. doi 10.18699/VIGB-22-60

Nemchenko U.M., Belkova N.L., Klimenko E.S., Smurova N.E., Sa-
vilov E.D. Phenotypic and genetic variability of clinical isolates of
Pseudomonas aeruginosa persisting in patients with cystic fibrosis.
Kliniceskaa Mikrobiologia i Antimikrobnaa Himioterapia = Clini-
cal Microbiology and Antimicrobial Chemotherapy. 2024;26(S1):42
(in Russian)

O’Toole G.A. Microtiter dish biofilm formation assay. J Vis Exp. 2011;
30(47):2437. doi 10.3791/2437

Parkins M.D., Somayaji R., Waters V.J. Epidemiology, biology, and
impact of clonal Pseudomonas aeruginosa infections in cystic fi-
brosis. Clin Microbiol Rev. 2018;31(4):¢00019-18. doi 10.1128/cmr.
00019-18

Penesyan A., Paulsen L.T., Kjelleberg S. Three faces of biofilms: a mi-
crobial lifestyle, a nascent multicellular organism, and an incubator
for diversity. NPJ Biofilms Microbiomes. 2021;7(1):80. doi 10.1038/
s41522-021-00251-2

Rissman A.l, Mau B., Biehl B.S., Darling A.E., Glasner J.D., Per-
na N.T. Reordering contigs of draft genomes using the Mauve
Aligner. Bioinformatics. 2009;25(16):2071-2073. doi 10.1093/bio
informatics/btp356

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics. 2014;30(14):2068-2069. doi 10.1093/bioinformatics/btul53

2025
29-4

leHeTUYecKnin NoTeHLMan kK 06pa3oBaHio 6GOMNEHOK
KIVHUYeCKMX WTaMMoB Pseudomonas aeruginosa

Shaginyan I.A., Avetisyan L.R., Chernukha M.Yu., Siyanova E.A.,
Burmistrov E.M., Voronkova A.Yu., Kondratieva E.I., Chucha-
lin A.G., Gintzburg A.L. Epidemiological significance of genome
variations in Pseudomonas aeruginosa causing chronic lung infec-
tion in patients with cystic fibrosis. Kliniceskaya Mikrobiologiya i
Antimikrobnaya Himioterapiya = Clinical Microbiology and Anti-
microbial Chemotherapy. 2019;21(4):340-351. doi 10.36488/cmac.
2019.4.340-351 (in Russian)

Sitnikova K.O., Nemchenko U.M., Voropaeva N.M., Grigorova E.V.,
Savilov E.D., Markova Yu.A., Belkova N.L. The effectiveness of
biofilm formation of daily cultures of clinically significant strains
of opportunistic bacteria. Acta Biomedica Scientifica. 2022;7(5-1):
119-128. doi 10.29413/ABS.2022-7.5-1.13 (in Russian)

Thelin K.H., Taylor R.K. Toxin-coregulated pilus, but not mannose-
sensitive hemagglutinin, is required for colonization by Vibrio
cholerae O1 El Tor biotype and O139 strains. Infect Immun. 1996;
64(7):2853-2856. doi 10.1128/iai.64.7.2853-2856.1996

Théming J.G., Tomasch J., Preusse M., Koska M., Grahl N., Pohl S.,
Willger S.D., Kaever V., Miisken M., Héussler S. Parallel evolution-
ary paths to produce more than one Pseudomonas aeruginosa bio-
film phenotype. NPJ Biofilms Microbiomes. 2020;6:2. doi 10.1038/
s41522-019-0113-6

Wall E., Majdalani N., Gottesman S. The complex Rcs regulatory cas-
cade. Annu Rev Microbiol. 2018;72:111-139. doi 10.1146/annurev-
micro-090817-062640

Winstanley C., O’Brien S., Brockhurst M.A. Pseudomonas aeruginosa
evolutionary adaptation and diversification in cystic fibrosis chronic
lung infections. Trends Microbiol. 2016;24:327-337. doi 10.1016/
j.tim.2016.01.008

Conflict of interest. The authors declare no conflict of interest.

Received November 8, 2024. Revised January 17, 2025. Accepted February 14, 2025.

FTEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 599


https://www.elibrary.ru/item.asp?id=43932984
https://www.elibrary.ru/item.asp?id=43932984
https://vavilov.elpub.ru/jour/article/view/3442/1638
https://pubmed.ncbi.nlm.nih.gov/21307833/
https://pubmed.ncbi.nlm.nih.gov/30158299/
https://pubmed.ncbi.nlm.nih.gov/30158299/
https://pubmed.ncbi.nlm.nih.gov/34759294/
https://pubmed.ncbi.nlm.nih.gov/34759294/
https://pubmed.ncbi.nlm.nih.gov/19515959/
https://pubmed.ncbi.nlm.nih.gov/19515959/
https://pubmed.ncbi.nlm.nih.gov/24642063/
https://www.elibrary.ru/download/elibrary_42662294_94653451.pdf
https://www.elibrary.ru/download/elibrary_42662294_94653451.pdf
https://www.elibrary.ru/download/elibrary_49908565_15012185.pdf
https://pubmed.ncbi.nlm.nih.gov/8698524/
https://pubmed.ncbi.nlm.nih.gov/31934344/
https://pubmed.ncbi.nlm.nih.gov/31934344/
https://pubmed.ncbi.nlm.nih.gov/29897834/
https://pubmed.ncbi.nlm.nih.gov/29897834/
https://pubmed.ncbi.nlm.nih.gov/26946977/
https://pubmed.ncbi.nlm.nih.gov/26946977/

MICROBIAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2025;29(4):600-607

doi 10.18699/vjgb-25-63

Env-pseudoviruses based on the HIV-1 genetic variant
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Abstract. Despite numerous efforts of the global community, it is still not possible to stop the HIV/AIDS pandemic. To
stop the spread of the virus, an effective preventive vaccine is needed, as well as the search for new antiviral agents.
In order to be able to quickly and adequately evaluate the developed vaccine constructs, characterize HIV-specific
antibodies and potential drugs, a reliable testing method is needed. In this regard, pseudotype neutralization assays
using a panel of Env-pseudoviruses of different HIV-1 subtypes has proven itself well. Currently, separate panels of
Env-pseudoviruses of the main genetic subtypes of HIV-1 (A, B, C and a number CRFs) have been created. These
panels are necessary to obtain standardized data sets that can be used to rank the effectiveness of the vaccine and
identify promising candidates for further study. Currently, the HIV-1 subtype A6 dominates in the European part
of Russia, and the recombinant form CRF63_02A6, which has currently been detected in more than 80 % of new
HIV-1 cases in Siberia, dominates in Siberia. The aim of this work was to expand and characterize the collection of
Env-pseudoviruses obtained on the basis of the recombinant form CRF63_02A6 of HIV-1 circulating in Siberia. In this
study, two new variants of Env-pseudoviruses based on CRF63_02A6 of HIV-1 were obtained, characterized, and in-
cluded in our collection. At present, the collection includes 13 Env-pseudoviruses that are CCR5-tropic. Phylogenetic
analysis of the full-length nucleotide sequences of the env gene confirmed that all 13 pseudoviruses cluster with
the reference sequences of the recombinant form CRF63_02A6. The Env-pseudoviruses were characterized using
broadly neutralizing antibodies (bnAbs) targeting different regions of vulnerability of HIV-1 located on the surface
of Env glycoprotein complexes. It was shown that the Env-pseudoviruses are sensitive to neutralization by bnAbs
VRCO1 and 10E8; moderately sensitive to neutralization by bnAbs PG9 and PGT126; and resistant to neutralization by
antibodies 2G12 and 2F5. The resulting collection is an important addition to the existing panels of pseudoviruses
against other HIV-1 subtypes in the world.
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Env-1iceBJOBMPYChI Ha OCHOBE reHeTYeckKoro BapuaHTa,
IVPKYINPVIOIIEro Ha Tepputopumn Cudupu

H.B. PyaomeToBa @, A.A. @anpo (2, A.H. lllepbakos (1), B.H. 3arues (%), A.IL. Pyaometos (%), A.V. Kaprnenko

focyfapCTBEHHbIN HayUHbIl LIEHTP BUpPYCconornm n rotexHonorum «Bektop» PocnotpebHagsopa, p. n. Konbuoso, HoBocnbrpckas obnacTts, Poccus
@ nadenkaand100@mail.ru

AHHOTaLmA. HecMOTpA Ha MHOTOUMC/IEHHbIE YCUIMA MMPOBOrO COOOLeCTBa, OCTaHOBUTL NaHaemuto BUY/CMNA
noka He ygaetca. Yto6bl OCTaHOBUTL pacnpoCcTpaHeHre BUpYCa, TpebyroTca addekTnBHas NnpodurnakTmyeckas Bak-
LIMHA, @ TaKXXe MOUCK HOBbIX NMPOTMBOBUPYCHBIX areHTOB. 1151 TOro YTo6bl MMETb BO3MOXKHOCTb ObICTPO U aieKBaTHO
oLeHMBaTb pa3pabaTbiBaeMble BaKLVHHbIE KOHCTPYKLMK, XapakTepusosatb BUY-cneunduyeckne aHtutena v no-
TeHUMasbHble IeKapCTBEHHbIe NpenapaTbl, HE0OXOAVMM HaAEXHbI MeTof TeCTUPOBaHKA. B 3TOM acnekTe XxopoLuo
3apeKkomeHpoBan ceba aHanuM3 HelTpanu3aunMm BUPYCHOro MCeBAOTMMNA C UCMONb3oBaHMeM naHenu Env-ncespo-
BMPYCOB pa3Hbix cy6Tunos B/Y-1. B HacToALlee Bpema co3faHbl OTAeNbHbIe NaHeNN NCeBLOBUPYCOB OCHOBHbIX re-
HeTnyeckux nogtunos BUY-1: A, B, C n paga CRF. 3Tn naHenn Heob6xoanMbl AnsA NonyyeHna CTaHAAPTU3NPOBAHHDBIX
HaboPOB [aHHbIX, KOTOPbIE MOTYT ObITb NCMOb30BaHbI ANS PaHXPOoBaHNA 3GHEKTUBHOCTY BaKLMHbI U1 BbIIBNIEHWS
nepcnekTUBHbIX KaHAUAATOB ANA AaNbHeNLWero nccnefoBaHusa. Ha cerogHALWHUI AeHb B eBponenckon yactu Poc-
< poMmuHupyet cy6tnn A6 BUY-1, a B Cnbupn — pekomburHaHTHasa dopma CRF63_02A6, KoTopasa obHapyKmBaeT-
cA 6onee yem B 80 % HOBbIX cniyyaes BUY-1 B Cnubupn. Lienb paboTbl cocToAna B pacluMpeHnn 1 XapakTepuctuke
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Env-nceBRoBrpYycbl Ha OCHOBE reHeTNYECKOTO BapraHTa,
LMpKynupytoLiero Ha Tepputopum Cnbupm

Konnekumn Env-nceBaoBMpYycoB, NonyyeHHbIX Ha OCHOBe pekombrHaHTHoM dopmbl CRF63_02A6 BUY-1, unpkynu-
pytouieln B permoHax Cnbrpu. B HacTosALeM UcCeAoBaHNM MOMTyYeHbl U OXapaKTepr3oBaHbl ABa HOBbIX BapuaH-
Ta Env-nceBpoBupycos Ha ocHoBe CRF63_02A6 BIY-1, koTopble BOWAM B Hally Konnekuuio. Konnekuus BkaoyaeT
13 Env-ncesgosupycos, asndaowmxca CCR5-TponHbiMu. OrnoreHeTMYeCKnin aHann3 NoaHopasMepHbIX HyKneotTua-
HbIX MOC/IeAOBaTeNIbHOCTEN FeHa env NOATBEPAWS, YTO Bce 13 NceBAOBMPYCOB KNacTepusyoTca ¢ pepepeHCHbIMU
nocnefoBaTenlbHOCTAMY pekoMbUHaHTHo popmbl CRF63_02A6. Env-nceBaoBrpychl 6binn oxapakTepusoBaHbl C No-
MOLLbIO LUMPOKO HelTpanum3ytowwmx aHtuTen (bnAb), HaueneHHbIX Ha pa3Hble pernoHbl yassumocTtn B/Y-1, pacnono-
KEHHbIX Ha MOBEPXHOCTY MMKONPOTENHOBbIX KOMMIeKcoB Env. MokasaHo, 4to Env-nceBaoBmnpychl YyBCTBUTESNbHDI K
HewTpanusauum bnAb VRCO1 1 10E8; ymepeHHO UyBCTBUTENbHbI K HelTpanusaummn bnAb PG n PGT126; n yctoinuu-
Bbl K HenTpanu3sauuun aHtutenamm 2G12 n 2F5. MNonyyeHHaa Konnekyma — BaxHOe AOMOSIHEHME K CYLeCTBYIOWNM B
MUpe NaHenAamM NCceBfoBMPYCOB NPOTUB APYTX NoaTUNoBs BAY-1.

KntoueBblie cnoBa: BUY-1; CRF63_02A6; Env-nceBpoBupychl; bnAb; aHann3 BUpycHo HelTpanmsauum

Introduction

Human immunodeficiency virus type 1 (HIV-1) remains a
major global public health problem. Despite the successes
of antiretroviral therapy (ART), it is still not possible to stop
the spread of HIV. According to WHO, about 1.2 million
people are infected with HIV-1 annually'. This is largely due
to the fact that the use of drugs to treat HIV infection is ac-
companied by the emergence of resistance mutations in the
virus2. As a result, the development of more effective drugs is
required. Vaccination of the population could provide reliable
protection against HIV/AIDS, but, unfortunately, an effective
vaccine has not yet been created (Levy, 2024). Developing a
vaccine against HIV-1 is a very difficult task due to the high
variability of the virus and its ability to integrate into the hu-
man genome. Research in this area is currently focused on
the development of immunogens capable of inducing anti-
bodies that neutralize a broad range of HIV-1 isolates (bnAbs)
(Trkola, Moore, 2024).

In order to be able to rapidly and reliably evaluate vaccine
constructs under development, characterize HIV-specific
antibodies and search for potential drugs (entry inhibitors), a
reliable testing method is needed. Env-pseudovirus technology
has proven itself to be the best in this regard. Neutralizing
activity assays using pseudoviruses have several advantages
over traditional replicating virus systems in peripheral blood
mononuclear cell cultures. First, pseudoviruses are incapable
of replication and can be safely handled outside an expensive
biosafety level 3 laboratory. Second, neutralization or inhibi-
tion assays can be performed using a continuous cell line,
thereby reducing the need for primary donor cells. Together,
these elements ensure the accuracy, reproducibility and stan-
dardization of pseudovirus-based assays (Rudometova et al.,
2022a).

Currently, separate panels of pseudoviruses of the main
HIV-1 genetic subtypes (A, B, C and a number of CRFs)
have been created (Li et al., 2005; Hraber et al., 2017; Wang
et al., 2018; Stefic et al., 2019). These panels are needed to
obtain standardized data sets that can be used to rank vaccine
efficacy and identify promising candidates for further study
(de Camp et al., 2014).

It should be noted that in the Russian Federation, the genetic
diversity of HIV-1 has regional specificity (Antonova et al.,
2023). In the European part of Russia, the HIV-1 subtype A6

THIV statistics, globally and by WHO region, 2024
2 HIV drug resistance: brief report, 2024.

dominates (Antonova et al., 2023; Kuznetsova et al., 2023),
and in the Siberian region, the HIV-1 recombinant form
CRF63 02A6 (Maksimenko et al., 2020; Rudometova et al.,
2021), which is currently detected in more than 80 % of new
HIV-1 cases in Siberia (Sivay etal., 2022). Some data indicate
that HIV-1 CRF63 02A6 is more infectious and may have
higher replicative activity than other subtypes, which may
lead to an increase in the number of people infected with this
variant of the virus (Bogacheva et al., 2017). In connection
with the above, there is a need to develop a separate collection
of pseudoviruses for HIV-1 CRF63 02A6.

Previously, we described the production of a number of
HIV-1 CRF63 02A6 Env-pseudoviruses (Rudometova et al.,
2022b). However, to ensure the relevance of the collection,
ongoing work is required to obtain new pseudoviruses based
on circulating HIV-1 strains.

The aim of this work was to expand and characterize
the collection of Env-pseudoviruses obtained based on the
recombinant form CRF63 02A6 of HIV-1 circulating in the
Siberian region of Russia.

Materials and methods

For the study, 63 serum samples taken from HIV-infected
blood donors from the Kemerovo Region and the Altai Re-
public were selected. They were provided by regional AIDS
centers in accordance with the decisions made by the ethical
committees of the above-mentioned organizations. Each
sample was assigned an anonymous number in accordance
with the requirements of the ethical standards of the Russian
Federation. Then, RNA was isolated from individual serum
using the MAGNO-Sorb reagent kit (Amplisens, Russia) ac-
cording to the manufacturer’s recommendations. The isolated
RNA samples were stored at —80 °C.

To obtain amplified variants of the HIV-1 env gene, a re-
verse transcription — PCR reaction (RT-PCR) was performed
using the Env_S-1 and Env_02A_AS 1 primers (5-TTGG
GTGTCAACATAGCAGAATAGG-3" and 5'-CCTGTGGC
CTGACTGGAAAGC-3") and the SuperScript™ IV One-Step
RT-PCR System reagent kit (Invitrogen, USA) according to
the manufacturer’s recommendations. After RT-PCR, the
amplification products were analyzed by electrophoresis in
a 1 % agarose gel.

Amplified variants of the HIV-1 env gene were cloned
into the commercial expression vector pcDNA3.1/V5-His
TOPO TA (Invitrogen). Transformation of chemically com-
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petent Escherichia coli strain Stbl3 cells (Thermo Fisher
Scientific, USA) was performed using the heat shock method
(Chang et al., 2017) and clones carrying a plasmid with the
integrated env gene were selected.

To produce Env-pseudoviruses, HEK293 cell culture was
transfected with the constructed recombinant pEnv plasmids
together with the pSG3Aenv core plasmid (NIH Reagent
Program) using Lipofectamine 3000 (Invitrogen) in a 6-well
plate format. Forty-eight hours after transfection, pseudo-
virus particles were collected by filtering the culture medium
through a 0.45-micron filter; concentrated in 20 % sucrose
solution for 3 hours at 25,000 rpm; aliquots of 1 ml were made
and stored at —80 °C.

Electron microscopic images were obtained by the nega-
tive contrast method using a JEM-1400 electron microscope
with an accelerating voltage of 80 kV, at magnifications from
10,000 to 80,000x.

The functional activity of pseudoviruses was determined
using the TZM-bl cell line (NIH Reagent Program, USA)
according to the method described previously (Revilla et al.,
2011). Pseudovirus clones were considered functional and
suitable for further work if the luminescence level of TZM-bl
cells carrying these clones was at least 50 times higher than
the luminescence level of cells without the addition of pseu-
dovirus particles.

The nucleotide sequences of the amplified variants of the
HIV-1 env gene were determined by sequencing using the
Sanger method (Genomics Collective Use Center, Institute
of Chemical Biology and Fundamental Medicine, Siberian
Branch of the Russian Academy of Sciences, Novosibirsk).
The resulting sequencing chromatograms were analyzed using
the BioEdit program.

The subtype of HIV-1 env gene variants was determined
using the HIV BLAST online resource (https://www.hiv.lanl.

Env-pseudoviruses based on the HIV-1 genetic variant
circulating in Siberia

gov/content/sequence/BASIC_BLAST/basic_blast.html).
Phylogenetic tree construction was performed using IQ-TREE
on the portal https://www.hiv.lanl.gov/content/sequence/
IQTREE/iqtree.html. Reference sequences from the Los
Alamos HIV Sequence Database (http://www.hiv.lanl.gov/)
were used to construct phylogenetic trees. Tropism of the
obtained HIV-1 Env pseudoviruses to the coreceptor (CCRS
or CXCR4) was determined by the nucleotide sequence of
the V3 loop using the geno2pheno online program (http://
coreceptor.geno2pheno.org/).

Neutralization assay was performed according to the
method described previously (Revillaetal., 2011). In the work,
monoclonal bnAbs to HIV-1 were used, targeting different
regions of vulnerability on the surface of trimeric gp120/gp41
complexes —2G12, VRCO1, PG9, PGT126, 2F5, 10E8 (NIH
HIV Reagent Program). Samples were tested in duplicate; the
experiment was repeated twice. Statistical data processing
and IC50 calculation were performed using the GraphPad
Prism 9 software.

Results

Obtaining new HIV-1 Env-pseudoviruses variants

As a result of the study, five full-length variants of the env
gene were amplified using RT-PCR and cloned into an ex-
pression plasmid vector. For each env gene variant, one to
six genetic constructs with an insert were obtained and used
for co-transfection.

Next, we produced Env-pseudoviruses and determined their
functional activity. The formation of pseudovirus particles was
recorded using electron microscopy (Fig. 1, a). Functional
analysis of the obtained pseudovirus variants showed that the
assembly of functionally active pseudovirus particles occurs
for two pseudovirus variants: 22RUAR13 (clone 16) and
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Fig. 1. Characteristics of HIV-1 Env-pseudoviruses.

a - electron micrograph of HEK293 cells after transfection with budded pseudoviral particles of the recombinant form CRF63_02A6; b - functional activity of the
obtained variants of HIV-1 Env-pseudoviruses (data are presented as mean * standard deviation); Env-pseudovirus SF162.LS subtype B from the international
reference panel of pseudoviruses was used as a positive control; ¢ — characteristics of functionally active HIV-1 Env-pseudoviruses.
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Fig. 2. Maximum likelihood phylogenetic tree of the env gene of HIV-1 pseudoviruses (visualized using the iTOL online

tool).

Green dots mark the env genes of clones 22RUAR13 (clone 16) and 22RUKR21 (clone 14). Purple dots mark the env genes of
pseudoviruses obtained earlier (Rudometova et al., 2022b).

22RUKR21 (clone 14) (Fig. 1, b). The luminescence level of
the cells carrying these clones was more than 150 times higher
than the luminescence level of pure cells. Sequencing data
and phylogenetic analysis confirmed that the functional Env-

pseudoviruses belong to the recombinant form CRF63 02A6
and are CCR5-tropic (Fig. 1, C).

Characteristics of the HIV-1 CRF63_02A6 Env-pseudoviruses
collection

Previously, we obtained 11 Env-pseudoviruses belonging
to the recombinant form CRF63 02A6 (Rudometova et al.,
2022b). In this work, we added two new pseudoviruses to
the collection and decided to conduct a more detailed cha-
racterization of it. A phylogenetic analysis of the full-length

nucleotide sequences of the env gene was carried out, which
confirmed that all 13 pseudoviruses cluster with the reference
sequences of the recombinant form CRF63 02A6 (Fig. 2).
From the presented data (Fig. 2), it is evident that a certain
genetic heterogeneity is observed due to the presence of dif-
ferences in the nucleotide sequences of the env genes of the
pseudoviruses included in the collection.

Neutralization phenotype

of the HIV-1 CRF63_02A6 Env-pseudoviruses collection
Env-pseudoviruses with functional activity were tested in
a pseudovirus neutralization assay with antibodies capable
of neutralizing a broad range of HIV-1 isolates (bnAbs).
bnAbs recognizing the main sites of HIV-1 vulnerability on
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Side view

+«—— V1/V2(PG9)
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Env-pseudoviruses based on the HIV-1 genetic variant
circulating in Siberia
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Fig. 3. Sites of vulnerability of broadly neutralizing antibodies in the Env trimer model (PDB: 4ZM)J).

The HIV-1 Env trimer model was visualized using the HIV 3D Structure Viewer program. The designations of broadly neutralizing
antibodies (bnAbs) binding to the vulnerability sites of the virus and used in this work are given in brackets.
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Fig. 4. Neutralizing activity of bnAbs against Env-pseudoviruses 22RUAR13, clone 16 (a) and 22RUKR21, clone 14 (b).

the gp120/gp41 trimeric complex were selected for analysis
(Fig. 3): bnAbs VRCO1 — the virus binding to the CD4 cellular
receptor; bnAbs PG9 — the structure of the V1/V2 variable
loops at the top of the trimer; bnAbs 2G12 and PGT126 — the
V3 loop region in the glycan complex; bnAbs 2F5 and 10ES —
the membrane-proximal external region of gp41 (MPER)
(Walsh, Seaman, 2021; Thavarajah et al., 2024).

As an example, Fig. 4 shows typical neutralization curves
of Env-pseudoviruses by monoclonal broadly neutralizing

antibodies for the new variants 22RUAR13 (clone 16) and
22RUKR21 (clone 14).

According to the obtained data (Fig. 4), Env-pseudovirus
22RUARI13 (clone 16) was highly sensitive to neutralization
by bnAbs VRCO1, PG9 and PGT126, showed moderate sensi-
tivity to neutralization by antibody 10ES8, and was resistant to
neutralization by antibodies 2G12 and 2F5. At the same time,
pseudovirus 22RUKR21 (clone 14) demonstrated moderate
sensitivity to neutralization by bnAbs VRCO1 and 10E8 and
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IC, values determined for bnAbs against HIV-1 CRF63_02A6 Env-pseudoviruses

Env-pseudovirus 1C50, pg/ml
VRCO1 PG9 2G12

22RUAR13 0.75 0.62 >10
22RUKR21 1.22 >10 >10
16RU12 0.11 >10 >10
16RU13 1.71 4.83 >10
16RU19 2.63 1.61 >10
16RU20 0.1 0.22 >10
16RU21 0.11 4.23 2.31
16RU22 293 6.72 >10
16RU23 3.81 >10 >10
16RU27 0.31 >10 1.71
16RU28 0.31 1.0 1.42
16RU35 0.43 >10 >10
16RU36 0.32 0.22 >10

was resistant to neutralization by antibodies 2G12, PG9, 2F5
and PGT126.

Table shows the ICs, values determined for bnAbs against
our entire collection of HIV-1 CRF63 02A6 Env-pseudovi-
ruses, including 22RUAR13 and 22RUKR21. Comparative
analysis of 1Cs, showed that Env-pseudoviruses of this collec-
tion have rather heterogeneous sensitivity to neutralization by
bnAbs (see the Table), which is probably due to their antigenic
differences (Supplementary Material)’. As can be seen from
Table, HIV-1 CRF63 02A6 Env-pseudoviruses demonstrate
high sensitivity to neutralization by bnAbs VRCO01 and 10ES.

These antibodies are known to have high neutralizing
activity against other HIV-1 subtypes, including A, B, C,
recombinant forms CRF02 AG and CRF01_AE (Wu et al.,
2010; Huang et al., 2012; Hraber et al., 2017; Wang et al.,
2018; Stefic et al., 2019; Wieczorek et al., 2024). In contrast,
Env-pseudoviruses demonstrated moderate or even low sen-
sitivity to neutralization against 2F5, PG9, 2G12 and PGT126
antibodies. This is likely due to the fact that bnAbs PG9, 2G12
and PGT126 recognize conformational epitopes in complex
with glycans, which can interfere with efficient binding and,
as a consequence, neutralization of the virus (Sanders et al.,
2002; Doores, Burton, 2010; Krumm et al., 2016).

Discussion

Recombination and mutational variability of HIV-1 have a
significant impact on the changes in circulating HIV-1 vi-
ruses in Russia. As a result, not only the emergence of new
recombinant forms of HIV is observed, but also their spread
with the formation of new, different phylogenetic clusters of

3 Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Rudomet_Engl_29_4.pdf

PGT126 2F5 10E8
0.097 >10 241
>10 >10 1.02
>10 >10 0.02
0.11 >10 0.05
0.03 8.43 0.12
0.16 >10 0.12
>10 >10 0.01
0.01 8.0 0.15
>10 >10 0.11
0.19 >10 0.61
0.01 4.51 0.32
0.11 3.52 0.19
0.41 >10 0.26

HIV-1. Such changes in the genetic characteristics of modern
HIV-1 must be considered by developers of antiretroviral
drugs and vaccines (Rashid et al., 2022; Nair et al., 2024).
This requires verification tools, which include collections of
Env-pseudoviruses of different HIV-1 subtypes (deCamp et
al., 2014).

In this study, two new variants of HIV-1 Env-pseudoviruses
were obtained and characterized based on genetic variants
circulating in the Siberian Federal District. Phylogenetic
analysis showed that both variants belong to the recombinant
form CRF63 02A6 and are CCR5-tropic (Fig. 1, c; Fig. 2).
The obtained variants of HIV-1 Env-pseudoviruses expanded
the existing collection. Thus, our collection currently includes
13 Env-pseudoviruses belonging to the recombinant form
CRF63 02A6. Env-pseudoviruses were characterized using
bnAbs targeting different regions of HIV-1 vulnerability
located on the surface of Env glycoprotein complexes. The
analysis results showed that the Env-pseudoviruses included
in the collection exhibit high sensitivity to bnAbs VRCO1 and
10E8; moderate sensitivity to bnAbs PG9 and PGT126 and
resistance to antibodies 2G12 and 2F5 (see the Table).

The advantage of this collection is that it is relatively re-
presentative, as it includes pseudoviruses that differ in both
genetic diversity and sensitivity to bnAbs. According to the
P. Hraber et al. (2017), a collection of 12 pseudoviruses of a
certain HIV-1 subtype may be sufficient for the initial assess-
ment of the efficacy of vaccine candidates.

Due to the fact that the recombinant form of CRF63 02A6
HIV-1 currently accounts for about 80 % in the Siberia and
continues to actively spread (Sivay et al., 2022), the developed
collection is an important addition to existing collections in
the world against other HI'V-1 subtypes.
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Conclusion

This work supplements and characterizes the collection of
Env-pseudoviruses of HIV-1 recombinant form CRF63 02A6,
which will allow to carry out a complex of scientific and
applied works: to study the antiviral activity of created che-
motherapeutic drugs and to evaluate the effectiveness of
vaccines against HIV-1; to study the breadth and spectrum of
neutralizing properties of monoclonal broadly neutralizing
antibodies and to search for new broadly neutralizing anti-
bodies by screening the neutralizing properties of blood sera of
HIV-1 infected people, as well as to study the subtype-specific
features of circulating genetic variants of HIV-1.
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Counting touching wheat grains in images
based on elliptical approximation
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Abstract. The number of grains of a cereal plant characterizes its yield, while grain size and shape are closely related to its
weight. To estimate the number of grains, their shape and size, digital image analysis is now generally used. The grains in
such images may be completely separated, touching or densely packed. In the first case, the simplest binarization/segmen-
tation algorithms, such as the watershed algorithm, can achieve high accuracy in segmentation and counting grains in an
image. However, in the case of touching grains, simple machine vision algorithms may lead to inaccuracies in determining
the contours of individual grains. Therefore, methods for accurately determining the contours of individual grains when
they are in contact are relevant. One approach is based on the search for pixels of the grain contact area, in particular, by
identification of concave points on the grain contour boundary. However, some grains may have chips, depressions and
bulges, which leads to the identification of the corner points that do not correspond to the grain contact region. Additional
data processing is required to avoid these errors. In this paper, we propose an algorithm for the identification of wheat
grains in an image and determine their boundaries in the case when they are touching. The algorithm is based on using a
modification of the concave point search algorithm and utilizes a method of assigning contour boundary pixels to a single
grain based on approximation of grain contours by ellipses. We have shown that the proposed algorithm can identify grains
in the image more accurately compared to the algorithm without such approximation and the watershed algorithm. How-
ever, the time cost for such an algorithm is significant and grows rapidly with increasing number of grains and contours
including multiple grains.

Key words: wheat; grains; counting; digital images; segmentation; algorithm; concave points
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OrnpeneneHnre Yrcaa CONPUKACAIOIIXCS 3epeH IIIeHUIIbI
Ha 1300pa’keHMsIX Ha OCHOBE JIJIMIITUYECKOT alllIpoKCUMaIn
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AHHoTauusA. KonnyecTBo 3epeH pacTeHnA HanpAMyIo XxapakTepusyeT ero ypoxanHoCTb, a pasmep 1 Gopma TeCHO CBA3aHbI
C Maccom cemsH. [lna OUeHKN KonnyecTBa 3epeH, X GopMbl 11 pa3mMepoB B HAcTosILLEe BPEMsl, Kak MPaBWo, UCMOSb3YOT
aHanu3 umdpoBbIX N306paKeHNIA. 3epHa Ha TaKNX N306PaXKEHUAX MOTYT ObITb MONIHOCTbLIO Pa3AesieHbl, CONprKacaTbCs UK
6bITb MIIOTHO YNAaKoOBaHHbIMU. B cnyyae pasfeneHHbiX 3epeH BbICOKYH0 TOUHOCTb BbIZIeNIEHUA 1 MOACYETa 3epeH Ha 13o6pa-
YKEHUV NO3BOJIAIOT MOJTYYNTb CamMble MPOCTble anropuTMbl GrHapu3aLyn/cerMeHTaLmm, HanpuMep anropyuTM BoAopasaena.
Ho B cnyvae conpuKacatoLwmxcsa 3epeH NpocTble anropuUTMbl MaLLVHHOTO 3pEHKA MOTYT NPVBOAUTD K HETOYHOCTAM B Onpe-
JeNeHNn KOHTYPOB OTAeNbHbIX 3epeH. B 3Tol CBA3M aKTyanbHbIMU ABAATCA METOAbl TOYHOrO ONpeAeneHns KOHTYPOB
VHAVBUIYaNbHbIX 3€PEH B CJTyYae UX CONPUKOcHoBeHNsA. OAvH 13 NOAXOLOB OCHOBaH Ha MOWCKe NUKcenen obnactn co-
NPVKOCHOBEHNIA 3ePeH, B YaCTHOCTM C MOMOLLbIO MOMCKa YrNIOBbIX TOYEK Ha rpaHuLe KOHTYpa 3epeH. OfiHaKo 3epHa MoryT
MMETb CKOJIbl, BMAAVHbI U BbIMYKNIOCTH, YTO MPUBOANT K MAEHTUUKALMM YIIIOBbIX TOUEK, KOTOPblE HE COOTBETCTBYIOT 06-
NacTy KOHTaKTa 3epeH. ITo BNeyeT 3a cob0oi OWMOKM 1 ANA NX YCTPaHeHWA TpebyeT AONOMHUTENIbHON 06PaboTKM aHHbIX,
buUnbTPaLUMmM NOXKHbBIX YrOBbIX TOUEK. B HacToALeln paboTe Mbl NpefiaraeM anroputM AEHTUPUKALUN 3ePeH MLLEHNLbI Ha
1306paxeHny, KOTOPbI NO3BONAET NAEHTUGMLMPOBATL Kacalolwyecs 3epHa 1 oNpeaenaTb UX rpaHuLbl Ha U306paxXeHnn.
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Onpe,qeneHme Yuncna conpurKacaroWmxca 3epeH nieHnubl
Ha V|306pa>Kevax Ha OCHOBE 3TUMNTUYECKON annpokcnmauymnn

OH 6asmpyetca Ha MoAMdUKALIN aNroprTMa MOMCKa YITIOBbIX TOUEK U UCMOSb3yeT MeTOA OTHECEHWA MUKCeNel rpaHuLbl
KOHTypa K OAHOMY 3epHY Ha OCHOBE annpoKCMMaLUy KOHTYPOB 3epeH 3nmncamu. Mbl noKasanu Ha TeCTOBbIX U306paxe-
HWAX, UTO NPEANOXKEHHbIV aNrOPUTM NO3BONAET GoNlee TOUHO NAEHTUGULMPOBATL 3ePHa Ha 1306PaXXEHUN MO CPAaBHEHNIO
C anroputMom 6e3 Takol annpoKcUMaLun 1 anroprtmom Bogopasgesna. OaHako BpeMeHHbIe 3aTpaTbl /1A TaKOro anropuT-
Ma CyLeCTBEHHbI 1 BbICTPO PACTYT C yBENMUEHNEM KONIMYECTBa 3€PEH U KOHTYPOB, BKITIOUAIOLLMX HECKO/BbKO 3ePeH.
KntoueBble cs10Ba: NWEHNLA; 3ePHa; MOACYET; LMGPOBbIE N306PpaXKeHNs; CerMeHTaLusA; anropuUTM; YriioBble TOUKM

Introduction

One of the most important areas of cereal breeding and ge-
netic research is identification of genes that control yield. The
number of grains of a cereal plant directly characterizes its
yield, and the grain size and shape are closely related to its
weight (Zhang X. et al., 2014; Brinton, Uauy, 2019). Estima-
tion of the number of grains, their shape and size is frequently
performed using high-performance phenotyping (Afonnikov
et al., 2016; Li et al., 2020; Kolhar, Jagtap, 2023), which
is based on digital image analysis (Tanabata et al., 2012;
Whan et al., 2014; Komyshev et al., 2017). These methods
are characterized by high performance, low equipment costs
and simplicity of image acquisition protocols. An additional
advantage of these methods in comparison with manual count-
ing is that it is possible to accurately determine not only the
number of grains, but also their characteristics (size, shape,
color) (Tanabata et al., 2012; Cervantes et al., 2016; Komyshev
et al., 2020), which is difficult or impossible in the case of
manual counting. Furthermore, the obtained images can be
stored without changes, while grain characteristics may vary
depending on the duration of storage (Afonikov et al., 2022).

Typical images for analysis are grains on a light background
obtained using a digital camera, desktop scanner, or smart-
phone (Herridge et al., 2011; Tanabata et al., 2012; Whan et
al., 2014; Komyshev et al., 2017). The grains in such images
may be completely separated, touching, or densely packed. In
case of separated grains, the simplest binarization/segmenta-
tion algorithms can be used to isolate grains in the image, for
example, the watershed algorithm (Roerdink, Meijster, 2000).
In this case, the size and shape of each grain can be estimated
(Mebatsion et al., 2013). However, such a protocol requires
a significant amount of time spent on careful placement of
grains, which makes it difficult to analyze a large number
of samples. In the case of dense packing, it is difficult to
determine the contours of individual grains due to possible
overlap, and an objective assessment can only be expected
for the number of grains in the image, not for their size and
shape. In the case of touching grains, simple machine vision
algorithms can lead to inaccuracies in determining the contours
of individual grains, but the shape and size characteristics of
individual grains can be evaluated. This protocol does not re-
quire careful placement of grains on the surface, which reduces
the time spent on analysis. In this regard, the development of
methods for determining the contours of individual grains in
the case of their contact in images is relevant.

To solve this problem, approaches based on machine vi-
sion (Wang, Paliwal, 2006; Qin et al., 2013) and deep learn-
ing (Yang et al., 2021) have been developed. Deep learning
methods are currently being actively developed, but they
require large samples of images marked manually for train-
ing, which is labor-intensive. Machine vision algorithms are
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less demanding on the size of training samples and their an-
notations, and are also being actively developed (Liang et al.,
2022; Lin et al., 2023). To extract grains, they use binarization
algorithms to detect grain contours and subsequent shape
analysis for complex contours that include two or more grains.
One of the approaches used for analyzing complex contours
is based on finding pixels in the grain contact area. To search
for such pixels, an algorithm is used to find corner points on
the grain contour boundary (Gao et al., 2017; Liu et al., 2017;
Tan et al., 2019; Liang et al., 2022; Zhang J. et al., 2022).
This algorithm allows to quickly identify points where the
contour boundary bends sharply. Pixels where the curvature
of the contour line is greatest are considered potential points
of grain contact. However, grains may have chips, cavities,
and bumps, which leads to the identification of corner points
that do not correspond to the grain contact area. This leads
to errors, fixing which requires additional data processing to
filter out false corner points.

In this paper, an algorithm is proposed for identification of
wheat grains in the image, which allows us to identify touch-
ing grains and determine their boundaries in the image. It is
based on a modification of the corner point search algorithm
and uses the method of assigning pixels of the contour bound-
ary to a single grain based on the approximation of grain
contours by ellipses.

Materials and methods
Identification of grain contours in an image. The general
scheme of the image processing method is shown in Figure 1.
It includes the following steps:
* Image preprocessing (size reduction and Gaussian filter).
* Binarization (separation of the areas of grains and the
background).
* Search for corner points in the grain contours.
* Post-processing of contour pixels based on ellipse ap-
proximation.

Each of the stages involved the use of various computer
vision algorithms described below.

The high resolution of the original images (3,968%2,976 pi-
xels) negatively affected the running time of computer vi-
sion algorithms. During the preprocessing step, the image
resolution was reduced to 1,984x1,488 pixels. It was found
empirically that downsizing reduces the running time of the
algorithms by several times without significant loss in the
grain counting accuracy. For this purpose, a method based on
bilinear interpolation was used (Gonzalez, Woods, 2004). In
the original image, non-overlapping windows with a size of
2x2 pixels were replaced by one pixel in the converted image.
The intensity values of the red, green, and blue components
of this pixel were calculated based on the corresponding pixel
components of the input window.
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Preprocessing

(resizing and filtering) e

Fig. 1. The main stages of image processing for counting wheat grains.

Let (X;, ¥j), 1,J = 1, 2, be 2x2 neighboring pixels with coordi-
nates (;, yj), f(X;,Y;) is the color component intensity for pixel
i, . The color intensity for the resulting pixel in the downsized
image f (x, y) was calculated using the following algorithm:
1. Linear interpolation in the X direction:

f(Xs yi):f(xla yl) +f(XZ’ yl) (1)

2. Linear interpolation of the obtained values in the Y direc-
tion:

f(X, y) = f(X7 yl) + f(X, y2) (2)

The image obtained by (1, 2) was downsized by a factor of 2.

A Gaussian filter (Gedraite, Hadad, 2011) was applied to the
downsized image to eliminate noise. The filtered image was
converted to HSV color space. This transformation improves
the identification of the differences between the grains and
the background (Fisenko V.T., Fisenko T.Yu., 2008; Domasev,
Gnatyuk, 2009).

Smoothing by the mean shift algorithm (Comaniciu, Meer,
1999) was performed at the next step of image preprocessing.
The image was converted to grayscale and binarized using the
Otsu algorithm (Otsu, 1979).

The results of preprocessing and binarization for a scaled
image after Gaussian filtering are shown in Figure 2.

Contour analysis and corner pixel identification. Con-
tours corresponding to the grain regions were identified in
the binary masked image. A contour is a curve that connects
all pixels of the edge of the grain area in a binarized image.
Each contour was analyzed independently.

The contour boundary is traversed; for each pixel p of the
boundary, the value of the corner response function, CRF, was
calculated (Tan et al., 2019):

CRF(p)=%, A=nR2 3)

where n, is the number of pixels that belong to a contour
inside a circle with radius R and center at pixel p, and A is

N
T

Jde

RGB — HSV Mean shift filtering

Fig. 2. Results of preprocessing and binarization of grain images.

pi

Counting touching wheat grains in images
based on elliptical approximation

Filtering contour segments based

Corner point detection . . . X
on grain approximation by ellipses

the total number of pixels in this circle (Fig. 3a). The value
R = 7 was selected empirically from the set [3, 4, ..., 10]
yielding the best accuracy values (at R > 10, the algorithm
performance decreased substantially). The value of this func-
tion is close to ~0.5 on the “straight” part of the grain contour
boundary. The large fraction of grain pixels inside the circle
(large CRF value) indicates pixels belonging to the corner
(Fig. 3b, c).

The pixel was determined as a corner point if CRF > 0.6
(ZhangJ. etal., 2022). The number of grains within the contour
could be estimated using the number of corner points Neormers
and the number of contour boundary segments between cor-
ner points Reiosed 8 Ngrains = Neorners /2 — Retosed + 1 (Liu etal.,
2017). The disadvantage of the algorithm lies in the assump-
tion of an elliptical grain contour. In real-world examples, false
corner points can be detected due to chips and irregularities
on the grain surface.

Approximation of grain contours by ellipses. Since grains
have a shape close to elliptical, they can be approximated by
ellipses, which helps breaking the contour of several grains
into segments belonging to the same grain even if there are
some false corners. The problem is to split the set of segments
into subsets in such a way that each subset represents segments
of the border of one grain (Fig. 4a, b).

The algorithm was based on finding the optimal partition-
ing of contour segments belonging to ellipses, minimizing
the partitioning error. The partitioning error is the total error
of pixel approximation of each of their ellipses. For some
grains, several ellipses can be inscribed in its contour segments
(Fig. 4c). Therefore, a penalty was added to the error value
to choose from several inscribed ellipses the one that has the
center position closest to the average center.

The contour was described by a set of pixels py, i =1, ...,
my. The coordinates of ellipse pixels were represented by
quadratic form a; x?>+2a,Xy+a,,y*>+2b,x+2b,y+1 = 0.

Grayscale conversion Otsu’s thresholding
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Fig. 3. Using the corner response function to identify the corner pixels of the contour.

a, Visualization of the CRF calculation: background pixels are displayed in black, grain pixels outside and inside the CRF circle are displayed in white and green,
respectively; b, the CRF plot (Y-axis) for contour pixels (X-axis), the peaks corresponding to the corner points are shown by blue diamonds; ¢, corner pixels shown

in the binarized image (blue diamonds inside green circles).

Fig. 4. The elliptical approximation algorithm used to identify contour boundary segments belonging to the same grain.

a, Pixels belonging to the same segment of the boundary between corners are shown in the same color; b, pixels of the contour belonging to the same grain are
shown in the same color; ¢, alternate location of two ellipses for segments of the same grain, their centers ¢; and G is shown as yellow and green dots, the axis

of ellipse Bis shown.

The coordinates of each pixel were substituted in the equation

representing the equation system:

Xio2xy, 0 2 2y

A=|- .. ,b:(fl,...f])-r, (4)

sznk 2kaymk y%k 2ka 2ymk

Ao —b|> > min, a=(a,,a,, a,,b,,b,.
o

®)
The optimal solution can be found using the least squares
method and SVD decomposition (Brinton, Uauy, 2019). The
solution to a* can be found as:
a* =A*b =UD'VTh. (6)
In this case, the total partitioning error was calculated using
the following formula:

E =YE, +P, E =|A-af-b], (7)
k

partition
where

2
B-||center; — center]|

N N
P=Y Y

i=1 j=i+l

®)

is the penalty for “incorrect” partitioning, and B is the mini-
mum axis length of the inscribed ellipses (Fig. 4¢).

As a result of finding the partition of the contour with the
lowest error, the number of grains is equal to the number of
subsets in the partition. This approach solves the problem
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with extra corner points, which affects the accuracy of the
method. An example of the result of such an algorithm when
identifying grains is shown in Figure 5.

Figure 5 demonstrates the success of the algorithm ap-
plication. Two touching grains in the lower right corner (the
turquoise and green colors of the contours) were split correctly
despite the extra corner pixel for the right grain.

The described algorithms were implemented in Py-
thon v.3.9, using the OpenCV v. 4.6.0 (Howse, 2013) and
Numpy v. 1.21 libraries (https://numpy.org/).

Evaluation of the accuracy of grain identification in an
image. For each image, the number of grains was found using
the described algorithm. For each image, the accuracy of the
algorithm was estimated using the following metric:

[ IN= N
N

CR=100- , )

where N* is the number of grains determined using the pro-
posed algorithm, and N is the true number of grains. Two
accuracy measures were calculated for contour analysis: CR,
for the algorithm without correction by ellipses and CR . for
the algorithm with correction by inscribed ellipses.
Additionally, we estimated the average accuracy for grain
identification images for the erosion (CR,) and watershed
CR,, methods (Zhang J. et al., 2022). Additionally, the time
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Fig. 5. The result of splitting the contours of several grain groups based
on the ellipse approximation algorithm.

The identified corner pixels are shown as green circles. Contour pixels that
belong to the same grain are shown in the same color.

for image processing, T, was estimated for the algorithm
with correction using inscribed ellipses. Calculations were
performed on a laptop with an Intel i5 4 * 2.9 GHz processor
and 6 GB of RAM running the Windows 10 operating system.

Results and discussion
Asetof 9 images of wheat grains on a white sheet of paper was
used for analysis. Images were obtained using a HUAWEI P20
smartphone with a Sony IMX380 camera and flash. Imaging
was performed in auto mode, the high dynamic range (HDR)
option was turned off. Grains in the image were placed loosely,
but they had a significant number of contacts. An example of
a grain image is shown in Figure 6.

Six images had 20 grains each; the sample also included
images of 31, 46, and 51 grains.

The Table shows the results of counting the number of
grains using two algorithms: using only corner points (cp)

Accuracy of grain counting methods based on corner points

Counting touching wheat grains in images
based on elliptical approximation

Fig. 6. Example of an image of wheat grains in contact.

and using correction by the ellipse-based corner point algo-
rithm (cpe). The Table shows estimates of the number of grains
identified by the algorithm, as well as measures of accuracy
and calculation time.

The average accuracy value for the cp algorithm was
CR¢, = 0.90, for the cpe algorithm CRy, = 0.96, for the wa-
tershed algorithm CR,,= 0.77, and for the erosion algorithm
CR.=0.93. These data demonstrate that the ellipse-based grain
number correction algorithm yields the most accurate results.
However, the accuracy of the algorithm depends on the number
of grains that form complex contours: the more grains in the
contour, the lower the accuracy. The accuracy also depends
on the number of grains, because for large numbers of grains,
the probability of their contact is higher.

The correction of the seed detection algorithm by the
ellipse-based method yielded performance comparable to
some previously published methods based on corner points

without and with correction based on the ellipse method for 9 test images

Image number N M Nep CRep, % Nepe CReper % T, sec
1 ................................................ 20 ........................ 2 .......................... 21 ......................... 9 50 ..................... 2 0 ...................... 1000 ........................ 1357 ..............

2 ............................................... 20 ........................ 3 .......................... 22 ......................... 9 00 ..................... 2 0 ...................... 10002001 ...............

3 ............................................... 20 ........................ 3 .......................... 20 ....................... 1000 ..................... 2 0 ...................... 1000 ........................ 1954 ..............

4 ............................................... 20 ........................ 4 .......................... 21 ......................... 9 50 ..................... 2 o ...................... 10003133 ..............

5 ............................................... 20 ........................ 5 .......................... 21 ......................... 9 50 ..................... 13 ........................ 9 003009 ..............

6 ............................................... 20 ........................ 5 .......................... 24 ......................... 3 oo ..................... 2 1 ......................... 9503237 ..............

7 ............................................... 31 ........................ 7 .......................... 33 ......................... 9 35 ..................... 32 ........................ 95327011 ...............

8 ............................................... 46 ........................ 4 .......................... 53 ......................... 3 43 ..................... 4 5 ........................ 9734350 ..............

9 ............................................... 53 ........................ 9 .......................... 66 ......................... 755 ..................... 4 5 ........................ 850 ................... 112130 ..............

Note. Columns represent the number of grains, N; the maximum number of grains in the contour, M; the number of grains determined by the cp algorithm, N,;
the accuracy of the cp algorithm, CR,; the number of grains determined by the cpe algorithm, N¢,e; the accuracy of the cpe algorithm CR ; the running time
of the cpe algorithm, T (sec).
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identification. Tan et al. (2019) used a corner point detection
algorithm for counting rice grains in combination with a neural
network with error back propagation for subsequent correction
of segmentation results. On average, grain segmentation ac-
curacy for different rice varieties was 94 %. Wang and Paliwal
(2006) applied the watershed algorithm to seed images after
segmentation and transformation depending on the distances
between background and grain pixels. The algorithm was used
to count grains in images for six types of plants (winter wheat,
hard white-grain wheat, and hard amber wheat, barley, oats,
and rye). The proportion of correctly identified grains ranged
from 88.6 to 94.4 % for wheat and from 55.4 to 79.0 % for the
other plants. Liu et al. (2017) suggested an algorithm based
on detecting feature points in the image and estimating the
correlation between their number and the number of grains
in the image. The authors tested the algorithm for wheat and
rice grains and showed that the error of their method was
from 0 to 4.7 % (on average, 0.1 % for wheat and 1.5 % for
rice), while applying the usual watershed algorithm led to an
error of 14 to 40 % for wheat and of 20 to 50 % for rice seeds.
Liang et al. (2022) proposed a comprehensive approach that
identifies the number of non-touching grains by the K-means
method, a layered watershed algorithm was used to identify
and count rarely touching grains, and a dividing line algorithm
was used for densely lying grains. The accuracy of the method
was 99.65 %.

Thus, the corner point algorithm with ellipse-based cor-
rection in general yielded an accuracy comparable to existing
algorithms (especially in the case when there are few contours
with a large number of touching grains). However, the execu-
tion time of this algorithm increases quickly with increasing
both the number of complex contours and the number of grains
analyzed. For a number of grains more than 20 and a large
number of contours with multiple grains, the time of execu-
tion becomes unacceptable for analysis. This occurs because
with increasing number of contiguous grains in a single con-
tour, the number of possible combinations of ellipse location
subsets increases. Moreover, the number of contour pixels,
the coordinates of which are used to compose the systems of
linear equations (4), is growing. To reduce the execution time
(in the case of the described implementation of the method),
it is possible to parallelize the algorithm. Further optimiza-
tion is possible by using estimates of the number of possible
grains, for example, by the contour area. This will reduce the
number of partitions.

Note also that the algorithm uses an approximation of the
grain shape by ellipses, which may not be applicable to grains
of a more complex shape, such as beans. However, in the
general case, this algorithm allows to use an arbitrary shape
of grain contours, which in the future can be implemented for
grains of other plant species.

Conclusions

An algorithm is proposed for identifying and counting grains
in digital images in the case of their touching. The algorithm
is based on binarization of the image to select contours
containing grains and further processing of these contours.
Processing consists of finding corner points on the contour
and then selecting them by assigning pixels of the contour
border to a single grain based on the approximation of grains
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by ellipses. The post-processing step allowed to exclude false
regions of grain contacts in the contour. Analysis of the test
images showed that in the case when the number of touch-
ing grains is small, the algorithm allows us to obtain a high
accuracy of grain counting (up to 100 %, and systematically
better than without ellipse-based approximation). However,
when contours include a large number of touching grains,
the execution time of the algorithm increases, which makes
it impractical in analysis.
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