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A new combination of 5'- and 3’-untranslated regions
increases the expression of mRNAs in vitro and in vivo

D.N. Antropovl, O.V. Markov!, A.S. Domel, PA. Puchkov?, E.V. Shmendel?, D.V. Gladkikh!, V.M. Golyshevl,
A.M. Matveeval, M.A. Maslov?, G.A. Stepanov 1@

T Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University, Moscow, Russia

@ stepanovga@niboch.nsc.ru

Abstract. mRNA vaccine technologies have been actively developing since the beginning of the 21st century and
have received a major boost from new findings about the functioning of the immune system and the development
of efficient vehicles for nucleic acid delivery. The mRNA vaccine demonstrates superior properties compared to the
DNA vaccine, primarily due to accelerated mRNA vaccine development, enhanced flexibility, and the absence of in-
tegration into the genome. Artificial mRNAs have biotechnological and medical applications, including the develop-
ment of antiviral and anticancer mRNA therapeutics. The effective expression of therapeutic mRNA depends upon
the appropriate selection of structural elements. Along with the addition of the 5'-cap, appropriate polyadenylation,
and sequence codon optimization, 5’- and 3’-untranslated regions (UTRs) play an important role in the translation
efficiency of therapeutic mRNAs. In this study, new plasmids containing a novel combination of UTR pairs, namely
5'-UTR-4 and 3’-UTR AES-mtRNR1, were constructed to obtain artificial mMRNAs encoding green fluorescent protein
(GFP) and firefly luciferase (FLuc) with new structural elements and properties. The novel combination of the UTRs,
which is described in this article for the first time, in addition to sufficient polyadenylation and pseudouridinilation of
mMRNA, was demonstrated to strongly increase the translation of codon-optimized sequences of reporter mRNAs. We
generated lipoplexes containing the aforementioned reporter mRNAs and liposomes composed of cationic lipid 2X3
(1,26-bis(cholest-5-en-3beta-yloxycarbonylamino)-7,11,16,20-tetraazahexacosane tetrahydrochloride) and helper
lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine). For in vivo experiments, the liposomes were decorated
with 2 % of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG, ).
The translation efficiency of mMRNAs was found to be superior for the novel UTR combination compared with HBB
gene UTRs, both in vitro and in vivo. When mRNA is administered intramuscularly, the proposed combination of UTRs
provides lasting expression for more than 4 days. The results demonstrated that the novel UTR pair combination
could be useful in the development of artificial mMRNAs with enhanced translation efficiency, potentially reducing the
dose for mRNA-based therapeutics.
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AHHoTauua. TexHonorna MPHK-BakLMH Havyana akTMBHO pa3BuBaTbcA B Havyane XXI| B. 1 nonyymna XopoLwmnn cTu-
Myn 3a CYeT pacLUMPEHNA 3HaHUN O GYHKLMOHNPOBAHNM MMMYHHOI CUCTEMbl YeSIOBEKa 1 YCMeXoB B CMHTE3e Ba-
PUaAHTOB MOJIEKY/-AOCTaBLMKOB. IMMyHM3auma ¢ nomowbio MPHK-BakunH ABnAetca 6onee a3dpdeKTBHON, YeM
nMMyHM3auma ¢ nomouwbto IHK, 6naropgapsa 6onee 6bIcTpolt pa3paboTke, MMOKOCTY TEXHONOMMN U OTCYTCTBUIO MH-
Terpaumm B reHom. B Hawm gHu nckycctseHHble MPHK ncnonb3ytoT B pasnnyHbiX 6OTEXHONOMMYECKNX N MEANLINH-
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A new combination of 5’- and 3’-untranslated regions
increases the expression of mMRNAs in vitro and in vivo

CKUX Liensx, BKoYasa pa3paboTKy NPOTYBOBMPYCHBIX U NPOTNBOPaKoBbix MPHK-BakumH. [Ana ux agpdeKTnBHOM 3KC-
npeccuy HeobXoANMO MpaBuSIbHO NofobpaTb CTPYKTYpHble 3nemeHTbl MPHK. NMomumo fobaBneHua B CTpyKTypy
MPHK 5’-Kana, 4OCTaTOYHOro YyPOBHA NOIMAAEHUIMPOBAHUA Y ONTMMU3ALMN NOCNE[0BATENbHOCTM KOAOHOB, 5~ 1
3'-HeTpaHcpyemble obnact (HTO) nrpatoT BaxHYy ponb B TPaHCIALNOHHON 3POEKTVBHOCTU TepaneBTUYECK X
MPHK. B HacTosALem nccnenoBaHum ans noslyyeHus UCKycCcTBeHHbIX MPHK 6bifiv CKOHCTPYMpPOBaHbI MiasmMyaHble
KOHCTPYKLMK, COAep>Kallme B CBOEM COCTaBE HOBYIO KOMOUHALIMIO HETPaHCIMpyeMbix obnacTein — 5-UTR-4 n 3'-UTR
AES-mtRNR1. Ins HoBo kombuHauun HTO, BnepBble ONMCcaHHOW B JaHHON paboTe, ObiNO NMOKa3aHO 3HaYUTESb-
HOe yBeNlMYeHne YPOBHA TPaHCIALUMM KOAOH-OMTMMU3MPOBAHHBIX MOcCiefoBaTesibHOCTen penopTtepHbix MPHK,
Koaupytowmx GFP (3eneHbin dpnioopecueHTHbIN 6enok) 1 FLuc (noundepasa cBetnauka), coaepalumx B CBOeEM
cocTaBe MceBfoypuAnH 1 nonn(A)-nocnepoBatenbHoCcTb. B xoge paboTbl 6bn chOpMMPOBaHbI KOMMEKChI Bbl-
LeynoOMAHYTbIX penopTepHbix MPHK ¢ nvMnocomamu, coctoAwmmy U3 KaTmoHHoro nunuga 2X3 (1,26-6uc(xonect-
5-eH-3B-unokcmkapboHunammHo)-7,11,16,20-TeTpaasorekcakosaH TeTparugpoxnopua) v nunvpa-xennepa DOPE
(1,2-prnonenn-sn-rnnyepo-3-pocdoataHonamuH). [Ina 3KCNePUMEHTOB in Vivo B COCTaB NIMNOCOMAsIbHOM KOMMO-
3uymmn gobasnanu 2 % 1,2-gucteapownn-sn-rnuuepo-3-pocdoataHonamut-N-[aMMHO(NOANITUREHMKONb)-2000]
(DSPE-PEG (). HoBas kombuHauma HTO npogemoHcTpupoBana 6osee BbiCoKyto 3ddekTUBHOCTb TpaHcnAumMn MPHK
B CpaBHeHUu ¢ B-rnobuHosbiMy HTO Kak in vitro, Tak w in vivo. Mpn BHyTpuMbIleYHOM BBeaeH MPHK npepnoxeH-
Has KombuHauua HTO obecneumBaeT pnTenbHYIO SKCNpeccuio 6omee yeTbipex CyToK. PesynbTaThl nccnefoBaHus
NMoKasasnu BbICOKYH 3pdeKTUBHOCTb HOBOI KOMOMHaumy HTO Ans noBbIWEeHWs YPOBHA TPAHCIALMMN UCKYCCTBEHHDBIX
MPHK, 4To MOXeT 6bITb NCNONBb30BaHO AJIA CHUKEHMA TepaneBTUYeckon fo3bl MPHK B cocTaBe BaKLMH.

KnioueBble cnoBa: cnHTeTnyeckaa MPHK; foctaska PHK; moandukaumm Hykneotngos; HeTpaHcanpyemasa obnactb

MPHK; nunungHble HaHoYaCTUL b

Introduction

MRNA vaccine technologies are emerging every year to
defend humans from viral pathogens and even cancers.
The COVID-19 pandemic proved the necessity of the fast
development of vaccines targeted against a certain species
of viruses. The release of different mRNA vaccines, such as
BNT162b2, mRNA-1273, and others, has enabled effective
vaccination of the population. It is clear that for effective
and prolonged expression of antibodies, specific structure of
mRNA is crucial (Fig. 1).

The necessity of UTRs in mMRNA for various mMRNA models
is widely recognized (Chatterjee, Pal, 2009; Morais et al.,
2021; Chen et al., 2022; Kirshina et al., 2023), along with
such components as the Kozak sequence, which is required
for translation (Kozak, 1989). The incorporation of 5'-UTR
sequences enhances translation not only by protecting the cod-
ing sequences from nucleases but also by recruiting ribosomal
machinery to a translation start site (Chatterjee, Pal, 2009).
The most common method for enhancing translation is the
addition of IRES (internal ribosome entry site) elements with
complex secondary structure to the 5’ end of mRNA, which
promotes the recruitment of translational complexes at vari-
ous stages of translation (Andreev et al., 2009). Sample et
al. (2019) have successfully identified a high-ribosome-load
sequence of a 5'-UTR (designated as “5’-UTR-4") using ma-
chine learning methods. The application of computationally
selected sequences enabled the researchers to enhance transla-
tion intensity more than 100-fold, thus proving the efficacy of
machine learning techniques.

3'-UTRs provide the mRNA molecule with a defense against
nucleases, including the prevention of poly(A) tail degrada-
tion, which can influence the half-life of mRNA and the yield
of the encoded protein. Derived from the human HBB gene,
B-globin UTRs have been commonly used and demonstrated
remarkable efficacy in both reporter and viral mRNA applica-
tions (Zhuang et al., 2020). The incorporation of a chimeric
3'-UTR called AES-mtRNR1, which comprises a part of 16S
ribosomal rRNA of archaea (AES: amino-terminal enhancer of
split) and a part of a mitochondrial IRNA (mtRNR1), allowed
for 3-fold higher translation intensity in vitro in comparison
to the standard B-globin 3’-UTR (Orlandini von Niessen et
al., 2019). Their result was confirmed by in vivo application
to a luciferase model (Orlandini von Niessen et al., 2019),
indicating the universality of such a tandem UTR sequence.
Thus, the previous investigations directed at the selection of
the most effective UTR structures allow to design combina-
tions and test their translational effectiveness.

In this study, we introduced a novel combination of 5'-
UTR-4 and 3'-UTR AES-mtRNRI1 (hereafter, “synthetic
UTRs”) into a single mRNA for the first time. We constructed
reporter mRNAs, encoding GFP or FLuc, containing the
novel combination of UTRs for delivery into human cells
in vitro and live animal tissues in vivo. Cationic liposomes
composed of the cationic lipid 2X3, the helper lipid DOPE,
and DSPE-PEG2000 (for in vivo experiments) were used to
deliver mRNAs. The expression of the reporter mMRNAS with
synthetic UTRs was demonstrated to be 5—6-times higher than
that of B-globin UTRs in vitro and in vivo.

5’-untranslated Coding 3’-untranslated 3"-poly(A)
. region region region tail
s-ap [ AUG ¥ ¥ W v oy oy (A);50.2000H
Initiation
codon

Fig. 1. The mRNA design optimal for effective translation. Inserted pseudouridines are indicated by the “$" sign.
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Materials and methods

Plasmid design, construction, and synthesis. Sequence of
the hyperactive T7 promoter was taken from (Conrad et al.,
2020). Sequences of B-globin 5'- and 3'-UTRs and those of
UTRs 5’-UTR-4 and AES-mtRNR1 (3'-UTR) (see Supplemen-
tary Table S1)! were obtained from NCBI and (Andreev et
al., 2009; Leppek et al., 2022), respectively. A multiple clon-
ing site (MCS) between 5'- and 3’-UTRs was designed using
several most popular unique restriction sites. Downstream of
3'-UTRs, an Xbal restriction site was inserted to generate a
linearized DNA template for in vitro transcription.

Fragments containing MCS and UTRs were synthesized by
the Laboratory of Synthetic Biology at the Institute of Chemi-
cal Biology and Fundamental Medicine (ICBFM) SB RAS
and cloned into the pPCMV 6-Entry vector (OriGene, USA; see
Supplementary Fig. S1) by means of restriction sites Psp124BI
and Xmal (SibEnzyme, Russia). Two parallel cloning reactions
resulted in plasmid vectors: pCMV6_T7 bglob AGG (con-
taining 5’- and 3'-UTRs of the human HBB gene; see Supple-
mentary Fig. S2) and pCMV6_T7 synth AGG (containing
5'-UTR-4 and AES-mtRNR1; see Supplementary Fig. S3).

ORFs of GFP and FLuc were PCR-amplified from plasmids
phMGFP (Promega, USA) and pCDH-EFla-Luc2-IRES-
mKate2 (Yuzhakova et al., 2022), respectively, with primers
containing restriction sites, the Kozak sequence, and start
and stop codons and were cloned by the restriction—ligation
method into plasmids pCMV6_T7 bglobUTR _AGG and
pCMV6 T7 synthUTR AGG.

In vitro transcription and mRNA purification. GFP and
FLuc with B-globin UTRs and the synthetic UTRs were
obtained by in vitro transcription using T7 polymerase (Bio-
labmix, Russia). The Anti-Reverse Cap Analog (ARCA)
(Biolabmix, Russia) and pseudouridine triphosphate (Biolab-
mix, Russia) were added during the transcription to modify
mRNA structure. After the RNA synthesis, the DNA template
was removed with DNase I (Thermo Fisher Scientific, USA).
Poly(A) polymerase (New England Biolabs, USA) was used to
polyadenylate 3’ termini of the synthesized mRNA by the stan-
dard protocol. The RNA products were purified via precipita-
tion with 2.5 M LiCl followed by storage of the precipitate at
—20 °C for 30 min and subsequent centrifugation at 16,000 x g
for 15 min at 4 °C. The pellet was washed with 70 % ethanol
and dried for 10 min at room temperature with subsequent
dilution in diethylpyrocarbonate (DEPC)-treated H,O.

Preparation of cationic liposomes. A solution of 1,26-
bis(cholest-5-en-3B-yloxycarbonylamino)-7,11,16,20-tetra-
azahexacosane tetrahydrochloride (2X3; see Supplementary
Fig. S4) in a CHCl;—CH3OH mixture (1:1, v/v) was added to
a solution of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) in CHClj; at a molar ratio of 1:3 and gently stirred.
To obtain PEG-containing cationic liposomes, a solution
of DSPE-PEG,, (Lipoid, Germany) (2 % mol.) in CHCI,
was added to the 2X3-DOPE solution at a molar ratio of 1:3.
Organic solvents were removed in vacuo, and the obtained
lipid film was dried for 4 h at 0.1 Torr to remove residual
organic solvents. Then, it was hydrated using deionized water
at 4 °C overnight. The liposomal dispersion was sonicated

T Supplementary Table 51 and Figs S1-57 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx24.pdf
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for 15 min at 70-75 °C in a bath-type sonicator (Bandelin
Sonorex Digitec DT 52H, Berlin, Germany), filtered (0.45 pm
Chromafil® CA-45/25; Macherey—Nagel, Diiren, Germany),
flushed with argon, and stored at 4 °C.

Size and zeta-potential measurement. Lipoplexes were
pre-formed via mixing of equal (25 puL) volumes of the RNA
and liposome solutions at appropriate concentrations in saline
(154 mM sodium chloride). Lipoplex formation was carried
out for 20 min at 25 °C. Next, 10-puL aliquots of lipoplexes
were diluted in 1 mL of DEPC-treated water. To measure
physicochemical parameters, I mL of a lipoplex or liposome
suspension was placed into a DTS1070 folded capillary
cuvette (Malvern Instruments, Malvern, UK). The size and
polydispersity index (PDI) of lipoplexes were measured in
three biological replicates by dynamic light scattering (DLS)
on a Malvern Zetasizer Nano instrument (Malvern Instru-
ments, Malvern, UK) ata 173° scattering angle and 25 °C. The
measurements were performed in Malvern’s Zetasizer v7.11
software (Malvern Instruments). A viscosity of 0.8872 centi-
poses (cP), a refractive index (RI) of 1.330 for the dispersant,
and an RI of 1.020 and absorption of 1.335 for the material
in suspension were chosen as settings in the software. An
equilibration duration of 30 s was selected before the total
measurement. {-Potential was measured at 25 °C in three
biological replicates. Before the measurement, the equilibra-
tion duration was set to 120 s. Each measurement was paused
for 30 s before the next one.

Atomic force microscopy (AFM) imaging. AFM images
were captured in ambient air. Sample preparation for AFM was
as follows: (1) dilution of samples to desired concentration,
(2) deposition of 6 pL of a sample onto a freshly prepared
mica slide (1 % 1 cm) for adsorption for 60 s, (3) rinsing with
100-1,000 pL of MilliQ water, and (4) drying the specimen
with a gentle argon stream. Images were acquired on a Mul-
timode 8 (Bruker) atomic force microscope in “ScanAsyst in
Air” mode using ScanAsyst-Air probes (Bruker) or in tapping
mode with a diamondlike carbon NSG-10 series AFM canti-
lever (NT-MDT, Zelenograd, Russia) having a tip curvature
radius of 1-3 nm. Images were processed, prepared, and
analyzed in the Gwyddion software.

Cell lines. The HEK293T/17 cell line was purchased from
ATCC (cat. # CRL-11268). Cells were cultured at 37 °C in
the DMEM/F12 (1:1) medium supplemented with 10 % of
fetal bovine serum (FBS), 1x sodium pyruvate, 1x GlutaMax,
1% antibiotic/antimycotic, and 1x non-essential amino acids
(all solutions from Gibco, USA) in a humidified atmosphere
with 5 % of CO,.

Cell transfection in vitro. The transfection was performed
on HEK293T/17 cells. For the assay, cells were seeded in
24-well plates at 1.4 x 10° cells/well and cultured to 60—70 %
confluence in the medium described above. To avoid the de-
gradation of RNA in the lipoplexes, the FBS-containing cul-
ture medium was replaced with the 450 uL/well of FBS-free
culture medium (the cells were washed with PBS in-between).
For the formation of lipoplexes, both RNA (500 ng per well)
and liposomes 2X3-DOPE (1:3) were diluted with PBS to a
volume of 25 puL per sample with their subsequent mixing. The
mixture was incubated for 20 min for lipoplex formation. The
lipoplexes were added to the FBS-free cell medium, and the

739


https://vavilovj-icg.ru/download/pict-2025-29/appx24.pdf
https://vavilovj-icg.ru/download/pict-2025-29/appx24.pdf

D.N. Antropov, O.V. Markov, A.S. Dome ...
A.M. Matveeva, M.A. Maslov, G.A. Stepanov

transfection lasted for 5 h. To stop the transfection, the FBS-
free medium was replaced with the FBS-containing medium
(with intermediate washing with PBS).

Flow cytometry. The transfection of GFP mRNA was
carried out as described above in 24-well plates. At 24 h post-
transfection, the cells were detached with TrypLE (Gibco,
USA), centrifuged for 5 min at 500 x g, washed with PBS
once, and resuspended in 1 mL of PBS containing 0.5 % of
FBS. To assess the level of GFP expression, 10,000 events per
sample were acquired on a BD FACSCanto II flow cytometer
(BD Biosciences, USA). Transfection efficiency was measured
by flow cytometry with the help of two parameters: transfec-
tion percentage and mean fluorescence intensity (MFI). The
transfection percentage was calculated as the percentage of
GFP-positive singlets. The MFI was computed as the mean
for a gated cell population. The results were analyzed in the
FlowJo software and are presented as the mean and standard
deviation (SD) from three replicates.

The time course of luminescence detection in vitro. The
transfection of Fluc2 mRNA was carried out as described
above in 24-well plates. 24h post-transfection medium was
removed and 200 pL of cold Luciferase Assay Buffer (25 mM
Tris-HCI pH 7.8, 1 % Triton-X100, 5 mM EDTA, 15 mM
MgCl,, 75 mM NaCl, 2 mM DTT, 2 mM ATP) was added.
The plates were incubated at +4 °C for 20 min. After lysis,
the suspension from each well was centrifuged in a separate
1.5 mL tubes at +4 °C, 12,000 g, 5 min, then 190 pL of each
supernatant was transferred into a new 24-well plate. The lu-
minescence level (represented in relative luminescence units,
RLU) was measured with ClarioStar Plus (BMG Labtech,
Germany) after injecting 10 uL of 3 mg/mL D-luciferin sub-
strate solution (D-luciferin Potassium Salt, GoldBio, USA) per
well. The data were analyzed in BMG Labtech CLARIOstar
MARS Software.

The time course of luminescence detection in vivo. For
in vivo experiments, female 4-6-week-old BALB/c mice were
obtained from the vivarium of the ICBFM SB RAS (Novo-
sibirsk, Russia). The animal experiments were conducted in
accordance with the recommendations for the proper use and
care of laboratory mice (ECC Directive 2010/63/EU). All
experimental protocols were approved by the Animal Research
Ethics Committee at the Institute of Cytology and Genetics SB
RAS (Novosibirsk, Russia) (protocol No. 173 of 7 May 2024).

The experiments with mice were conducted in three bio-
logical repeats. BALB/c mice were intramuscularly (i.m.)
injected with lipoplexes of FLuc mRNA with liposomes in
PBS (N/P = 6/1, 10 ng of mRNA, 150 pL per animal). Lu-
ciferase expression in vivo was assessed 4, 8, 24, 48, 72, and
96 h after administration of lipoplexes to mice. The animals
were injected intraperitoneally (i. p.) with 150 puL (3.6 mg per
mouse) of freshly prepared D-luciferin potassium salt (Gold
Biotechnology, CA, USA) in PBS. After 15 min, the animals
were anesthetized with isoflurane, and bioluminescence was
visualized using IVIS Lumina X5 (Perkin Elmer, Waltham,
MA, USA) with an exposure time of 3 min. The intensity of
the luminescent signals was estimated by densitometry using
Living Image software v.4.7.4 (Perkin Elmer, Waltham, MA,
USA).

Statistical analysis. All data plotted with error bars are
expressed as the mean with standard deviation, unless other-
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wise indicated. GFP signal data were analyzed using one way
ANOVA, FLuc signal — using a two-tailed unpaired t-test.
Significance was evaluated at p < 0.05.

Results and discussion

Construction and synthesis

of the reporter mRNAs (GFP and FLuc mRNAs)

with different types of UTRs

To correctly evaluate the effectiveness of the mRNA deliv-
ery in different conditions, the mRNA structure containing
5'-cap, UTRs and poly(A)-tail was suggested. The artificial
pseudouridinilated and capped mRNAs were synthesized
from linearized plasmids coding for a respective RNA with
subsequent T7-mediated transcription and purification (Fedo-
rovskiy et al., 2024).

The abundance of the nucleotide modifications and the com-
bination of modifications in mRNAs with different UTRs were
typical (100 % substitution of uridine by pseudouridine); there-
fore, they did not affect the expression level when comparing
mRNAs with different UTRs. For all mRNAs, polyadenylation
was carried out under identical conditions, which also could
not alter the expression level. Thus, the mRNA synthesis was
varied only in terms of the UTR combination.

The purity and integrity of the synthesized in vitro poly-
adenylated mRNAs for the subsequent assays were tested
by electrophoresis in a 1.5 % agarose gel (Supplementary
Fig. S5).

The physicochemical characterization

of the liposomes and their complexes

with reporter mRNAs

Upon mRNA characterization, we tested the characteristics of
their complexes with the lipid carriers (lipoplexes). The 2X3-
DOPE composition at a 1:3 ratio (Fedorovskiy et al., 2024)
was used as the carrier in this work as one of the most efficient
liposomes tested in previous studies (Markov et al., 2015;
Gladkikh et al., 2021), particularly due to the positive impact
of the high content of helper lipid DOPE on efficient lipoplex
formation and delivery (Vysochinskaya et al., 2022). For the
subsequent in vivo assays, the polyethyleneglycol (PEG)-
decorated lipoconjugate was added to the liposome composi-
tion for more prolonged circulation in the blood stream and
better clearance. The N/P ratios of 4/1 for the in vitro and 6/1
for the in vivo delivery were used. Physicochemical proper-
ties of the lipoplexes containing FLuc mRNA were examined,
including hydrodynamic diameters and (-potentials of the
liposomes and lipoplexes as described in (Fedorovskiy et al.,
2024) (see the Table).

It was shown that the formed lipoplexes were characterized
by a small diameter of <200 nm and a positive surface charge
of +25...+45 mV, which facilitates their permeabilization
through the cell membrane. Additionally, the diameters of
the lipoplexes were evaluated by AFM (see Supplementary
Fig. S6). The lipoplexes were shown to form homogenous
nanoparticles sized 100-200 nm, which confirms the dynamic
light scattering measurements. The results demonstrated that
the characteristics of the formed lipoplexes were appropriate
for in vitro and in vivo delivery (Vysochinskaya et al., 2022;
Fedorovskiy et al., 2024).
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Diameters and -potentials of 2X3-DOPE 1:3 and 2X3-DOPE 1:3 + 2 % DSPE-PEG,qq liposomes

and their lipoplexes with FLuc mRNA (synthetic UTRs)

Lipid nanoparticles

2X3-DOPE 1:3

2X3-DOPE 1:3 + FLuc mRNA

2X3-DOPE 1:3 + 2 % DSPE-PEG,q,

2X3-DOPE 1:3 + 2 % DSPE-PEG (o + FLuc mRNA

Note.The data are presented as the mean + SD of three replicates.

80
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Mean fluorescence intensity, RFU
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GFP w/o UTRs [ GFP B-globin UTRs I GFP synth. UTRs

Fig. 2. The comparative analysis of fluorescent signal intensity in GFP
mRNA transfected HEK293T/17 cells.

a, The mean fluorescence intensity (RFU) in transfected cells; b, the proportion
of GFP-positive cells in transfected cells. The data are shown as the mean + SD
of three biological replicates. Data were statistically analyzed using ordinary
one-way ANOVA. * p = 0.0191; 0.0474 for comparison of cells transfected with
GFP with B-globin UTRs or GFP mRNA without UTRs; cells transfected with GFP
with B-globin UTRs or GFP with synthetic UTRs respectively (mean GFP+ RFU);
*** p = 0.0009; 0.0005; 0.0001 for comparison of cells transfected with GFP
with synthetic UTRs or GFP mRNA without UTRs (mean GFP+ RFU); GFP with
-globin UTRs and GFP without UTRs; GFP with synthetic UTRs and GFP with-
out UTRs respectively (GFP-positive cells, %), respectively; ns — for comparison
of cells transfected with GFP with B-globin UTRs or GFP with synthetic UTRs
(GFP-positive cells, %).

The in vitro comparison

of reporter mRNA expression levels

To identify the most effective mRNA structure upon lipo-
plex delivery, two mRNA models, namely, GFP and FLuc,
were used to test the reporter protein expression in vitro on
HEK293T/17 cells. Initially, we examined expression ef-
ficiency of GFP mRNAs constructed with either 3-globin or
synthetic UTRs. To confirm the necessity of 5’- and 3'-UTRs
in mRNA structure, we estimated the expression level for
mRNAs without UTRs in the same experiment (Fig. 2).

The crucial role of UTRs for the prominent expression
of synthetic mRNA was confirmed by the increase by 3.9—
4.7 times in the number of GFP-positive cells and a 1.5-2.0-
fold increase in the mean fluorescence intensity after the
addition of UTRs to the mRNA structures. The fluorescence
assay revealed a 1.5-fold increase in the fluorescence level of
the cells transfected with mRNAs containing the novel UTR
combination as compared to mRNASs carrying the commonly
used B-globin UTRs. Moreover, this finding supports the idea
of more effective expression due to the higher ribosome load
at the 5’ end of mRNA (Orlandini von Niessen et al., 2019)
and shows effective interaction of nucleotide motifs from
these UTRs.
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Fig. 3. The luciferase assay and luminescence analysis of FLuc mRNA
containing B-globin or synthetic UTRs.

a, The schematic illustration of the luciferase assay in vitro. b, The average
luminescent signals of the transfected cells. The data are presented as the
mean =+ SD of three biological replicates. Data were statistically analyzed using
two-tailed Student’s t-test. * p = 0.00009 as compared with FLuc mRNA con-
taining B-globin UTRs.

To further confirm the efficacy of the novel UTR com-
bination in the translation of reporter mRNAs within cells,
an alternative mRNA encoding FLuc was used. The results
demonstrated that mRNA flanked by the synthetic UTRs
exhibited a luminescent signal intensity that was 6—7 times
greater than that observed in mRNA containing B-globin
UTRs (Fig. 3b). The more sufficient growth of the specific
signal in the luminescent assay could be explained by the
more significant sensitivity of the luminescence detection
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Fig. 4. In vivo luminescence analysis of BALB/c mice injected with FLuc mRNA.

a, The scheme of the experiment with key time intervals; b, the mean luminescence intensities of regions of interest (ROls) in mice. The blue and orange bars
represent the mice immunized with the FLuc mRNA containing synthetic or B-globin UTRs, respectively. The results are presented as the mean + SD of three
replicates. ¢, Representative IVIS images of Fluc luminescence in mice after the injection of lipoplexes. Data were statistically analyzed using two-tailed Student’s

t-test. * p = 0.0001 compared with FLuc mRNA containing 3-globin UTRs.

(Troy et al., 2004). Indeed, the luminescence detection tends
to be 100-fold more sensitive than the commonly investigated
fluorescent detection; thus, the result allows a more precise
evaluation of the comparative effectiveness of the investigated
combination of UTRs. On the other hand, the higher signal for
the luminescence assay upon the substitution of the B-globin
UTRs with synthetic UTRs could be caused by the higher
expression level of the FLuc gene rather than GFP. Mrksich
et al. showed that the longer hydrophobic tail of the cationic
lipid facilitates the higher translation level of the more pro-
longed mRNA. As 2X3 used in our assays is quite compact
and less branched even compared with C12-200 (Mrksich et
al., 2024), it promotes the higher expression of FLuc mRNA
with more prolonged UTRs.

The in vivo comparison

of reporter mRNA expression levels

To evaluate the influence of different UTRs on the efficiency
of mRNA translation in vivo, lipoplexes of PEGylated lipo-
somes with FLuc mRNAs containing either B-globin or syn-
thetic UTRs were intramuscularly injected into BALB/c mice
(Fig. 4).

The in vivo results demonstrated that mMRNA containing a
novel combination of 5'-UTR-4 and 3'-UTR AES-mtRNR1
exhibited dramatically elevated luminescence signal at late
time points (=72 h post injection) that was six times higher
compared to B-globin-UTR-containing mRNA. In vivo find-
ings revealed a dramatic increase in the luminescent signal
observed at 72 h post injection, whereas for the 3-globin UTRs,
the specific signal tended to decay at 48 h post injection. It is
worth noting that in our study, the signal peak shifted from se-
veral hours post injection (as shown e. g. (Panova et al., 2023))

to 48 h post injection and later. This shift could be caused
not only by the carrier molecules used in this work and their
properties but also by the specific translation pattern resulting
from the novel UTR combination. According to (Ruis de los
Mozos et al., 2013), 5" and 3’ components of mRNA tend to
interact with each other, providing stabilization of the mRNA.
Moreover, the extension of 3'-UTR length could have a posi-
tive effect on the half-life of the mRNAs through interactions
with RNA-binding proteins. The specific luciferase signal was
detected even 174 h post injection of artificial mRNA with
the novel UTR combination (Supplementary Fig. S7), which
may indicate a longer half-life of the mRNA. These results
really merge with the in vitro assays, indicating the advan-
tages of the novel UTR combination. Long-term presence of
MRNA in mammalian tissues and long-term expression of
the target gene have been previously described, but for other
delivery systems, which explains the difference between our
data and other studies (Hassett et al., 2024). The expression
enhancement accomplished in our research may facilitate the
development of antiviral or anticancer mMRNA vaccines pos-
sessing higher immunogenicity than the existing analogues.

Conclusion

Overall, the results of this study indicate that the novel combi-
nation of synthetic 5'-UTR-4 and 3'-UTR AES-mtRNR1 UTRs
introduced into reporter mMRNAs demonstrated enhanced
mMRNA translation in comparison with mRNA containing
B-globin UTRs in both in vitro and in vivo experiments. The
optimization of the mRNA structure should improve the
development of effective antiviral and anticancer mRNA
modalities, which can compete with other types of vaccines
and therapeutics.
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HOXB13 interactome in prostate cancer cells:
biochemical and functional interactions
between the transcription factors HOXB13 and TBX3
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Abstract. Transcription factors represent one of the major groups of proteins, whose suppression leads to tumor growth
arrest. Different types of cancer express a specific set of transcription factors that create and maintain unique patterns
of gene expression. In prostate cancer cells, one of the key transcriptional regulators is the HOXB13 (Homeobox B13)
protein. HOXB13 is known to be an important regulator of embryonic development and terminal cell differentiation.
HOXB13 regulates the transcription of many genes in normal and transformed prostate cells and is also capable of acting
as a pioneer factor that opens chromatin in the regulatory regions of genes. However, little is known about the protein
partners and functions of HOXB13 in prostate cells. In the present study, we searched for protein partners of HOXB13 by
immunoaffinity purification followed by high-throughput mass spectrometric analysis (IP/LC-MS) using the PC-3 pros-
tate cancer cell line as a model. The main partners of HOXB13 were found to be transcription factors with different types
of DNA-binding domains, including the TBX3, TBX2, ZFHX4, ZFHX3, RUNX1, NFAT5 proteins. Using the DepMap resource,
we have shown that one of the identified partners, the TBX3 protein is as critical for the growth and proliferation of pros-
tate cancer cell lines in vitro as HOXB13. Analysis of individual prostate cancer cell lines revealed that knockout of both
genes, HOXB13 and TBX3, leads to the death of the same lines: VCaP, LNCaP (clone FGC), PC-3 and 22Rv1. Thus, HOXB13
and TBX3 can be considered together as potential targets for the development of specific inhibitors that suppress pros-
tate cancer cell growth.
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MHTepakToM 6esika HOXB13 B KjleTKax pakKa IIpOCTaThI:
omoxyuMmnueckue 1 (QyHKIVIOHaJIbHbIE B3aIMOIEeiCTBIS
MeXOy TPAaHCKPUIILMOHHbIMU (pakTOpaMyt HOXB13 u TBX3
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AHHoTauuA. TPaHCKPUMLNOHHbIE paKTOPbl OTHOCATCA K OLHOW U3 FMaBHbIX FPynn 6eKoB, NofaBneHNe akTUBHOCTH KO-
TOPbIX MPUBOAMUT K OCTaHOBKE POCTa OnyXxonei. B pasnnyHbIX Tvnax paka 3KCnpeccupyeTcs onpeaenieHHblin Habop TpaHC-
KPMMUMOHHbIX GakTOpOB, KOTOPble CO3AAI0T M NOAAEPKMBAIOT Crieundmnyeckre NaTTepHbl SKCNPeccuy reHoB. B kneTkax
paka nNpocTaTbl K/oYeBbIM TPAHCKPUMLIMOHHbIM perynatopom asnaetca 6enok HOXB13 (Homeobox B13). 3BecTHO, utO
HOXB13 - BakHbI perynaTop sM6pPUOHaNbHOIO Pa3BUTUA Y TEPMUHANBHON KneTouHon anddepeHumnpoBku. OH pery-
NNPYET TPAHCKPUMLNIO MHOTUX FTEHOB B HOPMAJIbHbIX 1 TPaHCHOPMMPOBAHHbIX KJIETKAaX MPOCTaThl, @ TakKe CrocobeH
[eCTBOBATb KaK NMMOHEPHbIV GaKTOP, KOTOPbIV OTKPbIBAET XPOMATWH B PErynsTOPHbIX 061acTAX reHoB. OfHaKo AaHHbIX
0 6enkoBbIx NapTHepax 1 dyHKuuax HOXB13 B KneTkax paka NpocTaTbl oueHb Mano. B HacToswwen paboTe Mbl NpoBenu
nounck 6enkosbix naptHepos HOXB13 meTofom nmmyHoadpGUHHOM OUMCTKM C MOCNeAYOWM BbICOKONPOU3BOANTENb-
HbIM Macc-cnekTpomeTpunyeckum aHanmnsom (IP/LC-MS), ncnonb3ys B KauecTBe MOAENMN KIIETOUHYIO IMHMIO paka NpocTa-
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NHTepakTom 6enka HOXB13
B K/IeTKaX paka npocTaTbl

Tbl PC-3. bbifio 06Hapy»KeHo, 4To OCHOBHbIMM NapTHepamy HOXB13 aBnAloTcA TpaHCKPUMNLMOHHbIE GaKTOpPbl C pa3HbIMM/
Tunamu JHK-cBA3bIBaloLWMX JOMEHOB, B TOM uncie 6enkun TBX3, TBX2, ZFHX4, ZFHX3, RUNX1, NFAT5. C nomoLbto pecyp-
ca DepMap Mbl noKasanu, YTo OfiH 13 YCTaHOBJIEHHbIX MAPTHEPOB, 6enok TBX3, kak 1 HOXB13, KpUTUYeCKn BaxKeH Ana
pocTa v nponudepaLnm KNeToUHbIX IMHKI paka NpocCTaThl in vitro. AHann3 oTAENbHbIX KNETOUYHbIX IMHWIA paka NpocTaTbl
BbIABWJ1, YTO HOKayT 06omx reHos, HOXB13 n TBX3, npuBoanT K rméenu ogHux u tex e nuHnii: VCaP, LNCaP (clone FGC),
PC-3 n 22Rv1. Takum obpa3om, HOXB13 1 TBX3 MoryT COBMeCTHO paccMaTpuBaTbCA Kak NMoTeHLUManbHble MULLIEHN ANnA
co3faHvA cneyudUUecKkx MHIMOGUTOPOB, MOAABAOLMX POCT KNETOK paka NpocTaThl.

KnioueBble csloBa: pak MpocCTaThl; TPAHCKPUMLUMOHHbIe daKkTopbl; perynauma TpaHckpunuuu; HOXB13; TBX3; TBX2;

ZFHX4; ZFHX3; RUNX1; NFAT5

Introduction

Prostate cancer is the most commonly diagnosed cancer
among men and is one of the leading causes of male cancer
mortality (Siegel et al., 2023). Currently, the most common
way to target prostate cancer cells chemically is to block the
androgen receptor, AR. However, in most cases, tumor cells
become resistant to this type of therapy over time, resulting
in the development of “castration-resistant prostate cancer”
(CRPC) (Crona, Whang, 2017). In this regard, it is important
to identify targets for developing new inhibitors of prostate
cancer tumor progression.

The transcription factor HOXB13 is a potential target for
prostate cancer therapy. This protein is encoded by one of
39 homeobox genes, which contain a DNA-binding HOX
domain (also called a homeobox). These genes control
transcriptional cascades in various tissues under normal and
pathological conditions (Feng et al., 2021; Hubert, Wellik,
2023). HOXB13 was found to be a pioneer factor, with its
binding sites often overlapping with those of FOXAL, GATA2
and other DNA-binding proteins in cell lines originating from
prostate tissue (Hankey et al., 2020; Pomerantz et al., 2020).
HOXB13 expression levels are elevated in approximately 85 %
of prostate adenocarcinoma cases, and this correlates with
resistance to AR-targeted therapy, as well as with metastasis
and tumor recurrence during treatment (Zabalza et al., 2015;
Yao et al., 2019; Weiner et al., 2021). HOXB13 mutations in
tumor cells have also been shown to be associated with a poor
prognosis for prostate cancer patients (Ewing et al., 2012; Cai
et al., 2015; Adashek et al., 2020).

Despite the important role of HOXB13 in prostate cancer
cell proliferation, its biochemical and functional properties
are poorly understood. In the present study, we analyzed the
HOXB13 protein interactome in the PC-3 prostate cancer
cell line. TBX3 was found to be one of HOXB13 protein
partners. Both proteins, HOXB13 and TBX3, are required
for the growth and proliferation of the same prostate cancer
cell lines. Thus, HOXB13 and TBX3 are potential targets
for developing new inhibitors for the treatment of prostate
cancer

Materials and methods

Immunoprecipitation. Immunoaffinity purification expe-
riments were performed as previously described (Chetverina
etal., 2022). The nuclear extract was obtained from the PC-3
cell line. 10° cells were washed twice in ice-cold PBS and
resuspended in 10 mL of ice-cold Sucrose buffer (10 mM Tris,
pH 7.5; 10 mM NaCl, 10 mM MgCl,, | mM EDTA, 1 mM
EGTA, 1 mM DTT, 250 mM sucrose, EDTA-free protease

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

inhibitor cocktail). Cells were homogenized using a Dounce
pestle and incubated on ice for 10 min. The nuclei were then
pelleted by centrifugation at 3,000g, +4 °C for 10 min. The
pellet was resuspended in 1 mL of I[P-500 buffer (10 mM Tris,
pH 7.5; 500 mM NacCl, 10 mM MgCl,, | mM EDTA, | mM
EGTA, 1 mM DTT, 0.1 % NP-40, 10 % glycerol, EDTA-free
protease inhibitor cocktail), homogenized with a Dounce
pestle and incubated for 1h at +4 °C on a rotator. Lysates
were cleared by centrifugation at 18,000g, +4 °C for 10 min.
The nuclear extract was then diluted to a final NaCl concen-
tration of 150 mM using IP-0 buffer (10 mM Tris, pH 7.5;
10 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
0.1 % NP-40, 10 % glycerol, EDTA-free protease inhibitor
cocktail).

Monoclonal antibodies against HOXB13 (EPR17371,
ab201682, Abcam) or the 1gG of non-immunized rabbits used
as a negative control (Jackson ImmunoResearch #011-000-
002) were covalently coupled to the protein A Sepharose beads
(Pierce) using DMP (Sigma). The nuclear extract containing
150 mM NacCl was incubated with antibodies and Sepharose
for 14 h at +4 °C. After washing procedures, the resulting im-
munoprecipitates were eluted with buffer containing 2 % SDS,
100 mM Tris pH 8.0, 0.5 mM EDTA. Next, the probes were
precipitated by TCA, followed by liquid chromatography/
tandem mass spectrometry (LC-MS) procedures.

Mass spectrometry analysis of samples. The obtained
samples were analyzed as previously described (Chetverina
et al., 2022). Sodium deoxycholate (SDC) reduction and
alkylation buffer, pH 8.5 (20 pL), containing 100 mM Tris,
1 % (w/v) SDC, 10 mM TCEP and 20 mM 2-chloroacetamide,
was added to a 20-pg of each protein sample. Each sample
was sonicated in an ultrasonic water bath for 1 min, heated
at 95 °C for 10 min, cooled to a room temperature, and an
equal volume of trypsin solution in 100 mM Tris pH 8.5
was added in a 1:50 (w/w) ratio. After overnight digestion at
37 °C, peptides were acidified by 40 pL of 2 % trifluoroacetic
acid (TFA), mixed with 80 pL of ethyl acetate and purified
using SDB-RPS StageTips. After washing the StageTips
with 1 % TFA/ethyl acetate 1:1 mixture (2 times) and 0.2 %
TFA (1 time), peptides were eluted into a clean tube by 50 %
acetonitrile/5 % ammonia mixture. The collected material
was vacuum-dried and stored at —80 °C. Before analyses, the
peptides were dissolved in 2 % acetonitrile/0.1 % TFA buffer
and sonicated for 1 min.

The raw data and detailed protocol of the liquid chromatog-
raphy and mass spectrometry experiments are publicly avai-
lable in PRIDE (http://www.ebi.ac.uk/pride), project number
PXD059115. The top 20 nuclear proteins were selected accor-
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ding to the following parameter: HOXB13 Spectral count/IgG
Spectral count>=2. The TNMplot resource was used for GO
analysis (Bartha, Gyorfty, 2021).

Analysis of the sensitivity of cancer cell lines and gene
expression levels in clinical samples. The analysis was
based on the DepMap database (https://depmap.org/portal/).
The CRISPR release (DepMap Public 24Q4+Score, Chronos)
was used to analyze the data obtained by the CRISPR method.
The RNAi release (AchillestDRIVE+Marcotte, DEMETER?2)
was used to analyze the data obtained by the RNAi method.

Gene expression in tumor samples and the respective nor-
mal tissues was evaluated with the Mann—Whitney test using
the TNMplot database (https://tnmplot.com), which contains
transcriptome data from The Cancer Genome Atlas (TCGA)
and The Genotype-Tissue Expression (GTEX) repositories
(Bartha, Gyérffy, 2021).

The survival analysis was carried out using the UCSC Xena
database (http://xena.ucsc.edu/) (Goldman et al., 2020), using
TCGA Prostate Cancer (PRAD) cohort, lllumina HiSeq 2000
RNA (dataset ID — TCGA.PRAD.sampleMap/HiSeqV2) and
“Primary tumor” filter.

Results

The HOXB13 protein interactome

in the PC-3 prostate cancer cell line

The HOXB13 protein partners were identified using immuno-
affinity purification (IP) followed by liquid chromatography/
tandem mass spectrometry (IP/LC-MS) analysis. For this, we
used the PC-3 prostate cancer line, which shows a high level
of HOXB13 gene expression. A nuclear extract was isolated
from the PC-3 cell line and incubated with either antibodies
against HOXB13 or IgG from a non-immunized animal (the
negative control), both of which had been coupled to Protein A
Sepharose. After immunoprecipitation and a series of washes,
the proteins were eluted from the Sepharose beads using SDS-
containing buffer and analyzed by LC-MS mass spectrometry.
Figure 1A, B shows 20 proteins with the highest enrichment
in the IP/LC-MS analysis.

GO analysis of 20 nuclear proteins with the highest sig-
nal enrichment in the mass spectrometry analysis revealed
that 11 out of 20 were DNA-binding transcription factors
(Fig. 1C).

The two homologous proteins ZFHX4 and ZFHX3 (zinc
finger homeobox 4 and 3, respectively) each contain 17 non-
clustered C2H2-type zinc finger motifs and four homeobox-
type DNA-binding domains (HOX domains) (Fig. 1A). The
TRPS1 protein also contains several non-clustered C2H2-type
zinc finger motifs. The HMG20A protein contains an HMG
(high mobility group) DNA-binding domain. Three factors
have a T-box-type DNA-binding domain: the MGA (MAX
gene-associated protein) and two homologue proteins TBX3
and TBX2 (T-box transcription factors 3 and 2, respectively).
The TCF20 protein has an A.T.hook domain; the RUNX1
protein has a Runt domain; the NFAT5 protein has an
RHD domain; and the MRE11 protein has a Mrell domain
(Fig. 1A).

Thus, many of the top HOXB13 protein partners are tran-
scription factors that have different types of DNA-binding
domains.
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DepMap database analysis: proteins encoded

by the HOXB13 and TBX3 genes are most significant

for proliferation of prostate cancer cell lines

Next, to determine the functional significance of the identified
HOXBI13 partners, we queried the DepMap database to find
out which cancer types are most affected by the knockout
(CRISPR) or knockdown (RNAI) of genes encoding HOXB13
or its protein partners (see the Table). The DepMap project
contains data from the screening of a large panel of cancer
cell lines originating from various tissues. The project uses
CRISPR or RNAIi methods to investigate the dependence
of cell proliferation on the suppression of individual genes
(Tsherniak et al., 2017; Vazquez, Sellers, 2021). The pro-
bability of each cell line being dependent on the queried gene is
represented by the “Gene effect” score, where strong negative
values indicate that a given gene is particularly important for
the growth and survival of the respective cell line.

Analysis of the DepMap data revealed that tumor cell lines
of different tissue origins respond differently to the depletion
of the tested genes. Notably, disruption of either the TBX3
or HOXB13 genes activity leads to the preferential death of
prostate cancer cell lines. Furthermore, impaired growth and
proliferation of prostate tumor cells was observed for both
HOXB13 and TBX3 using two depletion methods: knockout
(CRISPR) and knockdown (RNAI) (Fig. 2A, B, see the Table).

To understand which cell lines are most sensitive to
HOXB13 and TBX3 genes deletions, the cell lines were ana-
lyzed individually (Fig. 2C). The DepMap resource contains
data on the effects of CRISPR knockout in 10 lines origina-
ting from prostate tissue. Five of them (\VCaP, LNCaP (clone
FGC), PC-3, 22Rv1 and DU145) originated from aggressive
adenocarcinomas. The P4E6, Shmac 4, Shmac 5 lines are
derived from cells of well or moderately differentiated non-
metastatic prostate carcinomas additionally immortalized by
expression of the E6 HPV gene (Lang et al., 2006). WPE1-
NA22 was derived from the normal prostate RWPE-1 cells
following exposure to a chemical carcinogen (MNU) (Webber
et al., 2001). BPH-1 was established from primary prostate
epithelial cells by immortalization with SV40 large virus T
antigen (Hayward et al., 1995).

Four out of five prostate adenocarcinoma cell lines were
highly sensitive to the deletion of both the HOXB13 and TBX3
genes: VCaP, LNCaP (clone FGC), PC-3 and 22Rv1. By con-
trast, the deletion of HOXB13 and TBX3 was not significant for
growth and proliferation of the DU145, WPE1-NA22, P4E6,
Shmac 4, and Shmac 5 cell lines. The BPH-1 cell line was
sensitive to the deletion of TBX3, but not HOXB13. Analysis
of HOXB13 and TBX3 genes transcription in the studied lines
(data from the DepMap resource) revealed that these factors
exhibited the highest level of transcription in the VCaP, LNCaP
(clone FGC), PC-3 and 22Rv1 lines, which are sensitive to the
knockout of both genes (Fig. 2D). Thus, HOXB13 and TBX3
are preferentially required for the proliferation of cell lines
originating from prostate adenocarcinoma samples.

Next, we analyzed the transcription levels of the HOXB13
and TBX3 genes in clinical samples using the TNMplot
resource. HOXB13 transcription is normally restricted to
prostate tissues (Fig. 3A). In clinical tumor samples, high
levels of HOXB13 gene transcripts are observed in prostate
and rectal tumor tissues. The TBX3 gene is transcribed in a
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A DNA-binding protein
IP/LC-MS spectral count
Protein HOXB13 [e]€} HOXB13-IgG  Structural domain/function
HOXB13 14 2 12 HOX-domain
Top 20 proteins purified by HOXB13 antibody
1 KCTD18 108 3 105 BTB/POZ domain
2 XRN2 100 33 67 5'—3'exoribonuclease activity
3 TCF20 87 36 51 DNA binding, A.T.hook domain, PHD domain
4 ZFHX4 40 1 39 DNA binding, Zinc Fingers C2H2-type, HOX-domains
5 PHF14 36 11 25 PHD domain, Histone-binding protein
6 RAD50 24 3 21 Double-strand break (DSB) repair
7 ZFHX3 21 1 20 DNA binding, Zinc Fingers C2H2-type, HOX-domains
8 POLR3A 18 1 17 DNA-directed RNA polymerase Il subunit
9 MGA 26 10 16 DNA binding, T-box domain
10 RPAP3 15 0 15 RNA polymerase Il-associated protein
11 | TRPSI1 23 8 15 DNA binding, Zinc Fingers C2H2-type
12 | TBX3 14 1 13 DNA binding, T-box domain
13 HMG20A 18 5 13 DNA binding, HMG domain
14 ANKRD17 17 5 12 Cell cycle and DNA regulation
15 | TBX2 10 0 10 DNA binding, T-box domain
16 URI1 11 1 10 Chromatin binding
17  RUNX1 9 0 9 DNA binding, Runt-domain
18 | NFAT5S 8 0 8 DNA binding, Rel homology domain (RHD)
19  MRE11 10 2 8 Mre11-DNA-binding, Double-strand break (DSB) repair
20 PHC3 12 5 7 Polycomb Group protein
B HMG20A  1cppp KCTD18  XRN2
POLR3A
PHF14 URI1
ZFHX4 HOXB13
RPAP3
ZFHX3
TBX2
RAD50 TBX3
MRE11 MGA
ANKRD17 TRPS1
NFAT5
RUNX1 PHC3
¢ RNA Polymerase Il Transcription Regulatory Region Count
Sequence-Specific DNA Binding (GO:0000977) i g
Cis-Regulatory Region Sequence-Specific 4
DNA Binding (GO:0000987) | :
RNA Polymerase Il Cis-Regulatory Region | 7
Sequence-Specific DNA Binding (GO:0000978) Adjusted p-value
Double-Stranded DNA Binding (GO:0003690) | 833?3
DNA-Binding Transcription Repressor Activity, 0.0015
RNA Polymerase ll-specific (G0:0001227) | 0.0020
0.10 0.15 0.20 0.25 0.30 0.35
Gene Ratio

Fig. 1. Transcription factors of the HOXB13 interactome in PC-3 prostate cancer cells.

A - spectral counts of the 20 nuclear proteins displaying the highest enrichment in the IP/LC-MS analysis (top 20). The HOXB13 and IgG
columns show the results of the IP/LC-MS analysis performed using HOXB13-specific antibodies or IgG from a non-immunized animal,
respectively. The HOXB13-1gG column shows the difference between the HOXB13 and IgG signals. The type of DNA-binding domain is
indicated in the rightmost column. B - schematic representation of the HOXB13 interactome. C — GO analysis of the top 20 nuclear proteins
enriched in the IP/LC-MS analysis.
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A HOXB13 TBX3
CRISPR (DepMap Public 24Q4+Score, Chronos) CRISPR (DepMap Public 24Q4+Score, Chronos)
All All
1 1
2 2
-2.0 -1.5 -1.0 -0.5 0 0.5 -1.0 -0.5 0 0.5
Gene Effect (Chronos) Gene Effect (Chronos)
1. Prostate Adenocarcinoma (6.81e-36),n =5 1. Prostate Adenocarcinoma (1.61e-15), n =5
2. Prostate (1.72e-18),n=10 2. Prostate (9.58e-18),n =10
B HOXB13 TBX3
RNAi (Achilles+DRIVE+Marcotte, DEMETER2) RNAI (Achilles+DRIVE+Marcotte, DEMETER2)
All All
1 1
2 2
-08 -06 -04 -02 0 0.2 04 0.6 —d.8 —()I.6 —0I,4 —d.2 d 0;2 0;4 OI.6
Gene Effect (DEMETER2) Gene Effect (DEMETER?2)
1. Prostate Adenocarcinoma (1.16e-08), n =6 1. Prostate Adenocarcinoma (7.41e-06), n =6
2. Prostate (1.12e-04),n =8 2. Prostate (3.47e-04),n=8
C VCaP LNCaP PC-3 22Rv1 DU145 P4E6 Shmac4 Shmac5 WPE1-NA22 BPH-1
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(clone FGQ)

Fig. 2. Prostate cancer cell lines are the most sensitive to knockout and knockdown of the HOXB13 and TBX3 genes.
The analysis was performed using the DepMap database.

A - DepMap analysis revealed that the knockout (CRISPR) of the HOXB13 (left) or TBX3 genes (right) specifically affects the growth
and survival of cell lines of prostate origin. The effects of the test gene deletion on all cell lines are greyed out (1,178 cell lines in
total). The effects of the test gene deletion on the cell lines of prostate origin are shown in blue. The X-axis shows the Gene Effect
scores, which reflect the level of cancer cell proliferation when the tested gene is deleted. The lower the Gene Effect score, the
more negative the effect of inhibiting gene activity on cell growth. The median value of the Gene Effect score is indicated by a
white space. The analysis of DepMap reveals two groups of lines that are most specifically sensitive to knockout: 1 - the average
effect on five lines corresponding to prostate adenocarcinoma; 2 — the average effect on ten prostate-origin cell lines, including
those from adenocarcinoma. B — knockdown (RNAi, purple) affects the growth and survival of prostate-origin cell lines. The two
groups of cell lines that are most specifically sensitive to knockdown are: 1 - the average effect on six prostate adenocarcinoma
cell lines; 2 — the average effect on eight cell lines originating from the prostate, including adenocarcinoma cell lines. C - the
effect of the HOXB13 or TBX3 genes knockout using CRISPR on the inhibition of proliferation of ten prostate cell lines, analyzed
individually. The Gene Effect scores are indicated on the Y-axis. D - the Y-axis shows the transcription levels (log,(TPM+1)) in ten
cell lines originating from prostate tissue. The expression data shown are for cell lines without gene knockout.
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2025
29-6

NHTepakTom 6enka HOXB13
B K/IeTKaX paka npocTaTbl

The tumor types that are most sensitive to depletion of HOXB13 or its partners by CRISPR knockout or RNAi knockdown,

according to the DepMap database

No. Gene CRISPR knockout RNAi knockdown
Control HOXB13 Prostate Prostate

1 KCTD18 Ovary Kidney

2 XRN2 No No

3 TCF20 No No

4 ZFHX4 No No

5 PHF14 No Mesothelioma
6 RAD50 Lymphoma No

7 ZFHX3 Rhabdoid Cancer No

8 POLR3A No No

9 MGA Head and Neck Solid

10 RPAP3 Head and Neck No

No. Gene CRISPR knockout RNAi knockdown
11 TRPS1 Breast Breast

12 TBX3 Prostate Prostate

13 HMG20A No No

14 ANKRD17  Rhabdomyosarcoma Breast

15 TBX2 Neuroblastoma Rhabdoid Cancer
16 URIT No Head and Neck
17 RUNX1 Lymphoma Lymphoma

18 NFAT5 Stomach Melanoma

19 MRET1 No No

20 PHC3 Ovary No

Note. A“No” designation indicates that none of the tumor types displayed preferential sensitivity to the inactivation of a given gene.

greater number of tissues, with the highest expression levels
being observed in the adrenal, prostate and thyroid samples
(Fig. 3B). The levels of TBX3 transcription are often lower in
tumor tissues than in normal samples, including those from
prostate cancer. Figure 3C details the changes in the expres-
sion levels of the HOXB13 and TBX3 genes in normal and
tumor prostate tissues. The HOXB13 gene showed a significant
increase in transcription levels (FC = 3.8, p-value = 2.28e-69),
while TBX3 transcription levels showed a slight decrease
(FC = 0.84, p-value = 2.47¢-04). However, no significant
correlation was found between HOXB13 and TBX3 transcrip-
tion levels and the overall survival of patients diagnosed with
prostate adenocarcinoma (Fig. 3D).

Discussion

In the present study we used IP/LC-MS to identify the protein
partners of HOXB13 in the PC-3 prostate cancer cell line. We
show that many of the HOXB13 partners are DNA-binding
proteins.

One of the discovered partners of HOXB13 is the TBX3
protein, which has a T-box type DNA-binding domain in
its structure. DepMap portal data analysis revealed that
knockout (CRISPR) and knockdown (RNAI) of both the
HOXB13 and TBX3 genes most significantly inhibited the
growth and proliferation of cell lines originating from prostate
adenocarcinomas. Transcription levels of the HOXB13 gene,
but not those of TBX3, are significantly higher in clinical
samples obtained from patients with prostate adenocarcinoma
compared to normal prostate tissue samples. However, no
correlation was found between increased HOXB13 or TBX3
gene transcription levels and the overall survival of patients
with prostate adenocarcinoma.

It can be assumed that the HOXB13 and TBX3 proteins
are closely related in terms of their function and that they
participate in the same transcription regulation cascades.
Potentially, the combined inhibition of HOXB13 and TBX3
activities may have a stronger inhibitory effect on prostate
cancer cell proliferation than inactivation of these proteins
individually. For the TBX3 protein, it has previously been
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shown that it can repress transcription of tumor suppressor
genes such as p14ARF (Lingbeek et al., 2002; Yarosh et al.,
2008). It is possible that the cooperation between HOXB13
and TBX3 could increase the repression of the transcription
of a subset of tumor suppressors. Further testing is required to
confirm this. The role of TBX3 has been investigated in liver
and breast tumors (Khan et al., 2020), but to our knowledge,
only one study has examined the function of this factor in
prostate cancer cells (Hwang et al., 2022). Using the LNCaP
cell line, J.H. Hwang et al. demonstrated the presence of
various DNA-binding proteins, including TBX3, HOXB13,
FOXAL, and AR, in the interactome of the transcriptional
co-factor CREB5. Knockdown of TBX3 and FOXA1 reduced
the viability of the LNCaP cells.

The two HOXB13 protein partners, ZFHX4 and ZFHX3,
are homologues and each of them contains four homeobox
domains. It is known that homeobox domains can form
protein-protein interactions (Ortiz-Lombardia et al., 2017).
It is possible that the HOXB13 and ZFHX4/ZFHX3 homeo-
domains can interact directly. This will need to be tested in
the future.

Previous studies using the VVCaP prostate cancer cell line
have shown that HOXB13 precipitates with the EED protein,
which is a component of the PRC2 repressor complex (Cao et
al., 2014). The study also revealed effective EED interaction
with the PRC1 Polycomb repressor complex. In the current
study, we did not detect any PRC2 complex subunits in the
HOXB13 immunoprecipitate. However, two other Polycomb
factors were identified: the PHC3 and RUNXI proteins.
PHC3, like its homologues PHC1 and PHC2, is the core
subunit of the PRC1 subcomplex, which is known as cPRC1
(Schuettengruber et al., 2017). The transcription factor
RUNX1 was previously shown to interact with the PRC1 core
component BMI1 (a.k.a. PCGF4) (Yuetal., 2012). HOXB13
may potentially be involved in the regulation of transcription
together with the Polycomb group of repressors. Further
studies are required to investigate this.

To date, considerable attention has been devoted to
identifying new targets for cancer therapy, with transcription

749



M.M. Erokhin, N.Y. Kozelchuk, R.H. Ziganshin HOXB13 interactome
V.V.Tatarskiy, D.A. Chetverina in prostate cancer cells

A
Normal (left) Tumor (right)
=
.© 20,000 -
A
19
I
x
[}
[}
c
[
o 10,000 -
y
[4a)
=
o
I
ol
gﬁ%ﬁg—&%ﬁ%ﬁ%&Eulu‘ﬂ-,-_gﬁ'f'éﬁm
g T B3 & 8§ 37 v 46§ g2 2 v s o' g2 2 L4
= = [w) c 9 c c IS = = = >
o o i S c c o ] o S ] o ~ o 4
< 2 3 g o & o g « & g 2
5 5
B
30,000 ¢ Normal (left) ~ Tumor (right)
c
Q
5
wv
19
S 20,000 -
x
[}
[}
=
[
(2]
% 10,000 -
~
o
T 2 8 %5 & 5 00 %% ®w EU T K EEE B OB oD
o = = =
g <§( 3 8 s g : <2 s 8 =3 2 Y U 5 =2 8 2 5 Y Y
© = = S — — — = ©v ©
2 2 & U 4 2 2 6 2 8 g B '8 2 s v 2 3 2
3 3 & o ¢ g g & F g 2
o I [ 5 5
C HOXB13 TBX3
p-value = 2.28e-69 15,000 - p-value = 2.47e-04
c L c
5 20,000 S
2 2 10,000 f
[ [ ’
g g
o o
b B
10,000 -
[} [}
g S 5000
[} (9
G} U]
0r 0L
Normal Tumor Normal Tumor
n=204 n=498 n=204 n=498
FC median =3.80 FC median = 0.84
D HOXB13 TBX3
1.00 1.00
>
2 075} 2 075
'_g o)
3 3
= 050+ £ 050
o p-value =0.5107 o p-value =0.7053
0.25 0.25 L L L L L L L
0 500 1,000 1,500 2,000 2,500 3,000 3,500 0 500 1,000 1,500 2,000 2,500 3,000 3,500
OS, days 0S, days
At risk HOXB13 At risk 8X3
244 188 120 63 31 14 7 2 < 13.69 (n =244) 246 189 116 63 34 16 8 4 < 12,50 (n = 246)
253 191 102 55 29 15 7 4 >13.69 (n=253) 251 190 106 55 26 13 6 2 >12.50 (n=251)

Fig. 3. Expression of the HOXB13 and TBX3 genes in clinical samples.

A, B - differential HOXB13 and TBX3 gene expression in normal (left) and tumor (right) samples of different tissues, analysis performed
using TNMplot (Pan-cancer box plot). Cases with p-value < 0.05 (Mann-Whitney test) and expression >10 in tumor or normal samples are
marked in red. C - the differential HOXB13 and TBX3 gene expression in normal (green) vs. prostate adenocarcinoma tumor (red) samples
is presented as violin plots. p-value, Mann-Whitney test; FC — fold change median, analysis performed using TNMplot. D - correlations
between HOXB13 and TBX3 gene transcription levels in prostate adenocarcinoma clinical samples and the overall survival (OS); analysis

performed using the UCSC Xena resource. Cohorts with high gene expression are highlighted in red; cohorts with low expression are
highlighted in blue.
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factors being among the most promising ones (Bouhlel et al.,
2015; Hagenbuchner, Ausserlechner, 2016; Lambert et al.,
2018). There is growing evidence that suggests a key role
for DNA-binding transcription factors in the processes of
malignant tumor development (Vishnoi et al., 2020; Zhang
et al., 2020). For example, analysis of the DepMap database
identifies transcription factors as a crucial class of genes, the
expression of which is critical for tumor cell proliferation
(Chetverina et al., 2023). To date, methods have been
developed to inhibit the activity of DNA-binding transcription
factors. This makes transcription factors relevant subjects for
study as potential targets for cancer treatment (Bushweller,
2019; Li et al., 2022; Zhuang et al., 2022; Xie et al., 2023).
The results of this study show that a large proportion of
the top HOXB13 interactome proteins are DNA-binding
factors. The ability of transcription factors to interact with
other DNA-binding proteins is probably one of the most
common mechanisms for regulating gene transcription in
mammals (Jolma et al., 2013, 2015) and other multicellular
organisms (Erokhin et al., 2018). Apparently, transcription
factors can form ordered macro-complexes through multiple
interactions, allowing them to recognize not only single, often
degenerate binding sites, but also more extended regions of
DNA consisting of a set of motifs for several proteins. The
ability of DNA-binding proteins to interact with each other
may be crucial for the specific selection of the DNA regions
for the binding of regulatory complexes. Modulating the
ability of individual DNA-binding proteins to be recruited
to chromatin could potentially enable more precise control
of gene expression, making transcription factors a promising
target for the development of various anti-cancer drugs.

Conclusion

The following main conclusions can be drawn based on the
data obtained. 1. The main HOXB13 partners are transcription
factors that have different types of DNA-binding domains.
2. Cell lines originating from prostate adenocarcinoma sam-
ples are most sensitive to deletion of the HOXB13 and TBX3
genes. 3. Suppression of HOXB13 and TBX3 gene activities
inhibits the growth and proliferation of the same prostate
adenocarcinoma cell lines. Further studies are required to
understand the effects of co-inhibition of HOXB13 and TBX3
in vitro and in vivo.
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Karyological differentiation among bread wheat cultivars
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Abstract. The assessment of intraspecific variability of wheat has been relevant for years. Although most modern wheat
cultivars are considered to be pure lines, the heterogeneity of varietal populations is one of the mechanisms for main-
taining population homeostasis. It is possible that the high evolutionary stability of constitutive heterochromatin and
its stable distribution within chromosomes will allow us to use karyological analysis not only for studying the genesis
and taxonomy of Triticum L., but also for studying the intraspecific diversity of wheat. In this regard, a classification of
87 Russian cultivars of common wheat differing in breeding status (landraces and modern cultivars) and growth habit
(spring and winter) was carried out using two alternative approaches for assessing karyograms. The first approach
uses the qualitative assessment of karyograms based on the distribution of C-bands on chromosomes. We also pro-
posed that quantification of karyograms based on the size of C-bands would make the classification of cultivars more
adequate. The variability, informative value and resolution of diagnostic features, trends in grouping cultivars, and their
associations with the breeding status and growth habit were studied. A high potential of karyotyping with C-banding
in discriminating modern cultivars by growth habit, as well as in separating winter cultivars from landraces has been
revealed. In terms of the tested karyological features, the homogeneity of modern cultivars was higher than that of
local cultivars, and the homogeneity of winter wheat was higher than that of spring wheat. The obtained classification
reflects the preservation of high similarity in the karyograms of modern spring cultivars and landraces, as well as the
low distinguishability between the karyograms of landraces differing in growth habit. A comparative analysis of the
classifications of 20 cultivars using C-banding and SNP genotyping (3,126 polymorphic markers) suggests that study-
ing the karyotypic variability allows us to infer a more accurate differentiation of wheat varietal populations based on
the breeding status than using SNP markers that detect genetic variability, especially when the number of diagnostic
features is limited.

Key words: common winter and spring wheat; modern and local cultivars; landrace; breeding; karyological analysis;
karyosystematics; C-banding
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Kapuonormnueckast guddepeHians
cpenu COpTOB MATKOI rieHuibl (Triticum aestivum L.),
KOHTPACTHBIX I10 CEJIEKIVIOHHOMY CTaTyCy U TUITY Pa3BUTUS
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AHHoTauuA. Ha NpoTsKeHNy MHOTUX NET OLleHKa BHYTPVBVAOBON U3MEHUYMBOCTY MNLIEHWLbI HE TEPAET CBOE aKkTyaslb-
HOCTU. XOTA GOMbBLIMHCTBO COBPEMEHHbIX COPTOB MLWEHNLbl OTHOCAT K YNCTONIMHENHBIM, FeTePOreHHOCTb COPTOBbIX
nonynAuuniA BbICTyNaeT OAHVMM U3 MeXaHW3MOB NMOAAEPXKaHUA MONyNALMOHHOIO romMeocTtasa. Bo3MoxHo, BbicoKas
3BONIOLMOHHAA CTabUIIBHOCTb KOHCTUTYTUBHOMO reTepOXPOMaTIHa 1 €ro yCTOMUMBOe pacrnpepeneHre Ha XpoMocCo-

© Muterko A.F.,, Badaeva E.D., Zuev E.V,, Salina E.A., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-9083-9162
https://orcid.org/0000-0001-7101-9639
https://orcid.org/0000-0001-9259-4384
https://orcid.org/0000-0001-8590-847X
https://orcid.org/0000-0002-9083-9162
https://orcid.org/0000-0001-7101-9639
https://orcid.org/0000-0001-9259-4384
https://orcid.org/0000-0001-8590-847X

A.F. Muterko, E.D. Badaeva
E.V. Zuev, E.A. Salina

Karyological differentiation
among bread wheat cultivars

Max Mo3BonAT 3PPEKTUBHO UCMONb30BaTb KapMOOrMYeCKUiA aHann3 He TONbKO ANA NCC/IeAOBaHWA reHesnca 1 Tak-
coHomumn poga Triticum L., HO U ANA U3y4yeHnA BHYTPUBULOBOrO pasHoobpasna nieHnubl. B 3Tol cBA3M nposBeaeHa
Knaccndukauma 87 poccUinCcKUX COPTOB MATKOM MLIEHMNLbI Pa3/IMYHOIO CeNTEKLMOHHOIO CcTaTyca (CTapoMeCTHble 1 Co-
BpeMeHHble copTa) 1 TUNna pa3BuTUA (APOBbIe 1 03VIMble) Ha OCHOBaHMV OLIEHKM Kapyorpamm, BbIMOTHEHHOW C UCMONb-
30BaHVeM [IByX NMOAXOAO0B. [epBbiii MOAXOM OCHOBAH Ha KaueCTBEHHOW OLeHKe Kapuorpamm no pacnpenenenuio re-
TepoXpomMaTHOBbIX C-6110KOB Ha XpOMOocoMax. Mbl TakKe NPefnonoXMK, YTO KONMYeCTBEHHAA OLieHKa Kaprorpamm
no pasmepy nHAMBMAyanbHbix C-610K0B (BTOpOW Noaxoa) caenaet knaccudurkaumio coptoB bonee agekBatHom. Mc-
CNefoBanvch BaprabenbHOCTb, HGOPMATMBHOCTb U pa3peLuaroLas CnocobHOCTb ANArHOCTUYECKMX MPU3HAKOB, TEH-
[EeHLMM B rpyNMnMpPOBaHMM COPTOB, a TakXKe X acCoLMaLnm C CENTIEKLMOHHbBIM CTaTyCOM U TUMOM pa3BuUTUA. Pe3ynbTaTbl
BbIABMNIM BbICOKMI NoTeHUman C-OKpacky B AUCKPUMIMHALN COBPEMEHHbBIX COPTOB MAFKOW MLUEHWLbl MO TUMY pa3-
BUTUS 1 060COONEHUN X 03MMbIX GOPM OT MECTHBIX KyNbTYp. [OMOreHHOCTb COBPEMEHHBIX COPTOB MO TECTUPYEMbIM
Kapronormyecknm nprisHakam 6binia Bbille, YeM CTaPOMECTHbIX, @ 03VIMbIX — YeM APOBbIX. [lonyyeHHaa Knaccndprkaums
OTpaXkaeT CoOXPaHeHVe BbICOKOW OBLLHOCTM B KapMorpaMmax COBPeMEHHbIX APOBbIX KYJIbTYp 1 COPTOBbIX MOMyNALMIA
MeCTHOrO BO3JesibiBaHuA, a TakxKe c/labyio pasnmnuMmMoCcTb KapumorpamMmm CTapoOMECTHbIX COPTOB, KOHTPACTHbIX MO TUMy
pa3BuTnA. CpaBHUTENbHBIN aHann3 Knaccudurkaumii 20 BbBIGOPOUHbIX COPTOB Mo AaHHbIM C-oKpalwmBaHua 1 OHIM-reHo-
TMNMpoBaHMA (3126 NONMMOPPHBIX MapKepoB) NpeAnosaraeT, YTo N3yyeHne KapuoTUNMUeCkon N3MeHUYNBOCTM Mo-
MoraeT cocTaBuTb 6osiee BepHOe npefcTaBneHne o anddepeHumaLnm COpTOBbIX COBOKYMHOCTEN MLEHNLbl O CeneK-
LIMOHHOMY CTaTycCy, Yem npu ncnosb3osaHun OHIM-mapKepoB, AETEKTMPYIOLNX FEHHYIO N3MEHUMBOCTb, 0COOEHHO Npu
orpaHVyYeHHOM KOM4ecTBe ANarHoCTUYECKMX NPU3HAKOB.

KnioueBble cnosa: mArkasa ApoBas 1 03Mmas MNieHnLa; CTapOMECTHbIe U COBPEMEHHbIe COPTa; CeNeKLms; Kaprnonoru-

YecKnin aHanms; KapunocncremaTuka, C-OKpaCKa XpomMmocom

Introduction

Cultivation of common wheat Triticum aestivum L.
(2n = 6x = 42, BBAADD) in various eco-geographical
regions with its exceptionally wide distribution has led to
the accumulation of structural, genetic and physiological
changes, and the emergence of a huge diversity of intraspe-
cific forms (Zohary et al., 2012; Zhao et al., 2023). In this
regard, the study of wheat intraspecific variability seems
relevant. Although most modern wheat cultivars are classi-
fied as pure lines, their inherent polymorphism, heterogeneity
of varietal populations, acts as one of the mechanisms for
maintaining population homeostasis (Fadeeva, Narbut, 1969;
Kudriavtsev, 2006; Serpolay-Besson et al., 2011), which
leads to poorly reproducible results in their differentiation
(Kudriavtsev, 2006; Metakovsky et al., 2024). The high
evolutionary stability of heterochromatic blocks, as well as
their stable distribution on chromosomes, creates the pre-
requisites for the successful use of chromosomal markers
to solve such problems.

Previously, karyological analysis has proven itself success-
ful in the study of the genesis and taxonomy of wheat within
the genus (Iordansky et al., 1978a, b; Zurabishvili etal., 1978;
Badaeva et al., 1986, 1994, 2007, 2015a, 2022; Gill et al.,
1991; Jiang J. et al., 1993, 1994; Friebe, Gill, 1996; Dedkova
etal., 2004,2007, 2009); however, the validity and prospects
of its application in assessing the population variability of
this crop remain a subject of discussion. This is largely due
to both the relatively high labor intensity of karyological
analysis and the complexity of describing the karyotype of a
variety in a form accessible for statistical processing. So, the
karyogram of the model variety Chinese Spring serves as a
standard for describing deletion lines (Endo, Gill, 1996) and
compiling physical maps of chromosomes (Delaney et al.,
1995; Mickelson-Young et al., 1995), but due to the absence
of anumber of C-bands present in other species or cultivars of
wheat, it cannot be directly used to characterize intraspecific
polymorphism. At the same time, although many authors

have noted a wide variety of differential staining patterns
of common wheat chromosomes (lordansky et al., 1978a;
Zurabishvili et al., 1978; Seal, 1982; Friebe, Gill, 1994),
the karyograms they provide are not suitable for statistical
processing and analysis of population structure.

Improvement of the fluorescent in situ hybridization
method and the development of an oligoprobe system have
significantly simplified and reduced the cost of the analysis
and made it possible to study fairly large samples (Jiang M.
et al., 2017; Huang et al., 2018; Guo et al., 2019; Hu et al.,
2022). At the same time, the assessment of the frequency
and distribution of polymorphic variants served to identify
groups of closely related cultivars (Huang et al., 2018; Guo et
al.,2019; Hu et al., 2022). Another approach, “chromosomal
passportization”, is based on a comparison of the karyotype
of a specific sample with a generalized species ideogram
(Badaeva et al., 1990). In contrast to the previously discussed
approach, the diagnostic feature here is an individual block
of constitutive heterochromatin (C-band). This approach was
first used to assess the diversity of spelt wheat (Dedkova et
al., 2004) and the European emmer group (Dedkova et al.,
2009), and the population structure of T. dicoccum obtained
with its use corresponded well to the existing taxonomy
(Goncharov, 2012; Badaeva et al., 2015b). The population
structure of T. araraticum, revealed using chromosomal
analysis (Badaeva et al., 2022), was completely consistent
with the data of a molecular genetic study of the same
samples, performed using SSAP markers.

Depending on the breeding status, a distinction is made
between landraces (local populations) and modern wheat
cultivars. Local varietal populations are locally adapted, they
are traditionally cultivated in isolated areas, and their seed
production is carried out without deliberate hybridization
and targeted change of genotype (Zeven, 1998). Neverthe-
less, the genetic diversity of landraces was maintained by
cultivating a mixture of different genotypes or often even a
mixture of different crops, which created the possibility of
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exchanging genetic material between plants (Zeven, 1980,
1998; Feldman, 2001). The transition to scientifically based
breeding of common wheat, based on targeted selection of
parental genotypes, introgression of foreign genes, and the
use of mutagenesis took place in the late 19th—early 20th cen-
turies (Feldman, 2001). Since samples from geographically
separated populations, as well as representatives of related
taxa, were often used in the creation of cultivars (Mujeeb-
Kazi et al., 2013; Sharma M. et al., 2020; Sharma S. et al.,
2021; Boehm, Cai, 2024), the possibility of the formation
of qualitatively new, specific karyotypes, isolated and main-
tained in the pool of breeding cultivars, cannot be ruled out.
This circumstance actualizes the assessment of the potential
of karyological analysis in the differentiation and classifica-
tion of wheat varietal populations.

While the relationship between the karyotype of a given
cultivar and its origin has natural grounds, it is fundamen-
tally important to test the associations of the karyotype with
other, less obvious — but significant in its formation — factors.
One of these factors is the climate regime of the cultivation
region, since it has a direct impact on the formation of the
growth habit. In particular, winter cultivars are sown before
the onset of cold winter weather, supporting the vernalization
process under conditions of low temperature and shortened
photoperiod. Their vegetation continues with the onset of
the warm period of the year, and they ear earlier than spring
cultivars, which are only sown in the spring. Thus, the differ-
ence in the timing of earing of winter and spring wheat can
act as one of the mechanisms of reproductive isolation in the
formation of specific features of karyotypes in cultivars with
an alternative sowing season. However, we are not aware of
any studies of this kind.

In the present study, the potential of constitutional hete-
rochromatin karyotyping (C-staining) in discrimination of
Russian-bred common wheat varietal populations is deter-
mined. The relationship between the classification obtained,
the breeding status (landraces and modern), and the growth
habit (winter and spring) is analysed. Two approaches to the
extraction of diagnostic features are tested. The first approach
is based on the qualitative assessment of karyograms by the
distribution of heterochromatic C-bands on chromosomes.
We also assumed that the quantitative assessment of karyo-
grams by the size of individual C-bands would make the
classification of cultivars more adequate. The advantages and
disadvantages of karyosystematics of varietal populations are
discussed in comparison with genotyping based on single
nucleotide polymorphism (SNP genotyping).

Materials and methods

Plant material. Karyological analysis was performed on
87 cultivars of common wheat from different regions of Rus-
sia. The samples were 44 landraces (bred from landraces and
received in the VIR collection or zoned in the USSR before
1940) and 43 modern cultivars (obtained after 1940 with
hybridization) containing equal proportions of spring and
winter samples (Supplementary Materials, Table S1)!.

T Tables $1-56 and Figures S1-S11 are available in Supplementary Materials at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Muterko_Engl_29_6.pdf
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Karyological analysis. The standard C-banding technique
was used to obtain and stain chromosome preparations (Ba-
daevaetal., 1994). Chromosomes were classified according
to the genetic nomenclature (Gill et al., 1991). Karyograms
were evaluated using two approaches. Qualitative evaluation
was based on discrimination of chromosome types by the
presence of C-bands indicated on the reference karyogram.
Quantitative evaluation involved visual determination of
the size of C-bands on a six-point scale (from 0 to 5) in ac-
cordance with the previously proposed recommendations
(Badaeva et al., 1990). For this purpose, the chromosomes of
a specific variety were compared with the generalized species
ideogram and each identified band was assigned a number
from 1 to 5 depending on its size: 1 — small, 2 — small but
clearly visible, 3 — medium, 4 — large, 5 — very large. If a
band was missing in any position, it was assigned the value
“0”. Constant bands that did not vary in size were excluded
from the analysis.

Data analysis. Cluster analysis was performed using
hierarchical and K-means clustering on Euclidean distances
calculated from the initial binary data. K-means clustering
was performed on a standardized (centered and scaled) dis-
tance matrix. Gap statistics (function fviz_nbclust, R package
factoextra) were used to determine the optimal number of
clusters for initializing the K-means algorithm. Visualization
of clusters on a plane was performed using the method of
multidimensional scaling of the initial binary matrix (func-
tion cmdscale, R package stats) (Becker et al., 1988).

The choice of the agglomerative hierarchical clustering
method was made among eight algorithms implemented in
the hclust function (R package stats) using the following
approaches. 1. The empirical evaluation of the method was
based on its ability to separate cultivars by the considered
characteristics (breeding status, growth habit and their com-
bination). Since the largest number of characteristic states
is four (four variants of combinations of the breeding status
with the growth habit), the tested topology was divided into
four clusters with a volume of at least three cultivars. In
each cluster, the number of cultivars with the same type of
the characteristic was counted and the largest was selected,
then these values were summed up for all clusters. 2. To
assess the parsimony of the cladogram, expressed by the
smallest number of changes explaining its topology, the Fitch
algorithm implemented in the parsimony function from the
R package phangorn was used (Schliep, 2011).

Cladograms were calculated with the hclust function and
visualized using the R package dendextend (Galili, 2015).
The assessment of clade conservation on the dendrogram,
support for their monophyly, was carried out using the boot-
strap method (Felsenstein, 1985) with 1,000 iterations, imple-
mented in the boot.phylo function from the R package ape
(Paradis, Schliep, 2019). Topology entanglement was calcu-
lated using the untangle function (R package dendextend)
in three rounds using the random method and an additional
round using the step2side method. The topological distance
between dendrograms (symmetric difference) (Robinson,
Foulds, 1987) was calculated with the dist.dendlist function
(R package dendextend).
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The selection of groups of cultivars from the cladogram
was carried out by cutting its topology to a given number of
clusters using the cutree function from the R package stats
(Becker et al., 1988), the centers of which were calculated
for each variety from the distance matrix as the average value
of the distances between the given variety and the cultivars
from the current cluster. Standardized coordinates of the
cluster centers were used in the factor analysis.

Factor analysis was performed using the principal com-
ponent analysis, using the characteristics being tested as
additional qualitative variables (PCA function, R package
FactoMineR) (Husson et al., 2010). Pearson correlation coef-
ficients (r) between additional variables (tested characteris-
tics) and dimensions were calculated as square roots of eta2,
and correlations between dimensions and values of these vari-
ables as square roots of cos2. Assuming a normal distribution
of correlation coefficients (according to the central limit theo-
rem), the asymptotic p-values for r > 0.40 with 87 observations
were <0.01 (power = 0.9).

Multiple correspondence analysis was performed using
the MCA function (R package FactoMineR) on the original
binary data transformed into logical levels. The characteris-
tics being tested were utilized as additional variables.

The statistical significance of overrepresentation assump-
tions was assessed using Fisher’s exact test (function fisher:
test from the R package stats), followed by filtering the results
by p-value > 0.05.

Logistic regression was calculated using the glm function
(R package stats), using a quasi-binomial model with link
function logit.

Primary data on SNP genotyping of 20 cultivars from the
tested sample were obtained from the work of D.A. Afon-
nikov et al. (2024).

Results

The results of karyological differentiation of 87 Russian culti-
vars as well as the analysis of the conjugacy of their breeding
status and growth habit with the resulting classification are
consistently presented according to two types of diagnostic
features: chromosome type and C-band size.

Qualitative assessment of karyograms.
Chromosome type as a differentiating feature

Association of the chromosome type with the breeding status
and the growth habit of cultivars

Using chromosome type as a diagnostic feature, a total of
205 unique karyograms were detected for chromosomes from
the A, B, and D genomes (Fig. S1). Chromosomes 4D and
5D were excluded from the analysis, since the C-staining
method used did not allow for reliable separation of their
polymorphic variants. Although the frequency of occurrence
of individual chromosome types varied greatly depending on
the breeding status of cultivars, their growth habit, as well as
the combinations of these characteristics (Fig. S2), no diffe-
rences in their distribution by the characteristics tested were
found between the genomes and groups of homoeologous
chromosomes; in the groups of cultivars with alternative
forms of the tested characteristics, an almost equal number
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of chromosome types from each genome or homoeologous
group is presented, which indicates the absence of bias in
the original data. 12 groups of associated chromosome types
were found, characterized by identical sets in all cultivars
(Table S2). In most cases, the groups were presented in pairs,
three groups contained three associated types, and one four.

To assess the statistical significance of the association of
chromosome types with tested characteristics, Fisher’s exact
test for overrepresentation was used in a sample of cultivars
homogeneous for the trait being tested (Table S3). Most
chromosome types (144, 70 %) were not informative, since
the test for their overrepresentation resulted in a significance
level of the alternative hypothesis p > 0.05. The number of
overrepresented chromosome types in modern cultivars was
more than that in landraces of identical growth habit, in the
absence of differences between contrasting samples in terms
of the tested characteristics (Fig. 1a, c).

Similar results were obtained when assessing the overrep-
resentation of chromosome types among winter and spring
cultivars with identical breeding status, and, conversely,
among landraces and modern cultivars of identical growth
habit (Fig. 1b, d). It follows that the homogeneity of modern
cultivars is higher than that of landraces, and that of winter
cultivars is higher than that of spring cultivars.

Cluster analysis of cultivars by chromosome type

Cluster analysis was carried out using hierarchical and
K-means clustering in order to select an approach that pro-
vides the most adequately interpretable idea of the differen-
tiation of cultivars according to the tested characteristics.

According to gap statistics, the optimal number of clus-
ters for K-means algorithm is three. Although visualization
of the clusters on the principal coordinate plane confirmed
good resolution (Fig. 2a), only the third cluster was highly
homogenous in terms of the characteristics under conside-
ration (Fig. 2b). It included 21 exclusively modern cultivars,
predominantly of the winter growth habit (20 cultivars). The
first cluster contained 30 cultivars, with a predominance of
landraces (27 cultivars), equally represented by the growth
habit (16 winter and 14 spring). The remaining cluster of
36 cultivars was the most heterogeneous (Fig. 2b).

It is important to note that, based on these results, the
cultivars were optimally divided into three clusters, rather
than the expected four, assumed by the number of contrasting
forms of tested characteristics (landraces/modern, winter/
spring, or their combinations) considered, and modern cul-
tivars were divided by the growth habit, with the majority
of winter cultivars (87 %) being allocated, while landraces
were not distinguishable by this trait. At the same time, CS
were grouped with landraces, and were mostly concen-
trated in the cluster with a predominance of spring landraces
(cluster 2).

The choice of the agglomerative hierarchical clustering
method was made empirically, according to the best separa-
tion of cultivars by the considered characteristics, as well as
by the least number of changes explaining the tested topology
(Table S4). Both approaches predict the best result for the
cladogram topology calculated by the Ward method, taking
into account the clustering criterion (method “ward.D2”).

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 6



A.®. MyTepko, E.[l. bapgaeBa Kapuonorunyeckasa guodepeHumauma 2025
E.B. 3yes, E.A. CanuHa COPTOB MATKOW MLIEHNL|bl 29.6
a s b
20 -
w 40 C ccs
< cs sl ccw
@ 30~ cw LSS
%5 L Lcw
g 20 Ls 101 scC
€ LW ScL
>
Z 10+ S 5F wccC
w WclL
0 0
GH VT VTGH C L S w
C —log(p-value)
25 5.0 7.5
W
S
LW
LS
L
cw
(&)
C
d -log(p-value)
3 5 7
WclL
wccC
SclL
SccC
LESwW
LSS
Ccw
ccsS

Fig. 1. Association of the chromosome type with the breeding status and the growth habit of cultivars.

The number of chromosome types associated with the breeding status (VT), growth habit (GH) and combination of these characteristics (VTGH) in the total
sample (a) and among winter (W) and spring (S) landraces (WSL, SEL) and modern (WEC, SEC) cultivars, and vice versa among landraces (L) and modern cultivars
(C) of spring (LSS, CSS) and winter (LEW, CEW) wheat (b). p < 0.05 test values for overrepresentation in the sample of cultivars homogeneous in the tested trait

from the total population (c) and subsamples (d).

In the dendrogram of cultivars, two major clades, char-
acterized by the greatest distance from each other, divide
modern winter cultivars (22 of 23) and the remaining groups
(Fig. 2c). More than 70 % of the dispersion in the average
distances between cultivars and major clades is explained by
this division, namely, the allocation of CW into a separate
cluster. With further pruning of the topology, a small group
of seven CS and a large cluster uniting almost all landraces
(42 of 44) are identified. The completely homogeneous
cluster CS (cluster 1), although characterized by a much
greater distance from both landraces (cluster 3) and modern
winter cultivars (cluster 2) than the distance of the latter
two from each other, is more strongly attracted to the group
of cultivars of predominantly landraces (the total length of

branches between clusters 1 and 3 is 2.4 times shorter than
that between clusters 1 and 2), among which there are already
40 % of CS (Fig. 2e). This tendency is more clearly reflected
in the plane of the main factors of attraction of cultivars to
clusters (Fig. 2d). Here, the first component is positively cor-
related with the inclusion of cultivars in cluster 2 (r = 0.85),
and the second is negatively correlated with the inclusion of
cultivars in cluster 1 (r =-0.94). In the principal component
plot, most of the CS (75 %) are localized in the negative
coordinates of the first dimension. CS are highly correlated
with the second dimension (r = 0.98), the correlation with
which is also more pronounced for LW (r = 0.63) and LS
(r = 0.31) than for CW (r = 0.13). Thus, the major clade
from clusters 1 and 3 unites most CS with landraces. It is
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a - visualization of clusters calculated by the K-means on the plane of principal coordinates; b — proportions of cultivars (W - winter, S - spring, L - landraces,
C - modern) with alternative forms of the tested characteristics in these clusters; ¢ - dendrogram of hierarchical clustering of cultivars calculated by the Ward
method. For clarity, the first five clades with their representation on the plane of principal components (d) and the corresponding proportions of cultivars with

alternative forms of the tested characteristics (e) are highlighted in color.

noteworthy that in cluster 3, CS are grouped with landra-
ces of predominantly spring type, suggesting that modern
spring cultivars have undergone less intensive breeding,
retaining a greater similarity of karyograms with landraces.
Despite the similarity of results between alternative cluster
analysis approaches, hierarchical clustering provides a more
adequately interpretable representation of variety differentia-
tion. Support for monophyly of most clades was low, but sta-
tistically significant (9.3-99.3 %) for all top-ranking clades
(Fig. S3).

Optimization of the branch length (cophenetic distances
between cultivars) of the current dendrogram topology by
the likelihood maximization method resulted in compres-
sion of clusters and their better resolution on the plane of
principal coordinates (Fig. S4). The logarithm of likelihood
(logLik) increases from —12,355 to —4,115. The separation
of cultivars by breeding status becomes more convincing,
but still imperfect, whereas landraces completely merge by
the growth habit, but the splitting of modern cultivars by this
characteristic increases.
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Correspondence analysis of cultivars by chromosome type

In Figure 3a, the distribution of cultivars is presented on
the plane of the first two dimensions. The proportion of ex-
plainable variance is evenly distributed between the main
dimensions (3.7 and 3.6 %, respectively). However, the
purpose of the present correspondence analysis is not to as-
sess the contribution of individual chromosome types to the
distribution of cultivars, but to study the relationship between
this distribution and the tested characteristics, represented
here by additional qualitative variables, based on their cor-
relations with the dimensions.

The first dimension is highly correlated with the character-
istic combining the breeding status and the growth habit of
cultivars (r=0.66), and to a greater extent, with their growth
habit (r = 0.47) than with the breeding status (r = 0.29,
p > 0.14). The characteristic combining the breeding status
and the growth habit of cultivars is also best correlated with
the second dimension (r = 0.80), but, unlike the first dimen-
sion, mainly due to the breeding status (r = 0.64), rather than
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the growth habit (r = 0.43). Thus, while the growth habit
correlates equally with both dimensions, the correlations of
the breeding status of cultivars with the main dimensions
differ by more than two times. In addition, the characteristic
combining the breeding status and the growth habit also tends
more towards dividing cultivars by breeding status (the cor-
relation with the second dimension is 21 % higher than with
the first), suggesting that the separation of cultivars is more
likely to be determined by their breeding status than by the
growth habit. It is characteristic that the tendency to group
by breeding status is most pronounced for CW (r = 0.75,
with the second dimension) and LS (r = 0.47, with the se-
cond dimension), but not for CS (r = 0.03 [p > 0.89], with
the second dimension). The correlations of CW and LS with
the growth habit are so small (r = 0.28 and r = 0.08, with
the first dimension) that they are statistically insignificant
(p>0.17 and 0.87), in contrast to CS (r = 0.64 [p < le-4],
with the first dimension). Landrace winter cultivars (LW)
equally weakly and statistically insignificantly correlate
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Fig. 3. Correspondence analysis of cultivars by chromosome type.

a - distribution of cultivars (W - winter, S - spring, L — landraces, C - modern) on the plane of the first two principal dimensions;
b - dendrogram calculated from the coordinates of cultivars on the plane of principal dimensions.
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with both dimensions (r =0.27 and 0.25 [p > 0.20] with the
second and first dimensions, respectively). Thus, the splitting
of the sample is detected only among modern cultivars, but
not landraces. In this case, the allocation of CW is mainly
due to their breeding status, which does not, however, affect
the distribution of CS.

On the plane of the main dimensions, it is also possible to
see how much modern cultivars differ in the growth habit, the
areas of clusters of winter and spring samples not overlap-
ping, and how tightly the landraces are merged according
to the same characteristic. With the exception of CW03,
CW are the most homogeneous (CB = 0.42), they form a
compact group in which a dense core of seven cultivars can
be distinguished (CW02, CW09, CW14, CW15, CW18,
CW21, and CW23). Landraces are also grouped relatively
compactly (CB = 0.89), while CS form the most diffuse
cluster (CB = 1.02), and therefore, are the most hetero-
geneous.

In view of the discovery of new factors that reveal hidden
trends in the distribution of cultivars, a comparative analy-
sis of their hierarchical clustering was carried out. In this
regard, the coordinates of cultivars on the plane of principal
dimensions were utilized to calculate the distance matrix,
and clustering of cultivars was carried out using a similar
method of calculating topology as in the original data (Ward
method). In the new version of the cladogram (Fig. 3b), de-
spite the complete restructuring of the topology (topology
entanglement 97 %, topological distance 166 branches), the
separation of modern cultivars has significantly improved.
In particular, the CW cluster became more homogeneous,
landraces and all spring cultivars except CS11 were com-
pletely excluded from it, sample CW03, carrying three chro-
mosomal introgressions from T. miguschovae, stood out, and
CWO07 moved to the cluster of landraces. The cluster of CS
cultivars split, but they still grouped with landraces, mainly
of the spring growth habit. The distances between cultivars
also changed, but their correlation remained at a high level
(r=0.80, p < le-5).

Quantitative assessment of karyograms.
Size of C-bands as a differentiating feature

Association of C-bands with the breeding status

and the growth habit of cultivars

During the quantitative assessment of karyograms by the
size of C-bands, 98 diagnostic categories were identified
(Fig. S5). The association of the C-bands with the tested
trait was assessed using logistic regression, during which
the statistical significance of the increase in the chances of
detecting a C-band in cultivars with a given form of the tested
characteristics was calculated with an increase in its size by
one unit.

When assessing the odds ratio of detecting C-bands in
cultivars that differ in breeding status, statistically signifi-
cant results (p < 0.05) were obtained for 22 C-bands, with
the number of C-bands more clearly detected in landraces
being 1.4 times greater than that in modern ones. The same
analysis revealed 27 C-bands associated with the growth
habit of wheat, with most of them (60 %) being identified
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with the winter cultivars (Table S5). Similarly, among both
winter and spring cultivars, the number of C-bands associated
with landraces was greater than with modern ones, and with
the winter growth habit, greater than with the spring growth
habit, both among modern cultivars and landraces (Fig. 4a).
However, in modern cultivars, twice as many C-bands as-
sociated with alternative growth habit were identified as in
landraces, and in winter cultivars, the number of C-bands
associated with alternative breeding status was detected to
be greater than in spring cultivars. The same was true when
testing the association of C-bands with combinations of the
tested characteristics (Fig. 4a).

The obtained results are fully consistent with the associa-
tion of the tested characteristics with the chromosome type
(Fig. 1), confirming the higher homogeneity of modern
cultivars than landraces, and winter cultivars than spring
cultivars also in the quantitative assessment of karyograms.
However, when comparing landraces and modern cultivars
regardless of their growth habit or in subsamples of its al-
ternative form, in landraces, a high probability of detection
exists for a larger number of C-bands. The above-mentioned
homogeneity of the sample of modern cultivars when testing
a combination of characteristics is achieved due to a larger
fraction of null alleles (the probability of the absence of a
C-band on a chromosome, oddFC < 1), and in the case of
testing subsamples from modern cultivars and landraces,
it is due to better differentiation of karyograms of modern
cultivars that differ in the growth habit. Thus, not only the
greater disunity of spring and winter samples in the pool of
modern cultivars than in landraces is confirmed, but also the
ability to identify it in the course of associative analysis dur-
ing the quantitative assessment of karyograms, as opposed
to the qualitative assessment of karyograms.

It should be noted that the degree of association (the mul-
tiplicative factor of the odds ratio) was higher for most of
the C-bands associated with CW (Fig. 4b). Thus, most of the
C-bands (presence or absence) associated with modern
cultivars or winter growth habit are specific for CW. Conse-
quently, modern winter cultivars have twice as many specific
karyological features (C-bands) that allow us to allocate
them. In total, for all of the above-mentioned variants of
analysis for the association of C-bands with the tested charac-
teristics, less than half of them (45 %) were not informative.

Cluster analysis of cultivars by C-band size
Although the gap statistics algorithm predicts optimal seven
clusters, the best resolution is provided with three. But even
in this case, only two of them are almost completely sepa-
rated (Fig. 5a, b). In one of these clusters, CW predominate
(74 %), with 17 of the 23 modern winter cultivars included in
this cluster. The other, largest cluster contains predominantly
landraces (68 %), equally represented by the growth habit.
The majority of CS (80 %) also entered here, confirming their
gravitation towards landraces rather than modern cultivars.
The high heterogeneity of the clusters by the tested charac-
teristics makes this clustering approach not very useful for
differentiation of tested cultivars.

The results of hierarchical clustering performed by the
Ward method (predicting the best separation of cultivars
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Fig. 4. Association of C-bands with the breeding status and the growth habit.

a - the number of C-bands associated with the breeding status, the growth habit and the combination of these characteristics in the
total sample and in the subsamples of winter (W), spring (S), landraces (L) and modern (C) cultivars, as well as among winter and spring
landraces (WEL, ScL) and modern (WEC, SC) cultivars, and vice versa, among landraces and modern cultivars of spring (LSS, CSS) and
winter (LEW, CEW) wheat; b - the multiplicative factor of the odds ratio for the C-band occurrence (oddFC) in the subset of cultivars
similar by the tested characteristics from the total sample and subsamples.

by the tested characteristics and the assessment of topology
parsimony, Table S6) are, on the whole (in terms of separa-
tion into major clades), similar to the above classification of
cultivars by chromosome type, although the topologies of
the corresponding dendrograms are completely entangled
(up to 90 %, topological distance of 144 branches, Fig. S6,
S7), and only 13 common clades, which, however, are un-
tangled by 62 %, retain a topological distance of 14 branches
(Fig. S8). In the new version, it should be noted that the CW
clade is more homogeneous and is divided into two clusters
of unequal volume (Fig. 5C). The validity of this division
is confirmed by the high conjugacy of the sizes of a num-
ber of C-bands on chromosomes 1BS and 3BS (Fig. S9).
In addition, CS and LW are also grouped more densely
and uniformly. Finally, the topology of the dendrogram is
distinguished by greater support for the monophyly of the
clades (Q3 =43.5 %, Fig. S10), which follows from the bet-
ter conjugacy of the diagnostic features obtained during the
quantitative assessment of the karyograms.

Factor analysis by C-band size

Factor analysis was carried out using the principal component
(PC) method, utilizing the tested characteristics as additional
variables. In the plane of the first two PCs (Fig. 6a), only CW
is well separated, with a dense core of eight cultivars. Modern
spring cultivars almost completely overlap with landraces,
mainly also spring ones. This differs significantly from the
distribution of these clusters observed during the analysis

by chromosome type, where clusters of spring cultivars of
alternative breeding status overlapped to a much lesser extent.
Another distinctive feature of the results of this analysis is
the emerging trend in the division of landraces by growth
habit. Finally, in connection with the transition from a binary
scale to a six-point scale, the density of clusters changes,
they become more sparse, the resolution in the division of
cultivars increases. Proportion of explainable variance falling
on each of the components is less than 10 %, which confirms
the weak consistency of diagnostic features. However, their
total value (18.7 %) is 2.6 times greater than that obtained
from the principal dimensions during the correspondence
analysis of cultivars by chromosome type.

In this analysis, however, it is not the influence of combina-
tions of features (size of C-bands) on the discrimination of
cultivars that is of interest, but the identification of trends in
the grouping of cultivars by the tested characteristics, which,
however, weakly and statistically insignificantly (p > 0.24)
correlate with the first PC. In this regard, it makes sense to
consider the distribution of cultivars in the space formed
by the second and third PCs (Fig. 6b, c), which are highly
correlated with the tested characteristics. In particularly,
the correlation of the growth habit is maximum with the
second PC (r = 0.71), while the breeding status of cultivars
is more strongly correlated with the third PC (r = 0.57).
Since the correlation with the growth habit is higher than
with the breeding status, the separation of cultivars by this
characteristic is also better (cos2 = 0.78 for winter and spring
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Fig. 5. Cluster analysis of cultivars by the size of C-bands.

a - visualization of clusters calculated with the K-means on the plane of principal coordinates; b — proportions of cultivars with alternative forms of the tested
characteristics in these clusters (W - winter, S - spring, L — landraces, C - modern); ¢ - dendrogram of hierarchical clustering of cultivars calculated by the Ward
method (the first five clades are highlighted in color for clarity).
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Fig. 6. Factor analysis by C-band size.

The distribution of cultivars is presented on the plane of the first two (a), as well as the second and third (b, ¢) principal components. In the latter case, groups of
cultivars (W - winter, S - spring, L - landraces, C — modern) with identical breeding status (b) and growth habit (c) are distinguished.
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types, and cos2 = 0.52 for landrace and modern status); this
is another difference from the correspondence analysis by
chromosome type. Consequently, in addition to the clear
allocation of CW, there is a tendency to separate cultivars
by growth habit (Fig. 6¢), which prevails over their breed-
ing status (Fig. 6b), and this applies in particular to modern
cultivars. CS are more strongly attracted to LS than CW to
LW, as a result of which landraces are grouped more densely
than modern ones. The movement of the LW cluster in the
direction of the winter growth habit (W, the positive direction
of the second dimension Dim2) shifts the perpendicularly
directed influence of their landrace status (L, the positive
direction of the third dimension Dim3); as a result, this
cluster moves diagonally (Fig. 6a). It is interesting to note
the influence of modern breeding on the isolation of winter
wheat. On LW, the breeding status has a much stronger
influence than the growth habit (cos2 = 0.32, with Dim3,
and cos2 = 0.008, with Dim2), whereas in the CW cluster,
the influence of the growth habit prevails (cos2 = 0.08, with
Dim3, and cos2 = 0.74, with Dim2).

Comparative analysis of karyological classification

with SNP genotyping

To assess the advantages and disadvantages of the karyologi-
cal approach to classifying wheat cultivars in comparison
with SNP genotyping, their resolution in differentiating a
sample of 16 winter cultivars, contrasting in breeding status,
and four modern spring cultivars was tested. The analysis
was carried out on 120 features during assessment by chro-
mosome type, 88 features during quantitative evaluation of
karyograms by the size of C-bands, and 3,126 features during
SNP genotyping; in the latter case, only unambiguously in-
terpretable SNP markers were used, excluding heterozygotes.

When comparing the qualitative method of evaluating
karyograms with SNP genotyping, the correlation of dis-
tances between cultivars was very low (r=0.22, p>0.07), the
entanglement of the topologies of the dendrograms calculated
by the Ward method was no less than 40 %, with a topological
distance of 32 branches. Even the minimum estimate of the
preservation of monophyly of the clades calculated based on
the results of SNP genotyping (48.7 %) exceeded the third
quartile when using the chromosome type as a diagnostic
feature (Q3 = 34.5 %) (Fig. 7a, ¢). On the plane of the main
dimensions, all three groups of cultivars are completely
separated by chromosome type (Fig. 7d). According to the
results of SNP genotyping, the cultivars are well separated
only by growth habit, while the winter wheat group is not
distinguishable by breeding status (Fig. 7b). In this regard,
the advantage of karyological analysis by chromosome type
in classifying cultivars by breeding status seems obvious, due
to its greater resolution at the given discrimination criteria,
despite the smaller number of diagnostic features and their
low consistency.

The use of C-band size as a diagnostic feature led to an
even greater decrease in the similarity between dendrograms,
increasing the entanglement of topologies to more than 80 %
and increasing the topological distance to 36 branches, with a
complete loss of distance correlation. Otherwise, the differen-
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ces between alternative approaches to assessing karyograms
in relation to SNP genotyping are similar to the previously
noted features of the quantitative method: better consistency
of the original data in supporting the monophyly of the clades
(Q3 =56.4 %, Fig. 7e), allocation of CW as a more sparse
cluster, and intersection of CS clusters with LW (Fig. 7f).
Thus, regardless of the approach to evaluating karyograms,
the significant differences between karyological classifica-
tion and SNP genotyping include the distinct separation
of modern winter cultivars and the CS tendency toward
landraces, which is more pronounced in the classification by
C-band size.

Discussion

The present study is aimed at assessing the potential of
karyological analysis in differentiating such complex objects
as varietal populations using modern cultivars and landraces
as an example. In this regard, 1) two methods of obtaining
diagnostic features from karyograms were tested for suitabil-
ity for discrimination, based on the limits of their variability
(degree of polymorphism), informativeness and resolution;
2) an assessment of the advantages and disadvantages of
this approach was carried out in comparison with SNP ge-
notyping; 3) an analysis of karyological classifications was
performed for the presence of trends in the distribution of
cultivars in accordance with their breeding status and growth
habit, as well as an assessment of their contribution to the ob-
served clustering and evaluation of its statistical significance.

The diagnostic features used were based on the variabi-
lity of constitutive heterochromatin blocks. Two alternative
approaches to its assessment were tested for resolution in
discrimination of Russian common wheat cultivars by their
breeding status and growth habit. The approach based on the
qualitative assessment of the karyogram uses a binary scale
reflecting the presence/absence of the C-band on the chromo-
some (distribution of C-bands along the chromosome length).
The disadvantage of this approach is that chromosomes
differing only in one C-band will be classified as different
types, and the difference between them will be assessed in
the same way as between chromosomes with significantly
different karyograms. For instance, in the classification based
on this method, the CWO03 sample with three unique intro-
gressions from T. miguschovae is distinguished as a separate
branch on the dendrogram and is highly isolated from the
other cultivars in the space of the main dimensions during
the correspondence analysis.

Assuming a reduction in the number of distinguished
categories due to the unification of similar chromosome
types, and, consequently, a more adequate classification
of cultivars, a transition was made to a six-point scale for
assessing karyograms by the size of individual C-bands
(quantitative assessment). Indeed, when using this approach,
the number of categories allocated was halved (from 205
to 98), but, on average, the resolution of cultivars increased
by the same amount (Fig. S11). The latter is due to a threefold
expansion of the range of the evaluation scale, which allows
for a more in-depth study of the genesis of cultivars, since
the higher the resolution of the method, the more common
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Fig. 7. Comparative analysis of karyological classification with SNP genotyping.

Dendrograms and distribution of cultivars (W - winter, S - spring, L — landraces, C - modern) on the plane of principal coordinates are presented according to the
results of SNP genotyping (a and b), chromosome type analysis (c and d), and C-band size (e and f).

features among the classified samples it is able to detect. In
the course of the principal component analysis, this led not
only to an increase in the proportion of explainable vari-
ance in the karyograms, but also to the revelation of the
importance of less obvious factors in the systematization of
the studied material. In particular, while in the classification
of cultivars by chromosome type (qualitative assessment of
karyograms), the “breeding factor” is of primary importance,
in the classification based on the quantitative assessment of
karyograms (size of C-bands), a more significant contribu-
tion of the growth habit is found. In hierarchical clustering,
the advantage of moving to a six-point scale is expressed
in a denser and more homogeneous grouping of cultivars
by the considered characteristics, justifying the expected
increase in the adequacy of their classification. Support for
the monophyly of the clades was also higher, indicating a
better consistency of the initial data (conjugacy of diagnostic
features). Finally, in the study of the association of alterna-
tive differentiating features with the breeding status and the
growth habit of cultivars, despite the reduction of diagnostic
categories, the uninformative fraction decreased from 70 to
45 %. However, despite the above-mentioned advantages
of this approach, its resolution in discriminating modern
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spring cultivars from landraces is significantly inferior to
the qualitative approach in assessing karyograms. In addi-
tion, in interpreting the results, one should accept the risks
of the influence of the subjective factor when assessing the
size of C-bands.

Since C-bands represent segments of inactive chromatin
characterized by a high degree of evolutionary conservatism,
their use as classification features is more justified in the
study of the genesis of cultivars than the specificity of their
genotypes. We also assume that the karyological features
of this type are predominantly selection-neutral and are not
subject to the adaptive action of natural selection. In this
regard, any association of a karyogram and a genotype with
a specific growth habit reflects only the commonality of their
origin. In view of the peculiarities of intensive selection, it is
likely that such associations will be more strongly expressed
among modern cultivars than among landraces. Since varietal
populations are locally adapted to the ecological and geo-
graphical conditions of the cultivation region, a relationship
is expected between the wheat growth habit and its origin. We
also hypothesized that more homogeneous modern cultivars,
which were often obtained using similar sets of elite founder
cultivars, would be characterized by a higher correlation of
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the karyogram with the growth habit than heterogeneous and
locally adapted landraces. This assumption is based on the
fact that genetic drift events such as the “bottleneck™ and the
“founder effect” occur during domestication, and modern
cultivars experience the impact of these evolutionary events
again when they are separated from the pool of locally culti-
vated wheats (Ladizinsky, 1985; Tanksley, McCouch, 1997;
Feldman, Levy, 2023). For instance, a study of a sample
of Chinese bread wheat cultivars based on FISH analysis
revealed a significant role of the “founder effect” in their clus-
tering (Huang et al., 2018; Hu et al., 2022). As a diagnostic
feature, the authors of these works took the similarity of the
distribution patterns of several polymorphic DNA probes,
which corresponds to the qualitative feature “chromosome
type” in our study. In addition, the more intensively the cul-
tivars are involved in breeding, the more they diverge and
become isolated, which leads to a narrowing of the genetic
diversity of modern cultivars (Reif et al., 2005; Haudry et
al., 2007; Sindhu, 2022). Based on the fact that the number
of winter common wheat cultivars approved for use in the
territory of the Russian Federation significantly exceeds the
number of spring cultivars (432 and 336, respectively; State
Register..., 2024), it can be assumed that the breeding of
modern winter wheat is carried out more intensively, and it
should be more isolated from landraces. Indeed, the factor
analysis showed a strong association of the growth habit with
the classification of modern cultivars by chromosome type,
while the karyograms of landraces are poorly distinguishable
by this characteristic. At the same time, with an increase in the
resolution of the method, the association of the growth habit
with chromosomal differentiation slightly increased, with a
tendency to separate landraces by growth habit. Earlier, when
analyzing 20 Russian cultivars using SSR and ISBP markers,
a division into subclusters of winter and spring forms was
also noted (Adonina et al., 2017).

The study revealed different effects of modern breeding
on the isolation of winter and spring wheat. In particularly,
modern winter cultivars, regardless of the type of diffe-
rentiating feature (chromosome type or C-band size) and
classification approach, due to the greater similarity of
karyotypes, are distinguished as a strictly delimited group,
in which a dense core of 7-8 cultivars with a very similar
karyogram is found. Thus, the growth habit of these cultivars
is not only associated with the corresponding alleles of the
vernalization genes, but reflects a karyotype that is separate
from spring and landrace cultivars, formed in the course of
long-term and targeted breeding. This observation confirms
the greater commonality in the genealogy of modern winter
cultivars (Novoselskaya-Dragovich et al., 2015). This is
also evidenced by their high homogeneity, according to the
number of associated karyological features of both types, and
intervarietal distances. Indeed, most of the CW included in
the present study had the Bezostaya 1 variety in their pedi-
gree, which could probably also have affected the isolation
of this group.

Modern spring cultivars, unlike winter cultivars, are
probably less intensively involved in breeding. They have
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experienced less influence of artificial selection and have
retained more affinity with landraces, mainly also of the
spring growth habit. The latter is especially clearly evident
in the classification based on the quantitative assessment of
karyograms where the cluster of modern spring cultivars
is almost completely overlapped with landraces, while
none of them are included in the cluster of modern winter
cultivars (Fig. 3a, 6a). Factor analysis also emphasizes the
predominance of the growth habit over the breeding status in
the distribution of cultivars. It should be noted that, despite
the closeness of modern spring cultivars to landraces, both
approaches to karyological classification reveal a tendency
in their isolation from the latter. This is manifested both in
the homogeneity of the CS clustering among landraces and
in the allocation of some of them into an independent clade.
Considering the complete separation of CW and CS, as well
as the tendency in the separation of landraces by this char-
acteristic, the growth habit appears to be a significant factor
in the differentiation of cultivated wheat, the reproductive
isolation of varietal populations, and their eco-geographical
distribution.

When comparing the karyological method with SNP
genotyping, both its key disadvantages and advantages in
classifying wheat cultivars have been identified. Among the
disadvantages, the limited number of diagnostic features and
their low consistency are mainly highlighted. If the quantita-
tive limitation is due to the nature of the features of this type,
then the weak support for the monophyly of clades on the
dendrogram is associated not only with their low conjugacy
in this sample, but also follows from the first disadvantage
(Rokas, Carroll, 2005). The low consistency of karyological
characters can be explained by the high frequency of C-band
recombination caused by both their high disunity on the
chromosome and combinatorial events in the distribution of
homologous chromosomes during meiosis (Blary, Jenczews-
ki, 2019; Koo et al., 2020; Mason, Wendel, 2020; Fan et al.,
2021), as well as changes in chromosome staining patterns
as aresult of introgression and chromosomal rearrangements.
A certain contribution is made by the technology of prepara-
tion and staining of metaphase plate preparations, as well as
a considerable amount of subjectivity in assessing the size
of C-bands.

Considerations of the monophyly of clades come from the
systematics of species based on their phylogeny. However,
the assumption of complete reproductive isolation, usually
applied to species, is unacceptable for freely interbreeding
wheat cultivars, and in the obtaining of cultivars, as was
noted in the introductory part of the article, samples from
geographically separated populations and even representa-
tives of related taxa were often used. The assessment of the
monophyly of clades in the dendrograms presented in the
current study reflects mainly the degree of conjugacy of
diagnostic characters. Indeed, the support for the monophyly
of the clades was somewhat higher when using the quantita-
tive karyotyping method. And although the statistical reliabil-
ity of monophyly was significant for all clades of the highest
rank, regardless of the approach to assessing the karyograms,
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it sharply decreased to complete disappearance when moving
to clades of lower ranks. At the same time, the justification
for monophyly was incomparably stronger and statistically
significant for all clades of the dendrogram calculated using
SNP genotyping, in which the number of diagnostic featu-
res was an order of magnitude greater, and their conjugacy
was higher, due to the higher mapping density on chromo-
somes.

Nevertheless, the value of differentiating features in clas-
sification problems is determined by their ability to discrimi-
nate a sample by the required qualities. While SNP markers
provide an idea of allelic, gene variability, polymorphism by
chromosomal markers reflects the variability of the karyotype
as a whole. Since the structure of heterochromatic C-bands
is not subject to genetic recombination and conversion, they
are evolutionarily more stable. Chromosomal aberrations,
also related to chromosomal markers, lead to significant
disturbances in the meiosis of heterozygotes, thereby leveling
the heterogeneity of the population and contributing to the
preservation of the authenticity of the original populations
over time, as, for example, noted for the group of European
emmer with the marker 5B-7A translocation (Dedkova et al.,
2009; Badaeva et al., 2015b). Thus, chromosomal markers
seem to be more reliable for systematization of wheat varietal
sets from the point of view of reliability and reproducibility
of classification, especially when the number of diagnostic
features is limited. Combinatorial variability at the chromo-
some level forms new karyotypes (classification categories
in karyological differentiation), but does not change the
combinations of features in linkage groups (often reflected
in conjugated markers in SNP genotyping). As a result, a
larger number of agreed diagnostic features, in itself, does
not yet mean better discrimination of their carriers, since
the latter also depends on the type of these features. Indeed,
comparison of SNP and chromosomal markers, in particular
when using the chromosome type, but not the size of C-bands
as a diagnostic feature, confirmed the superiority of the
latter in discrimination of 20 selected wheat cultivars both
by breeding status and by growth habit, despite their low
consistency.

It is significant that the use of chromosomal markers
reliably differentiates winter wheat cultivars depending on
their breeding status, whereas in the case of SNP genotyping,
these same cultivars are grouped together. As noted above,
this circumstance may be due to the difference in the type
of variability detected by SNP and chromosomal markers;
in other words, karyotypes of different origin may not differ
in the alleles of many genes (hence the high consistency of
SNP markers). It is possible that an increase in the number
of SNP markers will increase the resolution of this method
in discriminating the tested sample of cultivars by breeding
status. Nevertheless, the number of such markers already
exceeds by more than an order of magnitude the minimum
set of karyological characteristics sufficient for the success-
ful resolution of this problem, emphasizing the advantage of
the karyological method, especially with a limited number
of diagnostic features.
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Conclusion

The present study revealed a high potential of karyotyping
by constitutive heterochromatin in discrimination of modern
Russian cultivars of common wheat by the growth habit,
and isolation of their winter samples from landraces. At the
same time, the homogeneity of modern cultivars by the tested
karyological features is higher than that of landraces, and
that of winter cultivars is higher than that of spring cultivars.
The resulting classification reflects the preservation of high
similarity in the karyotypes of modern spring cultivars and
varietal populations of landraces, as well as weak distin-
guishability of the karyotypes of the latter, contrasting by
the growth habit. In connection with a more unambiguous
association of differential chromosome staining patterns with
the origin of cultivars, as well as their high evolutionary sta-
bility, it is assumed that the analysis of karyotypic variability
helps to form a more accurate idea of the differentiation of
wheat varietal sets according to this trait than when using
SNP markers that detect gene variability, especially with a
limited number of diagnostic characteristics.
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Mapping loci and genes controlling heading and maturity time
in common wheat under long-day conditions
and assessing their effects on yield-related traits
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Abstract. The duration of the vegetation period significantly impacts yield formation and is one of the important
characteristics of spring common wheat (Triticum aestivum L.) varieties. The primary developmental phases influenc-
ing the vegetation period include the time from seedling emergence to heading and from heading to maturity. To
identify genes and loci associated with these traits under long-day conditions typical of Western Siberia and to as-
sess their impact on yield components, we conducted QTL mapping followed by an evaluation of yield-related traits
in lines carrying different alleles of key heading time genes. For mapping, we used an F, population derived from a
cross between the varieties Obskaya 2 and Tulun 15, which contrast in their heading and maturity times. QTL analysis
identified a novel locus on the long arm of chromosome 7B associated with maturity time, as well as two loci on
chromosome 2D and the short arm of chromosome 7B associated with heading time. Gene analysis within these
loci revealed candidate genes for the “seedling-maturity” trait, with expression patterns corresponding to the known
maturity time regulator NAM-1. The localization of loci for the “seedling-to-heading” trait suggested their correspon-
dence to the well-known genes Ppd-D1 and Vrn-B3. Analysis of progeny carrying the Ppd-D1a and Vrn-B3a allele
combination demonstrated that Ppd-D17a had a stronger effect on heading time than Vrn-B3a, and their combined
presence resulted in the earliest heading — on average, five days earlier than in lines with the Ppd-D1b and vrn-B3
alleles. Evaluation of yield-related traits (number and weight of grains per main spike and per plant, and 1,000-grain
weight) indicated that Ppd-D1 was significantly associated with all traits, with the Ppd-D1a allele generally exerting a
negative effect on yield. In contrast, Vrn-B3 had a comparatively smaller effect on yield traits than Ppd-D1.
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KapTI/IpOBaHI/Ie JIOKYCOB I T'€HOB, OIIpeac/IdI0IINX BpeMSd
KOJIOIIEeHId 1 CO3pEeBaHUA HpOBOI7[ MSITKOM TTIIE€HUILIBI
B YCIOBUAX OJIMHHOI'O IHSA, I OII€HKA X BJIIMIAHUSA HaA VpO}KaVIHOCTb

A.A. Kuceaéna @, A . Cracwok (12, VILH. Aeonosa (%), E.A. CaanHa

DepiepanbHblii NCCNeROBATENbCKUI LeHTP MHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuitckol akagemmnmn Hayk, HoBocnbrpck, Poccns
@ antkiseleva@bionet.nsc.ru

AHHoTauusA. MpoaoMKNTENBHOCTb BEreTaLMOHHOMO Nepuoja oKasblBaeT 3HaUUTeIbHOe BAUsIHME Ha pOpMMpPOoBa-
HUe ypoxasn 1 ABNAETCA OQHOW M3 BaXKHbIX XapaKTePUCTMK COPTOB APOBOM MArKon niweHuubl (Triticum aestivum L.).
K oCHOBHbIM MeXda3HbIM neprofam, BANAIOWMM Ha NPOACIKUTENbHOCTb BereTaluum, OTHOCATCA BPeMA OT BCXO-
[l0B 10 KONOLUEHNA 1 OT KOMOLIEHWA A0 Co3peBaHuA. 1A BbIABIEHNA reHOB 1 JIOKYCOB, aCCOLMNPOBAHHbIX C 3TUMM
npvi3HakaMm B yCNIOBUAX AJIMHHOTO [IHA, XapakTepHoro Ana 3anagHon Cnbupw, 1 oLeHKN UX BANAHUA Ha CTPYKTYpPY
ypoxas Mbl nposenu KapTupoBaHue QTL ¢ nocnepyioLlen oLeHKON NPU3HAKOB YPOXKANHOCTA Y IMHWIA, HECYLLNX
pa3ninyHble annenn reHoB, onpefenArwmnx CKOPoCTb pa3BUTUA. B kauecTBe KamepyloLuelh nonynaunn mbl Uc-
nonb3oBanu pacteHns F,, NonyyeHHble OT CKpeLMBaHMA KOHTPACTHBIX MO CKOPOCTH pa3Butua coptos Obckas 2 1
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Mapping loci and genes controlling heading
and maturity time in wheat under long-day conditions

TynyH 15. QTL aHanu3 BbiABUA HOBbIV JIOKYC Ha AJIMHHOM Miieye XpOMOCOMbI 7B, accoLMmpoBaHHbI CO BpeMeHem
co3peBaHuA, 1 ABa JIOKyca Ha Xpomocome 2D 1 KopoTKOM rjieye XPOMOCOMbI 7B, acCoLMMPOBaHHbIX CO BpEMeHeM
KosnoweHunA. AHanM3 reHoB, BXOAALLMX B COCTaB JIOKYCOB, MO3BOJIWI BbIABUTb FreHbl-KaHAMAATbI A1A NPU3HaKa «BCXO-
[bl—-CO3peBaHMe», MaTTePHbl SKCMPECCUM KOTOPbIX COOTBETCTBOBASIM FrEHaM M3BECTHOFO PEryfAaTopa CKOPOCTH CO-
3peBaHuna NAM-1. Jlokanvsaumsa NoKycoB AnsA NpU3HaKa «BCXOLbl—KOJOLEHMe» NMO3BONIa NPeANONOXKNTb, YTO OHY
COOTBETCTBYIOT N3BECTHbIM reHam Ppd-D1 n Vrn-B3. AHanu3 noTomMcTBa IMHUI C couyeTaHuem annenei Ppd-Dia n
Vrn-B3a nokasan, uto Ppd-D1a oka3biBaeT 6onblwnii 3PeKkT Ha Bpema KonoweHus, yem Vrn-B3a, a couetaHme 3Tmx
LBYX annenein NpvBoauT K Hambonee paHHeMY KOJOLEHNIO, B CPeHEM Ha MATb JHEN paHbLUe NVHUIA C annenamm
Ppd-D1b v vrn-B3. OueHKa Npu3HaKoB CTPYKTYpbl ypoxasn (KONMYecTBO U Macca 3epeH C rlaBHOro Kosoca 1 ¢ pac-
TeHuA, macca 1000 3epeH) nokasana, uto reH Ppd-D1 accoumnmpoBaH co BCeMM NMPr3HaKaMun Ha BbICOKOM YPOBHE 3Ha-
YMMOCTW, NPV 3TOM B OONbLUMHCTBE cilyyaeB annenb Ppd-D1a HeraTMBHO BAUAN Ha YPOXanHOCTb. [eH Vrn-B3 Bnnan
Ha NPU3HAKM YPOXKANHOCTY B MEHbLLEN CTEMEHW NO CpaBHeHWio ¢ Ppd-D1.

KnioueBble cnoBa: MArkasa nieHnLa; Bpemsa KOJIOWEHWSA; BPeMA CO3peBaHuns; ypoxanHocTb; QTL KapTnpoBaHue;

Ppd-D1; Vrn-B3

Introduction

Wheat yield and its adaptability to diverse environmental
conditions are largely determined by the duration of key
developmental stages. The most critical stages in wheat de-
velopment are the transition from vegetative to reproductive
growth —namely, heading time —and maturity time. In variety
evaluations, the prediction of heading time is most often based
on the allelic composition of key regulatory genes, inclu-
ding Vrn-Al, Vrn-B1, Vrn-D1, Ppd-D1, and, less frequently,
Vrn-B3 (TaFT-1), as these genes exert the most substantial
influence on this trait (Zhang Y. et al., 2010; Kiss et al., 2014;
Chen S. etal., 2018; Mizuno et al., 2022; Palomino, Cabrera,
2023). The primary genes associated with maturity time are
those belonging to the NAM-1 family (Hagenblad et al., 2012;
Alhabbar et al., 2018Db).

Most Ppd-1 alleles conferring photoperiod insensitivity are
characterized by structural changes in the promoter region,
such as deletions or insertions, which affect various regulatory
sequences (Beales et al., 2007; Wilhelm et al., 2009; Nishida
etal., 2013). Besides, dominant alleles known for Ppd-B1 are
characterized by an increased number of copies (Diaz et al.,
2012). Among all Ppd-1 genes, the dominant Ppd-D1a allele
is currently the most widely utilized in global wheat breed-
ing programs (Seki et al., 2011). According to Z. Guo et al.,
the Ppd-D1a allele has been identified in 33 % of common
wheat cultivars in South America, 45.5 % of those cultivated
in Southern Europe, and 8 % of varieties in Northern and
Western Europe (Guo et al., 2010). The highest frequency
of this allele has been reported in Asia, where it is present in
57.4 % of wheat cultivars grown in China. Among Japanese
cultivars, 84 % carry this dominant allele (Seki et al., 2011).
In contrast, the Ppd-D1a allele remains relatively rare among
cultivars developed through Russian breeding programs,
despite its potential not only to accelerate heading but also
to positively influence other agronomic traits (Likhenko et
al., 2014; Lysenko et al., 2014). In most studies, the effect
of this allele has been examined under short-day conditions,
where it shortens the time to heading by 20 to 30 days. How-
ever, there is limited evidence suggesting that the Ppd-D1a
allele can also accelerate heading by 3 to 5 days even under
long-day conditions (Worland et al., 1998; Kiseleva et al.,
2014).

Another important gene is Vrn-B3, which serves as a cent-
ral regulator of heading time. The Vrn-B3a allele promotes
early flowering, with its expression enhanced by the insertion

of a 5,300 bp retroelement into the promoter region (Yan
et al., 2006). This allele is very rarely found in cultivated
wheat varieties (Zhang X K. et al., 2008; Igbal et al., 2011;
Chen F. et al., 2013; Lysenko et al., 2014). Additionally, four
other alleles of this gene — designated as b, ¢, d, and e — have
been identified, although they exhibit much weaker effects on
heading time (Chen F. et al., 2013; Berezhnaya et al., 2021).

The wild-type allele of the NAM-B1 gene is associated with
earlier maturity; however, it is rarely found in modern cultivars
due to its negative impact on yield (Lundstrom et al., 2017).
Alleles of its homoeolog, NAM-AL — specifically NAM-Ala
and NAM-A1lb — have also been identified and are similarly
associated with earlier maturity (Alhabbar et al., 2018a).

Environmental conditions significantly influence the de-
velopmental rate of common wheat. Climatic conditions vary
considerably across different regions where wheat is cultivated
in Russia. Despite the clear importance of investigating the
regulation of heading and maturity times under long-day
conditions — typical of most regions in Russia — the genetic
mechanisms underlying these traits under such photoperiods
remain poorly understood. For example, several studies have
demonstrated the influence of Vrn-1, Vrn-B3, and NAM-A1 on
maturity time (Zaitseva, Lemesh, 2015; Alhabbar et al., 2018a;
Whittal et al., 2018). However, in our previous research, no
association was found between the allelic state of these genes
and maturity time in spring wheat cultivars under the condi-
tions of Western Siberia. Instead, novel loci associated with
this trait were identified on chromosomes 2A, 3B, 4A, 5B,
7A, and 7B (Kiseleva et al., 2023).

Thus, the genetic control of wheat developmental rates is
highly dependent on growing conditions, with different genes
influencing the trait in distinct climatic zones. In Western
Siberia, there is a particular need for early-maturing, high-
yielding common wheat cultivars, as most varieties currently
registered for this region are mid-season types. Cultivating
spring wheat with a range of maturity times allows for a more
flexible harvest schedule, which is crucial for minimizing
yield losses due to over-ripening (Belan et al., 2021). This
highlights the need for further analysis of known loci and
identification of new loci and genes controlling the duration
of key growth stages, as well as breeding of wheat cultivars
and lines with heading and maturity times adapted to specific
environmental conditions.

The objective of our study was to identify loci and their
associated genes related to the duration of major develop-
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mental phases in spring common wheat and to assess their
effects on yield under the environmental conditions of Western
Siberia.

Materials and methods

Plant material. The mapping population was developed
from a cross between two spring common wheat cultivars,
Obskaya 2 and Tulun 15. Obskaya 2 belongs to the group
of mid-season cultivars and is characterized by high yield
potential and baking quality comparable to that of premium
wheat. Tulun 15 is an early-maturing cultivar with high grain
quality, although it has lower yield performance compared to
Obskaya 2. Hybridization of the parental cultivars, subsequent
self-pollination of the F, hybrids, and cultivation of the F,
generation were carried out under the greenhouse conditions
of the Federal Research Center Institute of Cytology and Ge-
netics, Siberian Branch of the Russian Academy of Sciences
(ICG SB RAS). The subsequent F3 and F4 generations were
also obtained through self-pollination and grown under field
conditions (Fig. S1)!.

Phenotypic analysis. The F; and F, generation plants de-
rived from the cross between Obskaya 2 and Tulun 15 were
sown in 2018 and 2019 at the experimental field of the Siberian
Research Institute of Plant Production and Breeding (Kras-
noobsk, Novosibirsk Region; 54.914070°N, 82.975379°E).

Heading was defined as the stage when half of the wheat
spike had emerged from the sheath, and heading time was
recorded as the duration (in days) from seedling emergence
to heading. Maturity was determined based on the hardening
of the grain and the yellowing and drying of the spikes and
stems. The grain filling period was calculated as the differ-
ence between maturity time and heading time. The soil at the
experimental field was leached chernozem. Field trials were
established on plots 0.5 meters wide, with 20 seeds sown per
row. Each sample was sown in two rows with a 20 cm row
spacing. Mature plants were harvested in bundles, dried, and
subsequently used for yield component analysis. The number
of grains per main spike, the grain weight per main spike, the
total number and weight of grains per plant, and the 1000-grain
weight were evaluated. Structural analysis was performed on
20 plants per sample.

Weather conditions in the Novosibirsk Region during the
growing seasons deviated from the long-term averages. In
May 2018, the mean monthly temperature was 7 °C, compared
to the long-term average of 12.5 °C, while rainfall reached
82 mm — 2.5 times higher than the norm. In June, July, and
August 2018, temperatures were close to long-term averages.
Rainfall in June and July did not differ significantly from the
norm; however, August was characterized by warm and dry
conditions, with only 35 mm of rainfall compared to the aver-
age of 53 mm. In 2019, the temperature regime throughout
the growing season was consistent with long-term averages.
Moisture availability in May 2019 was comparable to the
long-term norm. However, June and August experienced a
moisture deficit, with only 26 mm and 22 mm of precipitation,
respectively, compared to the averages of 59 mm and 53 mm.
In contrast, July 2019 was warm and humid, with 98 mm of
rainfall compared to the average of 69 mm.

1 Figures S1, S2 and Tables S1-S8 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx26.xIsx
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DNA extraction and PCR. Genomic DNA was extracted
from wheat leaf tissue using a modified protocol based on the
method published by J. Plaschke et al. (Plaschke et al., 1995).
Allele-specific primers previously reported in the literature were
used to identify the alleles of the Virn-1, Virn-B3, and Ppd-D1
genes (Yan etal., 2004, 2006; Fu etal., 2005; Beales et al., 2007;
Shcherban et al., 2012). PCR amplification was performed us-
ing a T100 Thermal Cycler (Bio-Rad, USA) and BioMaster
HS-Taq PCR-Color reagents (Biolabmix, Russia) following
the protocols described in the corresponding publications.

Genotyping, genetic map construction, and QTL map-
ping. High-throughput SNP genotyping was performed on
DNA from the F, mapping population of common wheat
(84 lines) derived from the cross between Obskaya 2 and
Tulun 15, using the Illumina Infinium 20K Wheat chip
(TraitGenetics GmbH, Germany). A total of 17,267 markers
were analyzed.

Genetic map construction was performed using the Mul-
tiPoint UltraDense software (Mester et al., 2003). Markers
with more than 25 errors or with a segregation distortion (%)
greater than 42 were removed. The minimum size for a group
of co-segregating markers (linked markers mapped to the same
position) was set at 2. Clustering was carried out with a re-
combination fraction threshold of 1.5. Marker ordering within
clusters was conducted using the GES (guided evolutionary
strategy) algorithm with jackknife resampling. To generate
stable maps, monotony control was applied, involving the
removal of outlier markers followed by sequential elimination
of destabilizing markers.

Using the constructed genetic maps and phenotypic data,
QTL mapping was conducted to identify loci controlling head-
ing time, maturity time, and grain filling period in the popula-
tion derived from the cross between Obskaya 2 and Tulun 15.
QTL mapping was performed using the MultiQTL software
based on the CIM (composite interval mapping) algorithm.

Gene prioritization from identified loci. For the functional
characterization of candidate genes, sequences were anno-
tated using the IWGSC RefSeq v1.0 reference genome. Gene
expression patterns were assessed based on transcriptome
sequencing data from the common wheat cultivar Azhurnaya,
obtained from various plant tissues during development from
germination to full maturity (Ramirez-Gonzalez et al., 2018).
As reference transcripts, sequences for NAM-A1 (TraesC-
S6A02G108300.1/.2) and NAM-D1 (TraesCS6D02G096300.1)
were used, since NAM-B1 in the Chinese Spring (CS) cultivar
is represented by a non-functional allele and does not have an
annotated ID in the RefSeq genome annotation.

Statistical analysis. Descriptive statistics, ANOVA, Tukey
test, and Pearson correlation coefficients (r) were calculated
using R software. All plots were generated with the R package
ggplot2 (Wickham, 2016).

Results

Evaluation of developmental phase duration

in the mapping population

Heading time in the population ranged from 34 to 41 days.
Descriptive statistics for the three traits are presented in
Table S1. The distribution of heading time was approximately
normal (Fig. 1), while the distributions of maturity time and
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Fig. 1. Pearson correlation coefficients between traits related to developmental rate.

HT - heading time; MAT — maturity time; GFP — grain filling period. Significant differences are indicated by asterisks: * p < 0.05;

***p <0.001.

grain filling period were skewed toward lower values. A very
strong correlation was observed between maturity time and
grain filling period, with an r? of 0.96.

Genetic maps and QTL mapping

For the construction of genetic maps for the Obskaya 2 x Tulun
15 population, 3,323 polymorphic markers were selected. Of
these, 2,629 markers were mapped, including 534 skeleton
markers. A total of 25 linkage groups were developed, with
chromosomes 3B, 3D, and 5D represented by multiple groups.
Summary data are presented in Table S2, and graphical rep-
resentations of the maps are shown in Figure S2.

Using the CIM model, significant loci associated with the
duration of developmental phases in common wheat were
mapped to chromosomes 2D and 7B (Fig. 2). The locus on
chromosome 2D was associated exclusively with heading time
and accounted for 37 % of the phenotypic variation (PEV)
for this trait. A locus on the short arm of chromosome 7B was
also associated with heading time, explaining 20 % of the
variation. Additionally, two loci on the long arm of chromo-
some 7B were associated with maturity time and grain filling
period; these loci overlapped. The PEV values were 11.5 %
for maturity time and 18 % for grain filling period.

The locus on chromosome 2D associated with heading time
was located in the interval between markers BS00022276 51
(position 29454345 on RefSeq v1.0) and wsnp CAP12
c1503 764765 (position 35683599 on RefSeq v1.0). Thus, the
most likely candidate gene for this QTL is Ppd-D1 (position

33952048-33956269), the physical location of which on the
reference map precisely corresponds to the interval between
the identified markers.

The locus on chromosome 7B associated with heading
time was located in the interval between markers Tdu-
rum_contig5352 556 (position 5061935 on RefSeq v1.0) and
AX-95248379 (position 12717101 on RefSeq v1.0). Thus, the
most likely candidate gene for this QTL is Vrn-B3 (position
9702354-9704354), the physical location of which on the refe-
rence map falls within the interval defined by these markers.

For the loci associated with maturity time and grain filling
period on the long arm of chromosome 7B, no known genes
were identified. A search of the WheatQTLdb database also
did not reveal any loci with similar positions.

Candidate genes within the maturity time

and grain filling period locus

The QMat.icg-7BL locus was localized to the interval between
712618516 and 721195460 bp on RefSeq v1.0 and contains
141 genes (Table S3). Analysis of gene expression patterns
in various tissues during plant development identified several
candidate genes (Table S4).

A total of eight genes were identified that are predominantly
expressed in the flag leaf, the fifth leaf after heading, or in
the grain: TraesCS7B02G455300, TraesCS7B02G459500,
TraesCS7B02G459600, TraesCS7B02G460500,
TraesCS7B02G460300, TraesCS7B02G454000,
TraesCS7B02G461300, and TraesCS7B02G461400.
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Fig. 2. Genetic maps of chromosomes 2D and 7B (showing only skeleton markers) with loci associated with heading time (green), maturity time

(maroon), and grain filling period (red) indicated.

Selection of plants with different alleles
of Ppd-D1 and Vrn-B3
The Ppd-D1 and Vrn-B3 genes were identified through QTL
analysis as the primary candidates controlling heading time
in the studied population. Therefore, PCR was conducted to
determine their allelic composition. Genotyping revealed that
the early-maturing cultivar Tulun 15 carries the Ppd-D21a and
Vrn-B3a alleles, whereas Obskaya 2 carries the Ppd-D1b and
vrn-B3 alleles. Both cultivars shared the same allelic compo-
sition for the Vrn-1 genes: Vrn-Ala, Vrn-Blc, and vrn-D1.
Subsequently, the F, population plants were genotyped.
As a result, 34 plants in which Ppd-D1 and Vrn-B3 were
in a homozygous state were selected. Based on their allelic
composition, the selected plants were divided into four groups
(Fig. S1). The F5 and F4 progeny of these plants were sown
in the field to determine the heading times for each group.

Evaluation of heading time in the F; and F, populations

Evaluation of the period from seedling emergence to heading
in 2018 showed that plants from Group 1, carrying the domi-
nant alleles Ppd-D1a and Vrn-B3a, headed the earliest — on
average at 34.5 days (Fig. 3). Plants carrying the Ppd-D1a al-
lele and the recessive vrn-B3 allele (Group 2) headed 2.8 days
later than Group 1, at 37.3 days. Plants from Group 3 (Ppd-
D1b and Vrn-B3a) headed 38 days after emergence. The
latest heading was observed in Group 4 plants (40.3 days),

in which both genes were in the recessive state. Although the
parental cultivar Obskaya 2 had the same allelic composition
as Group 4, it headed even later, at 42.9 days. The Tulun 15
cultivar, despite carrying the same allelic combination as
Group 1 (Ppd-Dla and Vrn-B3a), headed 3 days later than
the Group 1 plants.

Evaluation of the duration from seedling emergence to hea-
ding in 2019 showed that the shortest period (37.1 days) was
observed in the parental cultivar Tulun 15 (Fig. 3). Plants from
Group 1, which had the same allelic composition for the Vrn
and Ppd genes, headed 39 days after emergence, which was
5.8 days earlier than the plants from Group 4 (homozygous
for the recessive vrn-B3 and Ppd-D1b alleles). In Group 2,
carrying the dominant Ppd-D1a allele and the recessive
vrn-B3 allele, the heading period was 2.5 days longer than in
Group 1, totaling 41.5 days. Even later heading (42.8 days)
was recorded in Group 3, where plants carried the reces-
sive Ppd-D1b allele and the dominant Vrn-B3a allele.
Among the hybrid population, plants in Group 4, with the
recessive Ppd-D1b and vrn-B3 alleles, headed the latest —
44.8 days after emergence. The parental cultivar Obskaya 2
exhibited the longest period from emergence to heading —
46.8 days.

ANOVA confirmed that the alleles of Ppd-D1 and Vrn-B3
significantly influenced heading time in both years of the study
(Table S5). The presence of the Ppd-D1a allele accelerated
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Fig. 3. Comparison of the duration from seedling to heading in F5 and F, plants derived from the cross between Obskaya 2 and Tulun 15.

*** Significant differences between hybrids and parental cultivars at p < 0.001.

heading by 3.5 days in 2018 and by 4.4 days in 2019. The
Vrn-B3a allele accelerated heading by 2.3 days in 2018 and
by 2.5 days in 2019. Moreover, the combination of these two
alleles resulted in heading 5.5 days earlier in 2018 and 6.5 days
earlier in 2019 compared to the combination of the recessive
alleles of these genes.

Effect of the Ppd-D1 and Vrn-B3 alleles

on yield components

In both years, several yield parameters were evaluated, inclu-
ding the number of grains per main spike, grain weight per
main spike, total number and weight of grains per plant, and
1000-grain weight (Table S6). According to ANOVA results,
group classification based on the combination of Ppd-D1
and Vrn-B3 alleles had a significant effect on all traits, while
the year of cultivation significantly affected all traits except
for the number of grains per plant and grain weight per plant
(Table S7).

The number of grains per main spike in the Obskaya 2
cultivar was the highest in 2018 — averaging 39.25 grains —
and was significantly greater (p < 0.001) than in all four
studied groups. The lowest number of grains per spike was
observed in plants from Group 1 (25.65 grains), which dif-
fered significantly from Group 3 (29.08 grains) and Group 4
(28.56 grains). In Group 2 and in the Tulun 15 cultivar, the
number of grains per spike was 26.83 and 31.60, respectively;
however, no significant differences were detected between
these and other groups. In 2019, significant differences were
observed only between Group 1 (38.68 grains) and Group 3
(43.67 grains).

The grain weight per main spike in the Obskaya 2 cultivar
was significantly higher than in all other plants in the experi-
ment in both years: 1.99 gin 2018 and 2.21 g in 2019. Plants
of the Tulun 15 cultivar had the lowest grain weight per spike
in both 2018 (0.94 g) and 2019 (1.38 g). However, in 2018,
there were no significant differences between Tulun 15 and
the four groups, whereas in 2019, significant differences were

774

observed between Tulun 15 and Group 3 (1.76 g). Comparing
the groups, in 2018, Groups 1 (1.04 g) and 2 (1.02 g) had sig-
nificantly lower grain weight per spike compared to Groups 3
(1.25 g)and 4 (1.20 g). In 2019, the grain weight per spike in
Groups 1 (1.51 g) and 2 (1.40 g) was also significantly lower
than in Group 3 (1.76 g).

The number of grains per plant in 2018 was the lowest in
Group 1 (45.54 grains) and differed significantly compared
to Group 2 (63.18 grains), Group 3 (66.52 grains), Group 4
(59.91 grains), and the Obskaya 2 cultivar (72.30 grains).
No significant differences were observed between Group 1
and the Tulun 15 cultivar (54.60 grains). In 2019, there were
no significant differences among all the studied plants for
this trait.

The grain weight per plant in 2018 was highest in Obskaya 2
(3.56 g) and differed significantly from all other groups.
Significant differences were also observed between Group 1
plants (1.78 g) and those in Group 3 (2.71 g) and Group 4
(2.44 g). In 2019, the Obskaya 2 cultivar again showed a sig-
nificantly higher grain weight per plant (3.53 g) compared to
all other plants in the experiment. The grain weight per plant
in Groups 1,2, 3,4, and in Tulun 15 was 2.03,2.13,2.39,2.28,
and 2.34 g, respectively; however, no significant differences
among these groups were detected in 2019.

The highest 1000-grain weight was observed in the Ob-
skaya 2 cultivar in both years — 48.95 g in 2018 and 45.94 g
in 2019 — and was significantly greater than in all other plants
in the experiment. The lowest 1000-grain weight was recorded
in the Tulun 15 cultivar: 29.58 g in 2018 and 34.15 gin 2019.
In 2018, significant differences were observed between Tu-
lun 15 and plants from Groups 1 (38.86 g), 2 (36.51 g), and 4
(38.62 g), while in 2019, significant differences were found
between Tulun 15 and Group 3 (39.28 g). In 2018, no signifi-
cant differences were found between Group 1 (38.86 g) and
Groups 2 (36.51 g), 3 (40.96 g), and 4 (38.62 g), or between
Groups 3 and 4. In 2019, no significant differences were
detected between Group 1 (37.70 g) and Groups 3 (39.28 g)
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and 4 (37.15 g). However, the 1000-grain weight of the
Group 2 plants (32.93 g) was significantly lower than that of
Groups 1, 3, and 4.

All these observations were supported by factorial analysis,
where the allele combinations of Ppd-D1 and Vrn-B3 were
used as factors (Table S7). ANOVA revealed that the allelic
state of Ppd-D1 was significantly associated with most of the
evaluated traits in both years of the study, with a high level
of significance (except for the number of grains per plant in
2019). In contrast, the allelic state of Vrn-B3 demonstrated a
lower level of significance for all traits compared to Ppd-D1.
In 2019, Vrn-B3 showed a significant association only with
the 1000-grain weight. Overall, it can be concluded that the
lines from Groups 3 and 4 possess a higher yield potential
compared to other groups, although still lower than that of
the original cultivar Obskaya 2.

Discussion

A new locus associated with maturity time

The correlation between maturity time and grain filling period
was very high (0.96), indicating that in this population and
under long-day conditions, grain filling period contributes
the most to overall maturity time rather than heading time,
despite the range for heading time being about seven days —a
considerable variation. Previous studies have also reported
that maturity time does not always depend on heading time
and grain filling period and may be influenced by independent
mechanisms (May, Van Sanford, 1992; Kajimura et al., 2011).
However, genes specifically associated with maturity time in
common wheat, apart from the NAM-1 gene family, are largely
unknown (Hagenblad et al., 2012).

In this study, we identified the QMat.icg-7BL locus on the
long arm of chromosome 7B, associated with maturity time,
localized within the interval 712618516-721195460 bp (Ref-
Seq v1.0). Although a considerable number of studies have fo-
cused on identifying markers and loci associated with maturity
time, describing loci on most wheat chromosomes except 3A
and 6A, they have resulted in only a few associations for this
trait being reported for chromosome 7B (Kulwal et al., 2003;
McCartney et al., 2005; Huang et al., 2006; Kamran et al.,
2013; Yuetal.,, 2015; Perez-Lara et al., 2016; Zou et al., 2017).
We hypothesized that this locus might coincide with a previ-
ously described maturity time locus identified through GWAS
in a population of domestic spring wheat cultivars (Kiseleva
et al., 2023). However, the QTL mapped in the present study
was located closer to the telomere and did not overlap with the
previously identified locus. Similarly, comparison with another
previously reported locus on chromosome 7B associated with
maturity time (Kulwal et al., 2003) also revealed no overlap.
Thus, we can conclude that we have identified a novel locus
associated with maturity time.

Within the boundaries of this locus, 141 genes were
identified. Based on the analysis of expression patterns in
various tissues during plant development, several candidate
genes associated with maturity time were identified. The
TraesCS7B02G455300 gene exhibited an expression pattern
most similar to that of NAM-ALl and NAM-D1, with a peak
in the flag leaf at the full maturity stage. This gene encodes
12-oxophytodienoate reductase 1, a key enzyme involved
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in jasmonic acid biosynthesis. Previously, it was described
as one of the candidate genes involved in the regulation of
stem density (Taria et al., 2025). The TraesCS7B02G459500,
TraesCS7B02G459600, TraesCS7B02G460500, and
TraesCS7B02G460300 genes also exhibited expression in the
flag leaf after the heading stage and showed similar expres-
sion patterns in the fifth leaf. TraesCS7B02G454000 showed
increased expression during maturation in the fifth leaf and
had detectable expression in the first leaf only at the tillering
stage. TraesCS7B02G461300 and TraesCS7B02G461400 are
annotated as Pseudo-Response Regulators, belonging to the
same gene family as Ppd-1, one of the main genes regulating
heading time. These genes exhibited relatively low expression
levels but were specific to the grain at the milk and dough
stages of development.

The Ppd-D1a and Vrn-B3a alleles significantly

influence heading time under long-day conditions

With the same allelic combination of Vrn-Ala, Vrn-Blc, and
vrn-D1, the presence of the dominant Ppd-Dla and Vrn-
B3a alleles results in the earliest heading under long-day
conditions. When the dominant Ppd-D1a allele is combined
with the recessive vrn-B3 allele, heading time is delayed by
2.5-3 days. In plants carrying the recessive Ppd-D1b allele
and the dominant Vrn-B3a allele, the emergence-to-heading
period is further extended by an additional 1-1.3 days.

The obtained results indicate that the Ppd-D1a allele exerts
a stronger influence on the rate of transition to the generative
phase of wheat development than the Vrn-B3a allele. This
finding is consistent with the QTL analysis results, which
showed that the locus on chromosome 2D explains a larger
percentage of the variation in this trait.

Plants in which both genes are in the recessive form
(Group 4) transition to heading significantly later than plants
from the other groups. The Obskaya 2 cultivar, which also
carries the recessive Ppd-D1b and vrn-B3 alleles, heads
even later — by an additional 2 to 2.5 days. Although the
QTL analysis did not reveal other significant loci associated
with heading time, this could be due to the presence of minor
loci that were not detected with sufficient significance in the
analysis, and that may have been inherited by Group 4 plants
from the early-maturing cultivar Tulun 15. In addition to
the genes studied here, other known genes such as TaELF3,
PhyC, PhyB, WPCL, and numerous QTLs distributed across
all chromosomes have been shown to influence the transition
rate to the generative phase (Chen A. et al., 2014; Milec et
al., 2014; Mizuno et al., 2016; Pearce et al., 2016; Wang et
al., 2016; Zikhali et al., 2016).

When comparing heading time assessments across the two
years (Fig. 3), it can be observed that in the second year of the
study, heading occurred 4 to 5 days later in all hybrid groups
and in the Obskaya 2 cultivar. The exception was the Tu-
lun 15 cultivar, in which the duration period from emergence
to heading remained unchanged at 37 days. This increase in
heading time is likely due to differences in weather conditions
between 2018 and 2019. According to data from gismeteo.ru,
the average air temperature in June 2018 was 21.3 °C, whereas
in June 2019 it was 18.5 °C — 2.8 °C lower. The stability of
heading time in the Tulun 15 cultivar may indicate its high
level of environmental plasticity.
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We observed that the effects of combining the Ppd-Dla
and Vrn-B3a alleles are additive (Table S5). According to
the established model of floral meristem initiation leading
to heading (Li C. et al., 2024), Ppd-D1 acts as a primary
inducer of the Vrn-B3 gene. It is possible that Ppd-D1a does
not directly influence Vrn-B3a because Vrn-B3a expression
is already enhanced due to promoter region modifications
(insertion events). Thus, it can be hypothesized that in the
presence of the Vrn-B3a allele, Ppd-D1a affects heading time
through the Vrn-3 homeologs located on chromosomes 7A
and 7D. Although few studies have specifically investigated
the involvement of these genes in heading time regulation,
(Bonnin et al., 2008) demonstrated that nucleotide polymor-
phisms in Vrn-A3 and Vrn-D3 were associated with variations
in heading time.

Effect of early heading alleles

on other agronomically important traits

The effects of Ppd-1 genes on various agriculturally significant
traits have been demonstrated in several previous studies. For
example, (Boden et al., 2015) showed that these genes play
a crucial role in inflorescence architecture and the develop-
ment of paired spikelets in wheat. A more complex influence
of Ppd-1 on spike traits, including spike length, number of
spikelets, and anther length, has also been reported (Okada
et al., 2019), as well as effects on tiller number and spikelet
number (Li W.L. et al., 2002). Several studies have further
noted the influence of Ppd-1 on the number of grains per main
spike and 1000-grain weight (Wu et al., 2021). Our results
showed that the Ppd-D1a allele had a significant negative
effect on traits such as the number and weight of grains per
spike and per plant, as well as on 1000-grain weight.

There is limited information available on the effects of
VIrn-3 genes on these traits. According to our data, the effect
of the Vrn-B3a allele on the traits studied was less pronounced
compared to Ppd-D1a, and its expression was more strongly
influenced by growing conditions.

In most cases, when the differences were significant
(p-value < 0.001), the dominant alleles of the studied genes
were associated with lower trait values (fewer and lighter
grains). Moreover, the trait values for the parental cultivar
Tulun 15 were even lower, suggesting the involvement of
additional genetic mechanisms regulating these traits inde-
pendently of the duration of the vegetative phase.

Selection of lines from different maturity groups

with high productivity traits

Among the F, generation plants, a search was conducted for
highly productive lines across all four groups differing in head-
ing time. Selection was based on traits such as grain weight per
plant, which reflects yield potential, and 1000-grain weight,
which reflects grain size. Additionally, visual assessment of the
plants in the field was taken into account. It is well established
that wheat yield has a strong correlation with the length of
the vegetative period. In our experiment, variation was ob-
served within each group for both grain weight per plant and
1000-grain weight. Although Group 1, characterized by the
earliest heading, generally exhibited lower productivity traits,
some early-heading lines from this group demonstrated grain
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weight per plant and 1000-grain weight values comparable
to those of Group 4, which had the latest heading time, and
substantially exceeded the early-maturing parental cultivar
Tulun 15. Lines with good trait values were also identified
in Group 3. In Group 2, several lines showed competitive
grain weight per plant; however, the 1000-grain weight was
the lowest among all groups. Based on this analysis, 19 lines
from all four groups were selected as promising candidates
for further breeding efforts (Table S8).

Conclusion

The results obtained allow us to conclude that the Ppd-D1a
and Vrn-B3a alleles have a significant impact on the heading
time of spring common wheat under long-day conditions.
Ppd-D1a accelerates heading more strongly but also exerts a
more pronounced negative effect on traits related to producti-
vity. It is hypothesized that in the presence of the Vrn-B3a
allele, Ppd-Dla may influence heading time through its
homeologs Vrn-A3 and Vrn-D3. The practical significance of
this study lies in the development of new promising breeding
lines of spring wheat with heading times optimized for many
regions of Russia and other parts of the world characterized
by long photoperiods.
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Abstract. One of the sources of resistance to leaf and stem rust pathogens for bread wheat is the Australian spring
triticale cultivar Satu, which carries highly effective linked SrSatu/LrSatu genes localized on chromosome 3R. However,
they are little used in the practical breeding of Triticum aestivum L. The main reason for that is a low level of knowledge
regarding the 3R(3D) chromosomal substitution. This paper presents the results of a comparative study of the agro-
nomic value of near-isogenic spring bread wheat siblings, L16 and L17 = Satu/Saratovskaya 70//Saratovskaya 74/3/
Saratovskaya 74, differing by presence (L16 (3R(3D))) or absence (L17 (3D3D)) of chromosome 3R from Satu in 2023-
2024.The 3R(3D) chromosomal substitution in L16 was detected by cytogenetic analysis combining GISH with labeled
Secale cereale genomic DNA and FISH with probes pSc119.2, pAs1. Line L16 is highly resistant to Puccinia triticina and
P. graminis, including the Ug99 race. PCR analysis with DNA markers of Sr genes revealed the non-identity of the resis-
tance gene in L16 to Sr genes: Sr2, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 and Sr57. L16 was inferior to both
L17 and the standard cultivar Saratovskaya 76 in terms of 1,000-grain weight. An analysis of productivity elements of
the main ear revealed that the 3R(3D) substitution in L16 significantly reduced the length of the ear, increased the den-
sity of the ear and did not significantly affect the number of spikelets and the number of grains per ear and the grain
weight per ear. The grain protein content in L16 did not significantly differ from its L17 siblings or Saratovskaya 76.
Similarly, there were no significant differences in gluten content. However, gluten in L16 was weaker in comparison
with line L17 and Saratovskaya 76. According to the complex trait of SDS sedimentation, L16 was inferior to L17, but
did not significantly differ from the standard cultivar. According to the alveograph, L16 had significantly lower dough
elasticity and flour strength, but in comparison with the standard cultivar, the decrease in flour strength was not sig-
nificant. L16 showed a higher bread volume than Saratovskaya 76, but did not significantly differ from its L17 sibling.
There was no difference in porosity for all three samples. In general, in terms of the complex of agronomically valuable
traits, the spring bread wheat line L16 (3R(3D)) requires further work to improve its breeding value.

Key words: triticale Satu; near isogenic lines of bread wheat; 3R(3D) substitution; resistance to leaf and stem rust; influ-
ence for productivity and grain quality
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Prebreeding studies of near isogenic spring bread wheat lines,
differing by 3R(3D) substitution from Satu

reHbl SrSatu/LrSatu, nokanv3oBaHHble B xpomocome 3R. OfHaKo OHM Marno MCnosb3ylTcA B MPaKTUYeCKOW ceneKkLmm
Triticum aestivum L. n3-3a He[OCTaTOYHOM U3YUYEHHOCTU BANAHUA 3TUX reHOB Ha NPOAYKTUBHOCTb 1 KayecTBO 3ep-
Ha. B HacTosweln paboTe npeacTaBneHbl pesynbTaTbl CPAaBHUTENBHOMO UCCefOBaHNA arPOHOMNYECKOW LLEHHOCT
NMOYTU N30TEHHbIX TMHUN-CNOCOB APOBO MAFKON MweHuLbl J116 1 J117, nonyyeHHbIX C yyacTmem copTa Satu u pas-
nuyatowmxca Hanuuvem (J116) nnn otcytctemnem (J117 (3D3D)) 3ameweHuns 3R/3D. XpomocomHoe 3amelteHne 3R(3D)
y J116 BbIfAIBNEHO NpU LMUTOreHeTMYeCKoM aHanmse, coyetatowem GISH ¢ meueHown reHomHon [IHK Secale cereale n
FISH c 3oHgamu pSc119.2, pAs1. JlnHna J116 BbicoKoycTonumBa K Puccinia triticina v P. graminis, BKno4asa NUHeENKy
pacbl Ug99. MLUP-ananun3om ¢ HK-mapkepamun reHoB Sr ycTaHOBNEHa HEMAEHTMYHOCTb reHa ycTonymsoctn y J116
reHam Sr: Sr2, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 n Sr57. YpoxalHOCTb 3epHa y J116 B 06a roga nccnego-
BaHWi Obina Huxe, uem y J117 n copta-ctaHgapta CapaTtoBckas 76. o macce 1000 3epeH J116 ycTynuna Kak J117, Tak
n CapatoBckon 76. AHann3 31emMeHTOB NPOAYKTUBHOCTU MMTaBHOTO Kosloca nokasas, uto 3amelyeHune 3R(3D) y J116
3HAYMMO YMEHbLUWNIO ANIMHY KONOCa, MOBbICKB €ro NAOTHOCTb, Y MPAaKTUYECKM He MOBANANO Ha KONNYECTBO KOMO-
CKOB U 3€PEH B KOJTOCE 1 MAcCy 3epHa ¢ Konoca. o cogepkaHuio 6enka B 3epHe nHWsA J116 3HaUMMO He oTmyanachb
HU OT cBoero cnbca J117, Hu oT copTa CapaTtoBckas 76. Cxoxrm 06pa3om He 06HapYXUAKCb 3HAUVIMblE Pa3nyna no
cofepaHuio KnerkosuHbl. OfHaKo KnenkoBmHa y J116 6bina 6onee cnaboii no cpaBHeHMIO Kak ¢ J117, Tak 1 C COPTOM
CapatoBckaa 76. o komnnekcHomMy nokasatento SDS-cegumeHTaumn J116 yctynuna J117, HO He3HauMmo pasnmya-
nacb c coptom-ctaHaapTom. Mo nokasaTtenam anbBeorpada y J116 6onee HU3KMe ynpyroctb Tecta U cuna MyKu, HO
Mo CPaBHEHWIO C COPTOM-CTAHAAPTOM MOHMKEHME CUITbl MYKI He3Hauumoe. Mo o6bemy xneba J116 ¢ 3D(3R) umena
6osbLuee 3HaueHNe, yem CapaToBcKas 76, HO He3HauYVMO OT/IMYanachk oT ceoero cmbca J117 ¢ 3D3D. Mo nopucrtocTn
BCe Tpu obpasLa He OTAMYannCb APYr OT Apyra. B Lenom no KoMnnekcy Xo3anNCTBEHHO LieHHbIX MPU3HAKOB IMHUSA
ApoBOI MArkol nwexnubl J116 (3R(3D)) TpebyeT fAanbHewLwen paboTbl MO YNyYLLEHNIO ee ceNeKLMOHHOW LIeHHOCTH.
KnioueBblie cnosa: TpuTMKane Satu; MOYTY N30reHHble NMMHW MATKOW NiweHnubl; 3amelleHve 3R(3D); yctonumnsoctb

K NINCTOBOW 1 CTebneBom pXaByHaM; BNMAHWE Ha NMPOAYKTUBHOCTb 1 Ka4e€CTBO 3€pPHa

Introduction

Bread wheat (Triticum aestivum L.) is one of the main food
crops. Of the total world grain production, wheat accounts for
over 27 %. Bread wheat has the largest areas of crops and is
the main food product for a third of the world’s population.
A significant erosion of the gene pool of this crop for genes
of resistance to disease and pests occurred due to intensive
breeding to increase productivity that took place in the 20th
century (Dymchenko et al., 1990).

Pathogens have greater genetic variability in their biological
characteristics, and two or three epiphytoties and a crop area
of 50—-100 thousand hectares are sufficient to overcome the
resistance gene of the host plant. At present, the main diseases
in the bread wheat growing zones continue to be stem, leaf
and stripe rust, powdery mildew, leaf and ear septoria, and
various types of viral infection. The susceptibility of bread
wheat cultivars to diseases leads to huge losses in grain yield
and a decrease in bread-making quality traits (Sibikeev,
Krupnov, 2007).

Wild relatives of bread wheat have many genes of agro-
nomic interest and can be valuable sources of resistance to
diseases, insects, and extreme environmental factors (Sibikeev
et al., 2019). To protect bread wheat from pathogens and,
first of all, from rust diseases, the resistance genes localized
in alien chromosomes and translocations are widely used.
Thus, out of 82 identified Lr genes, 39 were transferred from
“wild” relatives, and out of 63 Sr genes, 26 were introgressed
(Mclntosh etal., 2013, 2018, 2022). The following genes were
transferred and identified from Secale cereale L.: Sr27, Sr31,
Sr50, Sr1RSAMige (Mclntosh et al., 2013), and from triticale:
SrSatu, SrBj, SrNin, SrLal, SrLa2 and SrVen (MclIntosh et al.,
1995; Adhikari, 1996).

One of the donors of leaf and stem rust pathogens resistance
for bread wheat is the Australian spring triticale cultivar Satu,

which carries highly effective linked genes SrSatu/LrSatu,
localized in chromosome 3R. Moreover, SrSatu is presum-
ably allelic to the Sr27 gene, which is found in many triticale
varieties (MclIntosh et al., 1995). The SrSatu gene is highly
effective against the races of Puccinia graminis f. sp. tritici
Erikss. & Henning from the USA, Kenya and South Africa,
including the lineage of the Ug99 race, namely TTKSK,
TTKST, TTTSK, TRTTF, TTTTF, RKQQC, QTHJC, TPMKS,
TKTTF, MCCFC (Rahmatov et al., 2016). In the Russian
Federation, the SrSatu gene is effective against the P. graminis
populations of the Middle and Lower Volga regions and the
Northwestern region (Baranova et al., 2023, 2024). However,
SrSatu is extremely rarely used in bread wheat breeding. The
main reason for this is insufficient knowledge of the effect
the 3R chromosome with the SrSatu/LrSatu genes has on
cytological stability, the main traits of grain productivity, and
bread-making quality traits.

For use of alien substitutions and translocations in wheat
breeding, prebreeding studies are necessary to determine their
cytological stability in the genome, the effect on the adaptive
properties of plants, as well as on elements of productivity,
grain yield and the quality of the final product (Sibikeev,
Druzhin, 2015).

The purpose of our research was to determine, based on
the results of studying the near-isogenic siblings of spring
bread wheat L16 (3R(3D)) and L17 (3D3D), their cytological
stability and potential for practical breeding both in terms of
effectiveness against rust diseases and in terms of their impact
on grain productivity and bread-making quality traits.

Materials and methods

The material used included near-isogenic siblings of spring
bread wheat L16 and L17, which were obtained by crossing the
Australian cultivar of spring hexaploid triticale Satu, resistant
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to leaf and stem rust pathogens, and the cultivars of spring
bread wheat Saratovskaya 70 and Saratovskaya 74, susceptible
to the indicated types of rust. Pedigree: Satu/Saratovskaya 70
//Saratovskaya 74/3/Saratovskaya 74. Sibling lines L16 and
L17 were obtained by the method of forced heterozygotes.
They were maintained in the heterozygous state until the
seventh generation; then the homozygosity of the sib plants
was confirmed over three generations. Both lines belong to
the albidum subspecies and differ from each other for their
resistance to leaf and stem rust pathogens (L16 is resistant
and L17 is susceptible to rust). Thus, the marker trait of the
SrSatu/LrSatu genes from triticale in L16 was resistance to leaf
and stem rust pathogens. To characterize the grain productiv-
ity and the bread-making quality traits, the L16 and L17 lines
were compared with each other, as well as with the spring
bread wheat cultivar Saratovskaya 76 — this standard was ad-
opted by the State Commission of the Russian Federation for
Breeding Achievements Test and Protection in the Saratov
region.

Cytogenetic studies. Karyotype analysis of the lines was
performed using fluorescent in situ hybridization (FISH)
probes based on repeating sequences of pSc119.2 (Bedbrook
et al., 1980) and pAsl (Rayburn, Gill, 1987) on mitotic
metaphase chromosomes. Mitotic chromosome preparations
were prepared from the root meristem of seedlings according
to the method (Badaeva et al., 2017). FISH was performed
using the method described in (Salina et al., 2006) with minor
modifications. Genomic in situ hybridization (GISH) was
performed using labeled S. cereale genomic DNA as a probe
in combination with a 10-30-fold excess of unlabeled frag-
mented T. aestivum DNA according to a previously published
work (Schubert et al., 1998). The preparations were analyzed
using an Axio Imager M1 microscope (Zeiss, Germany)
equipped with a ProgRes MF CCD digital camera (Jenoptik,
Germany) using the Isis image analysis program (Meta Sys-
tems, Germany). The work was carried out at the Center for
Collective Use for Microscopic Analysis of Biological Objects
of the Siberian Branch of the Russian Academy of Sciences
(Novosibirsk, Russia).

Cytological stability was evaluated by studying the behavior
of chromosomes in microsporogenesis in meiosis. Microspo-
rogenesis was studied on temporary squashed preparations.
The ears of the L16 and L17 lines were cut before leaving
the leaf sheath and fixed in a mixture of 96 % ethanol and
glacial acetic acid (3:1). A day after fixation, the material was
transferred to 70 % ethyl alcohol, where it was stored until
analysis at +2—4 °C. Schiff reagent was used for staining. For
each line, 100-200 microsporocytes of meiotic stages (meta-
phase I and 11, anaphase | and I, telophase | and I1, tetrads)
were analyzed. Slides were analyzed on an Axio Scope A 1
microscope (Carl Zeiss) with N-ACHROPLAN 40x/0.65 and
N-ACHROPLAN 100x%/1.25 0;1 objectives.

Phytopathological studies. Since L17 was selected as
a sibling of L16 susceptible to P. triticina and P. graminis,
only L16 was used in phytopathological studies. To evalu-
ate the resistance of the L16 line to the stem rust pathogen
in laboratory conditions of the All-Russian Institute of Plant
Protection, populations collected in 2022 in the Arsk district
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of the Republic of Tatarstan (from the Nadira cultivar) and in
the Samoylovka district of the Saratov region (from the Vo-
evoda cultivar) were used. Virulence analysis of P. graminis
f. sp. tritici was carried out using a standard set of 20 dif-
ferentiator lines (Sr5, Sr21, Sr9e, Sr7b, Srll, Sr6, Sr8a,
Sr9g, Sr36, Srob, Sr30, Sr17, Sr9a, Srod, Sr10, SrTmp, Sr24,
Sr31, Sr38, SrMcN), as well as additional lines with Sr genes
(Sr2compl, Sr8b, Sr12, Sr13, Sr15, Sr20, Sr22, Sr25, Sr26,
Sr27, Sr28, Sr29, Sr32, Sr33, Sr35, Sr37, Sr39, Sr40, Sr44,
SrWLD, Sr24+31, Sr36+31, Sr24+36, Sr7a+12, Sr17+13,
Sr7b+18, Sr26+9g and Sr33+5), cultivars Avrora (Sr31) and
Khakasskaya (susceptible control). The virulence analysis of
pathogen populations from the Nadira and Voevoda cultivars
was described by us earlier (Baranova et al., 2023).

The propagation of stem rust pathogen populations and the
plants analysis for resistance at the seedling stage were carried
out using methods accepted in world practice (Jin etal., 2007).
The seedlings reaction to inoculation with a suspension of stem
rust pathogen spores was checked on the 12th day using the
standard 4-point scale of E.C. Stakman et al. (1962). The re-
sistance/susceptibility of the sample was determined based on
the infection types in two replicates. Plants with infection types
“0”, “0;7, “1”, “2” were considered as resistant; plants with
infection types “3”, “4”, “X” were considered as susceptible.

Resistance to race Ug99 (TTKSK) was tested at the adult
plant stage in 2023 in the plant pathology nurseries of the In-
ternational Maize and Wheat Improvement Center (CIMMYT)
in Kenya, in the Kenya Agricultural and Livestock Research
Organization (KALRO) in Njoro. A modified Cobb scale (Pe-
terson et al., 1948) was used to evaluate plant response. The
main distinguishing trait of race Ug99 pathotypes is virulence
towards Sr31 genetic carriers. The severity of cultivars with
the Sr31 gene being affected in KALRO phytopathological
plant nurseries during the vegetation period of 2023 was: for
the Prokhorovka cultivar (Sr31) — 60 % (60MSS), for the
Yugo-Vostochnaya 2 cultivar (Sr31) — 80 % (80S), for the
Saratovskaya 74 cultivar (without identified Sr genes) — 80 %
(80S), for the Saratovskaya 70 cultivar (without identified Sr
genes) — 40 % (40MSS).

Molecular genetic analysis. For PCR analysis, DNA
was isolated from five-day-old wheat seedlings using the
cetyltrimethylammonium bromide (CTAB) method (Murray,
Thompson, 1980). To identify resistance genes (Sr2, Sr24,
Sr25, Sr28, Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 and Sr57),
DNA markers recommended for marker-assisted breeding
(MAS) were used: Sr2 — CAPS marker ¢sSr2 (Mago et al.,
2011); Sr24/Lr24 — STS markers Sr24#12 and Sr24#50 (Mago
etal., 2005); Sr25/Lr19 — STS marker Gb (Prins et al., 2001);
Sr26 — STS marker Sr26#43 (Mago et al., 2005); Sr28 — DaRT
marker wPt-7004-PCR and SSR marker Xwmc332 (Rouse et
al., 2012); Sr31/Lr26 — STS marker of SCM9 (Weng et al.,
2007); Sr32 — STS marker csSr32#2 (Mago et al., 2013);
Sr36 — SSR marker of Xstm773-2 (Tsilo et al., 2008); Sr38/
Lr37 — STS marker of VENTRIUP-LN2 (Helguera et al.,
2003); Sr39/Lr35— STS marker Sr39#22 (Mago et al., 2009);
Sr47 — Xgwm501, Xgpw4043 (Faris et al., 2008; Klindworth
et al, 2012); Sr57/Lr34 — STS marker of csLV34 (Lagudah
et al., 2006).
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Amplification was performed on C1000 Thermal Cycler
(BioRad) amplifiers, amplification products were separated
in 2 % agarose and 8 % polyacrylamide gels stained with
ethidium bromide. Isogenic lines and cultivars with known
Sr genes were positive controls, the susceptible cultivar
Khakasskaya was the negative control, and the PCR mix-
ture without added DNA served as contamination controls.
GeneRulerTM 50 bp DNA Ladder (Fementas) was used as a
molecular weight marker. Amplification products were visua-
lized using the ChemiDoc XRS+ gel documentation system
(Bio-Rad). PCR was performed in two replicates.

The evaluation of grain productivity traits, physical and
bread making quality traits in the L16, L17 lines and the
standard cultivar Saratovskaya 76 was carried out in 2023
and 2024. The experimental material was randomly sown in
plots of 7 m2 in three replicates in the experimental field of
the Federal Center of Agriculture Research of the South-East
Region in Saratov. The seeding rate was 400 grains per 1 m2.

In addition to phenological observations and direct evalu-
ation of grain yield, studies of the elements productivity
of the main spike — spike length, number of spikelets and
grains, grain weight per spike, spike density, grains for one
spikelet (as a general fertility trait) — of the studied lines and
the standard cultivar were carried out. These analyses were
conducted for 15 spikes of L16, L17 and Saratovskaya 76.
Bread-making quality traits were evaluated by the content
of crude gluten, the strength of which was determined using
the Gluten Deformation Meter IDK-3M (OOO PLAUN), as
well as by the Chopin alveograph (Chopin Technologies)
traits with the baking of experimental samples of bread. The
protein content in grain from the 2023 and 2024 harvests was
determined using the Foss Infratec TM 1241 grain analyzer
(Foss Analytical A/S).

The meteorological traits of the years of cultivation ac-
cording to Selyaninov’s hydrothermal coefficient (www.
agrometeo.online/articles/gtk.htm, accessed 28.01.2025) by
months of the growing season showed the following. In 2023,
the hydrothermal coefficient for May was 0.8, in June, 1.1, in
July, 0.6 and in August, 0.4. In 2024, the hydrothermal coef-
ficient for April was 0.3, for May, 0.1, for June, 0.8 and for
July, 0.1. Of the two years of research, 2023 was the more
favorable in terms of meteorological conditions. In both years
of research, leaf rust epiphytoties were observed.

The data obtained for the L16 and L17 lines and the standard
cultivar Saratovskaya 76 were subjected to a one-way variance
analysis with multiple comparisons according to Duncan; an
analysis of the genotype—environment interaction was also
carried out using the Agros-2.09 breeding and genetic software
package (Martynov, 1999).

Results

Cytogenetic analysis of spring bread

wheatlinesL16 and L17

Line karyotyping was performed by FISH using a combination
of pSc119.2 and pAs1 probes for chromosome identification
(Schneider et al., 2003). Cytogenetic analysis of the L16
line revealed the absence of a pair of 3D chromosomes (they
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are determined by characteristic pAs1 signals) (Fig. 1a) and
showed a pair of large chromosomes with bright pSc119.2
signals at the ends of the arms, which is typical for rye 3R
chromosomes. Chromosomal substitution 3R(3D) in the L16
line was also confirmed by GISH with S. cereale DNA as a
probe (Fig. 1a). Analysis of the L17 line did not reveal any
chromosomal rearrangements (Fig. 1b).

Cytological stability of the L16 and L17 lines

The main factor limiting the practical application of distant
hybrids is their instability, leading to a rapid loss of alien
genetic material. This instability is based on disturbances in
the meiotic cycle of hybrid plants, causing the formation of
non-functional gametes (Orlovskaya et al., 2015). It is known
that the genome of distant hybrids and amphidiploids contains
systems of genetic meiosis control of different parental spe-
cies, which not only act independently in the hybrid genome,
but also mutually influence each other (Naranjo et al., 1979;
Lelley, Larter, 1980; Orlovskaya et al., 2015). In this regard,
it is necessary to determine the cytological stability of both
distant hybrids and introgressive lines. Since the L16 line is
characterized by the 3R(3D) substitution, and chromosome 3D
is the carrier of the Ph2 gene (Mclntosh et al., 2013), there is
reason to expect disturbances in the meiotic cycle. In addition,
we conducted a comparative analysis of the meiotic stability
inthe L16 and L17 lines.

For evaluation of meiosis stability, an integral trait is used —
the meiotic index, which is the percentage of normal tetrads
to the total number of cells studied. Studies have shown that
L16 (3R(3D)) has a meiotic index of 95 %, while L17 (3D3D)
has a meiotic index of 94 %, i. e. there are no differences be-
tween the lines in this trait. With a meiotic index of 90 % or
higher, the plant is cytologically stable, i. e. both lines studied
are stable. However, some tetrads of these lines have 1-2 in-
clusions and triads. In earlier stages of meiosis, asynchrony
was found in both lines: earlier divergence of one bivalent
in metaphase |, two lagging chromosomes in anaphase | and
two chromosomes not included in the nuclei in telophase I.
Among the mononuclear pollen, micropollen in the L16 and
L17 lines was 1.5 and 2.1 %, respectively.

Phytopathological analysis of line L16 for resistance

to stem and leaf rust pathogens. Identification

of stem rust resistance genes using molecular markers
During the production of near isogenic sibs, the L17 line was
selected as stably susceptible to both stem and leaf rust patho-
gens at all stages of plant growth (infection type IT = 33%)
under greenhouse and field conditions. In this regard, the
evaluation of resistance to P. graminis f. tritici and P. triticina
was carried out on L16 with the substitution of 3R(3D) and
the standard cultivar Saratovskaya 76 (Table 1).

It should be noted that the analysis of the virulence of the
P. graminis f. tritici population from the Favorit cultivar
showed that the following genes and their combinations are
effective: Sr2compl, Sr13, Sr22, Sr26, Sr27, Sr31, Sr32, Sr33,
Sr35, Sr39, Sr24+Sr31, Sr36+Sr31, Sr26+Sr9g, Sr17+Srl13,
Sr33+Sr5. The pathogen population from the Favorit cultivar
on the line with Sr27 (the gene transferred from S. cereale
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Fig. 1. Results of in situ hybridization with different combinations of probes on metaphase chromosomes of spring bread wheat

lines L16 (a) and L17 (b).

Probes: (a, b) pAs1 (red signal); a - GISH with S. cereale genomic DNA (green signal), b - pSc119.2 (green signal).

and localized in the 3R chromosome, widely present in
triticale cultivars (Mclntosh et al., 1995)) gave reaction
type “2” (IT = 2), and from the populations from the Nadira
and Voevoda cultivars — “2*” (IT = 2*) and “1” (IT = 1),
respectively.

As can be seen from Table 1, L16 showed high resistance
to all populations of P. graminis f. tritici, including the Ug99
race. Under natural epiphytoties conditions of P. triticina in
2023 and 2024, L16 showed resistance to the local Saratov
population. At the same time, the standard cultivar Saratovs-
kaya 76 was susceptible to both populations of P. graminis
f. tritici (the exception was the population from the cultivar
Nadira IT = 0;) and to P. triticina.

High resistance to both rust pathogens, to all populations
of pathogens from different parts of Russia and Kenya makes
disease resistance in L16 attractive for breeding work. It

should be noted that L16 in the Njoro KALRO nursery, Kenya,
also showed resistance to the local population of P. striiformis
f. sp. tritici West. — 5R, and the Saratovskaya 76 cultivar to —
5M. The results of Sr genes identification in the analyzed L16
line using molecular markers for the Sr2, Sr24, Sr25, Sr28,
Sr31, Sr32, Sr36, Sr38, Sr39, Sr47 and Sr57 genes showed
their absence.

Phenology, grain productivity and bread making quality

traits in lines L16, L17 and standard cultivar Saratovskaya 76
Figure 2 shows the traits of the germination-earing stage dura-
tion, plant height, lodging resistance in the vegetation seasons
of 2023 and 2024 for L16, L17 and the standard cultivar. For
the vegetation seasons of 2023 and 2024, the germination—ea-
ring stage duration in the sibling lines L16 and L17 and the
standard cultivar Saratovskaya 76 was almost the same and
the differences were insignificant. Thus, the substitution of

Table 1. Characteristics of spring bread wheat line L16 and the standard cultivar Saratovskaya 76 for resistance
to P. graminis f. tritici and P. triticina in field conditions (natural infection background) and laboratory conditions (artificial infection)

Cultivar, line Infection type (P. graminis f. tritici)
Populations from cultivars*
Nadira Voevoda Favorit
Saratovskaya 76 0; 3,4 3
L16 1 0; 0;

Infection type (P, triticina)

Ug99 (TTKSK)**  Saratov local population,
field conditions***
2023 2024
30MS 3 3
0 0; 0;

* Populations of P. graminis f. tritici collected from spring bread wheat cultivars Nadira (Arsk district of the Republic of Tatarstan), Voevoda (Samoilovka
district of the Saratov region) and Favorit (Arkadak district of the Saratov region). Laboratory evaluation at the 3-leaf stage.

** Evaluation of the Ug99 race pathotypes was carried out at Njoro KALRO phythopalogical nursery, Kenya.

*** Evaluation was carried out during natural epiphytotics of P. triticina in the experimental field of the Federal Center of Agriculture Research of the

South-East Region.
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the 3D chromosome of bread wheat by the 3R chromosome
from the spring triticale cultivar Satu has almost no effect
on the duration of the germination—earing period. In 2023,
plant height of the L16 line, a sib with the 3R(3D) substitu-
tion, was significantly lower than that of its pair with normal
3D3D chromosome composition and the standard cultivar
Saratovskaya 76, and in 2024, it was significantly lower than
in the L17 line, but was at the level of the standard cultivar.
Thus, the substitution of the 3D chromosome by the 3R
chromosome led to a decrease in plant height, which affected
the evaluation of lodging resistance in the 2023 growing sea-
son, which was significantly higher in the sib with the 3R(3D)
substitution compared to the sib pair and the standard cultivar.
In 2024, the lodging resistance of L17 was significantly lower
than that of Saratovskaya 76, and L16 did not differ from
either L17 or the standard cultivar. However, L16 with the
3R(3D) chromosomal substitution exceeded the value of L17
in absolute lodging resistance. Analysis of the genotype—en-
vironment interactions between the L16, L17 lines and the
Saratovskaya 76 cultivar for the germination—earing stage
duration, plant height and lodging resistance showed that these
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interactions are not significant. Comparisons of L16 and L17
for grain yield and elements of main spike productivity made
it possible to identify the effect of alien substitution with the
3R chromosome on these traits (Table 2). It was found out
that the 3R(3D) substitution in both years of research reduced
grain yield both in comparison with L17 (3D3D) and with
the standard cultivar Saratovskaya 76. One of the factors that
reduced grain productivity was the lower 1,000-grain weight
of L16 in 2023 and 2024 (Table 2).

The analysis of the main spike productivity elements re-
vealed that the substitution 3R(3D) reduces the spike length,
increasing its density. However, L16 did not differ from L17
and the Saratovskaya 76 cultivar in the number of spikelets,
grains, and grain weight per spike. In terms of grain content
per one spikelet (a generalized fertility criterion), L16 did
not differ from either L17 or the Saratovskaya 76 cultivar.
The analysis of the genotype-environment interaction between
the L16, L17 lines and the Saratovskaya 76 cultivar for all
traits of spike productivity structure, as well as 1,000-grain
weight and grain yield, showed that this interaction was not
significant.

80
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68:

64 |

2024
o
L16 L17 Saratovskaya 76

cultivar

Fig. 2. Traits of the germination-earing stage duration, plant height, lodging resistance in the growing seasons of 2023 and 2024

for L16, L17 and the standard cultivar Saratovskaya 76.
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Table 2. The grain yield, 1,000-grain weight and elements of the main ear productivity
of spring bread wheat lines L16, L17 and the Saratovskaya 76 cultivar for the growing seasons of 2023 and 2024
Cultivar, Elements of the main ear productivity, average for 2023-2024 1,000-grain weight Grain yield, t/ha
line
Ear Number, pcs. Ear Grain Grains for 2023 2024  Average 2023 2024 Average
length, density  weight per one spikelet,
mm spikelets  grains ear, g pcs.
per ear
L16 67.8 173 424 24 13 2.5 327 296 312 2.078 1.698 1.888
L17 92.8 16.5 39.4 1.7 1.5 24 40.0 380 39.0 2569  2.565 2.567
LSD,; 229 NS NS 0.6 NS NS 3.7 33 7.0 0.206  0.501 NS
S76 98.6 173 424 1.7 1.6 25 389 316 353 2776 2.042 2.409
LSD,s 235 NS*** NS 0.6 NS NS 2.8 NS 35 0.622  0.300 NS

*The least significant difference for the 5 % significance level between L16 and L17.
**The least significant difference for the 5 % significance level between L16 and Saratovskaya 76.

*** NS - no difference.

Table 3. Bread making quality traits in spring bread wheat lines L16, L17 and the standard cultivar Saratovskaya 76

on average for the growing seasons of 2023 and 2024

Cultivar, Protein Gluten SDS, ml Alveograph* Bread™*
line contentin
grain, % % IDK 3, P, mm P/L W, V, ml porosity, crumb

units of units of point color
device alveograph

L16 17.1 36.7 88 67 60 0.7 205 820 4.8 White

L17 17.5 374 78 86 91 1.0 345 890 5.0 White

LSDge NG***** NS 8 13 20 NS 70 NS NS

S76 16.2 315 79 75 109 2.0 261 715 48 White

LSDge ™ NS NS 8 NS 25 NS NS 100 NS

* Alveograph indices: P - dough elasticity, P/L - ratio of dough elasticity to extensibility, W — flour strength; ** Bread evaluation indices: V - bread volume;
***The least significant difference for 5 % significance level between L16 and L17; **** The least significant difference for 5 % significance level between L16

and Saratovskaya 76; ***** NS - no difference.

The analysis of bread-making quality traits showed the
following results. Grain protein content in L16 (3R(3D)) did
not differ significantly from either its sib L17 (3D3D) or the
Saratovskaya 76 cultivar. Similarly, no significant differences
were found in gluten content. However, according to the
IDK-3M device, L16 gluten was weaker compared to both
L17 and Saratovskaya 76 (Table 3).

According to the SDS sedimentation indices, which
characterize physical dough properties, L16 was inferior
to L17, but did not differ significantly from the standard
cultivar Saratovskaya 76. For the alveograph indices, L16
had significantly lower dough elasticity and flour strength,
but compared to the standard cultivar, the decrease in flour
strength was insignificant (Table 3). L16 had a higher bread
volume than Saratovskaya 76, but did not differ significantly
from its sibling L17. In terms of porosity, all three samples did
not differ significantly from each other, but the highest score
(5.0) was found in the L17 line. The substitution 3R(3D) did

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

not change the color of the bread crumb, L16 (3R(3D)) had a
white crumb, like L17 (3D3D) and Saratovskaya 76.

Discussion

As noted above, triticale cultivars are attractive among bre-
eders because of a set of valuable agronomic traits for breeding
bread wheat, including disease resistance genes. Thus, the
following genes of resistance to the stem rust pathogen have
been identified in triticale: Sr27, SrSatu, SrBj, SrNin, SrLal,
SrLa2 and SrVen (Mclintosh et al., 1995; Adhikari, MclIntosh,
1998). Moreover, the SrBj and Sr\Ven genes control moder-
ate susceptibility at the seedling stage in field conditions,
and the SrLal and SrLa2 genes determine resistance at the
seedling stage both in field and in greenhouse conditions (Ad-
hikari, MclIntosh, 1998). The Sr27 and SrSatu genes control
resistance throughout the growing season of plants (Singh,
Mclntosh, 1988). Despite the Sr27 and SrSatu genes being
considered as allelic (Singh, MclIntosh, 1988), they differ in

785



S.N. Sibikeev, I.G. Adonina, A.E. Druzhin
Z.E. Fitileva, O.A. Baranova

their effectiveness against the stem rust pathogen. Currently,
in the Saratov population, there is an increase in the content
of virulent pathotypes of P. graminis f. tritici to the Sr27 gene
(in 2016 — 10 %, in 2019 — 20 %, in 2020 — 90 %), while
pathotypes virulent to SrSatu are not detected (Kon’kova,
2021).

The results of our studies of the SrSatu gene in L16 confirm
the conclusions about its effectiveness. Moreover, its efficiency
against the population of P. graminis f. tritici from the Nadira
cultivar collected in Tatarstan was revealed, IT = 1, while in
the line with Sr27, IT = 2*. These results coincide with the data
of testing other lines of spring bread wheat L968 = Satu/S70//
S74/3/S70/4/S70 and L935 = Satu/S70//S70 with 3R(3D) from
crossings of the triticale cultivar Satu with spring bread wheat
cultivars bred by the Federal Center of Agriculture Research
of the South-East Region. These lines showed a reaction type
of “0” to the population from the Nadira cultivar (Baranova,
unpublished data) and a rating of “~0” to the Ug99 race of
P. graminis f. tritici (Baranova et al., 2024). In our studies,
the L16 line was also resistant to the Saratov populations of
P. triticina both during the selection of sibs with 3R(3D) and
3D3D chromosomal composition and in the field experiments
in 2023 and 2024.

Thus, the SrSatu/LrSatu genes in chromosome 3R of the
L16 line are highly effective against populations from the
Lower and Middle Volga regions of P. graminis f. tritici
and P. triticina, as well as against the Ug99 pathotypes of
P. graminis f. tritici. Consequently, when chromosome 3R was
transferred from the triticale cultivar Satu to the genotypes
of spring bread wheat line L16, the expression of the SrSatu/
LrSatu resistance genes was not disrupted. Our attempts to
identify Sr genes in the analyzed L16 line using molecular
markers for the Sr2, Sr24, Sr25, Sr28, Sr31, Sr32, Sr36, Sr38,
Sr39, Sr47 and Sr57 genes showed their absence. Thus, it was
shown that L16 carries its own (SrSatu) unidentified resistance
gene. Unfortunately, to date, there is no DNA marker for the
Sr27 and SrSatu genes (Mclntosh et al., 2013).

In our studies of cytological stability in lines L16 and
L17, a number of disturbances during the passage of meiosis
phases were revealed. However, according to meiotic indices
in L16 (3R(3D)) and L17 (3D3D), 95 and 94 %, respectively,
these lines are characterized as stable. There are grounds to
assume that the absence of the Ph2 gene in L16 (nullisomal
state of the 3D chromosome) was compensated by the presence
of the 3R chromosome of S. cereale, and in terms of meiosis
stability, L16 did not differ from L17.

Unfortunately, in the literature available to us, we did not
find a data about the effect of the 3R chromosome from the
triticale cultivar Satu in the genotypes of spring bread wheat on
grain productivity and the bread-making quality traits. How-
ever, the effect of the 3R chromosome from the line 86-741
(Fg hexaploid triticale Guangmai 74 (AABBRR)/Fan 6 (bread
wheat)) was studied. The authors studied 185 F4 recombinant
inbred lines from crossing bread wheat cultivar Chuanmai 42
with line 86-741. Chromosome 3R was identified by FISH
and GISH methods (Wan et al., 2023). The authors found out
that the 3R(3D) substitution significantly reduces grain yield,
1,000-grain weight, number of ears per plant, grain weight
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per ear and has a neutral effect on the number of grains per
ear (Wan et al., 2023).

Our studies also noted a decrease in 1,000-grain weight
and grain yield, but a neutral effect on grain weight per ear,
number of grains per ear, grain content per one spikelet, and
a significant increase in ear density. Thus, there is some dis-
crepancy in the effect of 3R(3D) on grain weight per ear. This
may be due to differences in the genotype of bread wheat in
which the 3R(3D) substitution was studied. In addition, it is
necessary to take into account the effect of nullisomy for 3D.
Normally, 3D is a carrier of the dominant spherococcoid gene
S-Dla (Mclntosh et al., 2013), respectively, the null state of
this chromosome determines the recessive state of this gene —
S-D1b. It is known that the S-D1b gene has a pleiotropic
effect, which reduces plant height, ear length, 1,000-grain
weight, and increases ear density (Sears, 1947; according
to: Salina et al., 2000). All these traits were detected in the
L16 line (3R(3D)). Based on this, there is reason to expect
that the morpho-biological traits in L16 are formed under the
combined influence of the recessive state of the S-D1b gene
and the direct action of the 3R chromosome.

The absence of 3D and the presence of the 3R chromosome
in L16 affected the bread-making quality traits. Basically,
these traits worsened in comparison with sibling line L17. The
evaluations of SDS sedimentation, dough elasticity and flour
strength decreased significantly. An insignificant decrease was
noted for other traits: protein content in grain, gluten content
and strength (according to the IDK-3M device), elasticity to
dough length ratio (P/L), bread volume and porosity.

Conclusion

The spring bread wheat line L16 carries highly effective
genes for resistance to leaf and stem rust pathogens, which
are attractive for breeding for immunity to common wheat
pathogens in the Russian Federation. However, in general,
the spring bread wheat line L16 (3R(3D)) requires further
work to improve its set of economically valuable traits. This
is possible by reducing the amount of alien gene material, i. e.
by obtaining recombinations or translocations between bread
wheat chromosomes and the 3R chromosome, as well as by
selecting a bread wheat genotype that will compensate for the
negative impact of the rye chromosome on grain productivity
and the bread-making quality traits.
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Abstract. The composition of wheat grain plays a key role in determining its nutritional value. In this work, a collection
of 133 durum wheat varieties and breeding lines was assessed for the content of macroelements (Ca, Mg, K), microele-
ments (Cu, Mn, Zn, Fe, Na) and toxic metals (Pb, Cd, and Cr) in grain under the environmental conditions of Samara
and Novosibirsk regions in 2023. The results showed a wide range of variations in the concentration of all elements
depending on genotypic differences between the samples as well as the growing region. Ca and Mg contents in the
varieties grown in Samara region showed a significant excess of 3.1- and 1.5-fold, respectively. Zn, Pb, and Cr content
in the varieties cultivated in Novosibirsk turned out to be two times as high. Statistical analysis of element concentra-
tions in the varieties of different origin indicates that Russian breeding lines significantly outperform Russian culti-
vars in Mg content, while being inferior in K, Cu, and Mn. Compared to Russian cultivars and breeding lines, foreign
varieties demonstrated higher contents of K and heavy metals Cd and Cr. Correlation analysis using mean values of
indicators for two environments showed highly significant (p < 0.001) positive relationships between the content
of microelements Fe/Mn (r? = 0.69), Fe/Zn (r* = 0.49), and Zn/Mn (r? = 0.46), which suggests a feasibility of selecting
genotypes for several elements at once. Multivariate statistics divided the durum wheat collection into two groups,
one of them including Russian cultivars and breeding lines as well as some foreign genotypes. A separate cluster
included seven Russian breeding lines placed at a distance from the other varieties, which suggested their potential
differences at the genetic level. Comparing these lines with respect to mineral composition showed that they were, on
average, characterized by higher Mg, K, Zn, and Fe contents. The data obtained in this study can be used for genetic
research and breeding to improve the grain mineral composition of the modern durum wheat varieties.
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Variability of the mineral composition of durum wheat grain
(Triticum durum Desf.) under different environmental conditions

AHHoTaumA. MrHepanbHbI COCTaB 3epHa MLUEHNLbl UTPAET KJTI0UEBYIO POJb B ONpefeneHn ero nuTaTesibHON LieH-
HOCTW. B faHHOM paboTe npoBefieHa OLEeHKa Konnekuum 13 133 COPTOB U CENEKLUOHHBIX IMHUIA APOBOI TBEPLOW
NLWeHNLbl OTeYECTBEHHOTO M MHOCTPAHHOTO MPOUCXOXKAEHNA MO Cofep aHuio B 3epHe MakpoanemeHToB (Ca, Mg,
K), MukpoanemeHToB (Cu, Mn, Zn, Fe, Na) n TokcnuHbix metannos (Pb, Cd, Cr) npu BblpalynBaHUN B SKONOTMYECKNX
ycnosuax Camapckoit n HoBocnbnpckoii obnactein. PesynbtaTbl mokasanu WMPOKNIA pa3max BapbipoBaHNA KOHLIEH-
TpaLMm BCEX NIEMEHTOB B 3aBMCMMOCTY OT FeHOTUMMYECKUX Pasnymnin mexay obpasuamm 1 pervioHa BbipalumBaHua.
3HaunTenbHOe npeBbllleHre KoHLeHTpaumy Ca n Mg B 3.1 11 1.5 pa3a cOOTBETCTBEHHO OTMeYEHO Yy COPTOO6Pa3LIoB,
BblpalleHHbix B Camapckoli obnactu. KynbTmBmpoBaHve 06pa3uoB B ycioBusax HoBocnbupckon o6nacTi ConpoBox-
[anocb npesbllleHnem cofepxaHus Zn, Pb n Cr B 3epHe 6ornee yem B iBa pa3a. CTaTUCTUUYECKMIN aHaNN3 CoaepaHuns
MUHEepanbHbIX 37IEMEHTOB Y 06pa3LioB Pa3IMYHOIO MPONCXOKAEHUA CBUAETENCTBYET O TOM, UTO POCCUINCKIME Cenek-
LMOHHbIE NMMHUI [OCTOBEPHO MPEBbILLAIOT OTeYeCTBEHHbIE COpTa No coaepskaHuto Mg, HO MPU 3TOM YCTYNatoT MO KOH-
ueHTpaumm K, Cu n Mn. Coptoo6pasLibl UHOCTPAHHOW CeNeKLMmn OTINYAINCD OT POCCUICKUX COPTOB M NINHWIA NOBbI-
WweHHbIM copepxaHmem K n Taxenbix metannos Cd v Cr. AHanus koppenauuin, NpoBefeHHbI Ha OCHOBaHNW CPeAHNX
3HayeHWI NoKasaTenien Mo AByM PernoHam, ykasblBaeT Ha HaJlmure BblICOKOAOCTOBEPHbIX (p < 0.001) NONOXMUTENbHbIX
B3aMMOCBA3€eN MeXAay copepaHmeM MukpoanemeHToB Fe/Mn (r2 = 0.69), Fe/Zn (r2 = 0.49) n Zn/Mn (r2 = 0.46), uto
npegnonaraeT BO3MOXHOCTb MPoBeAeHNA 0T60pa reHOTUMOB MO HECKONIbKMM 3f1IeMeHTaM OAHOBPEMEHHO. MHoro-
MepHbI CTaTUCTUYECKUIA aHann3 pa3aenun obpasubl Ha ABe FPynbl, OAHA U3 KOTOPbIX BK/OYana poCcuMinckme copra
1 CeneKLMOHHbIe NIMHUN, @ TaKXKe YacTb MHOCTPaHHbIX 06pa3uoB. OTAENbHbIN KNacTep COCTOAN U3 CEMU POCCUNCKINX
CeNeKLVIOHHBIX JINHWIA, PAaCMONOXEHHDBIX AMCTAHTHO OT OCTaJlbHbIX 06Pa3LoB, UTO MPeANonaraeT NX Pasnnyms Ha re-
HeTnYeckom ypoBHe. CpaBHeH e 3TUX JIMHUIA N0 MUHepanbHOMY COCTaBy MOKa3ano, YTo IHUKN B CpefjHEM XapaKTe-
pu3yioTcs 6onee BbICOKMMU KoHUeHTpauuamu Mg, K, Zn n Fe. laHHble MO cofepaHUio MUKPO- 1 MaKpPO3JIEMEHTOB
B 13yUYEHHbIX COPTOO6Pa3Lax APOBON TBEPLON NLEHMLbI MOTYT ObITb MCMOMIb30BaHbI Af1A reHeTUYECKNX NCCNIeAoBa-

HUI N I'IpaKTI/I'-IeCKOM cenekuynn ana ynydweHua cyecTByoLlmnx COpToB Mo M1UHeparibHOMY COCTaBy.

Introduction

Mineral micro- and macronutrients play a significant role in
maintaining human body functions and have a substantial
impact on human health. The functional role of most mineral
elements is diverse. In particular, they act as cofactors in va-
rious enzymatic reactions and are also involved in redox reac-
tions during electron transfer, oxygen binding and transport in
tissues, interaction of molecules with a cellular receptor, and
regulation of gene expression (Sigel et al., 2013; Jomova et
al., 2022; Islam et al., 2023).

Despite the importance of mineral nutrients, their optimal
doses are also critical for the normal functioning of the body,
as both excess and deficiency of certain minerals can lead to
various physiological disorders. Deficiency of macroelements
such as calcium, magnesium, and potassium causes muscular
system disorders, changes in hormonal status, and may lead
to malignant growths (Zoroddu et al., 2019; Ali, 2023). Iron
deficiency is among the causes of anemia, cardiovascular
diseases, and immune system disorders due to iron being
incorporated into hemoproteins, such as hemoglobin and en-
zymes for xenobiotic degradation (Camaschella, 2019; Dixit et
al., 2020). Insufficient zinc intake leads to growth and sexual
development delays, reduced immunity, and various mental
disorders (Hambidge, 2000). Symptoms of copper deficiency
may include various joint lesions and pigmentation disorders
in skin and hair (Olivares, Uauy, 1996). On the other hand,
excessive intake of zinc, iron, and copper can lead to liver
fibrosis and cirrhosis, neurodegenerative diseases, impaired
immune and cognitive functions, and severe forms of anemia
(Wessling-Resnick, 2017; Schoofs et al., 2024).

In addition to vital micro- and macroelements required in
optimal concentrations, humans are also exposed to a number
of toxic metals (lead, cadmium, mercury, chromium, alumi-
num), which can enter the body through food and have nega-

tive effects. The main toxicity mechanisms of heavy metals
include mitochondrial apoptosis, interference with various
signaling pathways and oxidative stress, changes in gene
activity regulation due to various types of DNA damage, all
of which can lead to the development of chronic diseases and
the emergence of malignancies (Kiran et al., 2022; Jomova
etal., 2025).

Food products are the main sources of minerals for the
human body. For most of the world’s population, food pro-
ducts made from bread and durum wheat are the main sources
of protein, vitamins, and minerals. Bread wheat (Triticum
aestivum L., 2n = 42, AABBDD genome) is one of the most
valuable food grain crops, ranking among the highest-rated
crops in most countries. Daily consumption of bread wheat
products provides up to 20 % of the required calories and up
to 10-15 % of iron and zinc (Tadesse et al., 2019; Aghalari
etal., 2022).

Unlike bread wheat, durum wheat (Triticum durum Desf.,
2n = 28, AABB genome) is the only raw material for the
production of high-quality macaroni products with a charac-
teristic amber color and excellent taste. According to available
data, a significant number of cultivated durum wheat varieties
outperform bread wheat varieties in the content of zinc, iron,
calcium, magnesium, and other minerals (Cakmak et al., 2010;
Del Coco et al., 2019; Saini et al., 2023). The main producers
and consumers of durum wheat products are the Mediterranean
countries (Italy, Turkey, Greece, Tunisia, France), which ac-
count for more than 50 % of the cultivated area. Other major
suppliers of durum wheat include Canada, the United States,
Mexico, India, and Kazakhstan. Until the mid-20th century,
Russia was one of the major producers of durum wheat grain
and ranked first in the world in terms of sown area, which
reached 20 million hectares (Martinez-Moreno et al., 2022;
Malchikov, Myasnikova, 2023). A significant reduction in
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sowing and grain harvesting occurred in the early 1990s
after the collapse of the USSR, and until recently, the area
under durum wheat was estimated at ~0.7 million hectares,
which is no higher than 1.7 % of the global area (Goncharov,
Kurashov, 2018).

In recent years, considerable attention has been paid
to improving the mineral composition of wheat grain and
increasing the concentration of essential nutrients. Bioforti-
fication breeding programs were used as vehicles to introduce
the newly developed bread wheat samples with genetically
increased zinc and iron contents (Khokhar et al., 2018; Virk
etal., 2021; Tanin et al., 2024). Efforts on developing biofor-
tified breeding lines of bread wheat and searching for donors
with high protein, mineral, and antioxidant content are made
in the Russian Federation as well (Morgounov et al., 2022;
Potapova et al., 2023; Gordeeva et al., 2024). The data from
long-term trials of wheat landraces and modern varieties as
well as breeding and introgression lines focusing on grain
quality and mineral composition traits have been systematized,
which made it possible to identify the genotypes with target
traits for breeding schemes (Shepelev et al., 2022; Orlovskaya
et al., 2023; Leonova et al., 2024; Shamanin et al., 2024).
However, when it comes to durum wheat, similar studies on
the genetic diversity of Russian varieties and breeding lines
in terms of grain mineral composition are critically lacking
(Pototskaya et al., 2023; Sochalova et al., 2023).

The goal of this study was to investigate the genetic varia-
bility in contents of microelements (zinc, iron, copper, and
manganese), macroelements (calcium, magnesium, and potas-
sium), and toxic metals (lead, cadmium, and chromium) in the
collection of spring durum wheat varieties and breeding lines
grown under the environmental conditions of the Samara and
Novosibirsk regions.

Materials and methods

Plant material and field trial conditions. Plant material
consisted of 133 durum wheat samples, including 35 Rus-
sian cultivars, 68 Russian breeding lines, 29 foreign acces-
sions, and Turanian wheat Khorasan (Table S1)1. Among the
Russian breeding lines, 39 genotypes were developed at the
Samara Scientific Research Agriculture Institute, whereas
the remaining ones originated from other Russian breeding
centers. The samples were grown under field trial conditions
on the premises of research institutes in the Novosibirsk
and Samara regions in 2023. In the Novosibirsk region, the
sowing was carried out in the field of the Siberian Research
Institute of Plant Production and Breeding — a branch of the
Institute of Cytology and Genetics SB RAS (54°54'51.4"N,
82°58'37.1"E). The soils of the experimental site are mainly
leached chernozem of medium depth. The humus content in
the topsoil is 5.7-6.9 %. The soils are highly supplied with
mobile soil phosphates and potassium. The contents per 100 g
of soil are as follows: P,O5 — 42 mg, K,0O — 35 mg. The total
nitrogen content in the soil before sowing was 0.31 %. Sowing
was done manually in furrows at a depth of 5-7 cm. The plot
size was 0.4 m2, in two replicates.

T Tables $1-54 are available in Supplementary Materials at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Leonova_Engl_29_6.xIsx
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The experimental fields of the Samara Scientific Research
Agriculture Institute — a branch of the Samara Federal
Research Scientific Center of the Russian Academy of Sci-
ences — are located in the urban-type settlement of Bezenchuk
(52°05'85.5"N, 49°02'55.9"E). The main soil type is common
chernozem with medium to heavy loam texture. The average
humus content is 4.8 %, nitrogen — 5.9 mg/kg, phosphorus —
279 mg/kg, potassium — 203 mg/kg. The variety samples
were sown in a randomized layout on plots of 7.4 m? in two
replicates. The variety Bezenchukskaya 210 was used as a
standard in both fields.

The comparison of the climatic conditions during the
growing season between the regions, as well as the com-
parison of the results with long-term average values showed
that in 2023, Novosibirsk region experienced elevated air
temperatures throughout the growing season, with the ex-
ception of the second ten-day periods of May and August,
when temperatures were below the long-term average (-1.3
and —2.0 °C against the long-term average, respectively)
(Table S2). The most significant increase (+8.4 °C) above the
long-term average temperature was recorded in the first ten
days of June, while precipitation during this period was only
27.8 % of the long-term average. Overall, the first half of the
growing season (May-June) was characterized by a severe
lack of precipitation (14.9 and 47.5 %, respectively), while
in July precipitation fell within the normal range (102.1 %),
and in August it was significantly above the long-term ave-
rage (167.6 %). In the Samara region, there was a general
precipitation deficit throughout the growing season against a
background of moderate temperatures. From seedling stage to
wax ripeness, the total precipitation was 89.3 mm. The most
favorable conditions for durum wheat cultivation during the
growing season occurred in the first and third ten-day periods
of June, during the booting and heading stages, respectively.

Content evaluation of micro- and macronutrients and
heavy metals. The grains of durum wheat samples were
analyzed with respect to contents of eight micro- and mac-
ronutrients (zinc, iron, copper, manganese, sodium, calcium,
magnesium, and potassium) and three toxic metals (lead,
cadmium, and chromium). Here, a 300 mg of grain was
treated with 1 ml of hydrogen peroxide (60 %) and 5 ml of
concentrated nitric acid. Sample mineralization was carried
out in a microwave oven for 40 minutes. The sample volume
was then brought to 50 ml with deionized water and diluted
50 times for element quantification. The chemical composi-
tion was analyzed using an atomic absorption spectrometry
(AAS) device ContrAA 800 D (Analytik Jena, Germany).
Each sample was analyzed in duplicate.

Statistical analysis. Statistical analysis was performed
using the Statistica v. 10 software (StatSoft, Inc., USA). The
significance of differences between mean trait values was as-
sessed using the Mann—Whitney test and Student’s t-test. Trait
values are presented as means (M) and standard deviations
(= SD). To evaluate the effects of genotype and environmental
factors, two-way analysis of variance (ANOVA) was used.
The relationship between the contents of various elements was
assessed using Spearman’s correlation coefficient. Principal
component analysis (PCA) and dendrogram plotting were

791


https://vavilov.elpub.ru/jour/manager/files/Suppl_Leonova_Engl_29_6.xlsx
https://vavilov.elpub.ru/jour/manager/files/Suppl_Leonova_Engl_29_6.xlsx

I.N. Leonova, PN. Malchikov, N.A. Vinichenko
V.V. Piskarev, M.G. Myasnikova, V.A. Aparina, T.V. Chaheeva

performed using the PAST v. 4.03 software (Hammer et al.,
2001). The UPGMA (unweighted pair group method with
arithmetic mean) method was used for dendrogram plotting,
and statistical significance of clustering was evaluated using
a permutation test with 1,000 iterations.

Results

The assessment of mineral element content in the durum wheat
grain grown under the environmental conditions of two regions
(Samara and Novosibirsk regions) revealed a wide range of
variation in nutrient concentration, as well as differences de-
pending on the growing region (Table 1; Table S1). The most
significant regional differences were observed for elements
such as Ca and Mg, the content of which in field conditions of
the Samara region was 3.1 and 1.5 times higher, respectively.
For samples grown in the Novosibirsk region, higher concen-
trations of Zn, Pb, and Cr were recorded: specifically 2.5, 2.3,
and 2.2 times higher, respectively. All regional differences in
element contents were statistically significant (p < 0.0001),
except for Na (Table 1), the concentration of which was the
same in both regions. The distribution of most mineral contents
in genotypes grown in both fields was approximately normal,
with the exception of lead concentration in the field of the
Samara Scientific Research Agriculture Institute, which was
significantly shifted toward lower values.

ANOVA used to assess the effects of genotype and en-
vironmental factors on the phenotypic expression of traits
showed that field conditions most affected the contents of Ca
and Zn, with low and non-significant contribution of geno-
type observed for Ca concentration (Table S3). In contrast,
Na content was mainly influenced by genotypic differences.
Assignificant genotypic effect was found for the concentrations
of Mg, K, Cu, Fe, and Cd, which substantially exceeded the
influence of environmental factors.

Since the studied collection consisted of several groups of
varieties of different origin, it was of interest to determine
whether these groups differed in element concentrations. It
can be seen from Table 2 that Russian breeding lines sig-
nificantly exceeded Russian cultivars in Mg content, but had
lower levels of K, Cu, and Mn. Foreign varieties differed from
Russian cultivars and lines by higher potassium content. The
concentrations of toxic elements Cd and Cr were significantly
higher on average in foreign samples compared to Russian
ones, specifically 1.9 and 1.8 times higher, respectively. No
significant differences between groups were found for Zn and
Fe concentrations.

According to the averaged data from both regions, the
highest Ca content (>700 mg/kg) was observed in the Rus-
sian varieties Pamyati Chekhovicha, Zhemchuzhina Sibiri,
Annushka, Krasnokutka 13, and in the Russian breeding lines
L73,L75,and L76 developed at the Altai Research Institute of
Agriculture. In terms of Mg content, the breeding lines L21,
L23, 124, L25, and L26 from the Samara Scientific Research
Agriculture Institute stood out, with element concentrations
exceeding 2,000 mg/kg. The Russian varieties Annushka,
Bezenchukskaya Stepnaya, Volnodonskaya, and the foreign
varieties Hyperno and Tamaroi were characterized by high
zinc and iron content (>54 and 51 mg/kg, respectively). High
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Table 1. Contents of micro- and macronutrients

and toxic metals (mg/kg) in grains of the durum wheat varieties
grown under the environmental conditions

of the Samara and Novosibirsk regions in 2023

Element Samara Region Novosibirsk Region
Macronutrients (M = SD)

Ca 920.4 + 170.7%*** 2974+116.9

Mg 1,327.0 £ 178.2%** 891.4+276.8

K 3,977.6 £ 402.9%** 4,356.7 £ 577.9
Micronutrients (M £ SD)

Cu 3.2+0.9* 3.7+£1.1

Mn 37.1 £7.9%* 27.0£6.5

Zn 25.8 £ 8.1%*** 64.0+12.7

Fe 47.2 + 6.0%** 42.2+88

Na 27.2+6.3™ 273 +£12.1

Toxic metals (M + SD))

Pb 0.23 £ 0.05*** 0.52+0.02

cd 0.05 £ 0.004*** 0.03 +0.002

Cr 0.82 £ 0.05*** 1.79+0.11

Note. The data are presented as mean value (M) + standard deviation (SD);
*p <0.05, * p < 0.01, *** p < 0.001, **** p < 0.0001, ns - differences are non-
significant.

Cd concentrations, which in some cases exceeded permis-
sible limits, were detected in the foreign varieties Tessadur,
Achille, Fuego, and the breeding lines L51 and L56 (Table S1).
The high levels of elements such as Mg (1,598.2 mg/kg),
K (4,536.5 mg/kg), and Zn (56.1 mg/kg) observed in the an-
cient wheat Khorasan are also worth noting, confirming the
data obtained by other authors and suggesting the potential
of this species for improving the nutritional value of modern
durum wheat varieties (Bordoni et al., 2017).

Spearman correlation test based on the mean values from
both regions indicated highly significant positive correlations
between Fe and Mn (2 = 0.69), Fe/Zn (r2 = 0.49), Zn/Mn
(r2 = 0.46), Zn/Pb (12 = 0.41), and Cr/K (2 = 0.41) (Fig. 1;
Table S4). Weak negative correlations were observed in the
pairs as follows: Cu/Ca, Cu/Mg, Cu/Na, and Pb/Cr (12=-0.22,
—0.24,—0.27, and —0.34, respectively).

The results of mineral content assessment in the two regions
were used to identify potential clustering of durum wheat
varieties. Principal component analysis (PCA) was used to
analyze the relationship between element concentrations
and the affiliation of genotypes to the groups of different
origin: Russian varieties, breeding lines from the Samara
Scientific Research Agriculture Institute, breeding lines
from other Russian breeding centers, and foreign accessions

(Fig. 2).
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Table 2. Contents of micro- and macronutrients and toxic metals in grains of varieties and breeding lines
of Russian and foreign origin (Samara and Novosibirsk regions, 2023)

2025
29-6

Element (mg/kg)  Russian Foreign varieties®
varieties breeding lines®

Ca 625.1 +£398.3 626.2 £315.9 548.3 +£336.3

Mg 1,178.9 + 330.8%*b 1,225.1 + 644.5%*0 1,017.6 +317.4

K 4,222.4 +718.2% 4,026.5 + 382.2%**xb 4,428.4 + 456.1

Cu 3.73 £ 0.9%**2 3.15 £ 0.9%*xb 376+£1.2

Mn 34.1 £8.2% 30.5+£9.1 33.2+8.1

Zn 488+ 194 43.9+232 425+216

Fe 439+84 449+7.2 449+89

Na 28.5 + 10.1%*x*b 20.1 + 13.2%xxxb 21.6+55

Pb 0.49 £ 0.19%x*xab 0.35+0.11 0.29 +0.01

cd 0.035 + 0.008****b 0.030 + 0.002%**xb 0.064 + 0.005

Cr 1.0 £ 0.4¥*xxb 1.2 £ 0.6%**b 1.9+06

Note. The data are presented as mean value + standard deviation. Letters (& P) indicate statistically significant differences between groups; * p < 0.05, ** p < 0.01,

***p<0.001, ****p <0.0001.

Ca Mg K Cu Mn Zn Fe Na Pb Cd Cr

Ca

Mg

K

Cu T
Mn
Zn
Fe
Na
Pb
Cb

Cr

0333

-0.333

Fig. 1. Genotypic correlations between the concentrations of micro- and
macronutrients and toxic metals in grains of durum wheat cultivars and
breeding lines.

Considering the first two principal components, which ac-
count for 64.7 and 18.7 % of the genetic variation, respectively,
all studied varieties are divided into two groups. Most of the
genotypes are clustered into one large group, with Russian du-
rum wheat cultivars, breeding lines from Russian centers, and
partially lines from the Samara Scientific Research Agriculture
Institute grouped on the left side of this cluster. Foreign variet-
ies are primarily located in the lower right part of the cluster.
Seven lines (L22, L24, L.25, L.26, L27,L37, and L39) form a
separate group and are positioned at a considerable distance
from the other samples, which may indicate genetic-level dif-
ferences. Comparing the mineral compositions of these lines

PC2 (18.7 %)

-1,000 -
PC1 (64.7 %)

Fig. 2. PCA plot illustrating the distribution of durum wheat genotypes in
the space of the first two principal components.

Durum wheat samples are color-coded as follows: black — Russian varieties;
blue - breeding lines from Russian institutions; green - breeding lines from
the Samara Research Institute; red - foreign varieties.

showed that, on average, they were characterized by higher
concentrations of Mg, K, Zn, and Fe (Table S1).

Clustering of the samples using the UPGMA method con-
firmed the presence of two main groups (Fig. 3). Cluster 1
includes seven breeding lines (L22, L.24, L.25,1.26,1L27,1L37,
and L39) from the Samara Scientific Research Agriculture
Institute and is clearly separated from the other samples.
The second cluster is divided into two subclusters (labeled 2
and 3 in the Figure), one of which mainly includes Russian
varieties and breeding lines from Russian breeding centers.
Foreign varieties are predominantly grouped in the right part
of subcluster 3.
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Fig. 3. UPGMA dendrogram illustrating the clustering of durum wheat

genotypes based on the assessment of concentrations of 11 micro- and
macronutrients and toxic metals in grains.

Variability of the mineral composition of durum wheat grain
(Triticum durum Desf.) under different environmental conditions

Discussion

In this paper, we investigated the grain concentrations of
11 micro- and macronutrients and toxic metals in durum
wheat genotypes of both Russian and foreign origin, grown
under the environmental conditions of the Samara and Novo-
sibirsk regions. A wide range of variation was observed for
all elements depending on both genotype and environmental
factors. Significant regional differences were identified in the
concentrations of essential macro- and micronutrients (Ca, K,
and Zn) and toxic metals (Pb, Cd, and Cr) (Table S1). It is
worth noting that the variation range for K, Mg, Cu, Mn, and
Fe in both regions was comparable to the results reported by
L.V. Pototskaya et al. (2023) obtained from the cultivation of
20 Russian and Kazakh durum wheat varieties in the Omsk
region. An exception was observed for Ca and Zn contents,
with the former being significantly higher and the latter lower
in the Omsk fields compared to Novosibirsk.

An important aspect is the grain concentration of toxic
metals, since exceeding the maximum permissible concentra-
tions (MPCs) of essential trace nutrients such as Zn and Cu
in food products can lead to harmful effects. Most varieties
grown in the Novosibirsk region showed zinc concentrations
in grains above the MPC (50 mg/kg), whereas the varieties
from the Samara region showed contents falling within the
acceptable range (Table S1). These differences may be related
to zinc content in soils of the respective regions. Similarly, an
increased lead content in grains was observed in nearly half
of the genotypes grown in both regions.

According to a 30-year monitoring study of the mineral
composition of soils in the chernozems of Western Siberia,
no exceedance of the MPCs for mobile forms of heavy metals
such as Cu, Zn, Pb, Cd, and Cr was detected (Krasnitsky et
al., 2024). Soil analysis in the Samara region also indicates
that the content of mobile forms of lead, nickel, chromium,
copper, and zinc in all soil types and subtypes with varying
composition and humus content does not exceed the MPCs
(Obushchenko, Gnedenko, 2014). However, no analysis of
toxic metals in the soils of the experimental fields was con-
ducted, and this issue requires further investigation.

Changes in heavy metal concentrations in soil may be
influenced by factors such as soil preparation systems, ap-
plication of organomineral fertilizers, use of pesticides and
plant protection products, atmospheric precipitation, and
various anthropogenic impacts from industrial enterprises,
transportation, and others. Several studies have shown that
systematic introduction of mineral and organic fertilizers
contributes to the accumulation of heavy metals in soil and
may affect the mineral composition and concentration in wheat
grains (Ryan et al., 2004; Pandino et al., 2020; Wysocka et al.,
2025). Root and foliar treatments with nitrogen fertilizers at
various concentrations can increase the uptake and accumula-
tion of Cd in durum wheat grains even at low soil Cd levels
(Ozkutlu, 2024). The introduction of organomineral fertilizers
to barley crops in the soils of the Samara region, for example,
led to an increase in the total content and mobility of heavy
metals (Cu, Cd, Pb, Zn) and enhanced Pb migration into
spring wheat plants (Trots V.B. et al., 2015; Trots N.M., Bo-
kova, 2024).
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Heavy metal contamination may also occur in soils located
near industrial facilities (Prosyannikov, 2014). The mecha-
nisms of heavy metal transfer and accumulation in soil-plant
systems are highly complex, and the intensity of accumulation
depends on the type of toxic element, weather conditions,
regional soil structure, as well as the species and genotype
of the plant. However, despite the increase in heavy metal
concentrations in agricultural soils, most authors report that
this does not significantly affect the accumulation of toxic
substances in final agricultural products (Protasova, 2014;
Wang et al., 2017; Ugulu et al., 2021).

The data obtained on the concentrations of micro- and
macronutrients and heavy metals were used to study the
grouping of genotypes in principal component space and to
plot a phylogenetic tree. The results showed no clear separa-
tion into contrasting groups, except for a small number of
lines developed at the Samara Scientific Research Agriculture
Institute and foreign varieties (Fig. 2 and 3). Russian lines
from different breeding centers formed a single cluster with
durum wheat cultivars introduced into production in different
years, which may indicate insufficient genetic diversity among
both varieties and breeding lines. The modern global durum
wheat pool is characterized by moderate genetic diversity, as
confirmed by the results obtained from a wide range of geno-
types from different countries (Zhao et al., 2009; Hakki et al.,
2014; Hocaoglu et al., 2020; Naseri et al., 2024).

The genetic diversity of Russian spring durum wheat
varieties developed between 1929 and 2004 was previously
assessed using pedigree data (Martynov et al., 2004). The
analysis revealed that about 20 % of the pool of original Rus-
sian durum wheat varieties previously used in hybridization
had been lost. A similar conclusion can be drawn for foreign
durum wheat varieties, as breeding efforts over a long period
focused primarily on developing high-yielding genotypes with
resistance to diseases and lodging, which led to a narrowing of
the gene pool (Hernandez-Espinosa et al., 2020; Xynias et al.,
2020). To date, no comprehensive studies of the genetic pool
of Russian spring durum wheat in terms of mineral composi-
tion have been conducted, so it is not yet possible to draw a
conclusion regarding the landrace superiority.

The search for sources of genetic diversity draws attention
to the inclusion of wheat relatives in hybridization in an at-
tempt to increase the content of essential micro- and macro-
nutrients in grains. It is known that tetraploid species such as
T. dicoccum, T. dicoccoides, T. timopheevii, and hybrid lines
derived from them are characterized by significantly higher
levels of zinc and iron in grains (Cakmak et al., 2010; Del
Coco et al., 2019; Tekin et al., 2022; Leonova et al., 2024).
The data on the origin of the seven breeding lines from the
Samara Scientific Research Agriculture Institute that formed
a separate cluster indicate that tetraploid species T. dicoccum
and T. timopheevii were used in their development. A previous
microsatellite analysis of early generations of these lines re-
vealed the presence of alien translocations from T. timopheevii
in chromosome 6B (Malchikov et al., 2015). However, further
research is needed to establish a link between the presence of
alien insertions in the genome and their effect on the content
of specific elements.
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Conclusion

The assessment of micro- and macronutrient and toxic metal
content in grains of spring durum wheat varieties conducted
in this study revealed significant variation in most elements
depending on genotype and environmental conditions. The
presence of significant positive correlations Fe/Mn, Fe/Zn, and
Zn/Mn indicates the possibility of selecting genotypes based
on multiple micronutrients simultaneously. The analysis of
the results suggests that Russian varieties and breeding lines
exhibit moderate genetic diversity; however, the observed
range of trait variation allows for the identification of samples
that can be used to improve the mineral composition of grain.
It was shown that Cd content in grains of all studied samples,
except for five foreign varieties, does not exceed the maximum
permissible concentrations (MPCs). To determine the cause of
the elevated Zn, Pb, and Cr contents exceeding the MPCs in
some samples, additional data on the concentration of these
metals in the soil of the experimental plots are required.
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On the genetic structure and origin of the little ground squirrel
Spermophilus pygmaeus (Pallas, 1778) in the North Caucasus
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Abstract. Little ground squirrel Spermophilus pygmaeus (Pallas, 1778) is a polytypic species of significant interest for the
study of taxonomic diversity, genetic structure, gene flow and genetic diversity. Despite the long history of study, the
taxonomy of representatives of the genus Spermophilus in the North Caucasus remains poorly developed. Among the
unresolved issues are the phylogenetic relationships between the “mountain”and “plain” ground squirrels of the North
Caucasus. An equally important aspect of the work is the study of the genetic diversity of little ground squirrel, given
that the species is considered an integral component of steppe and desert ecosystems, providing their most important
biocenotic functions. Based on the analysis of the 840 bp mtDNA cytochrome b gene fragment, new data on the genetic
variability of S. pygmaeus from the eastern extremity of the Western Caucasus were obtained. Unlike previous studies
that showed the so-called mountain ground squirrel to inhabit the Caucasus Mountains, this work identified two hap-
logroups of S. pygmaeus in the studied areas at an altitude of 1,400-1,700 m above sea level, one of which is close to
the lowland (East Caucasian) and the other to the mountain (Central Caucasian) groups of the little ground squirrel.
The genetic distance between the two haplogroups was 1.54 %. The different evolutionary ages of the three identified
groups of S. pygmaeus in the North Caucasus (A1, A2, and B) are most likely associated with the multi-stage settlement
of the studied area by the little ground squirrel. The results of molecular dating suggest that the western haplogroup
penetrated as a continuous strip into the Central, Eastern Caucasus and the eastern extremity of the Western Caucasus
through the Stavropol Upland and the Caspian Lowland less than 400 thousand years ago. As a result of the first wave
of dispersal of the ground squirrel from the Russian Plain, the species became established in the eastern extremity of
the Western Caucasus in the area of the village of Khasaut, and in the Eastern Caucasus - in the north of the Nogai
Steppe (Sukhokumsk) and in the southern outskirts of the Caspian Lowland (Kar-Kar 1 Valley). The younger age of
haplogroup A2 (less than 300 thousand years), also originating from the Eastern Caucasus (Khumtop, Zelenomorsk,
Lvovsky 13, Kar-Kar 2), is most likely due to the re-colonization of the Caspian lowland by the ground squirrel, which was
regularly flooded by the Caspian Sea in historic times. The absence of a continuous forest belt in the Central Caucasus,
in particular in the Kabardino-Balkarian Republic, allowed S. pygmaeus to penetrate into the mountains later, less than
200 thousand years ago, through three gorges: Cherek, Baksan and Malkinsky. It is more likely that the species penet-
rated into the subalpics of the Western Caucasus (Khurzuk and Uchkulan) from the Central Caucasus, as evidenced by
the same evolutionary age of animals of the Western (Uchkulan, Khurzuk) and Central Caucasus. Regarding the taxo-
nomic status of the Caucasian mountain ground squirrel, we consider it premature to draw any conclusions, since not
all areas of the Caucasus were covered by research.
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K reHeT4ecKoii CTPYKTYype U IMMPOUCXOXKIEHNIO MaJIOTO CYC/IMKa
Spermophilus pygmaeus (Pallas, 1778) Ha CeBepHOM KaBKase

®.A. TemboroBa (%), A.X. Ammokosa (%), M.C. T'yaoBa (12) (X

MHCTUTYT 3KoNnorum ropHbix Tepputopuin um. A.K. TembotoBa Poccuiickoin akagemun Hayk, Hanbunk, Poccua
@ mpapieva@inbox.ru

AHHoTauuA. Manbin cycnuk Spermophilus pygmaeus (Pallas, 1778) — nonutunuueckuii Bug, NpeacTaBnsowmniin cyLle-
CTBEHHbIN VHTEPeC AN U3ydeHrs TaKCOHOMUYECKOTO Pa3HO06pasyis, reHeTUYeCKol CTPYKTYpPbl, NMOTOKa FeHOB 1 re-
HeTnyeckoro pasHoobpasus. HecMoTpsa Ha ANWTENbHYIO UCTOPUIO U3y4YeHWs, cMCTeMaTUKa NpeacTaBuTenein popa
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K reHeTnyecKkol CTpyKType 1 NMPONCXOXKAEHUIO
manoro cycnvka Ha CesepHom KaBkase

Spermophilus Ha CeBepHom KaBKa3se ocTaetca ciabo paspaboTaHHON. Hepa3pelleHHbIM BONPOCOM OCTaloTCA 1 Gpu-
noreHeTNYecKne OTHOLLUEHVA MEXIY <TOPHbIMUY» U «PaBHUHHBIMUY cycnnkamu CeBepHoro KaBkasa. He meHee Ba-
HbIM acrneKToM PaboTbl ABNAETCA OLEHKA reHeTUYeCKoro pasHoo6pasuna Manoro Cycinka, NocKombKy BUL CUMTAETCA
HEOTbeMSIEMbIM KOMMOHEHTOM CTEMHbIX U MYCTbIHHbIX SKOCUCTEM, obecneumBas UX BaxkHeMwWre 61oLeHoTNYeCKme
byHKuMn. Ha ocHoBaHmK aHanu3a dparmeHTa reHa cyt b MTAHK gnnHon 840 n.H. nonyyeHbl HOBble JaHHbIe MO reHe-
TUYECKOIN U3MeHUYMBOCTU Spermophilus pygmaeus BOCTOYHOM OKOHeYHOCTM 3anagHoro KaBkasa. B otnnume ot paHee
npoBefAeHHbIX paboT, NoKasasLUKx 06uTaHue B ropax KaBkasa Tak Ha3biBaeMOro ropHoOro Cycsinuka, B HacTosLen pabo-
Te Ha UCCNIefoBaHHbIX TeppuTopuAaX Ha BbicoTe 1400-1700 M Haf yp. MOpPA BbiiBNEHbI Be raniorpynnsl S. pygmaeus,
OfiHa 13 KOTOPbIX 6/IM3Ka K PaBHUHHbIM (BOCTOYHO-KaBKa3CKMM), a BTOpaA — K FOPHbIM (LeHTPasibHO-KaBKa3CK1M)
rpynnupoBKaM Manoro cycimka. leHeTmyeckasa ANCTaHUMA Mexay ABYMsA ranaorpynnamu coctasuna 1.54 %. Pa3Hbliii
3BOJIIOLMOHHbIV BO3PACT TPEX BbIABNEHHbIX rPYNNMpPoBOK S. pygmaeus Ha CeBepHom Kaskase (A1, A2 n B), ckopee Bce-
ro, CBA3aH C MHOTOSTarnHbIM 3acesieHMeM Ucciefyemoln TeppUToprn MasbiM CyCIMKOM. [laHHble MONIEKYNAPHOrO Aa-
TUPOBAHWUA NO3BONAIT NPEAMNONOKNTL, YTO 3anafHanA raniorpynna NPOHMKNIA CNOLWHON NONoCcon Ha LieHTpanbHbIn,
BocTouHbI KaBKas 1 BOCTOYHYO OKOHeYHOCTb 3anafgHoro KaBkasa yepes CTaBpOnonbCKyo BO3BbIWEHHOCTb U [Mpu-
KaCnMNCKyo HU3MEHHOCTb MeHee 400 Tbic. IeT Ha3ag. B npolecce nepBoli BOSHbI pacceneHuns cycnmka ¢ Pycckoin pas-
HWHbI BMA 3aKPEnucA B BOCTOYHOWN OKOHeYHOCTM 3anafgHoro KaBkasa B panioHe c. XacayT, a Ha BoctouHom KaBkase -
Ha ceBepe Horanckom ctenu (CyXxOKyMCK) 1 B t0XKHbIX OKpanHax lMpurkacnminckom H1u3meHHocTn (gonvHa Kap-Kap 1).
Bonee monopow Bo3pact rannorpynnbl A2 (MeHee 300 ThiC. N1eT), TakxKe NnponcxoasaLen ¢ BoctouHoro Kaskasa (Xymron,
3eneHomopcK, JlbBoBcKmin 13, Kap-Kap 2), BeposTHee Bcero, 06yc/ioBfieH NMOBTOPHbIM 3acefieHmem cycnmkom lNprika-
CMUNCKOM HU3MEHHOCTW, PerynapHo 3atanansaemon sogamu Kacnma B nctopmyeckoe spems. OTCyTCTBME CNIOLWHOIO
nosca necos Ha LleHTpanbHom KaBkase, B yacTHocTv B KabapamHo-bankapuu, no3sonmso nosxe, meHee 200 TbiC. net
Ha3aj, MPOHWKHYTb S. pygmaeus B ropbl No Tpem ylenbam: Yepekckomy, bakcaHckomy 1 MankuHckomy. bonee Bepo-
ATHO, YTO B cybanbnuky 3anagHoro KaBkasa (Xyp3yka 1 YukynaHa) BUA NPoHUK yxe ¢ LieHTpanbHoro KaBkasa, o uem
CBUAETENbCTBYET OAUH U TOT e SBOJIOLIMOHHBIN BO3PACT XKMBOTHbIX 3anagHoro (YukynaH, Xyp3yK) v LleHTpanbHoro
KaBka3a. KacaTeslbHO TaKCOHOMMYECKOTO CTaTycCa KaBKa3CKOro FOPHOro Cyc/iMKka CYMTaeM NpexkaeBpeMeHHbIM fenatb
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KaKue-n1bo BbIBOAbI, Tak Kak He Bce TeppuToprn KaBkasa 6bi1u oxBadeHbl MCCIeA0BAHNUAMU.
KnioueBble cnoBa: Spermophilus pygmaeus; cyt b; reHeTuueckoe pasHoobpasue; 3anaaHblii KaBkas

Introduction

The little ground squirrel Spermophilus pygmaeus (Pallas,
1778) is a polytypic species of considerable interest for the
study of taxonomic diversity, genetic structure, gene flow,
and genetic diversity. Despite the long history of study, the
taxonomy of representatives of the genus Spermophilus in
the North Caucasus remains poorly developed. The mountain
ground squirrel was first collected on the northern slope of
Elbrus in the subalpine meadow belt and was described by
E. Menetries as an independent species (Menetries, 1832).
Many researchers distinguished the mountain ground squirrel
as an independent species (Brandt, 1843; Sviridenko, 1937;
Vinogradov, Argiropulo, 1941; Mammalian Fauna..., 1963;
Fauna of the USSR, 1965; Vorontsov, Lyapunova, 1969;
Gromov, Baranova, 1981; Korablev, 1983; Harrison et al.,
1993; Hoffmann, 1993; Gromov, Erbaeva, 1995; Tsvirka et al.,
2003; Tsvirka, Korablev, 2014), while other authors believe
that the Caucasian mountain ground squirrel is a subspecies of
the little one (Satunin, 1907; Obolenskii, 1927; Ognev, 1947;
Vereshchagin, 1959; Orlov et al., 1969; Ivanov, 1976; Erma-
kov et al., 2006; Nikol’skii et al., 2007). I.Ya. Pavlinov and
A.A. Lisovsky (2012) distinguish Spermophilus (pygmaeus)
pygmaeus (left-bank little ground squirrel relative to the
\olga River), Spermophilus (pygmaeus) planicola (right-bank
little ground squirrel) and Spermophilus (pygmaeus) musicus
(Caucasian (mountain) little ground squirrel) as subspecies in
the superspecies “pygmaeus”. This species has attracted the
attention of researchers for a long time, but there are very few
works based on the analysis of the cyt b gene region of the
little ground squirrel in the designated area (Harrison et al.,

1993; Ermakov et al., 2023; Tembotova et al., 2024). Among
the unresolved issues, as rightly noted by O.A. Ermakov and
co-authors, are the phylogenetic relationships between the
“mountain” and “plain” ground squirrels of the North Ca-
ucasus (Ermakov et al., 2018). Also, questions concerning
the evolutionary history, the patterns of distribution of the
plain and mountain forms of the little ground squirrel are still
not fully clarified. The solution of the above-mentioned issues
was hampered by the extremely uneven study of the territory
with the involvement of insignificant samples in the analysis.

All populations of the little ground squirrel living west of
the Volga to the lower Dnieper, as well as in Crimea and the
Ciscaucasia, were assigned to the sister species S. musicus
Ménétries, 1832, since it is the senior synonym applicable to
the western lineage of S. pygmaeus sensu lato (Simonov et
al., 2024). Based on the noted work, S. musicus is not only
the mountain ground squirrel, but also all little ground squir-
rels of the right bank of the Volga. This raises the question of
whether all right-bank little ground squirrels are genetically
homogeneous. The emergence of this question is associated
with the results we obtained earlier based on the analysis of
the mtDNA cytochrome b gene fragment of ground squir-
rels of the Eastern and Central Caucasus (Tembotova et al.,
2024).

The study revealed that two genetically distinct groups
of little ground squirrels inhabit the territory of the Eastern
Caucasus. In addition, a comparison of the Central Caucasian
(mountain) and East Caucasian (plain) groups of little ground
squirrels revealed a genetic distance of 1.34 % and an absence
of identical haplotypes in the compared groups, which gene-
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rally indicates the genetic heterogeneity of S. pygmaeus in the
studied areas. Distances of the same order (1.29-1.72 %) were
obtained between mountain little ground squirrels and ground
squirrel populations from the right bank of the Volga River. At
first glance, the obtained distances may seem insignificant, but
they reach the lower limits of interspecific differences when
compared with the distances obtained for representatives of
the genus Spermophilus: a minimum of 1.4 % (between the
species S. major and S. selevini (=S. brevicauda)) and a maxi-
mum of 10.7 % (between S. dauricus and S. xanthoprymnus
(Simonov et al., 2024)). It is also not entirely clear whether
all populations of the so-called Caucasian mountain ground
squirrel inhabiting the mountainous territories of the Caucasus
are genetically close to each other and differ equally from the
lowland ones.

It should be noted that in most studies attempting to clarify
the taxonomic status of the Caucasian mountain ground squir-
rel, the material was studied mainly only from the Central
Caucasus, in particular from the vicinity of Elbrus (Harrison
etal., 1993; Ermakov et al., 2006; Nikol’skii et al., 2007; Fris-
man etal., 2014; Tsvirka, Korablev, 2014), Baksan, Dzhily-Su,
Shadzhatmaz gorges (Ermakov et al., 2023). The absence
of both literary data obtained on the basis of analysis of the
cytochrome b gene region of the little ground squirrel of the
Western Caucasus and sequences deposited in the GenBank
database determines the need to study samples of the little
ground squirrel from this territory to determine the status of
S. pygmaeus inhabiting mountainous areas.

Mitochondrial DNA is one of the most frequently used
genetic markers in phylogeographic studies of vertebrates
(Avise, 2000; Kholodova, 2009; Lukashov, 2009), which is
due to such properties as maternal inheritance, an absence of
the recombination process, a high rate of evolution compared
to nuclear genes, a large number of copies, etc. Cytochrome b
has proven itself to be informative and is successfully used
in theriological studies at levels from generic to intraspecific
(Bannikova, 2004; Abramson, 2007; Kholodova, 2009). In
addition, this is the gene for which the most information is
available in genetic databases.

The second, no less important, aspect of the work is the
study of the genetic diversity of geographic samples of the
little ground squirrel. It is known that ground squirrels are an
integral component of steppe and desert ecosystems, providing
their most important biocenotic functions, but since ancient
times they have attracted attention mainly as agricultural pests
and carriers of various diseases. Since the 1920s, the fight
against ground squirrels as agricultural pests has been going
at the state level. Grandiose extermination work against little
ground squirrels was carried out in the arid landscapes of the
former USSR, natural foci of plague. In the first half of the
20th century, the concept of complete elimination of foci of
this infection by extermination of rodents — the carriers of
the pathogen — was developed. In the North Caucasus and
the North-West Caspian region, almost complete destruction
of little ground squirrels was recommended (Kalabukhov,
1933; Pastukhov, 1959). The “recovery” of the natural focus
began in accordance with a special program, which reached an
unprecedented scale (cited by Shilova, 2011). As a result, the
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continuous clearing of the territory from the ground squirrel,
plowing of the steppes, changes in the intensity of livestock
grazing, the development of forest shelterbelts and artificial
irrigation led to the destruction of gophers not only in the
Caucasus, but also in many regions of Russia. According
to S.A. Shilova (2011), a deep depression in the population
of the right-bank little ground squirrel began in the south of
Russia at the end of the last century and continues to this day.
In Kabardino-Balkaria, agricultural development of plain and
foothill territories led to an almost complete disappearance
of little ground squirrel populations in these territories. In
particular, foothill and plain populations of S. pygmaeus are
listed in the Red Book of the Kabardino-Balkarian Republic
(2018) with the status of “on the verge of extinction”.

It should be noted that habitat transformation and fragmen-
tation due to human activities resulted in a reduction in the
areas suitable for little ground squirrel habitation, which led to
an extremely high fragmentation of the species populations. At
the same time, it is known that fragmentation and reduction of
ranges often affect the genetic structure of wild animal popula-
tions, complicating the exchange of genes between different
parts of the range, reducing the effective population size and
leading to an increase in the level of inbreeding.

In connection with the above, the aim of the work was to
study the genetic structure and genetic diversity of S. pyg-
maeus from the eastern end of the Western Caucasus based on
the analysis of the mtDNA cytochrome b gene fragment. The
results of this study were compared with the ones previously
obtained (Ermakov et al., 2023; Tembotova et al., 2024) in
order to assess the taxonomic diversity of S. pygmaeus in the
North Caucasus.

Materials and methods

In this work, we used muscle tissue samples of S. pygmaeus
from different geographical locations of the eastern end of
the Western Caucasus: Karachay-Cherkess Republic (KCR):
upper reaches of the Kuban River, in the vicinity of the vil-
lages of Khurzuk and Uchkulan; the Khasaut River tract, a
tributary of the Malka River, in the vicinity of the village of
Khasaut (Fig. 1). The animals were caught using No. 0 arc
traps. The traps were set around the gophers’ residential bur-
rows (Karaseva, Telitsina, 1996).

The analyzed sample included 32 sequences of the mito-
chondrial cytochrome b gene (cyt b) of S. pygmaeus from the
KCR, collected in the vicinity of the village of Khasaut and
the villages of Khurzuk and Uchkulan (Table 1). In addition,
haplotypes of the North Caucasus little ground squirrel from
our previously published work (Tembotova et al., 2024) were
also used to conduct a comparative analysis.

The remaining sequences of representatives of the genus
Spermophilus, including the outgroup, were taken from
the GenBank database (ncbi.nlm.nih.gov): S. pygmaeus —
OP588846—0P588904 (Ermakov et al., 2023), AF157907,
AF157910 (Harrison et al., 1993); S. musicus — AF157900,
AF157904 (Harrison et al., 1993), Spermophilus taurensis
Glnduzetal., 2007 - KY938064, KY938069, KY938073 (Gilr,
2017); Spermophilus citellus Linnaeus, 1766 — AM691632—
AMG691640; Spermophilus xanthoprymnus Bennett, 1835 —
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Fig. 1. Material origin card of S. pygmaeus in the North Caucasus.

Western Caucasus (KCR): T - Uchkulan, 2 - Khurzuk, 3 - Khasaut (new data); Central Caucasus (Kabardino-Balkarian Republic): 4 - Dzhily-Su,
5 - Elbrus, 6 - Tyrnyauz, 7 — Aktoprak, 8 — Bezengi; Eastern Caucasus (Republic of Dagestan): 9 — Lvovsky 13, 10 - Khumtop, 11 - Kar-Kar,

12 - Zelenomorsk (Tembotova et al., 2024).

AM691658-AM691663 (Gundlz etal., 2007) and AF157902,
AF157909 (Orlov et al., 1969); Marmota monax Linnaeus,
1758 — AF157953 (Harrison et al., 1993).

DNA extraction was performed using the Diatom™ DNA
Prep100 kit (Isogene Laboratory, Moscow) according to the
manufacturer’s protocol. DNA fragments were amplified us-
ing the MasterMix XS5 kit (Dialat, Moscow). The following
primers were used for the polymerase chain reaction: L14725
TGAAAAAYCATCGTTGT (Steppan et al., 1999) H15915
TCTTCATTTYWGGTTTACAAGAC (Harrisonetal., 1993),
with the PCR cycle parameters recommended in the first work.
The resulting PCR products were purified by reprecipitation in
0.15 M sodium acetate solution, in 90 % ethanol, followed by
washing with 70 % ethanol. The quality of the obtained PCR
products was assessed by electrophoresis in 1.5 % agarose gel
in the presence of ethidium bromide. Sequencing of nucleotide
sequences was performed in both directions at Syntol (Mos-
cow). Editing and alignment of the obtained sequences were
performed using the BioEdit 7.0.9.0 program (Hall, 1999)
using the Clustal W algorithm and edited manually.

Statistical data processing, including calculation of the num-
ber of polymorphic sites, the number of haplotypes, nucleo-
tide and haplotype diversity, as well as the neutrality tests of
Tajima (Tajima, 1989) and Fu (Fu, 1996), was performed in
the Arlequin v.3.5 program (Excoffier, Lischer, 2010). In the
same program, an analysis of the distribution of observed and

expected values of pairwise nucleotide differences in mtDNA
was carried out in accordance with the models of demographic
(Rogers, Harpending, 1992) and spatial expansion (Ray et al.,
2003). Weighted (net distance) intergroup genetic distances
using the Kimura two-parameter model (K2P) (Kimura, 1980)
were calculated in the Mega 6 program.

Median haplotype networks were constructed in the
Network 4.6.1 program using the Median-Joining method
(Bandelt et al., 1999) and then edited using the standard Paint
package.

Phylogenetic analysis of nucleotide sequences using the
Bayesian MCMC method was performed in MrBayes v3.2.6.
(Ronquist, Huelsenbeck, 2003).

Divergence times were estimated in BEAST 1.10.4 (Su-
chard et al., 2018) using the following calibrations: 10.9 mil-
lion years for the root divergence node of Marmota and other
Spermophilus species (Yin etal., 2014), 5 million years for the
divergence time between S. xanthoprymnus and S. citellus +
S. taurensis, and 2.5 million years between S. citellus and
S. taurensis (Gundiiz et al., 2007). Data were analyzed
using an uncorrelated lognormal relaxed molecular clock
model. The most optimal model of nucleotide substitutions
(HKY + I) was selected using the MEGA 6 software pack-
age. The length of Markov chains (MCMC, Markov Chain
Monte Carlo) was set equal to 100 million generations with
the selection of every thousandth state and a burn-in value of
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Table 1. Characteristics of the studied material on S. pygmaeus from the eastern end of the Western Caucasus (KCR)

Number in GenBank Samples Collection locality

(haplotype))

PV539552 3730Has Khasaut

3730Has 137Has
3734Has
138Has

PV539556 3727Has

3727Has

PV539557 3733Has

3733Has

PV539558 3729Has

3729Has

PV539559 3728Has

3728Has

PV539560 141Has

141Has

PV539561 135Has

135Has

PV539579 3707Hurz Khurzuk

3707Hurz 3710Hurz

PV539581 3653Hurz

3653Hurz

PV539562 3709Hurz

3709Hurz 3706Hurz
3652Hurz
3651Hurz
3656Hurz
3650Hurz
3654Hurz
3659Hurz
3713Uchk Uchkulan
3712Uchk
3715Uchk
3711Uchk
3716Uchk
3714Uchk
3661Uchk
3663Uchk
3665Uchk

PV539582 3660Uchk

3660Uchk

PV539583 3705Uchk

3705Uchk

10 %. The convergence of the parameters was assessed based
on achieving ESS (effective sample size) values >200 using
Tracer 1.7 software (Rambaut et al., 2018). The divergence
time of the Spermophilus dendrogram nodes was calculated
for six variants of nucleotide substitutions per million years:
0.5,0.9,1.2,2.4,3.2and 6.7 %.

Results

Based on the analysis of tissue samples of S. pygmaeus
from the eastern end of the Western Caucasus, 32 nucleotide
sequences of the cytochrome b gene fragment with a length

Collection locality Identical to haplotypes

from the GenBank

N 43.701667°,

E 42.512304°,
H=1,776 m above
sea level

N 43.415534°,

E 42.162560°,

H= 1,484 m above
sea level

N 43.455450°,

E 42.090520°,
H=1,367 m above
sea level.

AF157904, OP588865-0OP588868,
OP588903, OP588904

of 840 bp were obtained. All of them were uploaded to the
GenBank database under the numbers PVV539552-PV/539583.
The analyzed sequences contained 24 variable sites, of which
14 were parsimony-informative.

The results of the phylogenetic analysis showed the same
tree topology (Fig. 2) as in previous studies performed on this
group and revealing the division of S. pygmaeus into western
and eastern groups (Ermakov et al., 2023).

Previously, we demonstrated the isolated position of the
Central Caucasian (mountain) and East Caucasian (plain)
samples on the phylogenetic tree (Tembotova et al., 2024). The
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K reHeTnyecKom CTPYKType 1 MPOUCXOXKAEHUNIO 2025
manoro cycnvka Ha CesepHom KaBkase 29.6
Marmota monax

S. pygmaeus 1
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S. pygmaeus 2
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S. citellus
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Fig. 2. Bayesian phylogenetic tree of representatives of the genus Spermophilus based on the analysis of the mtDNA cyt b gene

(840 bp) (after (Tembotova et al., 2024) with additions).

The numbers in the branching nodes are the values of posterior probabilities (greater than 0.70), the numbers in the squares are the node
numbers. The haplotypes of the little ground squirrel of the Republic of Dagestan are highlighted in yellow, those of the Karachay-Cherkess
Republic are highlighted in blue, and those of the Kabardino-Balkarian Republic are highlighted in pink.
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3660Uchk
3709Hurz 3705Uchk
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Fig. 3. Median network of mtDNA haplotypes of S. pygmaeus, constructed based on the analysis of the cyt b region (algorithm —

median-joining, Network 4.6.1).

The size of the circle is proportional to the number of identical haplotypes. Haplotypes identified in the territory of the Karachay-
Cherkess Republic: Hurz (vicinity of the village Khurzuk) - in white, Uchk (vicinity of the village Uchkulan) - in gray, Has (vicinity of the
village Khasaut) - in lilac. The number of cross bars on the branches indicates the number of nucleotide substitutions; the “mv” mark

denotes hypothetical haplotypes.

new haplotypes from the Karachay-Cherkess Republic ana-
lyzed in this work were split into two haplogroups. Thus, out
of the three analyzed samples, the mitotypes of two samples
(Uchkulan and Khurzuk) fell into haplogroup (B), formed by
the haplotypes of the Central Caucasian animals. Unlike other
mountain samples, little ground squirrels from the vicinity of
the village of Khasaut are closer to the plain haplotypes and
form one haplogroup A1 with them.

The median network of haplotypes also demonstrates the
existing distribution of the haplotypes found in the territory of
the Karachay-Cherkess Republic into two main haplogroups
(Fig. 3). It is noteworthy that almost all mitotypes from the
vicinity of the village of Khasaut form a separate compact
haplogroup. The second haplogroup included mitotypes of
the little ground squirrel from Uchkulan and Khurzuk. The
genetic distance between the two haplogroups was 1.54 %.

The obtained 32 sequences from the KCR formed 12 haplo-
types, of which nine were unique, and three were described in
2-17 individuals. As can be seen from Table 1 and Figure 3, the
maximum number of unique haplotypes (60 %) is noted in the
sample from the vicinity of the village of Khasaut. The most
frequently occurring mitotype 3709Hurz was noted in eight
individuals from the vicinity of the village of Khurzuk and
nine individuals from the vicinity of the village of Uchkulan.
For the 22 studied individuals from Uchkulan and Khurzuk,
only five haplotypes were described, of which three are unique.
It is possible that the loss of haplotypes is associated with a
general decrease in numbers.

To clarify the clustering of the analyzed haplotypes, an
additional median network was constructed (Fig. 4) with the
inclusion in the analysis of sequences of the little ground
squirrel previously obtained by us (Tembotova et al., 2024)
and O.A. Ermakov et al. (2023).

Analysis of the median network demonstrates the division
of the little ground squirrel haplotypes into two groups: the
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plain (A), which in turn is subdivided into three haplogroups
(A1, A2, A3) and the mountain (B). As shown earlier, the
sample from the vicinity of the village of Khasaut clusters
together with mitotypes from haplogroup A 1. Two haplotypes,
11Kar and 12Kar, from the Eastern Caucasus (Republic of
Dagestan, Kar-Kar 1 Valley) also fell here. The genetic dis-
tance between the animals from the Kar-Kar 1 Valley and those
from the vicinity of the village of Khasaut was only 0.36 %.
The haplotypes of the animals from Uchkulan and Khurzuk,
together with the Central Caucasian samples (Bezengi village,
Aktopraksky pass, Tyrnyauz area, Irikchat gorge, Dzhily-Su
tract), formed a separate haplogroup B. The most common
haplotype 3709Uch from the Karachay-Cherkessia Republic
differs from the haplotype 3743Bez, described in 39 indi-
viduals from different geographical points of the Central and
Western Caucasus, by a single substitution. In addition, it is
important to note that the haplotype 3705Uch turned out to
be identical to the Central Caucasian haplotype 3743Bez.
Haplogroup A2 is formed by the haplotypes of only the East
Caucasian animals.

Analysis of genetic variability showed that little ground
squirrel samples from the area near the villages of Uchkulan
and Khurzuk are characterized by low values of haplotype (h)
and nucleotide (w) diversity (Table 2). In the sample from the
vicinity of the village of Khasaut, on the contrary, relatively
high values of nucleotide and haplotype diversity are observed.
Thus, the nucleotide diversity in this sample was 0.0028, and
the haplotype diversity was 0.867. Since the sample from the
vicinity of the village of Khasaut is clustered separately from
the other samples from the Karachay-Cherkess Republic,
the parameters of genetic variability of the populations were
calculated only for two combined samples — Uchkulan and
Khurzuk. As a result, for the combined sample (n = 22), the
haplotype diversity was 0.407 £ 0.128, the nucleotide diversity
was 0.0006 £ 0.0006.
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Fig. 4. Median network of mtDNA haplotypes of S. pygmaeus, constructed on the basis of the analysis of the cyt b region (algorithm —
median-joining, Network 4.6.1).

The size of the circle is proportional to the number of identical haplotypes. Haplotypes identified in the Republic of Dagestan: Kar (Kar-Kar
Valley) - are shown in brown, Zelen (vicinity of the village Zelenomorsk ) - in black, Hum (vicinity of the village Khumtop) - in blue, Lvov (vicinity
of the village Lvovsky 13) - in pink; in Kabardino-Balkarian Republic: Tyr (vicinity of the town Tyrnyauz) - in blue, Bez (vicinity of the village
Bezengi) - in yellow, Akto (Aktopraksky Pass) - in red, Elb (vicinity of the village Elbrus) - in orange, Dzhi (Dzhily-Su tract) - in light green; in
Karachay-Cherkess Republic: Hurz (vicinity of the village Khurzuk) - in white, Uchk (vicinity of the village Uchkulan) - in gray, Has (vicinity of the
village Khasaut) - in lilac. The number of crossbars on the branches indicates the number of nucleotide substitutions; the “mv” mark indicates
hypothetical haplotypes.

Table 2. Indicators of haplotype (h) and nucleotide (m) diversity and the values of the Tajima’s and Fu’s tests
of S. pygmaeus from Karachay-Cherkess Republic

Geographic groups N m+SE. h+SE. Tajima’'s D Fu's F
(sample size)

Khasaut (n =10) 7 0.0028 +£0.0019 0.867 +0.107 -1.765 -2.756
Khurzuk (n=11) 3 0.0006 + 0.0006 0.473 £0.162 -0.778 -0.659
Uchkulan (n=11) 3 0.0004 £ 0.0005 0.346 £0.172 -1.430 -1.246
For Spermophilus KCR without Khasaut 5 0.0006 + 0.0006 0.407 £0.128 -1.667 -2.662

(n=22) overall

Note. N-number of haplotypes; S.E. - standard error. Statistically significant test values are highlighted in bold.

The values of the Tajima’s D and Fu’s Fs tests in all three Of the three noted little ground squirrel haplogroups (A1,
samples were negative (Table 2), while the Tajima’s and A2 and B), Al and B are the most genetically distinct, with a
Fu’s tests were significant for two samples — Uchkulan and  genetic distance of 1.46 %. Nearly the same distance (1.41 %)
Khasaut. In the combined sample (Uchkulan+Khurzuk), the  was obtained between haplogroups A2 and B. And finally, the
values of the Tajima’s and Fu’s tests were also negative and ~ minimum distance was obtained when comparing groups A1l
statistically significant. and A2 (0.74 %). Regarding the genetic distances obtained be-

FEHETUKA YXMBOTHbIX / ANIMAL GENETICS 805



F.A. Tembotova, A.Kh. Amshokova
M.S. Gudova

On the genetic structure and origin
of Spermophilus pygmaeus in the North Caucasus

Table 3. Genetic distances between geographical samples of S. pygmaeus from the North Caucasus

(mtDNA cytochrome b gene region)

Samples 1 2 3 4 5
1. Aktoprak 0.004 0.000 0.000 0.001
2. Khasaut 0.015 0.004 0.004 0.004
3. Bezengi 0.000 0.017 0.000 0.001
4. Elbrus 0.000 0.017 0.000 0.001
5. Khurzuk 0.001 0.015 0.001 0.001
6. Uchkulan 0.001 0.015 0.001 0.001 0.000
7. Djily-Su 0.000 0.017 0.000 0.000 0.002
8. Khumtop 0.012 0.009 0.013 0.013 0.012
9. Lvovsky13 0.014 0.008 0.015 0.015 0.014
10. Zelenomorsk 0.015 0.010 0.017 0.017 0.015
11. Karkar 1 0.017 0.004 0.018 0.018 0.017
12. Karkar 2 0.016 0.010 0.017 0.017 0.016
13.Tyrnyauz 0.000 0.017 0.000 0.000 0.001

6 7 8 9 10 1 12 13
0.001 0.000 0.004 0.004 0.004 0.004 0.004 0.000
0.004 0.004 0.003 0.003 0.003 0.002 0.003 0.004
0.001 0.000 0.004 0.004 0.004 0.005 0.004 0.000
0.001 0.000 0.004 0.004 0.004 0.005 0.004 0.000
0.000 0.001 0.004 0.004 0.004 0.004 0.004 0.001

0.001 0.004 0.004 0.004 0.004 0.004 0.001
0.001 0.004 0.004 0.004 0.005 0.004 0.000
0.012 0.014 0.000 0.000 0.004 0.000 0.004
0.014 0.015 0.000 0.001 0.004 0.001 0.004
0.015 0.017 0.000 0.001 0.004 0.000 0.004
0.017 0.019 0.010 0.010 0.011 0.004 0.005
0.016 0.017 0.000 0.001 0.000 0.011 0.004
0.001 0.000 0.013 0.015 0.017 0.018 0.017

Note. Below the diagonal are the values of intergroup distances, above the diagonal are the corresponding values of the standard error.

Uchkulan and Khurzuk
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Fig. 5. Histograms of the distribution of paired differences (mismatch
distribution) of S. pygmaeus: vicinity of the villages of Uchkulan+Khurzuk
and vicinity of the village of Khasaut (demographic expansion and spatial
expansion).

tween the three studied samples from the Karachay-Cherkess
Republic, it should be noted that when comparing little ground
squirrels from Uchkulan and Khurzuk, the obtained distance
was zero. And the sample from Khasaut was equally different
from the S. pygmaeus groups from Uchkulan and Khurzuk
with a distance of 1.53 %.

806

Table 3 shows the genetic distances between the geo-
graphic samples of S. pygmaeus from the North Caucasus.
As can be seen, the sample from the vicinity of the village
of Khasaut differs from all other Central Caucasian samples
(Aktoprak, Bezengi, Irikchat, Tyrnyauz, Dzhily-Su) with
distances of 1.5-1.7 %, and from the East Caucasian sam-
ples, with distances of 0.4—1 %. When comparing two West
Caucasian samples (Uchkulan, Khurzuk) with the Central
Caucasian samples, the distances were only 0-0.2 %, and
when they were similarly compared with the East Caucasian
samples, the minimum distance was 1.2 %, and the maximum
was 1.7 %.

The analysis of the frequency distribution of paired
nucleotide differences between haplotypes (Fig. 5) was also
carried out for two samples: from the vicinity of the village
of Khasaut and the combined Uchkulan+Khurzuk sample.
The combined sample shows a unimodal distribution pattern,
close to expectations for a growing population, which may
probably indicate a recent demographic expansion or spatial
expansion (less than 200 thousand years ago) after a decline
in population. The analysis of the distribution of the number
of nucleotide substitutions in the sample from the vicinity
of the village of Khasaut revealed multimodality, which
probably indicates the presence of two or more subpopu-
lations.

As noted earlier (Tembotova et al., 2024), the results of
molecular dating were obtained based on three calibration
points: 10.9 million years for the root node of divergence of
Marmota and other Spermophilus species (Yin et al., 2014),
5 million years for the divergence time between S. xantho-
prymnus and S. citellus + S. taurensis, and 2.5 million years
between S. citellus and S. taurensis (Gunduz et al., 2007). The
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Table 4. Divergence times (in million years) of Spermophilus taxa
and individual clusters with six evolutionary rate variants
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Node number on the tree

1. Marmota / Spermophilus
2.S. xanthoprymnus / S. taurensis+S. citellus
3. S. taurensis / S. citellus
4.S. pygmaeus 1(“eastern” group) / S. pygmaeus 2 (“western” group)
5.S. pygmaeus 1 (“eastern” group)
6. S. pygmaeus 2 (“western” group)
7.S. citellus
8. S. xanthoprymnus
9. S. pygmaeus (haplogroup A1)
10. S. pygmaeus (haplogroup A2)
11. S. pygmaeus (haplogroup B)

12. S. taurensis

inclusion of additional samples from the Karachay-Cherkess
Republic in the analysis did not significantly affect the pre-
viously obtained results (Tembotova et al., 2024), and the age
of many nodes remained almost the same (Table 4).

As for the samples from the Karachay-Cherkess Republic,
the evolutionary age of the little ground squirrel group from
Khasaut together with some haplotypes from Dagestan (11, 12,
Kar-Kar valley, OP588895, OP588897, Sukhokumsk), as well
as Crimea, Kharkov, Volgograd, Rostov, Astrakhan regions
was 369 thousand years (95 % HPD: 0.217-0.538 million
years) (node 9) for the model calculated for the mutation rate of
0.5 % per million years. The remaining haplotypes of animals
from the Karachay-Cherkess Republic (Uchkulan, Khurzuk)
fell into the cluster (B) formed by mitotypes of the Central
Caucasian animals. The age of this cluster was 182 thousand
years (95 % HPD: 0.080-0.300 million years) (node 11).

Discussion

Based on the obtained 32 sequences, 12 haplotypes dis-
tributed between two haplogroups (A and B) were described.
Phylogenetic analysis showed that the discovered haplotypes
were included in the previously described mountain (Central
Caucasian) and lowland (East Caucasian) groups. As can
be seen from the median network of haplotypes, the sample
from the vicinity of the village of Khasaut is isolated from
other mountainous West and Central Caucasian samples and
is closest to the East Caucasian lowland samples of the little
ground squirrel. Genetic distances obtained by comparing
three samples from the Karachay-Cherkess Republic confirm
the genetic isolation of the sample from the vicinity of the
village of Khasaut. This sample differs from the other two
(Uchkulan, Khurzuk) with a distance of 1.54 %. Thus, the

Evolution rate

0.5% 0.9% 1.2% 24 % 31% 6.7 %
8.479 7.625 7.351 6.491 6.244 5532
4.708 4.270 4135 3.676 3.536 3.254
2.624 2410 2.340 2.109 2.037 1.829
2.287 2.014 1.923 1.638 1.545 1.224
0.349 0.309 0.295 0.252 0.240 0.194
0.735 0.646 0.617 0.526 0.498 0.400
0.740 0.657 0.629 0.546 0.516 0.421
0.415 0.366 0.351 0.302 0.286 0.234
0.369 0.325 0.310 0.266 0.252 0.203
0.262 0.230 0.221 0.189 0.179 0.146
0.182 0.161 0.155 0.133 0.127 0.103
0.108 0.096 0.092 0.081 0.077 0.063

results of the conducted study allow us to conclude that in
the studied territories (Uchkulan, Khurzuk, Khasaut), the
S. pygmaeus species is not homogeneous and is represented by
two genetically different groups of the little ground squirrel.
Moreover, one of the groups is closer to the East Caucasian
(plain), and the other to the Central Caucasian (mountain)
samples. The village of Khasaut is located on the left bank of
the river, just below the confluence of the Bermamyt River,
6 km from the summit of Bolshoy Bermamyt. According to
the data of A.l. Dyatlov et al. (1980), in the vicinity of Mount
Bermamyt, mountain little ground squirrels penetrated north
of'the Rocky Ridge in several places (five settlements), which
is not observed in other parts of the range. This is the only
place in the gap zone where the rivers do not form barriers
between the populations in the mountains and on the plains.

As can be seen from Table 2, of the three studied groups
of S. pygmaeus from the Karachay-Cherkess Republic, the
Uchkulan and Khurzuk samples are characterized by low
values of the haplotype (h = 0.346-0.473) and nucleotide
(m = 0.0004-0.0006) diversity indicators. Similar results
were obtained earlier for the Central Caucasian samples
(Kabardino-Balkarian Republic) of the little ground squirrel,
originating from an altitude of 1,200-1,500 m above sea level
(Tembotova et al., 2024).

Low genetic diversity in the Elbrus sample was also found
by O.A. Ermakov et al. (2023) (haplotype diversity —
0.333 £ 0.215, and nucleotide diversity — 0.03 %). For com-
parison, we note that for the little ground squirrel groups from
the western and eastern lines, the values of the haplotype
diversity index varied from 0.859 to 0.964, and the level of
nucleotide diversity m varied from 0.17 to 0.76 %, which is
almost six or more times higher than in the Elbrus sample
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(Ermakov et al., 2023). Thus, the results of both the present
and previous studies show that most mountain samples of
the little ground squirrel in the Western and Central Cau-
casus (with the exception of the high-mountain Dzhily-Su
gorge) are characterized by a low level of genetic diversity
(Tembotova et al., 2024). Low values of h and © may be the
result of a serious decline in numbers over a long period of
time (bottleneck effect) (Kholodova, 2006; Abramson, 2007).
It is possible that mountain populations of the little ground
squirrel have repeatedly experienced a decline in numbers.
Low genetic diversity can lead to a decrease in the adaptive
capacity of individuals and populations and increase the risk of
their extinction (Gitzendanner, Soltis, 2000; Willi et al., 2006).
Relatively high values of the noted indicators were revealed in
the sample from the vicinity of the village of Khasaut. Thus,
the haplotype diversity was almost two times higher, and the
nucleotide diversity was five or more times higher than in the
other two samples (Uchkulan, Khurzuk) of the little ground
squirrel. The sample from the vicinity of the village of Khasaut
is closer in genetic diversity to the previously studied plain
samples from the southern edge of the Caspian Lowland of
the Eastern Caucasus than to the mountain ones. Such a ratio
of genetic diversity indices (high h and ) is characteristic not
only of populations that have had a high population size for a
long time, but also of those formed as a result of the unification
of previously isolated and genetically heterogeneous groups
(Rogers, Harpending, 1992).

The significantly negative values of the Tajima’s test
observed in almost all of the studied S. pygmaeus samples
may indicate a recent population expansion after a decline in
numbers (a bottleneck).

The histograms show (Fig. 5) that in the sample from the
vicinity of the village of Khasaut, the distribution of nucleotide
differences has a multimodal nature, which does not corres-
pond to the expected distribution. Discrepancies between the
expected and observed distributions indicate high heterogene-
ity of the studied sample. In the combined sample (Uchkulan
and Khurzuk), the two curves show good agreement and have
a unimodal distribution (Fig. 5).

The age of the so-called lowland group (haplogroup Al),
which included the mitotypes of the S. pygmaeus from
Khasaut, is less than 400 thousand years. The age of clade A2,
represented by the ground squirrels of the Eastern Caucasus,
is less than 300 thousand years. The group of S. pygmaeus
of the Western (Uchkulan, Khurzuk) and Central Caucasus,
which form clade B, is phylogenetically younger. Its age is
less than 200 thousand years. The calculated age does not
contradict the data and opinions of other authors, who be-
lieved that the ancestors of modern mountain ground squirrels
penetrated into the highlands from lowland areas at different
times (Tsvirka, Korablev, 2014). Considering the statements of
many researchers (Sviridenko, 1927; Ioff, 1936; Varshavskii,
1963) that in the new history of the range of the little ground
squirrel we have to deal not with the primary, but essentially
with the repeated dispersal of this rodent, it is likely that the
different evolutionary ages of the three identified haplogroups
of S. pygmaeus are associated with the multi-stage dispersal
of the species across the study area.
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On the genetic structure and origin
of Spermophilus pygmaeus in the North Caucasus

The results of molecular dating suggest that the western
haplogroup of the little ground squirrel penetrated in a
continuous strip into the Central, Eastern Caucasus and the
eastern end of the Western Caucasus through the Stavropol
Upland and the Caspian Lowland less than 400 thousand
years ago.

It can also be assumed that as a result of the first stage of
settlement, the little ground squirrel became established at the
eastern end of the Western Caucasus in the Khasaut area, as
well as on the plain and in the foothills of Kabardino-Balkaria,
where stable ground squirrel populations existed until 1990
(Tembotov et al., 1969; Tembotova, Kononenko 2017), which
have not been registered in the Kabardino-Balkarian Republic
since the end of the 20th century. Less than 200 thousand years
ago, as a result of settlement, the species rose to the mountains
to an altitude of 2,000 m above sea level and higher along
the Baksan, Malkinsky and Chereksky gorges. Apparently,
it penetrated the border territories of Karachay-Cherkessia
along the subalpine belt, as evidenced by the same evolutio-
nary age of animals of the Western (Uchkulan, Khurzuk) and
Central Caucasus.

In the Eastern Caucasus, as a result of the first wave of
dispersal of the ground squirrel from the Russian Plain, the
species was established in the north of the Nogai Steppe
(Sukhokumsk) and in the southern outskirts of the Caspian
Lowland (Kar-Kar Valley). It is quite clear that the penetra-
tion of the little ground squirrel into the southern regions of
the Caspian Lowland occurred through the entire Caspian
Lowland, based on which it could be assumed that the mi-
totypes of the species throughout its territory would be of
the same evolutionary age. However, given that the Caspian
Sea changed its outlines for a very long time in geological
time, the lowland was regularly flooded and then freed from
water; it is quite understandable that a stable population did
not exist there. From the above, it follows that the Caspian
Lowland in the areas of Khumtop, Lvov and Zelenomorsk
was re-populated by the ground squirrel after 100 thousand
years and it is more likely that the settlement came from the
Russian Plain.

Conclusion
The ground squirrel penetrated into the North Caucasus
from the western part of a vast range, covering the plain of
Eastern Europe, northern Crimea, the Ciscaucasia and the
northern parts of Central Asia (Vereshchagin, 1959). The age
of the western haplogroup is about 800 thousand years. The
spread to the northern parts of Central Asia and the North
Caucasus most likely occurred in parallel, since the age of
the eastern haplogroup S. pygmaeus 1 and the oldest age of
the haplogroups that penetrated into the North Caucasus are
close — within 350—400 thousand years for S. pygmaeus 1
and haplogroup Al (Fig. 2). At the same time, the ground
squirrel penetrated into the North Caucasus in a continuous
strip to the Central, Eastern Caucasus and the eastern end of
the Western Caucasus through the Stavropol Upland and the
Caspian Lowland.

As aresult of the first wave of settlement, the little ground
squirrel became established in the Western Caucasus in the
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Khasaut area, and in the Central Caucasus, on the plainand in
the foothills of Kabardino-Balkaria, where stable populations
of ground squirrels existed until 1990 (Tembotov et al., 1969;
Tembotova, Kononenko 2017), which have not been recorded
in the Kabardino-Balkarian Republic since the end of the 20th
century. The absence of a continuous forest belt in the Central
Caucasus, in particular in the Kabardino-Balkarian Republic,
allowed S. pygmaeus to penetrate into the mountains later,
less than 200 thousand years ago, along three gorges: Cherek,
Baksan and Malkinsky. It is more likely that the species pen-
etrated into the subalpics of the Western Caucasus (Khurzuk
and Uchkulan) from the Central Caucasus.

The population in Khasaut is probably a genetic isolate,
which is confirmed by genetic distances (within 1.54—1.69 %)
(Table 3) with animals from neighboring areas of the
Karachay-Cherkess Republic (Uchkulan, Khurzuk) and the
Kabardino-Balkarian Republic (Bezengi, Aktoprak, Dzhilysu,
Irikchat, Tyrnyauz); however, further research is needed.

The first wave of the gopher’s settlement in the Eastern
Caucasus (in Dagestan) has survived to this day in the north of
the Nogai steppe in the Sukhokumsk region, and in the south
of the Caspian lowland in the Kar-Karl valley, as evidenced
by the evolutionary age of haplogroup Al. The younger age
of haplogroup A2 (less than 300 thousand years), also origi-
nating from the Eastern Caucasus (Khumtop, Zelenomorsk,
Lvovsky 13, Kar-Kar 2), is most likely due to the repeated
settlement of the Caspian lowland, regularly flooded by the
Caspian waters in historical times. This is also evidenced by
the genetic distance (0.76—1.1 %, Table 3) between animals
from the Kar-Kar 1 valley and the central regions of the Cas-
pian lowland (Khumtop, Zelenomorsk, Lvovsky 13), which
gives reason to believe that the settlement apparently origi-
nated from the Russian Plain, and that there is a weak gene
flow between these populations, which is probably associated
with the low mobility of the species, seasonal movements of
its young over short distances (maximum 5 km) (Naumov,
2010), and low numbers.

Regarding the taxonomic status of the Caucasian mountain
ground squirrel, we consider it premature to draw any conclu-
sions, since not all territories of the Caucasus were covered
by the studies. Nevertheless, the results obtained both in the
present study and in the previously conducted one (Tembotova
et al., 2024) suggest that the genetic distances (1.33-1.67 %)
obtained between the lowland and mountain samples of the
little ground squirrel of the North Caucasus correspond only to
the level of intraspecific differences, according to the gradation
given for the genus Spermophillus by (Baker, Brandley, 2006).
Probably, one can agree with the opinion of N.N. Vorontsov
and E.A. Lyapunova (1969) that S. musicus is a derivative
of S. pygmaeus, made on the basis of karyological studies.
M.V. Tsvirka and V.P. Korablev (2014) noted that significant
transformations of the karyotype of the mountain ground
squirrel occurred after it had already settled in mountainous
regions; over time, the characteristics that emerged were fixed,
leading to the stable isolation of the Caucasian mountain
ground squirrel from the lowland populations of the little one.
The genetic differentiation and structuring that we observed
in the S. pygmaeus species in the conditions of the North
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Caucasus are probably also due to the geographical isolation
of the lowland and mountain populations, which caused the
emergence of local adaptations to habitat conditions as a result
of a reduction in numbers and fragmentation of the range,
which is still observed today.
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Metabolic effects of trehalose in mice of the C57BL/6 strain
with obesity induced by a high carbohydrate-fat diet
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Abstract. The ability of trehalose to improve metabolic parameters in mice with experimental obesity has been
shown to depend on the type of obesity model. In db/db mice, it reduced body weight, insulin, blood glucose, and
cholesterol levels. In mice with obesity induced by high-fat dietary intake, it had no effect on body weight but re-
duced blood insulin levels with compensatory upregulation of insulin signaling gene expression. We studied the
effect of trehalose on overweight and metabolic parameters in C57BL/6 inbred mice with obesity induced by a high
carbohydrate-fat diet, the “cafeteria diet”. The cafeteria diet consisted of free access to water, standard chow, fatty
foods (lard), and carbohydrates (biscuits) for 18 weeks. All mice were then randomly divided into four groups for four
weeks of treatment: (1) water drinking, (2) drinking 3 % trehalose, (3) cafeteria diet and drinking water, (4) cafeteria
diet and drinking 3 % trehalose. Alterations in body mass, food intake, fluid intake, dietary calories, blood biochemi-
cal parameters (glucose, triglyceride, cholesterol, HDL, ALT, creatinine levels), expression of carbohydrate metabolism
(Slc2a2, Insr) and autophagy (Atg8, Becn1, Park2) genes in the liver were studied. The cafeteria diet obesity model was
accompanied by some signs of metabolic syndrome as it induced an increase in body weight (by 25 %), calorie intake
(by 25 %), blood levels of glucose (by 35 %), cholesterol (by 66 %), and triglycerides (by 23 %) in mice. Trehalose had
little effect on control mice, causing a decrease in standard food intake and an increase in dietary caloric intake by the
number of calories from trehalose itself. In obese mice, trehalose increased total caloric intake and biscuit consump-
tion but had no substantial effect on body weight gain, blood metabolic parameters, or expression of liver genes
regulating glucose transport (S/c2a2), insulin sensitivity (Insr), and autophagy processes (Atg8, Becn1, Park2). Since the
cafeteria diet is the most adequate model of alimentary obesity development in humans, our results question the use
of trehalose to correct the dietary type of obesity in humans.

Key words: C57BL/6 mice; carbohydrate-fat diet; cafeteria diet; obesity; trehalose; autophagy; qPCR; glucose; trigly-
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MeTabonnueckue 3QPeKThl Tperaao3bl
vy Mbiien iuHum C57BL/6 ¢ oxkupeH1eM, BbI3BAHHbIM
IVEeTON C BBICOKIM COZep>KaHMeM VIJTIEBOIOB U JKMPOB
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AHHOTaymsA. [oKasaHo, YTo CMOCOBGHOCTL TPEeranosbl ynyyllaTb MeTabonmueckine nokasartenm y *nBOTHbIX C SKCre-
PUMEHTaNbHbIM OXKUPEHVEM 3aBUCUT OT MOZAENN OXMNPeHMs. Y mblwein nnHun db/db oHa cHUXKaeT Bec Tena, ypoBHU
MHCYNINHA, FIOKO3bl U XOIECTEPUHA B KPOBU. Y MbILIEN C OXKUPEHMEM, BbI3BaHHbIM NMOTPE6IEHNEM BbICOKOXMNPOBOWM
JMETbI, OHa He BNVSIET HA BEC TENA, HO CHUXKAET YPOBEHb MHCY/IHA B KPOBY, KOMMEHCATOPHO YCUIMBAsA SKCMPECCUIO
reHOB VHCYNMHOBOW CMrHanu3aumn. Hamm npegnpuHAaTo nccnefoBaHvie AeNCTBUA Tperanosbl Ha BeC U MeTabonu-
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Tperanosa He CHUXaeT oXnpeHne y mbien nuHun C57BL/6,
BbI3BaHHOE Yr1eBOAHO-KNMPOBOW ANETON

YyecKkme nokasartenun y mbiwei mHum C57BL/6 ¢ n36bITOYHbIM BECOM, BbI3BaHHbIM ANETON C MOBbILEHHbIM COAEPXKa-
HEM >KNPOB U YINEBOAOB — «AneTON KadeTepusar. [lneTa KapeTepusa BKouana cBOOGOAHbLIN AOCTYN HA NPOTAXEHUN
18 Heflenb K Bofe, CTaHAAPTHOMY KOPMY, XXMUPHON nuLle (cany) n yrnesoaam (cLoOHOMY neyeHbio). Bce mbiwm 6biin
pPaHAOMHO pa3pesieHbl Ha YeTbipe rpynmbl, COAePXKaBLUMECA B Pa3HbIX YC/IOBUAX B TeueHre 4 Hegenb: 1) nuTbe BOAbI;
2) nuTbe 3 % Tperanosbl; 3) AneTta KadeTepus n NUTbe BoAbl; 4) AneTta kKadetepus 1 nuTbe 3 % Tperanosbl. iccneposa-
NN U3MeHeHWA Maccbl Tena, NoTpebneHre KOPMa, XKUAKOCTY, MULLEBbIX Kanopuii, BMoxmmmnyeckre nokasaTtenu Kposu
(ypoBeHb rMioKo3bl, TPUMMLEPULOB, xonectepuHa, JINBIM, ANT, KpeaTuHKHa), SKCNPECCUio FeHOB YrIEBOAHOIO 0oMe-
Ha (Slc2a2, Insr) n aytodarum (Atg8, Becn1, Park2) B neueHn. Mogenb OXX1PeHUs C MOMOLLbIO AneTbl KadeTepus conpo-
BOXKAanacb Npu3Hakamy MeTabonnyeckoro CUHAPOMA, MOCKOMbKY Y 3TVX MblLLel Obifv NOBbILWEHbI: Macca Tena (Ha
25 %), KONMYeCTBO NOTPEe6NEHHbIX Kanopuii (Ha 20 %), ypOBHM B KPOBM FOKO3bl (Ha 35 %), xonectepurHa (Ha 66 %),
Tpurnuuepuaos (Ha 23 %). Ha KOHTPONbHbIX Mblllei Tperano3a AelicTBOBasa 1abo, Bbi3biBadA NLb CHUXKEHNE MO-
TpebneHnA cTaHAaPTHOrO KOPMa 1 MOBbILIeHWe NOTPebneHnA NULLEBbIX KaSIOPUIA Ha BETMYNHY KanopUNHOCTN CaMoi
Tperanosbl. Y Mbilleid C OXKMpeHVeM Tperanosa nosbiwasna oblyee Yncno noTpebrieHHbIX Kanopuin n notpebneHve
NeyeHbs, HO CYLLECTBEHHO He BAMAa Ha MacCy Tena, MeTabonnyeckme nokasaTeny KPoBy 1 SKCNPECCUio B MeYEHU re-
HOB, pPerynunpyoLwmx TPaHCNoPT FoKO3bl (S/c2a2), 4yBCTBUTENBHOCTb K MHCYNWHY (Insr) n npouecchl ayTtodarum (Atgs,
Becn1, Park2). MockonbKy aneta KadeTepusa AaBnAetca Hanbonee afeKBaTHON MOAeNbIo GOPMUPOBAHUA OXUPEHNA Y
nofen, NoslyYeHHble HaMKn pe3ynbTaTbl CTaBAT NOJ COMHEHME BO3MOXHOCTb MCMNOJIb30BaHWA TPerano3bl ANA Koppek-
L MOLENNPYEMOrO OXNPEHNA Y Nllofen.

KnioueBbie cnosa: mbilwn C57BL/6; yrneBogHOXMpPOBas AneTa; aneta kadpeTepus; oxnpeHue; Tperanosa; aytoparus;

MLP; rnoko3a; Tpurnunuepuabl; XonectepuiH

Introduction

Trehalose (TR) has multiple therapeutic properties, the main
of which seem to be the chaperone-like activity and activation
of autophagy, which is especially important for neuroprotec-
tion (Hosseinpour-Moghaddam et al., 2018; Pupyshev et al.,
2022b). Other beneficial TR properties include positive effects
on cellular metabolism, carbohydrate and lipid metabolism
(Arai et al., 2019; Yaribeygi et al., 2019; Kobayashi et al.,
2021), while diabetes, obesity, and neurodegeneration are
known to be closely related (Pugazhenthi et al., 2017). Neu-
rodegeneration is considered to be inhibited by TR through
the activation of mTOR-independent autophagy (Sarkar, 2013;
Tamargo-Gomez, Marifio, 2018).

At the same time, TR significantly affects carbohydrate
metabolism, as it can reduce blood glucose levels and insu-
lin resistance (Zhang et al., 2018; Zhang, DeBosch, 2019;
Korolenko et al., 2021). TR also has a positive effect on lipid
metabolism: it reduces the level of triglycerides in the liver
and blood (Stachowicz et al., 2019; Zhang, DeBosch, 2019;
Korolenko et al., 2021) and ultimately prevents the develop-
ment of steatosis dependent on autophagy activity (Zhang
et al., 2018; Ren et al., 2019; Su et al., 2025). TR regulates
lipid metabolism partly through its effect on the release of
adiponectin, which promotes fat burning (Arai et al., 2013;
Mizote et al., 2016) through the reduction of the secretion of
gastric inhibitory polypeptide GIP, which promotes obesity
(Yoshizane et al., 2017) through the effects on the expression
of lipoxygenase ALOXE3 and arginase 2, which increase
energy consumption (Higgins etal., 2018; Zhang et al., 2019).

Inahigh-fat diet (HFD)-induced obesity model, TR reduces
mesenteric and inguinal fat hypertrophy and brown fat gain
(Arai et al., 2019), which is accompanied by an increase in
thermogenesis both in C57BL/6 mice and in a genetic model
of diabetic obesity, ob/ob mice (Zhang et al., 2018), while in
the latter case the result depends on the activity of AMPK,
TFEB and UCP1, but not on autophagy (Zhang et al., 2018;
Rusmini et al., 2019). In general, the results on the effects of
TR on excess body weight are quite contradictory (Arai et al.,

2010,2019; Liu etal., 2013; Sahebkar et al., 2019; Korolenko
et al., 2021). Some studies reported a tendency to decrease
in the mass of total visceral fat (no more than 5 %) and no
significant effect on the body weight in mice kept on HFD
after 8-week consumption of 2 % TR (Arai et al., 2013; Liu
etal., 2013). According to other data (Korolenko et al., 2021),
in db/db mice (a monogenic model of diabetic obesity), three-
week treatment with 2 % TR caused a noticeable decrease
in the body weight of mice (more than 10 %) and a general
therapeutic effect, in particular, a decrease in the levels of
cholesterol, triglycerides, and plasma glucose.

It remains unclear to what extent the fat-reducing effect of
TR depends on the type of diet or on mutations that cause obe-
sity. In the present study, we considered that the development
of alimentary forms of obesity in mice can be induced both by
the consumption of HFD food and by the diet with an increased
content of both fats and carbohydrates (carbohydrate-fat diet,
“cafeteria diet”, DCaf), which is more common in the human
population.

In this regard, the study aimed to assess the effect of ali-
mentary consumption of TR on the main metabolic parame-
ters (body weight; food, calorie and water consumption) in
C57BL/6 mice with obesity induced by keeping the animals
on a carbohydrate-fat diet (DCaf). The biochemical parame-
ters and lipid spectrum of the blood plasma and autophagy,
assessed by the expression of autophagy genes in the liver,
were also studied.

Materials and methods

Modeling obesity. All animal manipulations performed during
the study met the ethical standards approved by the legal acts
of the Russian Federation, the principles of the Basel Declara-
tion and the recommendations of the independent bioethics
committee of the Institute of Cytology and Genetics SB RAS
(protocol number No. 76 dated 04/07/2021). The experiments
were performed in male C57BL/6 mice of the conventional
vivarium of the Institute of Cytology and Genetics SB RAS
(Novosibirsk, Russia).
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Three-month-old animals were kept individually in a cage
under a 12-hour light : 12-hour dark regimen, at a tempera-
ture of 22-24 °C, and with free access to water and pelleted
chow (Assortiment-Agro, Novosibirsk, Russia). After two
weeks, the animals were either left on standard diet (n = 22)
or transferred to a high-fat, high-carbohydrate diet (DCaf)
(n=19) consisting of unsalted pork lard, biscuits, and standard
pelleted chow. DCaf causes obesity in C57BL/6 mice within
18 weeks (Makarova et al., 2013); DCaf content is the closest
to the current daily diet in humans and it also allows to assess
the consumption of certain dietary components.

18 weeks after the start of DCaf intake, the animals were
divided into four groups (Fig. 1): 1) standard diet (the con-
sumption of standard chow) and water (n = 11); 2) standard
diet (the consumption of standard chow) and 3 % TR solution
(the rationale behind the TR dosage adopted in the current
study was based on our recent study (Pupyshev et al., 2024))
(n = 11); 3) DCaf and water (n = 9); 4) DCaf and 3 % TR
solution (n = 10). Throughout the experiment, mice body
weight was measured weekly while food intake was measured
three times a week.

Blood biochemistry. After four weeks of trehalose con-
sumption, the animals were sacrificed, blood and liver samples
were collected. Blood serum samples were collected as de-
scribed previously (Goncharova et al., 2016). Metabolic pa-
rameters (ALT, creatinine, glucose, triglycerides, cholesterol,
and high-density lipoproteins (HDL)) were determined in the
blood serum using an AU 680 Biochemical Analyzer (Beck-
man Coulter, USA).

Analysis of gene expression. Real-time qPCR was used to
evaluate the relative expression levels of liver genes involved
in the regulation of carbohydrate metabolism (Insr, encoding
the insulin receptor; Slc2a2, encoding the glucose transporter
type 2 GLUT?2) and autophagy activity (Atg8, encoding the
autophagy protein LC3-II; Becnl, encoding the protein Be-
clin 1; Park2, encoding the protein Parkin), as well as the
reference genes Hprtl, B2m, Ppia.

Total RNA was isolated from liver samples using the Extrac-
tRNA kit (Evrogen, Moscow, Russia) according to the manu-
facturer’s instructions. cDNA synthesis was performed using
the MMLV RT kit (Evrogen) according to the manufacturer’s
protocol (https://evrogen.ru/products/cdna/synthesis/mmlv).
The resulting cDNA samples were analyzed by qPCR on a
LightCycler-480 II thermal cycler (Roche, Switzerland) using
the BioMaster HS-qPCR SYBR Blue (2x) reagent kit (Biolab-

1) DSt 1) DSt
343 2) DSt 2) DSt + TR
C57BL 3) DCaf 3) DCaf
4) DCaf 4)DCaf + TR
| |
0 18w

Measurement of body weight,
food and fluid intake

Fig. 1. Scheme of the experiment.

Trehalose does not attenuate carbohydrate-fat
diet-induced obesity in C57BL/6 mice

miks, Novosibirsk, Russia), with forward (F) and reverse (R)
primers (150 nM each) for the studied genes. Primers used for
the target genes: Atg8 [F: 5'-AAA GAG TGGAAGATG TCC
GGC-3'and R: 5-"ACC AGG AAC TTG GTC TTG TCC-3"],
Becnl [F: 5'-GAA CTC ACA GCT CCATTA CTT A-3' and
R:5-ATCTTC GAGAGA CAC CAT CC-3"], Insr [F: 5"-ATC
CTC GAAGGTGAGAAGAC-3"andR: 5-TGATAC CAG
AGC ATA GGA GC-3'], Park2 [F: 5'-GGT CCA GTT AAA
CCCACCTAC-3"and R: 5'-TTAAGA CAT CGT CCCAGC
AAG-3'], Slc2a2 [F: 5'-GGCTAATTTCAGGACTGGTT-3'
and R: 5'-TTTCTTTGCCCTGACTTCCT-3']. Primers used
for the reference genes: B2m [F: 5-GTC TTT CTA TAT
CCT GGC TCA-3"and R: 5'-ATG CTT GAT CAC ATG TCT
CG-3'], Hprtl [F: 5'-TAC CTA ATC ATT ATG CCG AGG
A-3"and R: 5'-GGT CAG CAA AGA ACT TAT AGC C-3'],
Ppia[F: 5'-AAAGTT CCAAAG ACA GCA GAAAA-3"and
R: 5'-GCC AGG ACC TGT ATG CTT TAG-3']. The relative
concentration of the tested cDNA was determined using Light-
Cycler 480 software (1.5.1 version) and calibration curves.

Statistics. The data were analyzed using STATISTICA 10.0
(StatSoft, TIBCO Software Inc., Palo Alto, CA, USA). The
results were expressed as the mean =+ standard error of the
mean. A two-tailed Student’s t-test was used to compare
sample means. A statistically significant level of differences
was accepted at p < 0.05 (two-tailed).

Results

Modeling diabetic obesity

Before the start of treatment with 3 % TR solution (after
18 weeks of maintenance on DSt or DCaf), mice from com-
parison groups 1 and 2, as well as obese animals from groups 3
and 4, did not differ in body weight, food consumption, or
taste preferences (see the Table, Fig. 2).

Mice that consumed DCaf for 18 weeks developed
excess body weight (obesity): body weight increased by
25 % (p < 0.001), energy consumption increased by 20 %
(p < 0.001), and water consumption, on the contrary, was
reduced by 40 % (p < 0.001) compared to mice in the control
group (Fig. 2).

In animals kept on DCaf, the indicator of hyperglycemia
(blood glucose level) increased by 35 % (see below), and
this differs from the effect of DCaf in other studies, where
blood glucose level increased more significantly (Parafati et
al., 2015), or in genetic models of obesity, ob/ob and db/db

« Measurement of blood
metabolic parameters

« Measurement of liver
gene expression

TR
| DCaf

22w

Abbreviations: DSt - standard laboratory diet, DCaf - cafeteria diet, TR - trehalose.
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Body weight, water consumption, total energy and dietary component intake in mice in four groups

2025
29-6

Index Group 1 Group 2
DSt (n=11) DSt+TR(n=11)

Body weight, g 27.2+04 273403

Total feed calories, kcal 134104 13.3+0.5
Standard chow, g 45+0.1 44+0.2

Lard, g - _

Biscuits, g - -

Water, ml 56+0.2 51+03

Group 3
DCaf (n=9)

334+1.0
15.8+0.3
1.1£0.1
1.0£0.1
1.1+£0.1

33+0.1

Group 4
DCaf + TR (n=10)

336%13
159+0.2
1.3£0.1
09+0.1
1.1+£0.1

34+0.1

Note. Mice in groups 1 and 2 maintained on standard diet (DSt) and in groups 3 and 4 maintained on the cafeteria diet (DCaf) for 18 weeks before
the start of treatment with 3 % trehalose (TR) solution in groups 2 and 4. Daily component consumption is indicated. Results are expressed as M £ m
(n, number of animals).

mice (Pelletier et al., 2020; Korolenko et al., 2021). In our 40

experiment, excess weight increase was not accompanied by
the development of high hyperglycemia.

Effects of TR on metabolic parameters in mice

kept on standard laboratory diet

Consumption of a 3 % TR solution for four weeks in control
mice did not affect the body weight of the animals (Fig. 3).
These mice ate less food (p < 0.05), while they showed a
tendency for an increase in fluid consumption by 10 % (Fig. 4).
Taking into account the caloric supplementation from TR in
drinking, the total kcal consumption in control mice drinking
a 3 % TR solution was more than 30 % higher than in control
animals drinking water (p < 0.001) (Fig. 3).

Effects of TR on metabolic parameters in mice

kept on cafeteria diet

Despite our expectations, the body weight of mice kept on
DCaf did not change under the influence of TR (Fig. 3). TR
also had a weak effect on their consumption of standard food,
liquid, or lard but increased the consumption of the carbohy-
drate component, biscuits (Fig. 4). TR significantly increased
the number of calories consumed, by 18 % (taking into account
the unchanged body weight in these animals compared to the
group drinking water and the caloric supplementation from
TR itself) (Fig. 3).

401

o
N
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2 I 3 o DCaf
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Fig. 2. Body weight, water consumption, and total energy intake of mice
maintained on standard diet (n = 22) or cafeteria diet (n = 19) for 18 weeks
before they were given 3 % trehalose solution.

*** p <0.001 vs. DSt.

700
ct DSt
[ 1 = . Dst4TR
600 *¥% DCa
= Lo DCaf+TR
30 S I
o .oz = 500
2 S
< = I
S S 400
g 20 *%% 3 *%%
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)
2 200
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100
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Fig. 3. Body weight and total energy intake in mice maintained on
standard diet and cafeteria diet for four weeks during which the animals
consumed water or 3 % trehalose solution.

The blue color shows the number of kcal obtained with drinking 3 % TR
solution.

*** p <0.001 vs. DSt; #& p < 0.001 vs. DCaf and water group (t-test).

9
160 DSt
I I DSt+TR
I * DCaf
120 I DCaf +TR
*¥%
&
I
I
40
XK I T
I I
Fluid Standard chow Lard Biscuits

Fig. 4. Total fluid and various food components intake of mice maintained
on standard diet or cafeteria diet for four weeks during which the animals
consumed water or 3 % trehalose solution.

*p < 0.05,*** p < 0.001 vs. DSt; & p < 0.05 vs. DCaf and water group (t-test).
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TR did not produce significant changes in metabolic blood
indices in mice maintained on DCaf or in the control group
(except for a noticeable trend (p < 0.07) in blood glucose
growth) (Fig. 5). The maintenance of mice on DCaf per se
influenced the overall metabolism to a certain extent increas-
ing the levels of glucose (p < 0.01), triglycerides (p < 0.05),
and especially those of blood cholesterol (p < 0.001), i. e.
changes in carbohydrate and lipid metabolism were registered.

Effects of TR on transcription of carbohydrate metabolism
and autophagy genes in mice kept on cafeteria diet
Neither DCaf nor TR consumption affected the expression
of genes regulating glucose uptake from blood (Slc2a2, Insr)
or related to autophagy activity (Atg8, Becnl, Park2) in the
liver of mice (Fig. 6).

Discussion

The maintenance of mice on DCaf for 18 weeks was ac-
companied by an increase in caloric intake (by 20 %) and,
as a result, the development of excess body weight (by
25 %). That allowed us to study a normalizing effect of TR
on body weight gain found in previous studies in db/db mice
(Korolenko et al., 2021). TR as an energy substrate (Sato et
al., 1999) increased caloric energy intake both in mice of the
control group and in mice given DCaf. Notably, in both groups
of mice, an increase in caloric intake mainly associated with
TR intake did not augment body mass (Fig. 3). Hence, TR
stimulates caloric energy expenditure without affecting body
weight. To some extent, this is in line with previous findings
that demonstrated the ability of long-term TR treatment to
stimulate caloric expenditure in thermogenesis and brown

Trehalose does not attenuate carbohydrate-fat
diet-induced obesity in C57BL/6 mice

fat burning processes in C57BL/6 mice kept on both standard
and high-fat diets (Arai et al., 2013, 2019) and in obese ob/ob
mice (Zhang et al., 2018).

Another possible way of regulation by alimentary TR
involves the induction of cellular starvation accompanied by
activation of cytoprotective autophagy (DeBosch et al., 2016;
Mayer et al., 2016; Zhang, DeBosch, 2019). The mechanism
is associated with inhibition of the GLUTS glucose transmem-
brane transporter, thereby causing energy deficiency in liver
cells leading to activation of the adenosine monophosphate-
dependent kinase AMPK and its pleiotropic metabolic effect
including inhibition of biosynthesis, energy consumption, and
activation of autophagy. In the present study, TR appeared to
lose its ability to simulate the fasting effect (Zhang, DeBosch,
2019), which leads to autophagy activation. The attenuation of
the regulatory properties of TR here is consistent with its lack
of effect on the transcription of autophagy genes responding to
TR by elevation in our other studies (Pupyshev et al., 2022a).
The reason for the weakening of the regulatory properties of
TR in C57BL/6 mice remains unclear. Such a switch of the
effect of TR does not seem to depend on the diet, as the effects
of TR were similar both in control mice and in DCaf-given
ones. Perhaps, in the conditions in our study (3 % trehalose,
28 days), there is an escape of TR from the quantitative energy
cleavage described earlier (Sato et al., 1999), and then the
contradiction between the growth of calories consumed and
the lack of weight gain is smoothed out.

The loss of regulatory properties of TR in mice in our ex-
periment is not consistent with the effects of TR revealed in
db/db mice with diabetic obesity (Korolenko et al., 2021). In
db/db mice, TR reduced the body mass (by more than 10 %),

50 ALT 40 Creatinine 15 Glucose DSt
DSt+TR
40 I 12 DCaf
30 I *I* DCaf+TR
I
30| I I I 9 I
= % 20 3 I
=) € £
20 = € 6
10
10 3
0 0 0
2.0 Triglycerides 5 Cholesterol 25 HDL
*X%
- . 4 I 2.0
1! :
=~ -_— pa—
S 10p I 3 I 3 I I
£ £ I £
€ £ 2 £ 10
05
1 0.5
0

0

0

Fig. 5. Blood biochemical parameters in mice maintained on standard diet or cafeteria diet and given water or

3 % trehalose solution for four weeks.
*p <0.05, ** p < 0.01, *** p < 0.001 vs. DSt.
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Fig. 6. The mRNA levels of autophagy (Park2, Atg8, Becn1) and carbohydrate metabolism (S/c2a2, Insr) genes in the liver of mice kept on standard diet

or cafeteria diet and given water or 3 % trehalose solution for four weeks.

reduced blood glucose levels, and produced a general reco-
very effect by lowering blood cholesterol and triglycerides.
However, in studies in rabbits, as here, a weak effect of TR on
the blood lipid spectrum was found (Sahebkar et al., 2019).

Given the similarity of the model of obesity in DCaf-given
mice with the typical development of obesity in humans, the
results question the use of TR to correct this most common
type of obesity in humans. At the same time, our results do not
exclude the approach of treating patients with severe obesity
with TR because such treatment was successful for mice with
almost 50 % excess weight (Korolenko et al., 2021).

Conclusion

Based on the well-known effect of TR on simulation of starva-
tion (induction of autophagy) and reduction of excess body
weight in db/db mice, a study of its effect in C57BL/6 mice
given carbohydrate-fat diet (DCaf), a model an alimentary
obesity in humans, was performed. In the control and obese (by
25 %) mice, TR (3 % solution drinking, 28 days) augmented
significantly the number of calories consumed while this
increase in energy consumption was not accompanied by an
increase in body weight gain of the mice. The excess in calo-
ries consumed might be spent on enhancing the processes of
thermogenesis and brown fat burning (Arai et al., 2013, 2019).
Trehalose produced only a tendency of increase in blood
metabolic parameters (glucose, cholesterol, triglycerides,
HDL) and had no effect on the expression of genes regulating
carbohydrate metabolism (Slc2a2, Insr) or autophagy genes
(Atg8, Becnl, Park2). In the present study, in mice kept on
DCaf, TR did not demonstrate an ability to reduce diabetes
and obesity induced by DCaf, nor useful properties for the
correction of common dietary type of obesity in humans.
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Abstract. Recent genome-wide association studies have identified a link between the RAB29 gene and Parkinson’s
disease (PD). The Rab29 protein encoded by RAB29 regulates leucine-rich repeat kinase 2 (LRRK2). Mutations in the
LRRK2 gene increase its kinase activity and contribute to autosomal dominant forms of PD. Previous research has
shown that altered LRRK2 kinase activity may correlate with the activity of lysosomal hydrolases and the concen-
tration of sphingolipids. This study aimed to assess the association of the rs823144 variant in the promoter region
of the RAB29 gene with PD risk, and to evaluate RAB29 expression, lysosomal hydrolase activity, and sphingolipid
concentrations in the blood of PD patients. We screened the rs823144 variant of the RAB29 gene in a cohort of
PD patients (N = 903) and controls (N = 618) using next-generation sequencing (NGS) and polymerase chain re-
action (PCR) followed by restriction fragment length polymorphism analysis. The expression of the RAB29 gene
was measured in peripheral blood mononuclear cells (PBMCs) using qPCR. We assessed the activities of lysosomal
hydrolases (glucocerebrosidase (GCase), alpha-galactosidase (GLA), acid sphingomyelinase (ASMase), and galac-
tosylcerebrosidase (GALC)) and the concentrations of sphingolipids (globotriaosylsphingosine (LysoGb3), sphin-
gomyelin (LysoSM), and hexosylsphingosine (HexSph)) in blood using high-performance liquid chromatography
with tandem mass spectrometry (HPLC-MS/MS). The RAB29 rs823144 C allele was associated with a reduced risk of
PD in the Northwestern Russian population (OR = 0.7806, 95 % Cl: 0.6578-0.9263, p = 0.0046), which is consistent
with global data. However, no significant association was observed between the rs823144 C allele and RAB29 mRNA
expression in PBMCs. Notably, the C allele was associated with increased GLA activity and decreased concentrations
of LysoGb3 and LysoSM in the blood of PD patients. In conclusion, we demonstrate for the first time an association
between the RAB29 rs823144 C allele and a reduced risk of PD in the Northwestern Russian population. Moreover,
the RAB29rs823144 Callele is associated with altered lysosomal enzyme activity and sphingolipid profiles, suggest-
ing a potential role of RAB29 in sphingolipid metabolism relevant to PD pathogenesis.
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Introduction

AHHoTauuA. [eHOMHble UCCNefoBaHUA NOCNeAHUX NIET BbIABUMM accoumaunio reHa RAB29 ¢ 6onesHbio MapKuH-
coHa (BM). benok Rab29, kogupyembiin reHom RAB29, — 0fWH 13 pPerynaTopos 60ratoi neiLmMHOBbIMU MOBTOPAMM
KuHasbl 2 (LRRK2). MyTauun B reHe LRRK2 accoummnpoBaHbl € yBenmyeHnem KMHa3Hom aktnBHocTn LRRK2 v npuso-
[AT K pa3BUTUIO ayTOCOMHO-AOMUHAHTHbIX dopm BIM. HepaBHO nokasaHo, UTo n3mMeHeHne KMHa3HON akTMBHOCTY
LRRK2 Mo»KeT 6bITb CBA3AHO C M3MEHEHVEM aKTUBHOCTU TIM30COMHbIX M’MAPONa3 U KOHLUEHTpaLuun Nn3ocuHronm-
nupoB. Lenb gaHHOro nccnegoBaHuA 3akniovanacb B oLeHKe accoumnaumm rs823144 B npomoTtope reHa RAB29 ¢
Bl ¢ skcnpeccnen reHa RAB29, akTMBHOCTbIO TM30COMHbBIX MMAPOa3 U KOHUEHTpauven nu3ochrHronmnngos B
Kposu npu bl1. B xoae nccnepoBaHna npoBefeHbl CKPUHWHT BapraHTa rs823144 rena RAB29 B rpynne nauyneHToB
c bl (N =903) n B koHTpone (N = 618) c ncnonb3oBaHVemM METOAOB MaCCOBOTO NapasnsieslbHOro CeKBeHNPOBaHNA
1 nonumepasHas uenHasa peakuma (MLUP) ¢ nocnepyowym pecTpUKLMOHHBIM aHann3oM. SKcnpeccus reHa RAB29
oLeHMBanacb B MOHOHYKJeapax nepudepuyeckon Kposu metogom MLP B pexume peanbHoro BpemeHn. AKTMB-
HOCTV NTM30COMHbIX raponas (rokouepebposmpgasa (GCase), anbda-ranakrosngasa (GLA), kucnas chbuHromre-
nuHasa (ASMase), ranaktosmnuepebposungasa (GALC)) n KoHUeHTpaumm nmsochuHronnugos (rnobotpraosu-
couHrosuH (LysoGb3), cduHrommennt (LysoSM), rekcosunceuHrosmH (HexSph)) oueHnsanucb B KpoBU MeTOAOM
BbICOKO3PDEKTNBHOM XKNJKOCTHON XpoMaTorpadum C TaHgeMHoON macc-cnekTpomeTpurent (BIXKX-MC/MC). Annenb
Crs823144 reHa RAB29 accoumnpoBaH C MOHMXeHHbIM puckom Bl B ceBepo-3anaaHon nonynauymm Poccuiickon Qe-
nepauvn (OLL: 0.7806, 95 % [W: 0.6578-0.9263, p = 0.0046), 4TO COOTBETCTBYET MUPOBLIM AaHHLIM. OfHaKO B xofe
paboTbl He BbiABNeHo accoumaumm annens C rs823144 reHa RAB29 ¢ ypoBHem MPHK reHa RAB29 B MOHOHYKNeapax
neprdepurueckoin Kposu. B To e Bpema HocutenbcTso annens C rs823144 6bino acCoLMMPOBAHO C MOBbILLEHHO
AKTUBHOCTBIO GLA 1 CHUXKeHHOW KoHueHTpauuen LysoGb3 B kposu npw BI. Takum 06pa3om, Hamu Bnepsble no-
KasaHa accouymnauma annena C rs823144 reHa RAB29 ¢ noHmxeHHbIM puckom Bl B ceBepo-3anagHon nonynaumm
Poccuiickon ®epepauunn. Annenb C rs823144 accoummpoBaH C MOBbILIEHHON aKTUBHOCTBI0 GLA 1 CHUMEHHOW KOH-
ueHTpaumven LysoGb3 B kKposu npwu BI1. MonyyeHHble pe3ynbTaTbl MO3BONAT NPEANONAOKNUTL acCoLMaumio reHa
RAB29 c meTabonn3mom COUHroNMNUAoB..

KntoueBble cnioBa: 6onesHb MapkrnHcoHa; RAB29; nm3ocomHble ruaponasbl; nusocdurHronmnugbl; LRRK2

Parkinson’s disease (PD) is a common, slowly progressive
neurodegenerative disorder characterized by the loss of dopa-
minergic neurons in the substantia nigra (SN) of the brain (Lill,
2016). A central pathological mechanism in PD pathogenesis
is the accumulation and aggregation of the alpha-synuclein
protein in the SN. Although PD is primarily sporadic, ap-
proximately 15 % of patients report a positive family history.
The molecular mechanisms underlying PD remain largely
unclear; however, increasing evidence implicates lysosomal
dysfunction as a key contributor to disease pathogenesis
(Nechushtai et al., 2023). In particular, our group and others
have demonstrated reduced lysosomal hydrolase activity and
altered sphingolipid levels in the peripheral fluids of patients
with idiopathic PD (Alcalay et al., 2015; Galper et al., 2022;
Usenko et al., 2022). Additionally, changes in lysosomal
enzyme activity and sphingolipid concentrations have been
observed in PD cases associated with mutations in the LRRK2

820

gene, one of the most common monogenic forms of the disease
(Alcalay et al., 2015; Usenko et al., 2023, 2024).

The LRRK2 gene encodes leucine-rich repeat kinase 2
(LRRK?2), a multidomain protein implicated in Parkinson’s
disease pathogenesis (Zimprich et al., 2004). A key group of
LRRK2 substrates comprises small Rab GTPases, which are
critical regulators of vesicular trafficking, particularly within
the endolysosomal system (Steger et al., 2016; Wang et al.,
2014). Dysregulated LRRK2 kinase activity disrupts the traf-
ficking of lysosomal hydrolases to their proper destinations,
thereby impairing lysosomal function (MacLeod et al., 2013;
Ysselstein et al., 2019; Rivero-Rios et al., 2020; Kedariti et
al., 2022).

Among the LRRK2 substrates, Rab29 — encoded by the
RAB29 gene — has attracted particular interest (Steger et al.,
2016). Rab29 has been identified as a key upstream regula-
tor of LRRK2, responsible for its activation (Liu et al., 2018;
Madero-Pérez et al., 2018; Purlyte et al., 2018; Kuwahara,
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Iwatsubo, 2020). Rab29 localizes to the membranes of ly-
sosomes and the Golgi apparatus, where it recruits inactive
cytoplasmic LRRK2 monomers and promotes their oligo-
merization into active dimers or tetramers (Purlyte et al.,
2018; Zhu et al., 2023). The RAB29 gene is located within
the PARK16 locus, which has previously been associated with
reduced PD risk (Satake et al., 2009; Pihlstrgm et al., 2015;
Nalls et al., 2019). A recent multi-trait analysis of genome-
wide association studies (MTAG) further confirmed the as-
sociation between RAB29 and PD at both the transcriptomic
and proteomic levels (Shi et al., 2024).

Several studies have identified variants in the promoter
region of RAB29 that are associated with a reduced risk of
Parkinson’s disease. These variants are thought to influence
RAB29 gene expression levels (Gan-Or et al., 2012; Khaligh
etal., 2017; Sun et al., 2021), potentially modulating the ac-
tivation of LRRK2 and thereby affecting lysosomal hydrolase
activity in PD.

The aim of this study was to investigate the association of
the rs823144 single nucleotide polymorphism (SNP), located
in the promoter region of RAB29, with PD risk, RAB29 gene
expression, lysosomal hydrolase activity — including gluco-
cerebrosidase (GCase), a-galactosidase (GLA), galactocer-
ebrosidase (GALC), and acid sphingomyelinase (ASMase) —
and the concentrations of lysosphingolipids in the blood. The
lysosphingolipids analyzed included hexosylsphingosine
(HexSph), a mixture of glucosylsphingosine (GlcSph) and
galactosylsphingosine (GalSph); lysosphingomyelin (Lys-
oSM); and lysoglobotriaosylsphingosine (LysoGb3). These
parameters were evaluated in both PD patients and healthy
control subjects.

Materials and methods
Characteristics of the study groups. The study included
903 patients with sporadic PD and 618 control individuals
matched for age and gender. All patients were recruited from
the clinic of the N.P. Bechtereva Institute of the Human Brain
of the Russian Academy of Sciences. The control group
comprised individuals seen at the consultative and diagnostic
center of the First St. Petersburg State Medical University
named after academician I.P. Pavlov. To exclude PD and other
neurodegenerative disorders, all control participants under-
went neurological examination. Clinical and demographic
characteristics of the study groups are presented in Table 1.
No significant differences in age or gender distribution were
observed between the groups (p > 0.05).

All procedures involving human participants were con-
ducted in accordance with the ethical standards of the Na-
tional Research Ethics Committee and the 1964 Declaration

2025
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of Helsinki and its later amendments or comparable ethical
standards. Written informed consent was obtained from each
participant prior to inclusion in the study. The study protocol
was approved by the Ethics Committee of the First St. Pe-
tersburg State Medical University named after academician
I.P. Pavlov (Protocol No. 275, dated September 04, 2023).

Genetic analysis. Two methods were used to genotype the
rs823144 variant in the RAB29 gene: massively parallel se-
guencing (next-generation sequencing, NGS) and polymerase
chain reaction (PCR) followed by restriction fragment length
polymorphism (RFLP) analysis. Peripheral blood samples
were collected from all study participants, and genomic DNA
was extracted using phenol-chloroform extraction, as previ-
ously described (Maniatis et al., 1994).

NGS genotyping of the rs823144 variant in the RAB29 gene
was performed in a subset of 521 PD patients and 420 control
individuals using molecular inversion probes, as previously
described (Rudakou et al., 2021). Sequencing was conducted
on the Illumina NovaSeq 6000 SP PE100 platform. Sequence
alignment was performed using the Burrows—Wheeler Aligner
(BWA) with the hg19 human genome reference (Li, Durbin,
2009). Variant calling and post-alignment quality control
were carried out using the Genome Analysis Toolkit (GATK,
v3.8) (McKenna et al., 2010). Variants were filtered based on
coverage depth and quality metrics; only those with a mini-
mum read depth >30 and a quality score >20 were included
in the analysis.

An additional 473 PD patients and 384 controls were
screened for rs823144 using PCR followed by restriction ana-
lysis. Primer sequences were designed using Primer3v. 0.4.0
(http://bioinfo.ut.ee/primer3-0.4.0/) (FOR: 5'-CCCTGCA
CGTGACGCTTG-3’, REV: 5'-GAATCCCAGTCAGCTC
CTTACA-3"). Restriction enzyme selection was performed
using the NEBCutter tool (Vincze et al., 2003), and BstAC |
was chosen for RFLP analysis (Fig. 1).

Actotal of 91 PD patients and 186 control individuals were
genotyped for the rs823144 variant in the RAB29 gene using
both PCR with restriction analysis and NGS. These overlaps
were accounted for in subsequent statistical analyses.

To validate the results obtained from both methods, a sub-
set of samples was confirmed by Sanger sequencing using a
Nanofor-05 genetic analyzer (Synthol, Russia). The Sanger
sequencing data were visualized and analyzed using Tracy
software (Rausch et al., 2020) (Fig. 2).

Evaluation of the relative expression level of the RAB29
gene in peripheral blood mononuclear cells of PD patients
and controls. Peripheral venous blood samples were col-
lected from PD patients (N = 30) and control individuals
(N = 43). Peripheral blood mononuclear cells (PBMCs) were

Table 1. Clinical and demographic characteristics of the study groups

Group Sex Age,
(male:female) years

PD (N =903) 378:525 65 (25-90)

Controls (N =618) 228:390 64 (40-96)

Note.PD - Parkinson’s disease; data are presented as median (min-max).

Duration of the disease,
years

Age at onset,
years

59 (20-88) 3(1-36)
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161 b.p.
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Fig. 1. Electropherogram showing the results of genotyping of the
rs823144 variant in the RAB29 gene.

1, 2 - homozygote for the A allele (genotype AA), 3, 4 - heterozygote (geno-
type AC), 5 - homozygote for the C allele (genotype CC).

isolated by density gradient centrifugation using Ficoll-Paque
PLUS (GE Healthcare) at 400g for 40 minutes, as described
by Boyum (1968). The resulting mononuclear fraction was
washed twice with phosphate-buffered saline (PBS; Biolot,
St. Petersburg) and centrifuged at 3,000 rpm for 10 minutes.
Total RNA was extracted from PBMCs using the RNeasy Mini
Kit (Qiagen, 74104, USA). Complementary DNA (cDNA)
was synthesized via reverse transcription using the RevertAid
First Strand cDNA Synthesis Kit (K1622, Thermo Scientific,
Lithuania).

The relative expression level of the RAB29 gene in
PBMCs of PD patients (N = 30) and control individuals
(N = 43) was quantified by real-time PCR using SYBR
Green | as the intercalating dye. The housekeeping genes
RPLPO and GAPDH, which are constitutively expressed
in PBMCs, were used as internal reference genes for nor-
malization. Primer sequences were designed using the
Primer3 v. 0.4.0 program (https://bioinfo.ut.ee/primer3-0.4.0)
(FOR: 5-CGGTTTCACAGGTTGGACAG-3', REV: 5'-CC
CTTGGGTGGACAAAGACA-3"). The relative mRNA level
for each gene was calculated by comparing the threshold
amplification levels AACt (Livak, Schmittgen, 2001).

C>A
@) (G>T)

RAB29 rs823144 and lysosomal hydrolase activity
in Parkinson’s disease

Evaluation of lysosomal hydrolase activities and lyso-
sphingolipid concentrations in peripheral blood of PD
patients and controls. Peripheral venous blood samples were
collected from PD patients and controls into EDTA tubes. To
obtain dried blood spots, 40 pl of whole blood was applied
to each spot on a filter paper test blank, after which the spots
were allowed to air dry at room temperature for 2 hours
and were then stored at +4 °C until extraction. Activities
of four lysosomal hydrolases: glucocerebrosidase (GCase),
a-galactosidase (GLA), galactocerebrosidase (GALC), and
sphingomyelinase (ASMase), as well as the concentration
of three lysosphingolipids: hexazyl sphingosine (HexSph)
(a mixture of glycosyl sphingosine (GlcSph) and galactosyl
sphingosine (GalSph)), lysosphingomyelin (LysoSM) and
lysoglobotriaosyl sphingosine (LysoGh3) were estimated
by high-performance liquid chromatography coupled with
tandem mass spectrometry (HPLC-MS/MS) according to our
previously published protocol (Pchelina et al., 2018).

Statistical data processing. Statistical analyses were per-
formed using the R programming environment (version 4.0.5).
Odds ratios (OR) with 95 % confidence intervals (Cls) were
calculated using logistic regression models adjusted for age
and gender. The nonparametric Mann-Whitney U-test was
applied to compare the relative expression levels of the RAB29
gene, lysosomal hydrolase activities, and lysosphingolipid
concentrations between study groups. To evaluate the asso-
ciation between the rs823144 variant of the RAB29 gene
and lysosomal hydrolase activity, multiple linear regression
analysis was conducted, adjusting for age, gender, and disease
duration. Statistical significance was set at p < 0.05. Data are
presented as median (min-max).

Results

Association between rs823144 of the RAB29 gene

and PD risk

Genotyping of the rs823144 variant in the RAB29 gene among
PD patients and controls from the Northwestern Russian
population revealed that the major allele is A. Hardy—\Wein-
berg equilibrium (HWE) analysis confirmed that the genotype

C>A
(G>T)

Fig. 2. Graphical representation of Sanger sequencing results (electropherogram displaying the results of genotyping of the

rs823144 variant of the RAB29 gene).

a - homozygote for the C allele (genotype CC); b - heterozygote (genotype AC); ¢ - homozygote for the A allele (genotype AA).
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distributions in both groups were in equilibrium (p > 0.05).
The genotype frequencies are summarized in Table 2. Logistic
regression analysis demonstrated that the rs823144 variant is
significantly associated with a reduced risk of Parkinson’s di-
sease in this population (OR: 0.7806, 95 % CI: 0.6578-0.9263,
p = 0.0046).

Evaluation of the relative level of RAB29 gene mRNA

in the mononuclear fraction of peripheral blood cells

of PD patients and controls

This study assessed for the first time the association between
the rs823144 variant of the RAB29 gene and the relative
expression level of RAB29 mRNA in peripheral blood
mononuclear cells (PBMCs) from PD patients and controls.
The median relative expression of RAB29 mRNA in PBMCs
was 1.00 (0.22-1.75) in PD patients and 0.96 (0.13-1.79) in
controls, with no statistically significant difference between
groups (p > 0.05). When stratified by rs823144 genotype,
the relative RAB29 mRNA levels were as follows: in PD
patients, AA genotype carriers had a median expression
of 1.09 (0.-1.68), while carriers of AC and CC genotypes
combined showed 1.13 (0.36-1.75); in controls, AA car-
riers had 1.05 (0.58-1.28) and AC + CC carriers had 0.97
(0.55-1.33). No significant association was found between the
rs823144 genotype and RAB29 mRNA levels in either group
(p>0.05).

Association of the rs823144 variant of the RAB29 gene
with the activity of lysosomal hydrolases

and the concentration of lysosphingolipids

in the peripheral blood of patients with PD and controls
This study is the first to investigate the association of the
rs823144 variant of the RAB29 gene with lysosomal hydrolase
activities and lysosphingolipid concentrations in the blood
of PD patients and controls. Patients with PD exhibited sig-
nificantly increased GALC activity and decreased LysoSM
concentrations compared to controls (p = 0.008 and p = 0.01,
respectively) (Table 3). Stratification by rs823144 genotype
revealed that carriage of the C allele of the rs823144 variant in
the RAB29 gene was associated with increased GLA activity
and decreased levels of LysoGb3 — a substrate of GLA — in
PD patients (p = 0.038 and p = 0.022, respectively) (Table 3).
These associations were confirmed by multiple linear regres-
sion adjusted for gender, age, and disease duration (GLA:

2025
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B=1.11,p=0.024; LysoGb3: p =-0.23, p=0.015) (Table 4).
No significant differences were observed in GCase, GLA
and ASMase activities, or HexSph and LysoGb3 concentra-
tions when analyzing the combined groups of PD patients
and controls, regardless of rs823144 genotype. Similarly,
no genotype-dependent differences were detected in GCase,
ASMase, GALC activities, or HexSph concentrations.
Notably, PD patients carrying the C allele exhibited
decreased blood concentrations of LysoGb3 and LysoSM
compared to the combined control group (p = 0.045 and
p = 0.015, respectively), whereas PD patients with the
AA genotype showed increased LysoSM levels relative to
controls (p = 0.022). The increase in GLA activity and cor-
responding decrease in its substrate LysoGb3 were specific
to carriers of C allele of the rs823144 variant in the RAB29
gene within the PD group and were not observed in controls.

Discussion

The RAB29 gene is one of five genes located within the
PARK16 locus on chromosome 1g32, previously implicated
in Parkinson’s disease risk (Simon-Sanchez et al., 2009; Tucci
et al., 2010). Multiple association studies have identified the
minor allele C of rs823144, positioned in the promoter region
of RAB29, as protective against PD across various populations
(Gan-Or et al., 2012; Xia et al., 2015; Khaligh et al., 2017;
Sun et al., 2021). It has been hypothesized that this allele
modulates transcription factor binding (Gan-Or et al., 2012;
Khaligh et al., 2017).

In silico analyses suggest that the C allele of the rs823144
variant in the RAB29 gene abolishes the binding site for c-
Ets-1 and introduces binding sites for p300, GATA-1, and
Sp1, potentially enhancing RAB29 expression (Gan-Or et al.,
2012). However, data from the GTEX database (https://www.
gtexportal.org/) indicate that the CC genotype of rs823144
correlates with reduced RAB29 expression in whole blood
and brain tissues (p < 0.0001). In turn, increased expression
of the RAB29 gene, encoding one of the main regulators of
LRRK?2 kinase, may potentially lead to impaired activation of
this kinase. LRRK2, by phosphorylating Rab family proteins,
regulates endolysosomal transport (Reczek et al., 2007; Wei
et al., 2023). Dysregulation of LRRK2 activation can impair
lysosomal hydrolase transport and function, contributing to
PD pathogenesis.

Table 2. Frequencies of rs823144 genotypes and alleles in the study groups

Genotypes and alleles  PD, % (N = 903)

AA 63.3 (N=572) 57 (N=352)
AC 31.5 (N=284) 354 (N=219)
CcC 5.2 (N=47) 7.6 (N =47)
AC+CC 36.7 (N=331) 43 (N = 266)
AA+AC 94.8 (N = 856) 92.4 (N =571)
A 79.1 (N=1428) 74.7 (N =923)
C 20.9 (N=378) 253 (N=313)

Note. PD - Parkinson’s disease; OR - odds ratio.

Controls, % (N =618)

OR (95 % Cl), p-value

AC+CCvs AA: 0.7658 (0.6213-0.9438), p = 0.0123;
CCvs AA+CC: 0.6671 (0.4392-1.0132), p=0.0576

Cvs A:0.7806 (0.6578-0.9263), p = 0.0046
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RAB29 rs823144 and lysosomal hydrolase activity
in Parkinson’s disease

Table 3. Lysosomal hydrolase activity and lysosphingolipid levels in the peripheral blood of PD patients and controls

Genotypes Lysosomal hydrolase activity, mM/L/hour Lysosphingolipid concentration, ng/ml
GCase GLA ASMase GALC HexSph LysoGb3 LysoSM
Combined groups
PD 6.78 4.8 4.54 213 2.63 0.8 3.62
(N=211) (2.07-23.08) (1.33-36.39) (1.53-13.25) (0.21-12.68) (0.49-13.23) (0.04-40.77) (0.72-16.08)
*p=0.008 *p=0.01
Controls 6.29 4.18 4.14 1.86 2.97 0.78 3.98
(N=179) (1.55-32.13) (1.03-14.81) (1.4-12.39) (0.24-9.35) (0.57-15.36) (0.03-2.31) (0.59-11.6)
Groups divided by genotypes of the rs823144 variant of the RAB29 gene
PD AA 5.67 4.05 4.28 2.17 2.55 0.93 3.84
(N=91) (2.07-19.52) (1.2-13.93) (1.67-11.83) (0.12-12.68) (0.5-13.81) (0.02-2.49) (1.65-16.08)
*p =0.022
PD AC +CC 5.78 5.39 4.76 2.2 2.89 0.61 3.45
(N=55) (2.42-23.08) (1.61-13.72) (1.53-9.31) (0.52-7.28) (0.87-13.08) (0.04-3.73) (0.72-15.34)
**p = 0,038 *p = 0.045 *p=0.015
**p =0.022
Controls AA 6.92 423 4.35 2.19 2.37 0.77 4.37
(N=52) (1.55-32.13) (1.86-12.94) (1.5-10.99) (0.58-9.35) (0.57-12.11) (0.16-2.27) (0.59-14.87)
Controls AC + CC 8.11 442 44 2.19 2.54 0.86 4.44
(N=40) (3.9-17.23) (2.17-12.6) (1.82-12.03) (0.96-8.37) (0.69-9.87) (0.03-2.31) (2.03-11.75)

Note. PD - Parkinson’s disease; GCase — glucocerebrosidase; GLA — a-galactosidase; GALC - galactocerebrosidase; ASMase — sphingomyelinase;
HexSph - hexasylsphingosine; LysoSM - lysosphingomyelin; LysoGb3 - lysoglobotriaosylsphingosine.

* Compared with the combined control group; ** compared with PD patients with the AA genotype. Data are presented as median (min-max).

In our study of the Northwestern Russian population, we
confirmed the association of the C allele of rs823144 with a
reduced risk of PD, which is consistent with global findings
(Gan-Or et al., 2012; Khaligh et al., 2017; Sun et al., 2021).
Notably, we did not observe any association between the
C allele of rs823144 genotype and RAB29 mRNA levels in
peripheral blood mononuclear cells from either PD patients
or controls.

Lysosomal dysfunction is widely recognized as a central
mechanism in PD. Previous work by our group and others
has demonstrated altered lysosomal hydrolase activity and
sphingolipid metabolism in peripheral fluids and postmortem
brain regions of PD patients (Alcalay et al., 2018; Nelson et
al., 2018; Huebecker et al., 2019; Chang et al., 2022; Usenko
etal., 2022, 2024). Specifically, we reported increased GALC
activity and decreased LysoSM — a substrate of acid ASMase —
concentration in PD peripheral blood (Usenko et al., 2022,
2024). In turn, disruption of lysosphingolipid metabolism,
including through altered lysosomal hydrolase activity, may
contribute to the aggregation of a-synuclein (Mazzulli et al.,
2011; Marie et al., 2015).

Accumulating lysosphingolipids in neurons can stabilize
neurotoxic alpha-synuclein oligomers (Battis et al., 2023).
Prior brain autopsy studies revealed correlations between
LysoGb3 isoform concentrations and pathological phos-
phorylated alpha-synuclein as well as an negative correlation
of GLA activity with levels of a-synuclein phosphorylated
at serine 129 — the pathological form of the protein that

824

predominates in aggregates in PD (Nelson et al., 2018). Our
novel findings linking the C allele of rs823144 to increased
GLAactivity and decreased LysoGb3 concentration, alongside
elevated LysoSM levels in AA genotype carriers, underscore
a potential role for RAB29 in sphingolipid metabolism in PD.

It should be noted that a marked reduction in GLA activity
due to mutations in the GLA gene leads to a rare lysosomal
storage disorder, Fabry disease. Notably, elevated LysoGb3
concentration is a risk factor for white matter lesions in Fabry
disease. (Rombach et al., 2010). We have also observed Ly-
soGb3 accumulation in neuronopathic mucopolysaccharidoses
(Baydakova et al., 2020), suggesting that LysoGb3 elevation
may not be exclusive to Fabry disease. Therefore, the asso-
ciation of the RAB29 rs823144 C allele with increased GLA
activity and decreased LysoGb3 in PD patients may influence
disease progression and clinical phenotype.

The present study has several limitations. The sample sizes
of PD patients and the control group included in the experi-
ment assessing the association of the RAB29 rs823144 variant
with RAB29 mRNA levels were limited. The compared groups
were population-wise heterogeneous. Furthermore, we did
not directly assess the impact of rs823144 on LRRK2 kinase
activity, which warrants investigation in future studies.

Conclusion

This study demonstrates for the first time worldwide that the
C allele of the rs823144 variant in the RAB29 gene, previ-
ously identified as protective against PD in other populations,
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Table 4. Lysosomal hydrolase activities and lysosphingolipid concentrations
in the peripheral blood of patients with PD (regression analysis)
Lysosomal hydro- Genotype/ PD Controls
Sgﬁ;/ig:osphin— other parameters B 95 % Cl p-value f 95 % Cl p-value
GCase AC+CC -0.95 -2.32-043 0.17 1.44 -0.25-3.14 0.09
Sex (male:female) 0.55 -0.81-1.90 0.43 0.12 -1.61-1.85 0.89
Age at onset, years -0.03 -0.094-0.028 0.29 -0.06 -0.17-0.05 0.30
Duration of the disease, years 0.004 -0.042-0.049 0.87 - - -
GLA AC+CC 1.11 0.15-2.07 0.02 -0.29 -1.52-0.95 0.64
Sex (male:female) 0.03 -0.93-0.98 0.96 0.93 -0.33-2.18 0.14
Age at onset, years -0.03 -0.07-0.01 0.16 -0.00001  -0.080-0.080 1
Duration of the disease, years -0.002 -0.03-0.03 0.93 - - -
ASMase AC+CC 0.23 -0.53-0.98 0.55 0.31 -0.85-1.46 0.60
Sex (male:female) 0.05 -0.69-0.80 0.87 -0.20 -1.38-0.97 0.73
Age at onset, years 0.06 0.03-0.09 0.0005 -0.021 -0.096-0.054 0.58
Duration of the disease, years 0.025 0.0005-0.050 0.046 - - -
GALC AC+CC 0.080 -0.57-0.72 0.81 0.07 -0.64-0.77 0.85
Sex (male:female) 0.16 -0.48-0.80 0.62 -0.15 -0.87-0.57 0.67
Age at onset, years -0.017 -0.046-0.012 0.25 -0.011 -0.057-0.035 0.63
Duration of the disease, years -0.0051 -0.027-0.016 0.64 - - -
HexSph AC+CC -0.014 -0.92-0.90 0.97 0.12 -0.80-1.04 0.80
Sex (male:female) 0.35 -0.55-1.24 0.45 0.49 -0.44-1.43 0.30
Age at onset, years -0.028 -0.069-0.013 0.18 0.011 -0.048-0.071 0.71
Duration of the disease, years -0.028 -0.058-0.0022 0.069 - - -
LysoGb3 AC+CC -0.23 -0.41-0.044 0.015 0.039 -0.16-0.24 0.70
Sex (male:female) -0.08 -0.26-0.10 0.39 -0.043 -0.25-0.16 0.67
Age at onset, years -0.007 -0.015-0.0016 0.11 -0.0039 -0.017-0.009  0.55
Duration of the disease, years -0.001 -0.007-0.004 0.66 - - -
LysoSM AC+CC -0.17 -1.18-0.84 0.74 -0.25 -1.51-1.014 0.70
Sex (male:female) -0.82 -1.82-0.17 0.10 -0.63 -1.91-0.65 0.33
Age at onset, years -0.064 -0.11-0.018 0.006 0.070 -0.011-0.15 0.089
Duration of the disease, years -0.028 -0.061-0.0056 0.10 - - -

Note. PD - Parkinson’s disease; GCase — glucocerebrosidase; GLA - a-galactosidase; GALC - galactocerebrosidase; ASMase — sphingomyelinase; HexSph -
hexasylsphingosine; LysoSM - lysosphingomyelin; LysoGb3 - lysoglobotriaosylsphingosine.

is associated with a reduced risk of PD in the North-West
region of Russia. Additionally, we report for the first time
that carriage of the C allele correlates with increased GLA
activity and decreased LysoGb3 concentration in the blood
of PD patients.

These findings suggest a potential role for RAB29 in lyso-
sphingolipid metabolism and imply that the rs823144 variant
may influence the clinical course of PD. Further research is
warranted to elucidate the relationship between the PARK16
locus, RAB29 gene, lysosphingolipid metabolism, and PD
progression.
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Abstract. Chronic obstructive pulmonary disease (COPD) is a multifactorial disease of the respiratory system and is the
third leading cause of death worldwide. In the framework of the most relevant concepts of COPD pathogenesis, the
key focus is on accelerated cellular senescence. FOXO family transcription factors are important hub components of
cellular senescence signaling pathways. The objective of the study is to identify the association of FOXOT (rs12585277,
rs9549240), and FOXO3A (rs2253310, rs3800231) genes polymorphic variants with COPD and disease phenotypes.
DNA samples from COPD patients (N = 710) and healthy individuals (N = 655) were used, polymorphic loci were
analyzed by real-time PCR. For the first time, significant associations of FOXO1 (rs12585277) and FOXO3A (rs2253310)
gene polymorphic loci with COPD and disease phenotypes were shown. Association with COPD was established
with FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 for the AG genotype) and FOXO3A (rs2253310) (P,q; = 5.926 x 107,
OR = 1.99 for the GG genotype). A significant genotype-dependent variation of smoking index (in pack/years), vital
capacity and forced vital capacity was revealed for FOXOT (rs9549240, rs12585277) and FOXO3A (rs2253310) loci. Mul-
tiple regression and ROC analysis identified highly informative COPD risk model, which included polymorphic variants
of the FOXOT (rs12585277) and FOXO3A (rs2253310) genes, smoking index and age (P =5.25x 10-93, AUC = 0.864). The
multivariate regression model of the COPD “frequent exacerbator” phenotype included the AG genotype of FOXO1
(rs12585277), smoking index and age (AUC = 0.897, P = 4.1 x 10-86). FOXO family transcription factors involved in
autophagy, oxidative stress and cellular homeostasis may provide a platform for a new diagnostic and treatment
strategy for COPD as potential biomarkers and targets for therapy.
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BKJia[] reHOB TPAHCKPUIILIMMIOHHBIX (DaKTOPOB
cemerictBa FOXO (FOXO1, FOX0O3) B pa3BuTue
XPOHUYECKO OOCTPYKTUBHOV 00/I€3HI JIETKUX

B.A. Mapxeaos (912, A.3. Axmapvmmina (913, T.P. Hacubyaaun (D)1, FO.T. Asnabaesa (22, O.B. Kouerosa ()12,

H.H. Xycnytaunosa ()1, C.M. Vamaitaosa (22, H.III. 3aruayaaunn (22, T.®0. Kopbrtuna (91 2 &

T MHCTUTYT GOXMMUV 1 TeHETUKM — 060COBIIEHHOE CTPYKTYPHOE MnofpasaeneHmne YGrumckoro deaepanbHOro NCCiefoBaTelbCKoro LieHTPa
Poccuiickoi akapemun Hayk, Yéda, Poccua

2 BalWKUPCKIII FOCYAaPCTBEHHbINM MEAULIMHCKNI yH1BEpCuTeT, Yda, Poccua

3 YumcKnin rocynapcTBeHHbl HepTAHOM TEXHUYECKNI yHUBepcuTeT, Yda, Poccua

@ guly_kory@mail.ru

AHHoTauuA. XpoHnyeckas o6CTpYKTUBHAA 6onesHb fierkmux (XOBJT) — MHoropakTopHoe 3aboneBaHvie AblXxaTeNbHOM
cUCTeMbl, ABNIAETCA TpeTbel BeayLuein (Nocne nwemmyeckor 6onesHn cepaua v MHCYNbTa) NPUYNHON CMePTU B MUPE.
B pamkax Hanbonee akTyasnbHbIX KOHLeNuMin natoreHesa XOBJ1 KnoueBoe 3HaueHve yaenaeTca YCKOPEHHOMY Khe-
TOUYHOMY CTapeHuIo. TpaHCKpUNUMOHHble dakTopbl cemeicTBa FOXO — BaxHble KitoueBble KOMMNOHEHTbI CUTHANbHbIX
nyTeln KNeToYyHoro ctapeHus. Llenb nuccnegosaHma — BbisBNEHMe accoumaLmmn nonuMopdHbIX BapraHTos reHoB FOXO1
(rs12585277,rs9549240) n FOXO3A (rs 2253310, rs3800231) ¢ pa3suTriem XOBJ1 n peHoTunamm 3abonesaHua. B pabo-
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Bknag reHoB FOXO1 n FOXO3 B pa3BuTue
XPOHMNYECKOW 06CTPYKTUBHOI OONE3HM Nerkmx

Te ncnonb3oBaHbl 06pa3ubl JHK 6onbHbix XOBJT (N = 710) 1 3g0poBbix uHAMBKMAOB (N = 655). MonmopdHble NoKycbl
aHanusnposanu metogom MNLUP B peanbHom BpemeHW. BriepBble nokasaHbl 3HauMMble accoumaumy noanMopedHbIX
nokycos reHoB FOXOT (rs12585277) n FOXO3A (rs2253310) ¢ XOBJ1 n peHoTmnamm 3a6oneBaHna. Accoumanma ¢ XOBbJ1
yCTaHoBMEHa ¢ nokycamu reHos FOXOT (rs12585277) (P,q; = 0.0018, OR = 1.44 renotnn AG) n FOXO3A (rs2253310)
(Padj =5.926x10-7, OR = 1.99 reHoTnn GG). O6Hapy»xeHa BaprabesibHOCTb NMoKasaTenell MHAEKCa KypeHus (B naykax/
NET), XU3HEHHOW eMKOCTUN Nerknx n GopCcnpoBaHHON »KU3HEHHON €MKOCTU NIErKUX B 3aBUCUMOCTY OT noanmopd-
HbIX BapuaHToB nokycoB FOXOT (rs9549240 v rs12585277) n FOXO3A (rs2253310). NpeHTnduruymposaHa 3Hauyrmas
MHorodakTopHas perpeccmoHHan mogens ¢opmrposaHua XOBJ1, B KOTopyio BOWAN NOANMOPHbIe BapyaHTbl reHOB
FOXOT1 (rs12585277) n FOXO3A (rs2253310), uHAeKC KypeHus 1 Bo3pacT obcniegyembix (P =5.25x10-93, AUC = 0.864).
MHorodakTopHas perpeccuoHHasa mogenb pa3suTua ¢eHotuna XOBJT ¢ yacTbiMm 060CTPEHUAMM BKJTIOYaa reHoTuUn
AG nokyca FOXO1 (rs12585277), uHpekc KypeHusa n sospacT (AUC = 0.897, P = 4.1 X 10-86). CBA3aHHble C ayTodarmen,
OKMC/INTENbHBIM CTPECCOM Y KIIETOYHBIM FOMEOCTa30M TPaHCKPUMLMOHHbIe GpakTopbl cemerncTBa FOXO Kak noteHUu-
anbHble 6MoMapKepbl ¥ MULLEHW A1A Tepanuy MOTyT CTaTb OCHOBOW /1A pa3paboTKy HOBOW CTpaTernn AMarHoCTUKN
1 NIeYeHNA XPOHNYECKON 0OCTPYKTUBHOW 60NE3HM NEerkux.

KnioueBble cnoBa: XxpoHuyeckas o6cTpyKTuBHaA 6one3Hb nerkux (XOBJ1); kneTouHoe ctapeHune; aytodarna; okucnm-

TesbHbIN CTPECC; TPAHCKPUNUUOHHbIe GpakTopbl cemelicTBa FOXO; FOXOT1; FOXO3

Introduction

Chronic obstructive pulmonary disease (COPD) is a
complex respiratory disease affecting the distal respira-
tory tract and pulmonary parenchyma with the develop-
ment of pulmonary emphysema (Agusti et al., 2023).
COPD is the third leading cause of death in the world,
which explains the ongoing search for new approaches
to diagnosis, treatment and prevention of the disease
development (Agusti et al., 2023). Although intensive
research has been conducted on both the molecular
background and various clinical aspects of COPD, the
mechanisms underlying the pathogenesis of COPD
and different disease phenotypes remain incompletely
understood (Brandsma et al., 2020).

COPD development results from exposure to a com-
plex of risk factors over a long period of time, with
tobacco smoking being the main one. Cigarette smoke
exposure to airways leads to oxidative stress and acti-
vation of inflammatory cells and lung tissue damage
(Domej et al., 2014). The most actual framework for
COPD pathogenesis focuses on accelerated cellular
senescence (Luo et al., 2024). As a fundamental mecha-
nism for maintaining tissues and organs homeostasis,
cellular senescence is being mediated by multiple
processes. The most important of them include DNA
damage, telomere loss, mitochondrial dysfunction, and
autophagy and proteostasis alterations (Li et al., 2024).
Previously, we have demonstrated the contribution of sir-
tuin family genes and the PI3K/AKT signaling cascade
to COPD (Korytina et al., 2023). The FOXO transcrip-
tion factors are major targets of the PI3K/AKT signaling
cascade, exerting insulin-dependent regulation of cel-
lular metabolism (Farhan et al., 2020). The mammalian
FOXO class of transcription factors currently includes
four proteins: FOXO1 (FKHR), FOXO3a (FKHRLI),
FOXO04 (AFX), and FOXO6 (Santos et al., 2023). The
FOXO transcription factors regulate the expression of a

number of genes for antioxidant defense, cell cycle and
apoptosis, proliferation, metabolism, and are involved
in repression of mitochondrial respiratory chain proteins
(Hagenbuchner et al., 2013).

The aim of this study was to identify the association
of FOXO family transcription factor gene polymorphic
variants (FOXO1, FOXO3) with COPD and disease
phenotypes.

Materials and methods

This study was designed according to the “case-control”
principle. DNA samples from unrelated individuals,
ethnic Tatars, who were residents of the Republic of
Bashkortostan, were used in the study. The work was
approved by the Ethics Committee of the Institute of
Biochemistry and Genetics of the UFRC RAS (Protocol
No. 19, dated November 1, 2022). Informed voluntary
consent for the use of biological material in the study was
obtained from all the participants. The inclusion and ex-
clusion criteria had been described previously (Korytina
et al., 2019). The diagnosis of COPD was established
according to recommendations of the working group on
the “Global Strategy for the Diagnosis, Treatment, and
Prevention of Chronic Obstructive Pulmonary Disease”
(http://goldcopd.org) on the basis of clinical and labo-
ratory instrumental studies, including high-resolution
computed tomography and spirometry.

The control group included unrelated individuals with
no history of chronic diseases, including respiratory
diseases and acute respiratory diseases at the time of
biomaterial collection, matched for sex, age, smoking
status, exposure to risk factors, region of residence,
and ethnicity. The inclusion criteria in the control
group were the normal parameters of respiratory
function (FEV,/FVC > 70 %, FEV,| > 80 %) and age
over 45 years. To identify genetic markers associated
with COPD phenotypes, we performed a comparison
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between the control group and patients differentiated
by disease phenotype as we described previously
(Korytina et al., 2020) (Supplementary Table S1)!. Two
phenotypes were distinguished: group 1 — COPD with
frequent exacerbations; group 2 — patients with rare
exacerbations. In the Table S1, the characteristics of the
groups are summarized.

Genotyping. DNA was isolated from peripheral blood
leukocytes by phenol-chloroform extraction. The poly-
morphic loci of the FOXOL1 (rs12585277, 1s9549240)
and FOXO3A (rs2253310, rs3800231) genes were
selected; the functional significance of SNPs was ana-
lyzed by means of RegulomeDB Version 1.1 (https://
regulomedb.org), SNPinfo Web Server (https://snpinfo.
niehs.nih.gov), and HaploReg v3 (Ward, Kellis, 2016)
(Table S2). Bioinformatics analysis indicated that the
selected SNPs affected gene function in different tissue
types or were in linkage disequilibrium with functional
loci of the gene. SNPs were analyzed using real-time
polymerase chain reaction (PCR) with commercially
available assays with fluorescent detection (https://
www.oligos.ru, DNA Synthesis LLC, Russia) using
BioRad CFX96™ (Bio-Rad Laboratories, Inc, USA).
The methods of analysis had been previously described
by our group in detail (Korytina et al., 2019)

Statistical analyses. The description of standard
statistical analysis methods was provided previously
(Korytina et al., 2019). Analysis of deviation of obtained
genotype frequencies from the Hardy—Weinberg equi-
librium and the association of SNPs with the disease in
the basic allele test and in regression models (dominant,
recessive, additive (per rare allele dose — increase in the
rare allele dose in the series: homozygote for frequent
allele (0) — heterozygote (1) — homozygote for rare al-
lele (2)) and overdominance (for heterozygotes)) were
performed using the SNPassoc package v. 2.0-2 for R
(Gonzalez et al., 2007). An SNP was considered to be
associated at P < 0.05; correction for multiple compari-
sons was conducted using the assessment method for
the proportion of received false-positive results, false
discovery rate (FDR), via online tool (https://tools.carbo
cation.com/FDR). The haplotype frequencies and link-
age disequilibrium structure LD (D', r2)) were calculated
with Haploview 4.2. The contribution of polymorphic
variants of the studied genes to the variability of quanti-
tative traits indicating the severity of airway obstruction
(lung function parameters — vital capacity (VC), forced
vital capacity (FVC), forced expiratory volume in the
first second (FEV)) and smoking index was determined
using linear regression. The logistic regression approach

1 Supplementary Tables S1-S5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Markelov_Engl_29_6.pdf
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with stepwise imputation of independent variables was
used to create multivariate regression models. The SNPs
of'the studied genes, as well as clinical and demographic
parameters (age, smoking index, smoking status, sex)
were selected as independent variables.

A regression model is an equation in which the
dependent variable is represented as a function of the
independent variables (predictors). The log-regression
equation has the form:

Y =logit (P) = In(P/(1-P)) =

=B0+B1.X1+p2.X2+... Bi.Xi,
where Y is the dependent variable (status: 0 — control,
1 —case), X is the independent variable, 0 is a constant,
B is the regression coefficient for the independent vari-
able, X1...i is the value of the independent variable. The
exponent of the individual regression coefficient B was
interpreted as the odds ratio (OR). The hypothesis of
significance of the whole model, taking into account all
independent variables, was verified using the likelihood
ratio (LR) test. To evaluate the effectiveness of the ob-
tained prognostic model, the Nagelkerke R? value and
receiver operating characteristic (ROC) curve analysis
were performed. The capacity of the regression model
to discriminate between positive and negative cases
(patient or healthy status) was assessed by the area under
the ROC curve (AUC); the AUC value ranged from 0.5
(no discriminatory capacity of the model) to 1.0 (perfect
discriminatory capacity). Calculations were carried out
using SPSS v. 22.

Results

The analysis of polymorphic loci of the FOXO1
(rs12585277, 1s9549240) and FOXO3A (152253310,
rs3800231) genes was carried out in the formed groups
of COPD patients and the control group. The observed
genotype frequencies of all examined SNPs in the con-
trol group were in accordance with the Hardy—Weinberg
test: FOXO1 (rs12585277) (Py_w = 0.597), FOXO1
(rs9549240) (Pyy_y = 0.341), and FOXO3A (rs2253310)
(Py_w = 0.3191), (rs3800231) (Py_yw = 0.3831). Sub-
sequently, we estimated the statistical significance of
differences in distribution of allele and genotype fre-
quencies between the groups, and the odds ratio values
for the minor allele of each locus were calculated (basic
allelic test) (Table 1).

At the next stage, logistic regression was used to
analyze the association of SNPs taking into account
quantitative and binary traits (sex, age, smoking status
and index), which were introduced into the regression
equation as independent variables (Table 1).

Statistically significant differences in genotype
frequency distributions between groups for FOXO1
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Table 1. Allele and genotype frequencies of the examined polymorphic loci of the FOXOT and FOXO3A genes
in the groups of COPD patients and healthy individuals, association analysis with COPD

Gene Minor Genotypes, alleles  COPD Control Pagj Por-FDR OR, g
RefSNP allele model n (%) n (%) (95 % Cl)
(N=710) (N =655)
FOXO1 A GG/GA/AA 202/398/110 236/307/112 0.002 0.006 -
rs12585277 (28.45/56.06/15.49) (36.03/46.87/17.10)
G>A G/A 802/618 779/531 0.123 0.208 0.88 (0.76-1.03)
(56.48/43.52) (59.47/40.53)
GG 202 (28.45) 236 (36.03) 0.003 0.008 1.00
GA+AA 508 (71.55) 419 (63.97) 1.42(1.11-1.82)
Dominant
GG+AA 312 (43.94) 348 (53.13) 0.0018 0.006 1.00
GA 398 (56.06) 307 (46.87) 1.44(1.14-1.81)
GG+GA 600 (84.51) 543 (82.9) 0.5 0.54 1.00
AA 110(15.49) 112(17.10) 0.90 (0.66-1.23)
Recessive
Log-additive - - 0.12 0.208 1.15 (0.97-1.36)
FOXO1 T GG/GT/TT 414/244/52 356/240/59 0.32 0416 -
rs9549240 (58.31/34.37/7.32) (54.35/36.64/9.01)
T>G G/T 1072/348 952/358 0.101 0.202 1.15(0.97-1.37)
(75.49/24.51) (72.67/27.33)
GG 414 (58.31) 356 (54.35) 0.17 0.209 1.00
GT+TT 296 (41.69) 299 (45.65) 0.85 (0.67-1.07)
Dominant
GG+TT 466 (65.66) 415 (63.36) 0.43 0.516 1.00
GT 244 (34.37) 240 (36.64) 0.79 (0.52-1.21)
GG+GT 658 (92.68) 596 (90.99) 0.52 0.54 1.00
T 52(7.32) 59(9.01) 0.85 (0.67-1.07)
Recessive
Log-additive - - 0.13 0.208 0.87 (0.73-1.04)
FOXO3A A GG/GA/AA 184/380/146 199/336/120 0.22 0.31 -
rs3800231 (25.92/53.52/20.56)  (30.38/51.30/18.32)
A>G G/A 748/672 734/576 0.86 0.86 0.87 (0.75-1.02)
(52.68/47.32) (56.03/43.97)
GG 184 (25.92) 199 (30.38) 0.096 0.202 1.00
GA+AA 526 (74.08) 456 (69.62) 1.25 (0.96-1.63)
Dominant
GG+AA 330 (46.48) 319 (48.70) 047 0.537 1.00
GA 380 (53.52) 336 (51.30) 1.09 (0.86-1.38)
GG+GA 564 (79.44) 535(81.68) 0.33 0.416 1.00
AA 146 (20.56) 120 (18.32) 1.16 (0.86-1.57)
Recessive
Log-additive - - 0.097 0.173 1.16 (0.97-1.38)
FOXO3A C GG/GC/CC 572/129/9 447/183/25 9.733x 1077 5.8398x10°% -
rs2253310 (80.56/18.17/1.27) (68.24/27.94/3.82)
G G/C 1273/147 1077/233 1.54x107 1.848x107  0.53(0.43-0.67)
(89.65/10.35) (82.21/17.79)
GG 572 (80.56) 447 (68.24) 5.926x107 4.7408x10° 1.00
GC+CC 138 (19.44) 208 (31.76) 0.52 (0.40-0.67)
Dominant
GG+CC 581 (81.83) 472 (72.06) 4111x107 0.0001 1.00
GC 129 (18.17) 183 (27.94) 0.57 (0.44-0.75)
GG+GC 701 (98.73) 630 (96.18) 0.0003 0.0012 1.00
CcC 9(1.27) 25(3.82) 0.32(0.14-0.72)
Recessive
Log-additive - - 1451x107 1.848x10°  0.54(0.43-0.68)

Note. P - significance level of differences in allele and genotype frequencies between the groups (32 test for homogeneity of samples); regression
analysis: number of individuals included in regression analysis (N = 1,365); P,g; - significance of the likelihood ratio test of the log-regression model
controlling for sex, age, and smoking status and index; ORadj - odds ratio controlling for all these factors, 95 % Cl - 95 % confidence interval for OR;
Peor.For — test significance after correction.
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(rs12585277) (P = 0.002) were found. The associa-
tion with COPD was established in a dominant model
(Pagj = 0.003, OR = 1.42), the frequency of the hetero-
zygous genotype in the COPD patient group reached
56.06 % versus 46.87 % in controls (Pagj = 0.0018,
OR = 1.44).

Significant differences in the distribution of geno-
type and allele frequencies between the patients group
and healthy individuals were found for the FOXO3A
(rs2253310) (P =9.733 x 107 and P = 1.54 x 1077,
respectively). Association with COPD was found in
dominant (P,gj = 5.926 x 107, OR = 0.52), recessive
(Pagj = 3.360 x 1073, OR = 0.32), log-additive models
(Pagj = 1.451 x 1077, OR = 0.54), and with the hetero-
zygous GC genotype (Pygj = 4.111 x 1073, OR = 0.57).
Notably, the frequent G allele (P = 1.54 x 1077,
OR = 1.87 95 % CI 1.50-2.33) and the GG genotype
(Pagj=5.926 x 107, OR =1.99 95 % CI 1.57-2.47) were
more often observed in the COPD group.

There was no statistically significant difference be-
tween the groups of patients and healthy individuals
for the FOXO1 (rs9549240) and FOXO3A (rs3800231)
polymorphic loci.

Haplotype analysis of FOXO1 and FOXO3A genes
polymorphic loci
The linkage disequilibrium between loci rs12585277 and
1s9549240 of the FOXO1 gene (D' =0.6183, r* = 0.429)
and statistically significant differences in the pattern of
haplotype frequency distribution of the FOXO1 gene
between the group of COPD patients and controls
(P =0.045) were revealed (Table S3). The frequency of
the A-G haplotype at rs12585277 and rs9549240 loci
was significantly higher in the group of COPD patients
(24.26 vs. 18.81 % in controls, Pag;=0.011, OR = 1.33).
The linkage disequilibrium between polymorphic loci
rs3800231 and rs2253310 of the FOXO3A gene was
observed (D'=0.3315, r>=0.1452) (Table S3). Statisti-
cally significant differences in the haplotype frequency
distribution pattern were established between the group
of COPD patients and controls (P = 0.00001). The fre-
quency of haplotype A-G at rs3800231 and rs2253310
loci was significantly higher in the COPD group (40.27
Vs. 32.56 % in controls, Pogj = 0.03, OR = 1.25), whereas
haplotypes A-C and C-C were more frequent in the group
of healthy individuals (Pag; = 0.0076, OR = 0.65 and
Pagj = 0.0072, OR = 0.51, respectively).

Association analysis of polymorphic variants of the FOXO1
and FOXO3A genes with different COPD phenotypes

In order to identify genetic markers associated with
COPD phenotypes, we performed a comparison of the
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control group and patients differentiated by disease
phenotypes according to the GOLD classification (http://
goldcopd.org); this classification included an integral
assessment of the COPD phenotype taking into account
the number of exacerbations per year, results of COPD
assessment test (CAT) and medical research council
dyspnea scale (MRC), and lung function parameters
(Table 2).

Statistically significant associations with the COPD
phenotype with frequent exacerbations were obtained
for FOXO1 (rs12585277) in the dominant model
(Pagi = 0.001, OR = 1.65) and for the heterozygous
genotype (Pagj = 0.0005, OR = 1.653); and for FOXO3A
(rs2253310) in the dominant (Pag;= 0.0002, OR = 0.55)
and log-additive models (Pag; = 0.0001, OR = 0.58). It
should be noted that the homozygotes for the frequent
allele G of FOXO3A (rs2253310) were more frequent in
patients (OR = 1.81 95 % CI 1.32-2.49). The frequency
of the A-G haplotype at rs12585277 and rs9549240
loci of the FOXOL1 gene was higher in the COPD group
(24.29 vs. 18.81 % in controls, P,q; = 0.022, OR = 1.36
95 % CI 1.05-1.76) (Table S4).

In COPD patients with rare exacerbations, a sig-
nificant association was confirmed only for FOXO3A
(rs2253310) in the dominant (Pg; =0.00001, OR = 0.48)
and log-additive (Pag; = 0.00001, OR = 0.5) models.
The GG genotype of FOXO3A (rs2253310) (OR =2.09
95 % CI 1.53-2.88) and the A-G haplotype at rs3800231
and rs2253310 loci of FOXO3A (P,gj=0.032, OR = 1.31
95 % CI 1.02—1.67) were more frequent in the patient

group.

Association of FOXO1 and FOXO3A polymorphic loci

with lung function parameters and smoking index
Smoking is a major risk factor for COPD and a trigger
for the oxidative stress that results in DNA damage and
cell apoptosis (Domej et al., 2014). The analysis of the
quantitative parameter indicating the smoking intensity
and history (smoking index) in the smokers’ group, in-
cluding both patients and healthy individuals, depending
on the polymorphic variants of the FOXO1 and FOXO3A
genes was performed (Table S5). It has been established
that the GT genotype of FOXOL1 (rs9549240) and the
GG genotype of FOXO3A (rs2253310) are associated
with higher smoking index values (P = 0.0042 and
P=0.012).

Lung function parameters including vital capacity
(VC), forced vital capacity (FVC), forced expiratory
volume in the first second (FEV)), ratio of forced expi-
ratory volume in 1 s to vital capacity (FEV,/FVC) are
key clinical variables indicating the degree of airway
obstruction in COPD and disease progression. The indi-
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Table 2. Results of association analysis of FOXO7 and FOXO3A gene polymorphic loci

in groups differentiated by COPD phenotypes

Gene, SNP Minor allele Genotype, model OR,q; (95 % ClI) Pagj Peor-FOR
COPD with rare exacerbations (N=991)
FOX01 A GG 1.00 0.16 0.18
rs12585277 GA+AA Dominant 1.22 (0.93-1.60)
G>A Log-additive 1.06 (0.89-1.28) 0.51 0.51
FOXo1 T GG 1.00 0.099 0.148
rs9549240 GT+TT Dominant 0.80 (0.61-1.04)
T>G Log-additive 0.84 (0.68-1.03) 0.094 0.148
FOXO3A A GG 1.00 0.12 0.154
rs3800231 GA+AA Dominant 1.27 (0.94-1.72)
A>G Log-additive 1.20 (0.99-1.46) 0.063 0.148
FOXO3A C GG 1.00 4.961x1077 2.232x107°
rs2253310 GC+CC Dominants 0.48 (0.35-0.65)
&6 Log-additive 0.50 (0.38-0.67) 1.373x1077 1.235x107®
COPD with frequent exacerbations (N =1,029)
FOXo1 A GG 1.00 0.001 0.0022
rs12585277 GA+AA Dominant 1.65 (1.22-2.24)
G>A GG+AA 1.00 0.0005 0.0015
GA 1.63 (1.24-2.15)
Log-additive 1.32(1.12-1.49) 0.045 0.081
FoXo1 T GG 1.00 0.44 0.44
rs9549240 GT+TT Dominant 0.90 (0.68-1.18)
6 Log-additive 0 0.33 0.371
0.90 (0.73-1.11)
FOXO3A A GG 1.00 0.19 0.28
rs3800231 GA+AA Dominant 1.24 (0.90-1.71)
A>G Log-additive 0 0.31 0.371
1.12 (0.90-1.38)
FOXO3A C GG 1.00 0.0002 0.0009
rs2253310 GC+CC Dominant 0.55 (0.40-0.76)
&6 Log-additive 0.58 (0.44-0.77) 0.0001 0.0009

Note. N - number of individuals included in regression analysis; P,q; - significance of the likelihood ratio test of the log-regression model controlling
for sex, age, and smoking status and index; OR,q; — 0dds ratio controlling for all these factors, 95 % Cl - 95 % confidence interval for OR; Pco.gp - test

significance after correction.

viduals with the homozygous GG genotype of FOXO1
(rs9549240) had lower VC values (P = 0.0071); the car-
riers of the A allele in the homozygous and heterozygous
state (dominant model) of FOXO1 (rs12585277) had
lower FVC values (P = 0.04).

Multiple regression and ROC analysis

At the final stage, using multiple regression analysis
with a stepwise forward inclusion of predictors followed
by ROC analysis, a search for complex clinical-genetic
models of COPD development was carried out. The
genotypes or alleles of the studied genes were selected
as independent variables, subsequently clinical and
demographic variables (sex, age, smoking status and

smoking index) were added and the most significant
multivariate regression models were selected. The lung
function parameters were excluded, as they are classi-
cal and well-identified predictors of COPD and disease
severity.

The informative regression model of COPD de-
velopment included polymorphic variants of FOXO1
(rs12585277) (AG genotype), and FOXO3A (1s2253310)
(C allele) genes, smoking index and age of the subjects
(P = 5.25 x 10793) (Table 3). The ROC analysis of
the model demonstrated its high ability to discrimi-
nate between COPD patients and healthy individuals
(AUC=0.864, sensitivity — 78.3 %, specificity — 82.3 %)
(see the Figure a).
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Area under the curve (ROC curve) to evaluate the effectiveness of prognostic regression models of COPD development (a); COPD phenotype with
frequent exacerbations (b); COPD phenotype with rare exacerbations (c) including significant clinical, demographic and genetic predictors.

AUC is the area under the curve. Full model characteristics are presented in Table 3.

Table 3. The predictive regression models for COPD development

Independent variable B Puald OR 95 % Clog
COPD

Smoking index 0.04 4x1072° 1.04 1.03-1.05

Age 0.08 1.55x 1073 1.08 1.07-1.1

FOXO1 (rs12585277) AG 0.33 0.0415 1.39 1.01-1.91

FOXO3A (rs2253310) C -0.46 0.0037 0.62 0.46-0.86

Intercept -5.66 9.4x10™4 0.003

2> =43574P=525%x10"%
AUC = 0.864 (sensitivity — 78.3 %, specificity — 82.3 %, R? = 0.483)

COPD with frequent exacerbations

Smoking index 0.050 1.96x 1078 1.05 1.04-1.06
Age 0.115 2.46x10730 1.12 1.1-1.14
FOXO1 (rs12585277) AG 0.530 0.0123 1.7 1.12-2.57
Intercept -8.756889 6.5x 107 0.0002

x> =398.76 P=4.1x107%
AUC = 0.897 (sensitivity - 69.6 %, specificity — 90.9 %, R? = 0.57)

COPD with rare exacerbations

Smoking index 0.035 84x10714 1.04 1.03-1.05
Age 0.064 57x1071° 1.07 1.05-1.08
FOXO3A (rs2253310) C -0.469 0.0168 0.63 0.43-0.92
Intercept -4.992 4.7%x107% 0.01

> =22529P=14x10"8
AUC = 0.823 (sensitivity — 54.5 %, specificity - 91.7 %, R? = 0.384)

Note. B -the beta coefficient for the independent variable; P, ., - the significance for Wald statistics (Wald statistic is the regression coefficient divided
by the square of the standard error: B/SE?), indicates the significance of the independent variable; OR — odds ratio, represents the exponent of the beta
coefficient (expp) for the independent variable; xz - the likelihood ratio test (LR), is necessary to test the hypothesis of the significance of the regression
model, taking into account all independent variables; P - the value for the likelihood ratio test; R? - Nagelkerke R? model quality indicator - reflects the
proportion of variability in the trait; intercept for the regression equation, the value of the dependent variable at which the independent variable is
equal to zero; AUC - area under the curve; sensitivity — the proportion of correctly classified patients with a given diagnosis; specificity — the proportion

of correctly classified healthy individuals. The ROC curves are presented in the Figure.
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Assignificant multifactorial regression model of COPD
phenotype with frequent exacerbations included the
AG genotype of FOXO1 (rs12585277), smoking index
and age; the regression model was characterized by a
high ability to discriminate between patients and healthy
individuals (AUC = 0.897, P = 4.1 x 10-8¢). However,
sensitivity, a measure of the model’s ability to cor-
rectly classify patients with a given COPD phenotype
from healthy individuals, was only 69.6 %; at the same
time, the model accurately classified healthy individu-
als, as it possessed high specificity (90.9 %) (see the
Figure b).

The multifactorial regression model for COPD
phenotype with rare exacerbations included the C al-
lele of FOXO3A (rs2253310), smoking index and age
(P = 1.4 x 1048). The ROC analysis of the obtained
model demonstrated its moderate discriminatory abil-
ity (AUC = 0.823), low sensitivity (54.5 %), but high
specificity (91.7 %) (see the Figure C).

Discussion

The association of FOXO1 (rs12585277) with COPD
and the COPD phenotype with frequent exacerbations
was established; haplotype A-G at rs12585277 and
1$9549240 of FOXO1 was more frequent in the general
COPD group and among patients with frequent exacer-
bations. The FOXOL1 (rs12585277) AG genotype is part
of multivariate regression model of COPD development
and the COPD phenotype with frequent exacerbations,
as well as predictors such as age and smoking index.
A decline in lung function values indicating the severity
of airway obstruction was revealed: FVC in carriers of
homozygous and heterozygous genotype for the rare
Aallele of FOXOL1 (rs12585277), and VC in carriers of
the GG genotype of the FOXO1 locus (rs9549240). The
variability of smoking index parameter was determined
depending on FOXOL1 (rs9549240) genotypes.

FOXOL1 is located on chromosome 13q14.11 (https://
www.ncbi.nlm.nih.gov/gene/2308). Previously, a num-
ber of polymorphic loci of FOXO1 have been shown to
be associated with type 2 diabetes mellitus and obesity
(Hussain et al., 2022; Santana et al., 2024). The studies
on the association of polymorphic variants of the FOXO1
gene with COPD have not been conducted yet. T. Xue
et al. (2024) have identified increased levels of FOXO1
mRNA and protein in the lung tissue of mice with lung
emphysema model. Meanwhile, FOXO1 expression has
been shown to be downregulated in the blood of COPD
patients (Zhu et al., 2020).

The most significant associations with COPD were ob-
served with FOXO3A (1s2253310); the G allele and the
GG genotype were more frequent in the patient group.
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This association maintained significance regardless of
the disease phenotype. The GG genotype was associated
with an increased smoking index among all smokers;
this quantitative measure characterizes smoking dura-
tion and intensity. The increase in smoking index is a
major risk factor for COPD; the obtained results may
be related to a higher prevalence of individuals with a
high smoking index (more than 40 pack/years) among
COPD patients with the GG genotype of FOXO3A
(rs2253310). According to the multiple regression analy-
sis results, the rs2253310 locus is a significant predictor
for COPD development in general, in addition to FOXO1
(rs12585277), age and smoking index.

The FOXO3A gene is located on chromosome 6q21
(https://www.ncbi.nlm.nih.gov/gene/2309). The associa-
tion of polymorphic variants in the FOXO3A gene with
longevity (Soerensen et al., 2015) and a number of age-
associated diseases (Klinpudtan et al., 2022; Cao et al.,
2023) has been shown. Association studies of FOXO3A
gene polymorphic loci with COPD have not been pre-
viously conducted.

Systemic effects are typical for COPD, resulting in
the development of severe complications that addition-
ally exacerbate the disease progression in some patients
(Agusti et al., 2023). Due to changes in the COPD di-
agnosis and prevention strategy (http://goldcopd.org), a
great attention of researchers is currently focused on the
identification of different disease phenotypes markers
and effective determination of the patients with frequent
exacerbations, as this category of COPD patients is
characterized by a rapid progression of airway obstruc-
tion and increased mortality (Geerdink et al., 2016). It
was shown that heterozygous genotype AG of FOXO1
(rs12585277) and genotype GG of FOXO3A (rs2253310)
were significantly more frequent in the group of COPD
patients with frequent exacerbations. The results of
multivariate regression analysis demonstrated that the
regression model for discriminating COPD patients with
frequent exacerbations from healthy individuals had the
highest efficiency parameters (such as AUC and R2 lev-
els). It can be explained by the greater homogeneity of
the patients’ group with this phenotype. The obtained
data suggest that the most informative genetic marker for
COPD phenotype with frequent exacerbations, among
those that showed an association, is the AG genotype of
FOXO1 (rs12585277).

The association of FOXO1 and FOXO3A gene po-
lymorphic loci with COPD or disease phenotypes has not
been studied before. For the first time, we investigated
the role of genes encoding FOXO transcription factors
in the disease development. The current interest is based
on the fact that FOXOs regulate the expression of pro-
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teins related to autophagy, oxidative stress and cellular
metabolism (Hagenbuchner, Ausserlechner, 2013; Gui,
Burgering, 2022).

The activation of FOXOT1 has been demonstrated to
suppress oxidative stress-induced apoptosis of epithelial
cells in a model of bronchopulmonary dysplasia (Zang
et al., 2023). FOXOI1 stimulates the expression ofa
150 kDa oxygen-regulated protein (ORP150) and in this
way protects airway epithelial cells from endoplasmic
reticulum stress mediated by cigarette smoke exposure
(Liu et al., 2018). The inhibition of FOXO1 stimulates
the related processes of autophagy and endoplasmic
reticulum stress (Guo et al., 2022) and induces pheno-
typic conversion of pulmonary macrophages, which
contributes to inflammation and airway remodeling
(Chung et al., 2019).

It has been shown that FOXO3 activity suppresses
cellular senescence and pathological airway remodeling
induced by cigarette smoke exposure (Yao et al., 2012);
on the other hand, inhibition of FOXO3 expression
promotes the accumulation of NF-kB in the nucleus
and stimulates its pro-inflammatory transcriptional
activity (Di Vincenzo et al., 2018). All these processes
are important pathogenetic mechanisms contributing to
COPD development. The oxidative stress induced by
cigarette smoke stimulates the transcriptional activity of
FOXO03, leading to the activation of FOXO1 expression
and stimulating its binding to the promoters of autophagy
protein genes (ATG5, ATG12, ATG16), beclin protein 1
(BECLIN1) and microtubule-associated protein 3 alpha
light chain 1 (LC3) genes (Bagam et al., 2021). The an-
tioxidant function of FOXO3 is determined by increased
expression of the SOD2, CAT, and GPX1 genes, which
play a key role in the regulation of reactive oxygen spe-
cies (ROS) homeostasis in lung cells as a response to
oxidative stress (Mahlooji et al., 2022).

H. Jiang et al. (2023) established that activation of
FOXO3A under stress factors leads to cellular adapta-
tion and reduced cellular senescence, whereas suppres-
sion of FOXO3A activity is associated with greater
mitochondrial injury in pulmonary epithelial cells. The
insufficient level of FOXO3, which may be associated
with functional polymorphic variants as well, leads to
suppression of antioxidant gene expression, resulting
in the development of oxidative stress as a response to
cigarette smoke exposure (Hwang et al., 2011).

Therefore, FOXO transcription factors play a key role
in the normal functioning of mitochondria, preventing
the oxidative stress and in this way inhibiting the pro-
gression of lung epithelial cellular senescence (Chen et
al., 2021), a critical pathogenetic mechanism of COPD
development.
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Conclusion

For the first time, significant associations of FOXO1
(rs12585277) and FOXO3A (rs2253310) gene polymor-
phic loci with COPD and disease phenotypes have been
shown. The FOXO family transcription factors related
to autophagy, oxidative stress and cellular homeostasis,
as potential biomarkers and targets for therapy, may
provide a platform for a new diagnostic and treatment
strategy for COPD.
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Using polygenic scores to assess liability to antisocial behavior
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Abstract. To date, several genome-wide association studies (GWAS) of antisocial behavior (ASB) have been con-
ducted in Europeans, which promoted research aimed at evaluating liability to ASB-related phenotypes in indepen-
dent samples. Such studies implemented a polygenic score (PGS) approach, which represents a composite score
considering a number of “risky” alleles. Since no GWAS of ASB has been conducted in Russians, the present study
aimed to perform a replication study of liability to severe criminal behavior (homicide) in individuals from Russia us-
ing PGS. Moreover, we sought to obtain the best model considering PGS and potential social factors as predictors.
Genotyping of the “top”ten SNPs previously identified in GWAS meta-analysis of ASB (CADM2, REV3L, FOXP1, FOXP2,
BDNF, FURIN, XKR6, TMEM 18, SORCS3, and ZIC4 genes) was conducted via real-time PCR in 227 homicide offenders
and 254 healthy donors from the Volga-Ural region of Russia. Multiple regression models included “weighted” and
“unweighted” PGS and potential social factors as predictors. The best regression model of liability to severe ASB was
based on genetic effects of examined SNPs and social predictors, including traumatic brain injury, severe chronic
disease, and tobacco smoking, which was more pronounced among subjects with a family history of mental illness
(p=2x107"3). PGS alone explained a small proportion of variance in liability to ASB (1.1-1.5 %), while the inclusion
of social parameters increased variance explained (16.2-21.2 %). Revealed findings evidence a higher impact of
social factors than a composite effect of selected “top” SNPs in predicting liability to ASB in the examined cohort.
A higher probability of ASB was linked to comorbid substance abuse, traumatic brain injury, and family history of
mental illness, which may also represent a result of a “risky” genetic profile.
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AHHoTauuA. [lpoBefeHHble K HaCTOALLEMY BPEMEHW MONIHOreHOMHbIe aHanu3bl accouymnaumii (GWAS) aHTrucoumans-
Horo nosefeHua (Al) B eBponenckmx NONynALMAX CTanu MPeAnocbINKon ANA AaSIbHENWNX UCCnefoBaHNiA No
OLeHKe NpeApacnonoXeHHOCTU K Pa3BUTUIO CXOXKKMX GEHOTUMOB B HE3aBUCKMbIX BbIGOPKaXx. B Takmx paboTtax nc-
Nonb3yIOTCA NONUTeHHble NOKa3aTeny, KOTopble NPeACTaBnAlT co6o 0606LeHHbIN 6ann, yYnTbIBAIOLWMUIA YNCIO
«PUCKOBbIX» annesiell No KaxkaoMy BKIIOUEHHOMY reHeTryeckomy Nokycy. [Nockonbky B PO He 6bifio npoBeneHO
GWAS A, uenb HacToALLero nccinefoBaHna — MpoBeAeHVe PeNINKaTVBHOMO NCCIeA0BaHMA NPeAPaCNONOXeHHO-
CTW K MaHndecTaumm KpanHux dopm Al (y6rINCTB) B pOCCUIACKON KOropTe C MCMONIb30BaHMEM NoACYeTa NOSIUreH-
HbIX MoKa3aTenen. Kpome Toro, 3aaaven 6bi110 Tak»Ke BblABNEHVE HauyyLlell MOAENM, OCHOBAHHOW Ha BKOYEHUN
NMOMIMFEHHOrO NOKasaTena 1 counanbHbiXx GakTOpOB B KauecTBe NpefukTopoBs. feHoTunposaHye 10 «TOMOBbIX»
SNP, npeHTMdunUMpoBaHHbIX paHee B MeTaaHannze GWAS Al (B reHax CADM2, REV3L, FOXP1, FOXP2, BDNF, FURIN,
XKR6, TMEM 18, SORCS3, ZIC4), npoBefeHo ¢ nomolubio MLP B peanibHOM BpemMeHH y NnL, COBEPLUMBLLNX YOUACTBA
(N=227), n B KoHTponbHow rpynne (N = 254) n3 Bonro-Ypanbckoro pernoHa PO. MHOXeCTBEHHbIN perpecCcUOHHbI
aHann3 OCHOBbIBANCA Ha BKIOYEHUN «B3BELLUEHHbIX» 1 <HEB3BELUEHHbIX» NMONIMIeHHbIX MoKa3aTenemn u noTeHumanb-
HbIX COLManbHbIX GaKTOPOB B KauecTBe NpeAnKTOpoB. Hannyyluasa perpeccmoHHas Mofenb Npeapacnono)eHHo-
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MonvreHHble NokasaTenn Ans oUeHKN NPeapacronoXeHHOCTH
K MaHudecTaumy aHTUCOUManbHOro NoBeeHNs

CTN K MaHndecTaummn KpaHux popm All conepana faHHble reHeTnyeckoro npoduna no 10 noKycam v coumasb-
HbIM PpaKkTOpam (YepenHo-Mo3roBas TpaBMma, TAXKeNble XPOHMYeCcKe 3aboneBaHnA B aHaMHe3e, TabakoKypeHue) 1
6Gbia HanGoee 3HaUMMONA i1l UL C CEMEHOM OTATOLLEHHOCTBIO NCUXMYECKUMI paccTpoicTBamu (p = 2x 10713).
BBefeHMe TOMbKO NOMreHHOro nokasaTena B Mofesib 06bACHANO HeOONbLION NPOLEHT Bapraummn B npeapac-
nonoxeHHoctn K Al (1.1-1.5 %), Toraa kak fobaBnieHne coumanbHbIX NPeAUKTOPOB YBEMYMBANO NPOLIEHT 06b-
ACHeHHOI Bapuaumm (16.2-21.2 %). MNMonyyeHHble pe3ynbTaTbl YKa3biBaloT Ha 60MbLUYI0 3HAUMMOCTb COLManbHbIX
$aKTOPOB MO CPaBHEHNIO C KYMYNATUBHbIM 3pdekTom 10 TOKYCOB B NpeanKLumn pa3sutusa All B uccneayemon Bbi-
60pKe. MoBblleHHanA BEPOATHOCTb €ro MaHUdecTaLmm cBA3aHa C Hanmumem KoMopOUAHOro aiANKTNBHOIO NoBe-
[eHVs, YepernHo-MO3roBol TpaBMbl U CEMEIHON OTATOLEHHOCTN MCUXONaTONOrNAMM, YTO MOXKET ObITb pe3ynbTa-

TOM Hann4ynAa «PUCKOBOro» reHeTn4yeckoro I'IpOd)I/lJ'Iﬂ.

KnioueBble cnoBa: arpeccus; y6VIl7ICTBO; reH-cpenosble B3aVIMOLENCTBUA; MONUIreHHas OLEHKa; perpeccnoHHan

mopgenb; ROC-aHanus; coymanbHble GakTopbl

Introduction

Aggressive behavior (AB) and antisocial behavior (ASB) re-
present a destructive form of social interaction aimed at caus-
ing damage to another object and resulting in its frustration.
From the evolutionary point of view, enhanced aggression was
required for the survival of human groups (Baron, Richardson,
2004), thus promoting certain biological benefits. Although
it is suggested that the aggression level in modern society
is decreased compared with early humans, it still remains
significant. To be more precise, the level of severe crimes,
including homicides and intentional inflictions of severe
harm, accounted for 117.3 and 567.1 thousand cases in 2022
in Russia (according to the data from the Ministry of Internal
Affairs of the Russian Federation, http://www.crimestat.ru).
According to the data from the World Health Organization
(https://www.who.int/data), the homicide rate remains signifi-
cant worldwide and was estimated at 5.8 cases per 100,000
of population in 2021 in the United States (in comparison,
6.7 cases in Russia; 0.5-4.5 cases in Europe; 5-100 cases in
South American countries, and 5-20 cases in Africa).

In turn, during past years, several specifically cruel cases
of murder, domestic violence, and antisocial behavior at
schools have shocked Russia and the neighboring countries.
However, it remains impossible to predict the occurrence of
severe cruelty before the crimes have been conducted. In this
regard, it seems important to determine significant factors
underlying ASB, which can help to predict a higher probabil-
ity of manifesting cruelty and antisocial behavior. It should
be noted that ASB usually manifests in the form of certain
psychiatric diseases, including oppositional defiant disorder,
conduct disorder, and antisocial personality disorder (Pezzoli
et al., 2025). Therefore, these phenotypes can share etiology
and underlying factors.

According to previous research, the main factors predis-
posing to ASB or related phenotypes include biological,
psychological, and environmental ones (Fritz et al., 2023).
Examination of biological factors, which contribute 50 to 80 %
of variance in aggression (Manchia, Fanos, 2017; Odintsova et
al., 2023), is mainly focused on the analysis of genetic and epi-
genetic effects. Logically, genetic variants (SNPs) in the genes
attributed to neurotransmitter release, reuptake, and binding
(Davydova et al., 2020a; Antén-Galindo et al., 2023), oxytocin
and arginine vasopressin signaling (Davydova et al., 2020b;
Kazantseva et al., 2021), and others (Pezzoli et al., 2025)
have been tested for their relation to individual variance in
aggressive behavior. However, the results of multiple studies
demonstrate inconsistent findings. Another methodological

approach, i.e., genome-wide association studies (GWAS),
enables to identify associated SNPs under a hypothesis-free
paradigm. Although to date several GWASs of antisocial
behavior have been carried out, these studies differ in the
examined phenotypes frequently linked with ASB (combined
phenotype of externalizing behavior (Karlsson Linnér et al.,
2021), impulsivity (Deng et al., 2023), problems with self-
regulation (Heilbronner et al., 2021), irritability (Mbatchou
etal., 2021), risky behavior (Karlsson Linnér et al., 2019)) or
age groups (children (Pappa et al., 2016), adults (Tielbeek et
al., 2017)). Moreover, summarized findings from ~ 1.5 million
subjects identified more than 500 SNPs related to liability to
externalizing behavior, including antisocial behavior, atten-
tion-deficit/hyperactivity disorder (ADHD), and addiction in
a European cohort (Karlsson Linnér et al., 2021).

One of the possible applications of GWAS findings is to
use them for the calculation of polygenic scores (PGS) on the
basis of effect estimates obtained for each SNP in the training
sample. In turn, inclusion of PGS in mathematical models
can gain prediction of enhanced risk of certain complex phe-
notypes. To date, several attempts seeking to replicate GWAS
findings in an independent sample using PGS from ASB
phenotype have been made (Karlsson Linnér et al., 2021;
Liet al., 2023; Tesli et al., 2024; Acland et al., 2025), which
succeeded in determining some proportion of variance in li-
ability to conduct disorder, substance use disorders, smoking,
ADHD, criminal behavior, depression, posttraumatic stress
disorder, unemployment, and suicidal attempts. One of the
possible limitations of using PGS for predicting ASB is the
ethnic origin of the examined population, since differences in
allele and genotype frequencies between ethnic groups can
change SNPs’ effect (Kazantseva et al., 2016). To date, no
GWAS of liability to homicidal conduct has been carried out
in subjects from Russia. Therefore, it is relevant to check if it is
applicable to use the effect estimates obtained from combined
ASB phenotype and different ethnic groups to predict the
probability of conducting severe ASB in the Russian cohort.

Undoubtedly, specific environmental/social factors acting
at various stages of ontogenesis affect genes’ activity via epi-
genetic changes in regulation of genes responsible for mani-
festing aggression (Borinskaya et al., 2021). In this context,
the analysis of potential social factors together with genetic
effects (PGS) can help to increase the prognostic significance
of the final model. In addition, it is established that ASB is
highly accumulated in certain groups, including subjects
with comorbid mental disorders (Ip et al., 2021; Wang et al.,
2024; Pezzoli et al., 2025), family history of mental illness
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(Han et al., 2024), addiction (Karlsson Linnér et al., 2021;
Antén-Galindo et al., 2023), and unfavorable rearing condi-
tions (Burt, 2022).

Considering the existing findings of ASB meta-analysis of
European populations (Karlsson Linnér et al., 2021) and absent
GWAS data for individuals from Russia, the present study
aimed to evaluate the applicability of calculated polygenic
scores based on existing GWAS data to predict severe ASB
(homicide) in the Russian cohort. Moreover, to enhance the
prognostic ability of regression models, we sought to obtain
the best model with the optimal sensitivity and specificity,
which assumes PGS and potential social factors as predictors.

Materials and methods
The study sample comprised 227 criminal offenders who
conducted homicide and were directed to a forensic exami-
nation of present mental disorders in the Republican Clinical
Psychiatric Hospital (Ufa, Russia). Only individuals without
mental illness who were proven to be sane by the Court were
included in the study. The examined sample consisted mainly
of men (93 %) with a mean age of 41.5+14.5 years. Ethnic
content of the sample was the following: 48 % Russians,
34.8 % Tatars, and 17.2 % Bashkirs. The data on the social/
clinical background of enrolled subjects were obtained via a
survey and included the information on present and past to-
bacco smoking, alcohol/opiate abuse, family history of mental
iliness or criminal behavior, suicidal attempts, level of edu-
cation, maltreatment in childhood, severe chronic disease in
anamnesis, and type of ASB (proactive or reactive aggression).
The control group was selected on the basis of correspon-
dence to the group of criminal offenders by age, ethnicity, and
gender. In total, we examined DNA samples obtained from
254 individuals who reported no family history of mental
iliness and were non-registered in the psychiatric database of
the Republic of Bashkortostan. The study was approved by the
local bioethical committee at the Institute of Biochemistry and
Genetics — Subdivision of the Ufa Federal Research Centre
of the Russian Academy of Sciences (Ufa, Russia) (protocol
code 15, date of approval, October 12, 2017) in accordance
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with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards.

SNP selection for PGS calculation from GWAS meta-ana-
lysis of ASB (Karlsson Linnér et al., 2021) was based on the
following criteria: the lowest level of significance (p < 10-18);
selection of a single SNP from a set of proxy SNPs; minor
allele frequency (MAF) above 0.05 in Europeans (based on
1000 Genomes); and known regulatory effect of the SNP
based on the RDB (Regulome Database, https://regulomedb.
org/regulome-search) and CADD (Combined Annotation De-
pendent Depletion, https://cadd.gs.washington.edu) databases.
The final list of selected SNPs included CADM2 rs993137,
REV3L rs458806, FOXP1 rs11720703, FOXP2 rs1476535,
BDNF rs6265, FURIN rs4702, XKR6 rs4240671, TMEM18
rs6711254, SORCS3 1511596214, and ZIC4 rs2279829, which
were used for PGS calculation, and is reported in Table 1.
Genotyping of previously extracted DNA of the control group
and criminal offenders was carried out using real-time PCR
with KASP chemistry (LGC Genomics, UK).

All examined SNPs corresponded to the Hardy—Weinberg
equilibrium (p > 0.05). At the second stage, we calculated PGS
based on effect estimates obtained from R. Karlsson Linnér et
al. (2021). Namely, PGS for each individual from our sample
was calculated on the basis of inclusion of 1) SNPs under
p < 0.1 (“weighted” effect), 2) all SNPs (using “weighted”
effect), 3) all SNPs (using “unweighted” effect). Calculation of
“weighted” and “unweighted” PGS was previously explained
in detail (Kazantseva et al., 2023a). Briefly, individual PGS
was calculated as the weighted/unweighted sum of the num-
ber of effect alleles at a certain SNP multiplied by the effect
estimate (PLINK v.1.09).

Subsequently, a series of multiple logistic regressions was
performed to obtain models that can predict liability to ASB in
the total groups of homicide offenders, as well as in subgroups
of subjects with proactive forms of aggression, comorbid sub-
stance use, or known family history of mental illness or crimi-
nal behavior. Initially, only PGS as a predictor was included,
which was followed by a backward selection procedure to
obtain a list of statistically significant social parameters to be

Table 1. Examined top SNPs linked to antisocial behavior: data from previous ASB GWAS and the VUR cohort

Gene SNP EA/OA EEK

CADM2 rs993137 /T 0.020
REV3L rs458806 /T 0.016
FOXP1 rs11720703 T/C 0.013
FOXP2 rs1476535 T/C 0.013
BDNF rs6265 c/T 0.015
FURIN rs4702 G/A 0.012
XKR6 rs4240671 G/A 0.012
TMEM18 rs6711254 A/G 0.015
SORCS3 rs11596214 G/A 0.011
ZIC4 rs2279829 /T 0.013

EAFK

0.383
0.178
0.471
0.451
0.814
0.442
0.509
0.173
0.606
0.788

EAFASB EAFCT pX pVUR

0.251 0.302 4.61x10753 0.081
0.313 0.252 1.30x10-29 0.043
0.391 0.382 2.87x10-27 0.795
0.459 0.445 3.41x10-26 0.688
0.841 0.852 1.78%x10-24 0.647
0.405 0.461 1.08%x10-23 0.075
0.563 0.543 4.80%x10-23 0.528
0.190 0.161 1.89x10-22 0.257
0.593 0.533 6.25x10-21 0.065
0.801 0.771 2.88x 10718 0.247

Note. EA/OA - effect allele/other allele; EE - effect estimate; EAF - effect allele frequency; ASB - criminal offenders from VUR; CT - control group from VUR; VUR -
Volga-Ural sample; K — data from R. Karlsson Linnér et al. (2021); p - p-values. P-values obtained in the present sample at a trend level (p < 0.1) are marked in bold.
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included as predictors together with PGS (R v.4.4.2). To select
the best predicting model, we have compared data on the low-
est p-value, the highest proportion of variance (Nagelkerke
pseudo-R?) explaining liability to ASB, and the highest area
under the ROC curve (AUC) for each model.

Results

At the initial stage of the study, we examined the presence
of significant differences between the criminal offenders and
the control group in the examined social factors (Table 2). We
have observed the differences in the proportion of individuals
characterized by severe somatic diseases and traumatic brain
injuries in anamnesis (p = 1.2 x 10-12), depending on education
level (p = 4.5x10716) and present smoking (p = 4.0x1077)
between the groups.

For the genetic part of the present study we selected the
“top” ten SNPs (p < 2.9x10718) identified in the previous
meta-analysis GWAS of ASB (Karlsson Linnér et al., 2021).
Effect estimates for alleles used for calculation of “weighted
PGS” as well as effect allele frequencies in the VUR sample
are given in Table 1. In addition, we have tested for statisti-
cally significant differences in allele frequencies of examined

2025
29-6

MonvreHHble NokasaTenn Ans oUeHKN NPeapacronoXeHHOCTH
K MaHudecTaumy aHTUCOUManbHOro NoBeeHNs

SNPs between criminal offenders and the control group in the
examined cohort from the VUR, which enabled us to confirm a
coincidence of four SNPs, although at a trend level (p <0.1):
CADM2 rs993137, REV3L rs458806, FURIN rs4702, and
SORCS3 rs11596214.

Primary logistic regression models that included PGS
(based on four SNPs) revealed a small proportion of variance
in liability to antisocial behavior in the total group (r2= 0.9 %,
p = 0.014), among subjects with a proactive form of aggres-
sion (r2= 0.9 %, p = 0.017), with comorbid substance abuse
(r2=0.9 %, p = 0.027), and with a family history of mental
illness (r2 = 1.5 %, p = 0.014) (Table 3, Fig. 1). At the ini-
tial stage of regression analysis, we have included all social
factors, including sex and ethnicity as covariates, together
with PGS.

As expected, inclusion of potential social parameters as
predictors enabled an increase in the statistical significance
of the models, which resulted in 14.5 % (ASB), 15.8 % (pro-
active ASB), 21.0 % (ASB with comorbid addiction), and
21.2 % of variance (ASB with family history of mental ill-
ness) being explained. It should be mentioned that valuable
social factors comprised of traumatic brain injury (TBI) or

Table 2. Characteristics of the examined groups of criminal offenders and healthy donors

and analysis of differences in social factors between the groups

Social factor Group ASB (N =227)
N %
Sex Men 211 92.9
Women 16 7.1
Ethnicity Russians 109 48
Tatars 79 348
Bashkirs 39 17.2
Aggression type Proactive 211 929
Reactive 16 7.1
Family history of mental iliness Yes 88 38.8
No 139 61.2
TBI/disease Yes 136 59.9
No 91 40.1
Education level High 92 40.5
Low 135 59.5
Present smoking Yes 160 704
No 67 29.6
Past smoking Yes 179 78.9
No 48 21.1
Alcohol/opiate abuse Yes 150 66.1
No 77 339
Maltreatment in childhood Yes 31 13.7
No 196 86.3
Suicidal attempts Yes 45 19.8
No 182 80.2

Control group (N = 254) B p-value
N %
235 92.5 -0.11 0.73
19 7.5
120 47.2 -0.003 0.99
92 36.2 -0.06 0.83
42 16.6 0.03 0.91
254 100
62 24.4 1.53 1.2x107"2
192 75.6
213 83.9 -2.0 4.5x107'6
41 16.1
112 44.1 1.1 4.0x1077
142 55.9
202 79.5 -0.05 0.84
52 20.5
254 100
24 9.4 0.36 0.73
230 90.6
254 100

Note. Statistically significant differences between the groups based on p-value < 0.05 are shown in bold. TBl/disease — traumatic brain injury or severe chronic

disease in anamnesis. Dashes indicate non-applicable data.
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Table 3. Regression models of liability to ASB based on a polygenic score and social factors as predictors

Model | Predictor ASB (N =227) Proactive ASB (N=211) Addictive ASB (N = 150) FamPsy ASB (N = 88)
B ‘ SE ‘p—value B ‘ SE ‘p—value B ‘ SE ‘p—value B ‘ SE ‘p—value

1 PGS_0.1 1050 428 0014 1066 448 0017 1061 481 0027 1414 579 0014
Model p-value 0.014 0.017 0.027 0.014
Adjusted r2 0.009 0.009 0.009 0015
AUC 0.569 0.569 0.571 0.589

2 PGS_0.1 848 554 0126 866 574 0131 982 635 012 1487 752 0048
TBI/disease 14 02  98x10° 13 02 1Ix107 13 03  57x107 16 03  19x107
Past smoking 1303 88x104 -14 04  4x104 11 05 0031  -12 06  0.048
Presentsmoking 17 03  14x107 17 03  41x107 22 04  41x107 18 05  44x10%
Model p-value 4.24x10-14 7.7%x10-16 <10-16 1.3x10-13
Adjusted r2 0.145 0.158 0.210 0.212
AUC 0.752 0.744 0.788 0.780

3 PGS_W 2204 694 14x103 2231 723 0002 1958 777 0011 2066 940 0.028
Model p-value 1.3%1073 0.002 0.011 0.028
Adjusted r2 0.015 0015 0.011 0.012
AUC 0.579 0.580 0.577 0.576

4 PGS_W 1933 924 0036 1919 953 0044 1788 1044 0086 2452 1258 0051
TBI/disease 14 02 13x10® 13 02 13x107 13 03  57x107 16 03  21x107
Past smoking 1203 14x103 -13 04  7.0x104 -11 05 0034  -12 06 0045
Presentsmoking 17 03  28x107 16 03  9x107 22 04  69x107 18 05  53x104
Model p-value <10-16 3.3x10-16 <1016 1.4x10-13
Adjusted r2 0.170 0.162 0.211 0.212
AUC 0.758 0.751 0.792 0.800

5 PGS_UW 2009 0002 29 10 0003 25 11 0019 26 13 0045
Model p-value 0.002 0.003 0.019 0.045
Adjusted r2 0.013 0013 0.010 0.010
AUC 0.588 0.589 0.584 0.584

6 PGS_UW 25 13 0047 25 13 0053 22 14 0131 31 0,078
TBI/disease 14 02 12x10® 13 02  12x107 14 03  56x107 16 03  21x107
Past smoking 12 03 00013 -13 04 65x104 -11 05 0032  -12 06 0044
Presentsmoking 1.6 03  31x107 16 03  96x107 22 04  69x107 18 05  57x104
Model p-value <10-16 ‘ 3.3x10-16 ‘ <1076 ‘ 2.0%x10-13
Adjusted r2 0.169 0.161 0210 0210
AUC 0.760 0753 0794 0.802

Note. ASB - antisocial behavior; FamPsy ASB — ASB in individuals with a family history of mental illness; § — regression coefficient for each predictor in the
model; SE - standard error of 3; AUC - area under curve; TBI/disease — traumatic brain injury or severe chronic disease in anamnesis. PGS_0.1 was based on
effect estimates for REV3L rs458806, FOXP1 rs11720703, XKR6 rs4240671, and SORCS3 rs11596214; PGS_W and PGS_UW were PGS based on “weighted” and

“unweighted” effect estimates for ten SNPs, correspondingly.

severe chronic disease in anamnesis (B = 1.4, p =9.8x1079)
and present smoking (B = 1.7, p = 1.4 x 10-7) were associated
with enhanced liability to aggression, while past smoking
demonstrated a positive effect on ASB decrease (f = —1.3,
p = 8.8 x 10~4). The impact of other social factors together with
sex and ethnicity remained insignificant after the backward
selection procedure. Therefore, inclusion of the mentioned
social parameters allowed us to explain up to 16.1 % of vari-

ance in developing ASB. According to determined models, we
can conclude that they possess the highest prediction ability
for developing ASB in individuals who have relatives with
mental disorders or criminal behavior (AUC = 0.780) or have
alcohol/opiate addiction (AUC = 0.788) (Table 3).

At the second stage of our analysis, we calculated PGS
based on effect estimates for all examined SNPs, even if they
were non-significant in the VUR sample (Table 1). Therefore,
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PGS_all_Uw
PGS_0.1 + cov
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PGS_all_UW + cov
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Fig. 1. Proportion of variance (adjusted r2) in liability to antisocial behavior in the examined cohort explained by predictors in-
cluded in multiple regression models based on PGS calculation of SNPs with p < 0.1 (PGS_0.1), “weighted effects” of all SNPs
(PGS_all_W), “unweighted effects” of all SNPs (PGS_all_UW) with inclusion of social predictors (PGS_0.1 + cov, PGS_all_W+ cov,
PGS_all_UW +cov).

Examined groups of ASB: total group of homicide offenders (ASB); homicide offenders with a proactive type of ASB (Proactive ASB), family

history of mental illness or criminal behavior (FamPsy ASB), or substance abuse (Addictive ASB).

ROC-curves of regression models

PGS_0.1; AUC=0.589
PGS_all_W; AUC=0.576
PGS_all_UW; AUC =0.584
PGS_0.1 + cov; AUC = 0.780
PGS_all_W + cov; AUC = 0.800
PGS_all_UW + cov; AUC = 0.802
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Fig. 2. ROC curves and areas under the curves (AUCs) for various regression models predicting liability to manifest ASB in individu-
als with a family history of mental illness or criminal behavior (abbreviations are given as in Fig. 1).

regression models, which implemented “weighted” (PGS_W)
and “unweighted” (PGS_UW) PGS, slightly enhanced the pro-
portion of variance in liability to ASB compared to previous
models 1 and 2 (Table 2). Namely, a combined effect of ten
genetic variants explained 1.1-1.5 % (“weighted effect”’) and
1.0-1.3 % (“‘unweighted effect”) of variance in predisposition
to homicide violence. Previously mentioned social predictors
remained significant and, together with PGS, enabled to en-
hance the proportion of variance explained (16.2-21.2 % in
“weighted” PGS, 16.1-21.0 % in “unweighted” PGS).
However, it seems that the inclusion of a larger number of
non-significant SNPs had a very small effect on improving the

predicting abilities of the models. Nevertheless, models with
ten vs. four SNPs in PGS demonstrated slightly higher prog-
nostic ability for ASB in the total sample and in individuals
with a proactive form of aggressive behavior or comorbid
substance abuse (Table 2, Models 4, 6). We have also con-
structed ROC curves and calculated comparative areas under
the curves (AUCs) for all analyzed models (Fig. 2). Finally,
our findings indicate that the best regression model has higher
prognostic ability (r2 = 21 %) and a moderate measure of
classifier performance (AUC = 0.802) to designate subjects
at high risk for developing ASB if they have family history
of mental disorders.
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Discussion

In the present study, we tested different logistic regression
models, which were based on calculated polygenic scores,
aimed at predicting liability to homicide in individuals from
the Volga-Ural region of Russia. Based on our findings, the
highest prediction ability for developing ASB was observed
for individuals with a family history of mental disorders and
those with substance abuse comorbidity. The data revealed are
not surprising, since externalizing pathology is frequently ac-
cumulated in families (Acheson et al., 2018; Han et al., 2024)
due to shared genetic profiles between biological parents and
offspring. On the other hand, it was reported that the same
genes/genetic variants were linked to different psychiatric
conditions, addiction, and antisocial behavior (Ip et al., 2021;
Anton-Galindo et al., 2023; Li et al., 2023; Wang et al., 2024;
Pezzoli et al., 2025), which can be explained by genes’ pleio-
tropy in various complex traits (Watanabe et al., 2019).

Since no significant difference in predicting ASB risk in the
VUR sample was observed among models based on “weight-
ed” and “unweighted” effects of SNPs, it can be concluded
that effect estimates from GWAS of Europeans seem to be
inappropriate for individuals from Russia. Therefore, future
research should be focused on conducting GWAS of ASB ina
Russian cohort followed by verification in the same-ethnicity
independent sample. Published studies, which sought to re-
plicate findings obtained for different populations, succeeded
in using PGS from ASB to predict liability to externalizing
behavior in both Europeans and African Americans (Brislin
et al., 2024), although representing a small cumulative effect
of genetic variants.

Our findings indicate a very small impact of selected SNPs
on predicting ASB, which was based on the effect estimates
from the study of summarized phenotype of externalizing
pathology. The data obtained support previous findings on the
small effect (0.1-4.0 %) of analyzed genetic variants (even at
a genome-wide level) as polygenic scores on predicting ASB
(Tielbeek et al., 2017, 2022; Tesli et al., 2024). Our previous
research also revealed a small proportion of variance explained
in aggression level in a general population of Russia, which
was attributed to the combined effect of 30 genetic variants
(Kazantseva et al., 2023b).

It is known that environmental factors play a modulating
role in establishing specific patterns of behavior (Kazantseva
et al., 2014), including ASB-related ones. In particular, harsh
parenting (Burt, 2022), school violence (Acland et al., 2025),
and affiliation with delinquent peers (Schwartz et al., 2019)
were assumed to increase a risk for manifesting ASB. Regres-
sion models designed in the present study also point to a more
pronounced effect of environmental factors in establishing
ASB than that of the genetic component. These findings are
at odds with existing studies, which also depicted valuable
impact of such social factors as community violence (Musci
et al., 2019), harsh parenting (Acland et al., 2025), and low
parental education level (Barnes et al., 2019) under gene-by-
environment interactions.

In the present study, we have observed a significant effect of
present smoking and history of traumatic brain injury/severe
chronic disorders on manifesting criminal behavior. One of the
probable links between smoking and ASB is attributed to the
influence of nicotine on the CNS via exaggerated stress sensi-
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tivity (Weltens et al., 2021) and changed in epigenetic regula-
tion (Gould et al., 2023). It should be noted that the usually
accepted environmental effects can also be due to the impact
of certain genetic and epigenetic profiles, which are inherited
(McAdams et al., 2013). In this regard, present smoking may
represent the result of activity of the genes responsible for
developing addiction and externalizing behavior. Moreover,
the negative effect of smoking promoting the development
of ASB later in life was only evident for individuals with
predisposing genetic patterns. Namely, individuals who were
subjected to prenatal smoking exposure (their mothers smoked
during pregnancy) demonstrated an enhanced risk of ASB only
if they were genetically related to their mothers. At the same
time, no link between maternal smoking and offspring” ASB
was observed if children were developed from a donated egg
(van Goozen et al., 2022).

Another significant factor affecting liability to ASB in our
cohort is traumatic brain injury in anamnesis, which confirms
previous data (Ryan et al., 2021; Theadom et al., 2024). It
was suggested that TBI can cause abnormal morphometry of
the central executive network in the brain, which can result
in worsening of executive functions (Ryan et al., 2021) or
exacerbate other valuable triggers, including social depri-
vation (Guskiewicz et al., 2003), thus promoting ASB. In
summary, reported findings on the higher effect of social fac-
tors on developing ASB in the Russian cohort can probably
capture the effect of other genes on the occurrence of such
an “environment”.

Future research should integrate various methodological
approaches, including those measuring brain activity and
connectivity underlying specificity of individual behavioral
responses, and consider the impact of genetic and environ-
mental factors. For instance, there is some evidence of a link
between amygdala hyper-reactivity and increased impulsivi-
ty and reduced self-regulation as a response to threatening
stimuli (Dotterer et al., 2017). Another study identified a link
between diminished P3(P300) amplitude of electrical poten-
tial, which was obtained as a response to a visual oddball task,
and manifestation of externalizing phenotypes (lacono, 2018;
Brislin et al., 2024).

The present study has several limitations. First, the set of
SNPs used for PGS calculation is rather small, which can mir-
ror the low proportion of explained variance in liability to ASB
attributed to genetic impact. To be more precise, calculated
PGS in the previous meta-analysis (Karlsson Linnér et al.,
2021) enabled to explain 3—-4 % of variance in manifesting a
combined phenotype of antisocial behavior when PGS was
estimated on genetic data from 579 SNPs at the genome-wide
significance level.

In turn, the present study has been focused on biallelic po-
lymorphisms only, while other structural variations in the
genome, such as tandem repeats and microdeletions/dup-
lications, which can also contribute to genetically caused
manifestations of aggression, remained unstudied within the
present research. Although the examined sample represents
a specific cohort of individuals with a severe form of aggres-
sive behavior (homicide), the sample size is small, which
can result in type | and 11 errors and requires future enlarge-
ment of the examined sample. Moreover, the obtained PGS
models are limited to a number of analyzed social factors,

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529+ 6



A.B. KazaHueBa, [1.B. flkoBneBa
10.4. NaBbigoBa, 3.K. XycHyTAnHOBa

while other probably relevant factors including child-parent
relationship, belonging to a criminal organization, physical or
sexual violence, social isolation, personality type, etc. were
non-examined. Finally, since the majority of enrolled offenders
were characterized by excessive alcohol/opiate use, we cannot
rule out whether the reported findings are attributed to present
heavy alcohol drinking.

Conclusion

In summary, the present study represents an attempt to create
a prognostic model for developing antisocial behavior in a
Russian cohort based on genetic data reported for European
populations. Revealed findings present evidence for a higher
impact of social factors rather than a composite effect of the se-
lected “top”” SNPs in predicting liability to ASB. Nevertheless,
the best model was able to explain up to 21.2 % of variance in
liability to ASB, especially in subjects with a family history
of mental illness or criminal behavior, which was based on
the genetic profile of ten SNPs and such social parameters as
traumatic brain injury, severe chronic disease in anamnesis,
and tobacco smoking. Future research in this field has to be
focused on performing GWAS in a Russian cohort of criminal
offenders (or persons with other types of antisocial behavior)
to identify genetic loci and their effect estimates specific to
the main ethnic groups from Russia. Obviously, such analyses
will enable the design of models of liability to manifest ASB
with higher prediction probabilities.
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Abstract. The neuropeptide oxytocin (OT) secreted by specialized neurons in the hypothalamus affects social
behavior and aggression in various animal species in a dose-dependent manner. Our earlier studies showed that
OT administration by nasal application to adult and adolescent Norway rat males selected for enhanced aggressive
response to humans reduced aggression upon the opponent in the resident-intruder test. By contrast, OT admin-
istration to rats selected for tame behavior exerted no effect on behavior or even enhanced aggression. It was still
unknown how selection for behavior affected the endogenous oxytocinergic system in rats. Here we study the
populations of OT-containing cells in the paraventricular and supraoptic nuclei of the hypothalamus in intact tame
and aggressive rats with regard to lateralization, as the hypothalamus is known to be functionally asymmetrical.
We have also assessed blood OT changes after nasal OT application to rats selected for behavior. As it is known that
the effect of OT on rat aggressiveness may depend on the basal level of the latter, we have analyzed the effect of
OT administration on behavior in tame and aggressive rats interacting on neutral ground, where the aggressive-
ness of males manifests itself less than in the defense of territory in the resident-intruder test. The asymmetry in the
numbers of OT-containing cells in the left and right halves of the paraventricular and supraoptic nuclei has been
observed only in tame rats. The number of such cells in the right half of tame rats is greater than in aggressive. In
contrast, the blood OT level in tame rats is significantly lower than in aggressive ones both in the intact animals
and after OT administration. Oxytocin administration to aggressive rats shortens aggressive interactions and late-
ral threats and reduces the number of the latter as compared to animals of the same behavior pattern having
received saline. This observation may point to an anti-aggressive effect of OT. In tame rats, though, OT administra-
tion increases the number of hind leg kicks and kicking duration. It appears that the differences in the endogenous
OTergic system of hypothalamus found in this study are associated with both the behavior formed during selection
and different responses to exogenous OT in tame and aggressive animals.
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Endogenous oxytocin and aggressiveness
in Norway rats selected for behavior

AHHoOTauus. M3BecTHO, uTo Helponentug okcutouunH (OT), cekpeTrpyemMblin CneLrann3vpoBaHHbIMU HERPOHAMU
B rnoTanamyce, okasblBaeT [J0303aB/CUMMOE BINAHME Ha COLManibHOe NOBeAEHNE U arpeccuio y pasnyHbIX BULOB
XKMBOTHbIX. PaHee Hamu 6bIN0 NOKa3aHo, YTO Y B3POC/bIX M HEMOIOBO3PENbIX CaMLIOB CEPbIX KPbIC, CENEKLNOHU-
pyeMmbIx Ha yCUNeHre arpecCMBHOrO NOBeLEHUA MO OTHOLIEHMIO K YENOBEKY, Ha3allbHble anmavKaLuum OKCUTOLMHA
BbI3bIBaNIN aHTUArPECCUBHDBIN 3GPEKT MO OTHOLLEHUIO K ONMOHEHTY B TeCTe pe3nAeHT-UHTPYAEP, B TO BPeMA KaK y
KPbIC, CeNeKUMOHMPYEeMbIX Ha PyYyHOe MoBeAeHVe, annanKkauny OKCUTOLMHA UK He BAVAAW Ha NoBeAeHne, niu
BbI3bIBaJIN YCUIIEHVE arpeccuBHOCTY. OfHAaKO OCTaBasoCb HEM3BECTHBIM, KaK BNMAET OT6OP MO NOBeAEHNIO Ha H-
LLOTeHHYI0 OKCUTOLIMHEPIMYECKYI0 CUCTEMY Y KpbIC. B AaHHO paboTe nccnefosasnm KOnMyecTso CopeprKallyx oKCu-
TOLMH KNeToK B napaBeHTpuKynapHom (MBA) n cynpaontuueckom (COA) appax runoTanamyca y MHTaKTHbIX PyYHbIX
1 arpeccrBHbIX KPbIC, yumnTbiBasa GakTop natepanusauum, nockosbKy 6bi10 N3BeCTHO 0 GYHKLMOHaNbHOW acumme-
Tpuy rnnoTanamyca. Hapagy ¢ 3Tvm oLeHMBanu, Kak U3MeHAETCA YPOBEHb OKCMTOLIMHA B KPOBM NOC/e Ha3asbHbIX
annanKaumin 3Toro HemponenTUaa y Kpbic, cCenekLMOHNPYeMbIX Mo NnoBefeHuio. Tak Kak 3$ppeKTbl OKCUTOLMHA Ha
arpeccrBHOCTb KPbIC MOTYT 3aBUCETb OT CTEMNEHV e€ MPOABNIEHWS, B JaHHON paboTe nccnefoBanyv BANAHWE anniv-
KaLu OKCUTOLMHA Ha NOBeAeHMEe y PYUHbIX M arpeCcCUBHbIX KPbIC NPU B3aVMOAENCTBMN Ha HENTPanbHON Teppu-
TOpWW, FAe arpeccMBHOCTb CaMLOB NPOABAETCA Clabee, yueM Npu 3awmTe COGCTBEHHON TEPPUTOPUM B TECTE pe3u-
LeHT-UHTpyAep. MoKa3aHo, UTo TOMbKO ANA PYUHbIX KPbIC XapakTepHa aCMMMETPUA MO KOIMYECTBY COAepKaLLmx
OKCUTOLIMH KJIETOK, JIOKann30BaHHbIX B NpaBbix 1 neBbix Yactax COA n MBA runotanamyca. MNpuuem KonnyecTso
TaKMX KNeToK B npaBoii nonosuHe COA y pyuHbIX KpblC OKa3anocb Gosiblie, YeM Y arpecCrBHbIX, B TO BPeMs Kak
YPOBEHb OKCUTOLMHA B KPOBM Y PYUHbIX KPbIC Kak B KOHTPOJIbHOW Fpynne, Tak U nocsie anmnankauuin OKCUTOLMHA,
HanpoTUB, GblST LOCTOBEPHO HUXKE, YEM Y arpPecCUBHbIX. ANMAMKALMN OKCUTOLIMHA Y arpeCcCUBHbBIX KPbIC Bbl3bIBan
YMeHbLUeHVEe NPOAOKUTENBHOCTY arpeccrBHbIX B3aMMOAENCTBUI 1 HOKOBbLIX CTOEK Yrpo3, a TakxKe KosnyecTsa
Noc/efHUX MO CPABHEHWIO C XKMBOTHbIMY TOTO »Ke NoBefeHUsA, Nonyyaowmmy Gru3pacTBop, YTO MOXET CBUAETESb-
cTBOBaTb 00 aHTMarpeccMBHOM ddPeKTe OKCUTOLMHA, TOFAA Kak Y PYUHbIX KPbIC annavKauny OKCUTOLMHA, Hao60-
POT, NPMBOAMAN K YBENIMYEHWNIO KONMYECTBA YAAPOB 3afHUMW nanamm 1 Ux NPOAoKUTENbHOCTU. [o-BnanMomy,
HalfeHHble HaMN Pa3NYNA B SHAOTEHHON OKCUTOLIMHEPTMYECKON CUCTEME TMMoTalamyca MOTryT OblTb CBA3aHbI
1 ¢ nosefeHnem, cbopMmMpoOBaHHbIM B NpoLecce oT6opa, 1 C pasfMUHON peakumein Ha BBEAEHNE OKCUTOLMHA Y
PYUHBIX 1 arpeCcCUBHBIX KPbIC.

KnioueBble cnoBa: OKCMTOLMH; OTOOP; MOBeAEHNE; KPbICa; arpecCBHOCTb; MMMYHOTMCTOXMMUSA; TMMoTanamyc

Introduction

Oxytocin (OT) had long been connected only with the re-
productive function, maternal behavior, and nursing. Large-
scale studies of the entire range of OT’s physiological effects
commenced in the mid-20th century. The results obtained in
animals and, later, in humans, indicate that OT is essential
for mitigating anxiety (Neumann, Slattery, 2016; Yoon, Kim,
2020; Takayanagi, Onaka, 2021) and aggression (Calcagnoli
et al., 2013; de Jong, Neumann, 2018; Herbeck, Gulevich,
2019; Marsh et al., 2021) and for improving memory and
learning (Aydogan et al., 2018).

The hypothalamic neuropeptide oxytocin is synthesized
primarily in neurons of the paraventricular (PVVN) and su-
praoptic (SON) hypothalamus nuclei. Then it is delivered
to the posterior pituitary via axons and stored in vesicles
until release to the systemic blood flow (Castel et al., 1984).
Also, OT is transported via collateral branches of axons of
the hypothalamo-neurohypophyseal tract to various parts of
the forebrain, where OT receptors are expressed. There, it
acts on various behavioral aspects (Jurek, Neumann, 2018;
Grinevich, Neumann, 2021). Physiological stimuli, such
as childbirth, lactation, stress, or emotions, induce a fast
release of preaccumulated OT to blood and various parts of
the brain (Eliava et al., 2016; Tang et al., 2020; Grinevich,
Neumann, 2021).

The hypothalamus plays the key role in motivation
formation and behavior triggering (Simonov 1987, 1993;
Sudakov, 1993). The data on the functional hypothalamus
asymmetry are scarce (Pavlova, 2001; Kiss, 2020). In par-

ticular, comparison of the efficiency of the stimulation of
the right and left hypothalami in rabbits by the conjugated
neuronal impulsation method in order to induce motivational
and emotional responses showed that the left hypothalamus
contributes more to defensive motivation, whereas the right
hypothalamus, to emotional positive affects (Pavlova, 2001).
The Norway rats selected for friendly and aggressive attitude
to humans that were used in our studies differ significantly in
the defense response to the experimenter’s glove. This dif-
ference may be associated with the location of OT-secreting
neurons in the animals.

I. Neumann et al. (2013) found that OT levels rose in
blood and in dialysates of the dorsal hippocampus and amyg-
dule of Wistar rat and C57Bl/6 mouse males 70 min after
intranasal OT administration. They assume that the doses
of exogenous OT in these brain regions were significant for
behavior regulation.

F. Calcagnoli et al. (2014) examined Norway rats taken
from the wild in Groningen (Netherlands), which differed
from laboratory strains in greater and broadly variable male-
to-male aggression. The scientists found that the OT mMRNA
level in PVN but not in SON inversely correlated with
aggressiveness. The most aggressive males had lower OT
MRNA levels in PVN than less aggressive ones. Oxytocin
administration to the cerebral ventricular system of Norway
male rats reduced their aggressiveness in a dose-dependent
manner, which was most pronounced in males with higher
aggression (Calcagnoli et al., 2013). Human studies also
revealed differences in the efficiency of nasal OT adminis-
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tration on prosocial behavior (signs of positive interactions
with other individuals) depending on the preexperimental
social motivation in the subject. The improvement of pro-
social behavior in response to intranasal OT administration
was most pronounced in people with low social motivation,
but exogenous OT could aggravate interpersonal anxiety in
people with a low level of social safety (Bartz et al., 2015;
Soriano et al., 2020).

Studies of Norway rats selected for aggressive and to-
lerant attitude to humans can help understand features of the
functioning of the endogenous OTergic system and the role
of OT in behavior regulation. The Norway rat population se-
lected for tame behavior demonstrates a complete absence of
defense responses and high tolerance of handling by humans.
In contrast, the aggressive rats are characterized not only by
high aggression toward humans but also by invariable and
extreme intraspecies male-to-male aggression (Plyusnina,
Solov’eva, 2010; Plyusnina et al., 2011).

It had been found that the activity of both the peripheral
and central segments of the hypothalamic—pituitary—adrenal
(HPA) axis in tame rats was higher than in aggressive or
unselected animals (Plyusnina, Oskina, 1997; Herbeck et al.,
2017). The aggression of male rats selected for aggressive
behavior toward the opponent in the test on neutral ground
was weaker than in the resident-intruder test (RIT), where
animals under study defended their own space (Plyusnina,
Solov’eva, 2010). Nasal OT administration to adult and
adolescent aggressive males suppressed aggression in the
RIT test. In tame rats, OT administration at the 2 pg/uLL
concentration to adult and adolescent males either exerted
no effect on behavior or even enhanced signs of aggression
(Gulevich et al., 2019; Kozhemyakina et al., 2020).

It is unknown how rat selection for behavior affects
the parameters of the hypothalamus OTergic system and
OT level in peripheral blood or whether the effect of OT
applications on rat behavior will remain in the test on neu-
tral ground, where male aggression is milder than in the
RIT test.

In this view, the goal of the present study was to inves-
tigate features of the function of the endogenous OTergic
system in tame and aggressive male rats and the effect of
nasal OT administration on blood OT level and manifestation
of aggression in the test on neutral ground.

Materials and methods

Experimental animals. Experiments were conducted at
the conventional vivarium of the Institute of Cytology and
Genetics (Novosibirsk) with adult male Norway rats (Rat-
tus norvegicus). Two populations of the animals, hereafter
referred to as tame and aggressive, had been selected for
absence or enhancement of aggressive response to humans,
respectively, for 84-93 generations. Animals were kept
in metal cages, 50x33 %20 cm, four males per cage, and
exposed to artificial light schedule 12/12. Food and water
were given ad libitum. All tests were done from 14:00 to
18:00 local time.
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All international, national, and/or institutional principles
of animal care and use were followed. All procedures in
experiments with animals met the ethical standards man-
dated by Russian Federation legislation, principles of the
Basel Declaration, and recommendations of the Bioethics
Committee at the Institute of Cytology and Genetics of
the Russian Academy of Sciences (protocol No. 8, dated
March 19, 2012).

Immunohistochemical examination of SON and PVN
in the hypothalamus of intact tame and aggressive rats.
The experiment was conducted with rats of selection genera-
tion 89. Brains were fixed by perfusion through the aorta left
ventricle with a peristaltic pump with phosphate-buffered
saline (1xPBS) for 5-10 min and with 4 % paraformalde-
hyde for 5-10 min. The extracted brains were dehydrated
by immersion in 30 % sucrose at +4 °C for 3—4 weeks
and stored in Tissue-Tek® O.C.T. Compound at —70 °C
until cryosection. Frontal sections (30 pm) were prepared
in a Microm HM-505 N cryostat (Microm, Germany) at
—20 °C and mounted on Polysine® slides (Menzel-Glaser,
Germany). The slides were stored at —20 °C until further exa-
minations.

Slides were stained by the conventional method with
the Rabbit specific HPR/DAB (ABC) Detection IHC kit
ab64261 (Abcam, United Kingdom). Antibodies (Anti-
Oxytocin-neurophysin 1 antibody ab2078 (Abcam)) were
diluted 1/10,000. Slides were incubated with the antibodies
for 3 days.

Oxytocin-containing cells in SONs and PVNs in slides
were counted under an AXIO optical microscope (Zeiss,
Germany) (Fig. 1). Oxytocin-containing cells in PVVNs were
arranged into compact groups; we chose the region with the
greatest density of stained cells. Its area was 4.7 um?, and
cells were counted there in all slides examined. We found
no such specific region in SONs and determined the number
of cells per 1 um? of the section.

Nasal oxytocin applications and blood oxytocin as-
say thereafter. The experiment was conducted with rats
of selection generation 93. Experimental groups included
10-12 animals. To minimize the stressing effect of the ap-
plication of OT or saline, the animals had been habituated
to handling for 7 days. On day 8, one group (OT group)
received one application of 20 pL. OT at the concentration
of 2 pg/ul. Another group (saline group) received 20 puL of
saline. Animals were decapitated 40 min after the procedure,
and peripheral blood samples were taken to assay OT in the
plasma. Intact rats were used as the control. Samples were
taken into VACUETTE tubes (4 mL, 13 %75 mm) with
K3 EDTA and protease inhibitor aprotinin PREMIUM.
Blood was centrifuged no later than 20 min after sampling.
Plasma was immediately frozen at —20 °C and stored at
—70 °C.

Oxytocin was assayed with DetectX® Oxytocin ELISA
Kit (Arbor Assays, USA). To extract OT for assay, 200 mL
0f 0.05 M Tris HCI pH 8.0 and 5 pL of DTT (BioChemica,
Pakistan) were added to 100 pL of plasma, and the mixture
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10 um

Fig. 1. Immunohistochemical staining of oxytocin-containing cells in (a) paraventricular (PVN) and (b) supraoptical (SON) nuclei of the rat

hypothalamus.
Camera lens 40x.

was incubated at 37 °C for 45 min. lodoacetamide (0.5 M,
15 pL) was added, and the mixture was incubated at room
temperature for 20 min. Then 640 uL of 80 % acetonitrile
was added, and the mixture was centrifuged at 14,000g
for 15 min. The supernatant was collected and dried with
Concentrator plus (Eppendorf, Germany).

Study of male-to-male interactions on neutral ground.
The experiment was conducted with rats of selection genera-
tion 84. Experimental groups included 9—10 animals. Two
weeks before the experiment, animals were placed into in-
dividual cages. In one group (OT group), each rat received
one application of 20 uL of 1 pg/uL OT onto epithelium
around the nostrils. Another group received 20 uL saline
(saline group). After 40 min, an experimental animal was
placed into an unfamiliar cage (40x40x60 cm) divided
into two equal compartments with a partition (Plyusnina,
Solov’eva, 2010). Simultaneously, a Wistar male of close
bodyweight was placed into the second compartment, and
the partition was removed. The behavior was camcorded for
further analysis. The test lasted for 10 min.

Agonistic behavior was assessed by the following para-
meters: latency of the first aggressive interaction, number
and duration of attacks, chases, hind leg kicks, rearings,
backfalls, aggressive grooming, and lateral threats (Plyus-
nina, Solov’eva, 2010; Soriano et al., 2020). The overall
time of aggressive behavior included the duration of all
these postures and movements associated with competi-
tion or conflict between animals. In addition, we assessed
the overall time of social nonaggressive behavior, which
included approaches and sniffings.

Statistical evaluation. The results were evaluated with
Statistica 10.0 (Stat Soft™, USA). Distribution normal-
ity was checked by the Kolmogorov—Smirnov test. Data
on the numbers of OT-containing cells in hypothalamus
nuclei and blood OT level, fitting into the normal distribu-
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tion, were analyzed by parametric methods: Student’s test
and ANOVA for independent measurements followed by
post-hoc Fisher’s LSD test.

Data on the numbers of OT-containing cells in whole
SONs and PVNs were analyzed by Student’s t-test, and the
numbers in the left and right halves of SON and PVN were
assessed by two-way ANOVA, where one of the factors
was selection for behavior, and the other, lateralization, that
is, whether the count referred to the right or left portion of
SON or PVN.

Blood OT level data were assessed by two-way ANOVA,
where one factor was selection for behavior and the other,
application of OT or saline. The test of data on behavior
features did not confirm distribution normality; therefore, we
applied the nonparametric Mann-Whitney U-test for further
processing. The data on behavior features are presented in
the form of box-plots with maximum, minimum, and me-
dian values, where 50 % of the results for a given sample
are within the box, 25 % from the minimum value to the
box bottom, and 25 % from the maximum to the box top.

Results

Immunohistochemistry

In our study, the number of OT-containing cells in the entire
PVN did not differ significantly between tame and aggres-
sive rats (774.76+38.98 and 826.16+35.80, respectively),
whereas in the entire SON it tended to be greater in tame rats
than in aggressive ones: 434.10+28.76 vs. 331.68+37.16
(p <0.06).

Data on the numbers of OT-containing cells in separate
halves of SON and PVN were processed with two-way
ANOVA, where one factor was selection for behavior and
the other, lateralization (count in the left or right half of
SON or PVN).
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The results indicate that selection for behavior did not
affect the numbers of OT-containing cells in separate halves
of PVN, whereas the effect of lateralization was significant
(F, 65 = 8.08, p < 0.01). No interaction of these factors
was observed. Post-hoc analysis showed that the number
of OT-containing cells in the left half of PVN was greater
than in the right in tame rats but not in aggressive ones
(p <0.05, Fig. 2).

In contrast to PVN, the numbers of OT-containing cells
in separate SON halves were significantly affected by the
selection for behavior factor (F, ., = 4.2, p < 0.05) but not
by lateralization. The factor interaction was insignificant.
According to the subsequent post-hoc analysis, the number
of OT-containing cells in the right half of SON was signifi-
cantly greater in tame rats than in aggressive ones (p <0.01,
Fig. 3), which agrees with the aforementioned trend toward
the greater number of these cells in the entire SON in tame
rats as compared to aggressive ones. In addition, the number
of OT-containing cells in the right half of SON in tame rats
was significantly greater than in the left half (p < 0.05).

Blood oxytocin after nasal applications

Two-way ANOVA demonstrated a significant influence of
rat selection for behavior on the OT level in blood plasma
(F, 55=23.65,p<0.001) but no influence of OT administra-
tion. No factor interaction was found either. The subsequent
post-hoc analysis showed that blood plasma OT level in tame
rats was significantly lower than in aggressive ones in all
groups examined: p < 0.05 in the control and saline groups;
p <0.001 in the OT group (Fig. 4). Saline applications did
not affect blood OT in either tame or aggressive rats. The
blood OT level in tame OT rats was higher than in the intact
control (p <0.05).

Effect of nasal oxytocin applications on rat behavior

in the test for male-to-male interactions on neutral ground
Figure 5 presents data on behavior patterns in the test for
male-to-male interactions on neutral ground, where sig-
nificant differences were observed. In our experiments, the
saline group of aggressive rats significantly exceeded the
corresponding tame group in the overall time of aggressive
interactions and the number and duration of lateral threats:
p<0.03,U=17.5,Z=2.2;p<0.035U=18,Z=2.16;
p<0.04,U =19, Z=2.08, respectively. The latency of ag-
gression in aggressive animals after saline applications was
significantly shorter than in tame ones: p < 0.02, U = 16,
Z=-2.33.

Oxytocin applications to aggressive rats significantly
reduced the overall time of aggressive interactions and the
number and duration of lateral threats in comparison to rats
of the same behavior group having received saline: p <0.04,
U=19,Z2=208;p<0.035U=18,Z=2.16; p <0.025,
U =17, Z = 2.24, respectively. Tame rats having received
OT showed a significant increase in the number and duration
of hind leg kicks as compared to the corresponding saline
group: p<0.02, U =16, Z=-2.33 in both cases. Also, tame
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Fig. 2. The numbers of oxytocin-containing cells in the left and right
halves of rat PVNs.

Two-way analysis of variance (ANOVA) followed by post-hoc Fisher’s test:
+p < 0.05 as compared to the right PVN. N - number of cells.

300 I Aggressive
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250

200 -
150 1
100

50

Left half Right half

Fig. 3. The numbers of oxytocin-containing cells in the left and right
halves of rat SON.
Two-way analysis of variance (ANOVA) followed by post-hoc Fisher's test:

**p < 0.01 as compared to aggressive rats, * p < 0.05 as compared to the right
half of SON. N — number of cells.

pg/mL
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200
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Fig. 4. Oxytocin levels, pg/mL, in rat blood plasma 40 min after the appli-
cation of OT (20 pL, 2 pg/pL) or saline (20 pL).
Two-way analysis of variance (ANOVA) followed by post-hoc Fisher’s test:

*p <0.05, **p < 0.001 as compared to aggressive rats; * p < 0.05 as compared
to the control.
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Fig. 5. Effect of nasal oxytocin applications (20 pL, 1 pg/pL) on behavior patterns in the test for male-to-male interactions on neutral ground.

*p < 0.05, Mann-Whitney U-test.

OT rats show a tendency toward longer aggressive interac-
tions, and toward a greater number and duration of lateral
threats than saline animals.

Comparison of behaviors in aggressive and tame rats
after OT applications indicates that the number and du-
ration of hind leg kicks in aggressive rats significantly
decreased compared to tame ones: p < 0.02, U = 16,

= -2.33 in both cases. Oxytocin administration leveled
the differences between tame and aggressive rats in the
overall time of aggressive interactions and the number
and duration of lateral threats noted after saline admi-
nistration.

Discussion

The immunohistochemical study of hypothalamus nuclei
revealed an asymmetry in the numbers of OT-containing
cells in SON and PVN in tame rats but not in aggressive
ones. Data on the functional asymmetry of hypothalamus in
rabbits obtained by conjugated neuronal impulsation in order
to induce motivational and emotional responses indicate
that the left hypothalamus contributed most to defensive
motivation, and the right, to emotionally positive responses
(Pavlova, 2001).

Our results indicate that the number of OT-containing
cells in the right SON of rats selected for tame behavior is
significantly greater than in aggressive ones (Fig. 2). As the
rats selected for tame or aggressive behavior profoundly
differ in the defense response to humans, we conjecture that
the observed asymmetry in the numbers of OT-containing
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cells in the SON and PVN of tame rats and the greater
number of such cells in the right half of SON in tame rats
than in aggressive ones contribute to the difference in their
attitude to humans.

The greater number of OT-containing cells in the right
SON of tame rats as compared to aggressive ones is consis-
tent with the observed tendency for the greater number of
these cells in the entire SON (p = 0.07). In other words, it
is reasonable to suggest that the number of OT-containing
cells inversely correlates with rat aggressiveness, which is
generally consistent with lower aggressiveness in aggres-
sive rats after OT administration by injection to a brain
ventricle or by nasal applications (Calcagnoli et al., 2013,
2015; Gulevich et al., 2019).

Experiments with Groningen male rats reveal an inverse
correlation between OT mRNA levels in PVN and animal
aggressiveness (Calcagnoli et al., 2014). These data, as well
as those obtained in our studies, indicate that the functional
parameters of the endogenous OTergic system in the hypo-
thalamus of more aggressive rats are lower than in less ag-
gressive (in Groningen rats) or tame (in our selection model)
animals. Also, although aggressive male rats differed in the
number of OT-containing cells in the right SON in our studly,
the Groningen rat groups differing in aggressiveness differed
in the levels of OT mRNA in PVN (Calcagnoli etal., 2014).
These features in the location of differences in rats studied
by us and in the Groningen rats differing in aggressiveness
may be related to different approaches to the formation of
aggressive behavior and its evaluation. The aggressiveness
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of Groningen rats was evaluated from the percentage of
attack duration in ten RITs, and the aggressiveness in our
study had been formed by long-term selection for attitude
to humans.

It has been shown that blood OT in aggressive rats is
significantly higher than in tame ones. As OT release to
blood does not always correlate with local OT release from
axon terminals in various regions of the brain (Knobloch et
al., 2012; Grinevich et al., 2015), the assessment of brain
OT system activity judging by blood OT level may be am-
biguous, and OT variation in plasma does not necessarily
correlate with animal behavior (Neumann, 2008). Forty
minutes after nasal OT application, its blood level in tame
rats was significantly higher than in intact animals but not
higher than in the saline group, although this parameter
did not differ significantly between the intact control and
the saline group (Fig. 4). In Wistar rats, the blood OT level
after OT application increased after 70, 100, and 130 min
(Neumann et al., 2013). It seems that more time after nasal
applications than in our study is required for OT elevation
in blood and for the manifestation of its effects on behavior,
which we observed as early as 40 min after applications
both on neutral ground and in RIT (Gulevich et al., 2019;
Kozhemyakina et al., 2020).

The behavior of aggressive rats in the test for male-to-
male interactions on neutral ground points to an antiaggres-
sion effect of OT. The aggressive animals having received
one OT application (20 pL, 1 pg/uL) differed from the saline
aggressive group in showing significantly shorter aggressive
interactions and lateral threats and in a smaller number of
the latter. Similar effects of OT applications were noted in
experiments with Groningen male rats in RIT (Calcagnoli
etal., 2015) and in rats having been selected for aggressive
behavior in interactions with an opponent male rat or with the
experimenter’s glove (Gulevich et al., 2019; Kozhemyakina
et al., 2020). In aggressive rats, aggression lowered after
single applications of OT at the concentration of 2 pg/pL
and after five daily applications of OT at a lower concentra-
tion, 1 pg/uL, that is, at OT concentrations varying within
a certain range. As it had been shown that the aggression of
aggressive rats on neutral ground was weaker than in animals
defending their own territory in RIT (Plyusnina, Solov’eva,
2010), it is conceivable that OT mitigates aggression regard-
less of its manifestation in different tests.

Tests of tame rats for behavior on neutral ground revealed
an opposite effect of OT applications (20 pL, 1 pg/pL): a
significant increase in the number of hind leg kicks and
kicking duration. Tame OT rats also showed trends toward
longer aggressive interactions, longer lateral threats, and
a greater number of the latter as compared to tame saline
animals (Fig. 5). The change of these behavior parameters
is indicative of aggressive behavior enhancement in tame
rats. Previous data of RIT after 5-day OT applications at
the same dose as in this study (20 pL, 1 pg/ul) showed
not only more hind leg kicks in tame rats but also longer
aggressive interactions, longer lateral threats, and more

2025
29-6

DHAOreHHbIV OKCUTOLIMH N arpeccnBHOCTb
y CepbIX KpbIC, CeNeKLMOHNPYEMbIX MO NOBEAEHWNIO

attacks (Gulevich et al., 2019). Single OT applications at
the higher concentration of 2 pg/uL exerted no significant
effect on tame rat behavior in RIT (Gulevich et al., 2019).

Further studies are needed for the understanding of this
inverse effect of higher OT doses. The enhancement of cer-
tain aggressive behavioral acts in tame rats having received
exogenous OT in the stressing situation of interaction with
an opponent on neutral ground as compared to the control
is consistent with data from other scientists. For instance,
studies on domesticated animals (dogs, cattle, and pigs) and
humans demonstrate that OT in stress can induce a para-
doxical response to neutral or even affiliative (or positive)
interaction by enhancing aggression and stress response
(Rault et al., 2013; Hernadi et al., 2015; Yayou et al., 2015;
Crespi, 2016; Shamay-Tsoory, Abu-Akel, 2016).

An autoradiographic study of Groningen rats display-
ing maximum aggressiveness showed that OT receptor
expression in the central amygdule and bed nucleus of stria
terminalis was higher than in less aggressive animals (Cal-
cagnoli et al., 2014). As thought by the scientists, this fact
partially compensates for the lower OT expression in PVN
in aggressive rats and sensitizes them to exogenous OT. The
expression of OT receptors in both brain regions correlated
with the duration of offensive aggression in a 10-min RIT.
Thus, it can be expected that the expression of OT recep-
tors in rats selected for aggressive behavior in the central
amygdule and bed nucleus of stria terminalis would also be
higher than in tame animals. Further inquiry is needed to
evaluate OT receptor expression in these brain regions in
rats selected for behavior.

As mentioned above, the greatest prosocial effects of nasal
OT administration to humans were observed in persons with
poor social motivation or those avoiding social communica-
tion (Bartz et al., 2015; Soriano et al., 2020). In our study, the
antiaggression OT effect was noted only in aggressive rats,
the behavior of which is characterized not only by high ag-
gressiveness toward humans but also by stable and extreme
manifestation of intraspecific male-to-male aggression; thus,
these rats can serve as models for studying mechanisms that
underlie neuropsychiatric diseases — autism, social anxiety,
and depression — and for elaborating approaches to their
treatment.

Studies on rats and voles point to a functional relationship
between the OTergic system and the HPA axis (Neumann
et al., 2000; Engelmann et al., 2004; Smith, Wang, 2014).
The elevated activity of the endogenous OTergic system in
lactation or after social interactions is followed by lower
ACTH and corticosterone secretion at rest and after stress-
ing events, such as the presence of a conspecific opponent
(Neumann et al., 2000; Engelmann et al., 2004; Smith, Wang,
2014). The inhibiting effect of OT on the HPA axis in stress
may be mediated by downregulation of the Crh gene for
the corticotropin-releasing hormone in the hypothalamus
(Jurek et al., 2015). It is conceivable that the greater num-
ber of OT-containing cells in the right SON of tame rats
than in aggressive ones is associated with the lower Crh
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expression in the hypothalamus, which had been found in
our earlier studies of both intact animals and those having
received OT applications (Herbeck et al., 2017; Gulevich
etal., 2019).

Conclusion

The mitigation or, in contrast, enhancement of aggressive
behavior induced by exogenous OT in rats selected for
behavior is determined by differences in the activity of the
endogenous OTergic system and, probably, its functional
relationship with the HPA axis, which is essential in be-
havior regulation and is altered considerably by selection
for behavior.
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Agrobacterium-derived DNA sequences
in phylogenetic studies of plants
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Abstract. One of the main methods for obtaining transgenic plants is Agrobacterium-mediated transformation. This
process relies on the ability of certain soil bacteria, specifically from the genera Agrobacterium and Rhizobium, to
transfer and integrate a fragment of their plasmid into the chromosome of the recipient plant. This transferred DNA
is referred to as T-DNA. Laboratory studies have demonstrated that whole plants can be regenerated from transgenic
cells. It soon became evident that similar processes occur in nature, leading to the emergence of naturally transgenic
plants, or natural GMOs. Thus, naturally transgenic plants possess homologues of the T-DNA genes from agrobacteria
in their genomes (cellular T-DNA, or cT-DNA). These sequences are inherited through multiple sexual generations
and retain their functionality. Furthermore, the potential for using newly acquired plant sequences in phylogenetic
studies has been established, as cT-DNAs are clearly defined, highly specific, and recognizable DNA fragments that
differ from typical plant DNA sequences. They are not found in untransformed ancestors, and their integration at
specific chromosomal sites marks a monophyletic group of species. This review highlights the diversity of cellular
T-DNAs and their potential use as phylogenetic markers. It includes a description of the main methodological ap-
proaches to such studies and discusses specific examples that clarify controversial points in the phylogeny of the
genera Nicotiana, Camellia, Vaccinium, and Arachis. An important aspect of phylogenetic analysis based on cT-DNA
is the assembly of individual alleles, which enables the tracking of interspecific hybridization events. This approach
demonstrated the incomplete process of speciation within the Thea section of the genus Camellia and confirmed the
role of interspecific hybridization in the breeding of North American blueberries. The review also addresses the dat-
ing of transformation events based on cT-DNA, which are organized in the form of imperfect repeats, as well as the
application of phylogenetic studies to investigate the biodiversity of agrobacterial T-DNA genes.

Key words: agrobacterium-mediated transformation; cellular T-DNA; phylogenetics; Nicotiana; Camellia; Vaccinium;
Arachis
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ITocnemoBaTenbHOCTU JHK arpo6akTepunaabHOTO ITPOMCXOXKIEHUS
B QUJIOTEHETNUYECKIUX MICC/IeJOBAaHMSIX pacTeHU

T.B. Marseesa (! @, TLM. Xyp6enxo (92, I.B. Xadusona (13, A.A. anownuxos ()1, PP, Xupxun (91, A.B. Popnonos ()12

! CaHkT-lMeTepbyprckuii rocyfapcTBeHHbI yHuBepcuTeT, CaHKT-TNeTepbypr, Poccusa
2 BoTaHUYeCKMil MHCTUTYT uM. BJ1. Komaposa Poccuiickoii akagemun Hayk, CaHkT-leTtepbypr, Poccus
3 XbIOCTOHCKMIA yHuBepcuTeT, XblocToH, CLUA

@ radishlet@gmail.com

AHHoTauusA. ArpobakTepranbHas TpaHcpopmaums — Hanbonee PacnpPOCTPAHEHHDBI METOZ NOYUYeHNA TPAHCTEHHbIX
pacTeHuii. MeTop 0CHOBaH Ha CMOCOGHOCTU ONpefeneHHbIX MOYBEHHBIX 6akTepuii pogos Agrobacterium v Rhizobium
NnepeHoOCUTb U MHTErPUPOBATb B XPOMOCOMY pPacTEHUA-peLnnmeHTa GparMeHT cBoel nnasmuabl. IToT dparmeHT
nonyunn HasaHue T-AHK (transferred DNA - nepeHocrmas [HK). B nabopaTopHbix ycnoBursAx 6bi10 NoKa3aHo, uTo
13 TPaHCreHHbIX KNeTOK MOXHO pereHepupoBaThb Liesible pacteHus. Bckope ctano AcHo, 4to nofobHble npoLecch
NPOVCXOAAT 1 B NPUPOAE, NPUBOAA K NOABNEHNIO MPUPOAHO-TPAHCTEHHbIX PAaCTEHNI U MPUPOAHbBIX FTeHHO-NHXe-
HepHO-MOANPULMPOBAHHbIX opraHn3moBs (FTMO). Takm 06pa3om, MPUPOAHO-TPAHCTEHHbIMM Ha3bIBAOTCA PacTeHNS,
y KOTOPbIX B FEHOMax MpucyTcTaytoT romonoru reHos T-[JHK arpobaktepuin (knetouHble T-AHK, knT-OHK). 371 no-
cnefoBaTelbHOCTU HAaCEAYyTCA B PAAY MOSOBbIX MOKOMEHWI 1 COXPaHAT CBOO YHKLMOHaNbHOCTb. Kpome Toro,
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MocnegosatenbHocTy IHK arpobakteprianbHOro NPOUCXOXAeHNA
B GUNOreHeTNYECKNX NCCNefoBaHMAX PacTeHNN

NPOAEMOHCTPUPOBAHA BO3MOXHOCTb MCMOMNb30BaHNA HOBOMPUOOPETEHHBIX PAaCTEHUAMY MOCeA0BaTeNbHOCTEN B
dunoreHeTUYECKMX NCCNefoBaHMAX, Nockonbky KnT-AHK ABnAloTCcA yeTKo onpeeneHHbIMU, BbICOKOCNeUnGUYHbIMU
1 y3HaBaembiMu dparmeHtamm [JHK, He noxoxmmum Ha nocneposatenbHocTy IHK pacteHuin. OHW He BCTpeYaloTcs y
HeTpaHCHOPMUPOBAHHBIX MPEAKOB, U UX MHTErpauna B onpeneneHHOM XPOMOCOMHOM caliTe MapKupyeT MOHObU-
neTuyeckyto rpynny Bugos. B npeactaBneHHomM 0630pe ocBelleHbl BONpochl pasHoobpasua knT-AHK, Bo3amoxHocTy
MX NPUMEHEHUs Kak GUNOreHeTUYeCKX MapKepoB, B TOM YMC/e ONMMUCaHbl OCHOBHbIE METOANYECKIME NMOAXOAbI TAKUX
PaboT, Ha KOHKPETHBIX MPMMepPax PaCCMOTPEHbI BO3MOXHOCTY YTOUHEHNA CMOPHbBIX MOMEHTOB B GpUIOTEHUN POAOB
Nicotiana, Camellia, Vaccinium v Arachis. BaxxHbIM MOMEHTOM GUNOreHETNYECKOrO aHanM3a Ha ocHoBe KNT-[HK saBna-
€TCA PEKOHCTPYKLMA OTAENbHbBIX annenei. 3To AaeT BO3MOXHOCTb OTC/eXMBaTh GpaKTbl MEXBVAOBON rMbpuamsanmn.
MIMmeHHO 3TOT nogxoh No3BOAMU NPOAEMOHCTPUPOBaTb He3aBepLUEHHbIV NpoLecc BrAoobpa3oBaHus B npepenax
cekummn Thea popa Camellia, a Take NOATBEPANA VUCMONb30BaHNE MEXBUAOBOV rMOpramn3aLmm B Xxoae cenekymm
ceBepoamepurKaHCKnx ronyburk. B o63ope paccMoTpeHbl BONPOCHI AAaTUPOBKM COOLITMIN TpaHCPOpMaL MM Ha OCHOBe
KknT-[HK, opraH130BaHHbIX B BMAE HECOBEPLLEHHbIX MOBTOPOB, @ TaKXKe MCMONb30BaHNA GpUIOreHeTUYeCKNX nccne-
LOBaHWI NPU N3yYeHnr BONPocoB 6ropasHoobpasms reHos T-[HK arpobakTepuanbHOro NponCXoXaeH .

KntoueBble cnoBa: arpobaktepuanbHas TpaHchopmauus; knetouHaa T-OHK; ¢unoreHetuka; Nicotiana; Camellia;
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Vaccinium; Arachis

Introduction

Agrobacterium-mediated transformation is currently the most
common method for producing transgenic plants to meet the
needs of agriculture, medicine, veterinary science, and other
sectors of the national economy. This method relies on the
ability of soil bacteria, specifically Agrobacterium tumefaciens
(Smith and Townsend 1907) Conn 1942 (Approved Lists
1980) and Rhizobium rhizogenes (Riker et al. 1930) Young et
al., 2001, to transfer a fragment of their plasmid and integrate
it into plant DNA (Schell, Van Montagu, 1977; Bahramnejad
et al., 2019). The transferred sequences are referred to as
T-DNA (transferred DNA).

Under natural conditions, the transfer and integration of
T-DNA into the host plant chromosome typically stimulate the
growth of transgenic tissue due to the expression of T-DNA
genes that regulate morphogenesis (Nester, 2015). However,
the regeneration of fully transgenic plants from such tissues
has also been documented (Tepfer, 1990; Christey, 2001).
Numerous observations suggest that this process can occur in
nature without human intervention, resulting in the emergence
of plants containing bacterial sequences in their genomes,
which can be passed down through successive sexual genera-
tions (Matveeva, 2021). The first naturally transgenic plants
were identified among species of the genus Nicotiana in
1983 (White et al., 1982, 1983), and currently, dozens of
genera of dicots have been documented to contain naturally
transgenic species (Matveeva, Otten, 2019; Matveeva, 2021).
T-DNA found in the genomes of natural GMOs (nGMOs) is
referred to as cellular T-DNA (cT-DNA) (Matveeva, 2021).
Comparing the number of species with sequenced genomes
to the number of nGMOs among them, we find that traces of
Agrobacterium-mediated transformation have been preserved
in seven percent of dicotyledonous plant species (Matveeva,
Otten, 2019). This provides scientists with extensive material
to study the functions of bacterial genes in plants and their
evolutionary trajectories.

Additionally, interesting data have been obtained using
T-DNAas a phylogenetic marker, as newly acquired sequences
offer several advantages for studying the origin and evolution
of NnGMO species (Matveeva et al., 2011; Chen et al., 2022;
Zhidkin et al., 2023; Bogomaz et al., 2024). cT-DNA are
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clearly defined, highly specific, and recognizable DNA frag-
ments that differ from plant DNA sequences. They are absent
in untransformed ancestors, and their integration at specific
chromosomal sites marks a monophyletic group of species.
Typically, cT-DNAs consist of single insertions, which is a
significant advantage over classical nuclear markers. Further-
more, cT-DNAs can be quite long and ancient, accumulating
single nucleotide substitutions (SNS), which allows for the
construction of phylogenetic trees. The probability that the
same T-DNA sequence will integrate into the genomes of two
independent phylogenetic branches at the same target site with
identical boundaries seems unlikely, but not impossible. This
makes T-DNA insertions, along with transposon insertions into
the genome, extremely important synapomorphies (Shedlock,
Okada, 2000; Doronina et al., 2022) and, therefore, powerful
tools for systematics. Their genome-wide analysis may also
help identify the causes of phylogenetic signal conflicts should
they arise (Kuritzin et al., 2016). Lastly, repetitive sequences in
cT-DNA can be used to estimate the time since transformation
or serve as relative time markers (Chen et al., 2022).

T-DNA structures

The physical structure of T-DNA varies among plasmids from
different Agrobacterium strains and can be classified based on
the number of plant-transferable fragments encoded in a single
plasmid. T-DNA can be continuous, as seen in mannopine,
mikimopine, and cucumopine strains (Jouanin, 1984; Hansen
etal., 1991). This continuous fragment of DNA is flanked by
border sequences at both ends, as exemplified by plasmid
pRi8196. In contrast, other plasmids, such as pRiA4, have
T-DNA divided into two segments: TL-DNA and TR-DNA
(White et al., 1985), separated by a non-plant-transferable
DNA region of about 15 kb that acts as a spacer. Regardless
of their structural differences, all aforementioned T-DNAs
contain genes for the synthesis of opines, which serve as a
food source for Agrobacterium, as well as oncogenes, the
products of which induce plant cell division.

The structures of nGMO cT-DNAs are more diverse, with
those containing only opine synthesis genes being the most
prevalent. This phenomenon can be attributed to at least three
factors. First, in the known T-DNAs, the opine synthesis genes
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are typically located closer to the right border. During trans-
formation, when single-stranded T-DNA is excised from the
plasmid, the VirD2 protein covalently binds to the 5" end of the
T-DNA at its right border and subsequently directs the T-strand
through the type IV protein secretion system into the plant cell
(Gelvin, 2021). Deletions that occur during the integration of
T-DNA into the plant chromosome tend to be more extensive
at the 3’ end than at the 5’ end, which is spatially protected
by the VirD2 protein (Gelvin, 2021). Secondly, it is plausible
that there exist Agrobacterium strains, the T-DNA of which
contains only opine synthase genes. Thirdly, it is possible that
significant portions of the T-DNA may have been lost after
integration into the chromosome during the evolution of the
descendants of a natural transformant, retaining only the opine
synthesis genes. These genes do not influence morphogenesis
as significantly as oncogenes, meaning they do not lead to
growth and developmental abnormalities (Matveeva, Otten,
2021).

The other most common structures are extended T-DNA
fragments containing both oncogenes and opine synthesis
genes. These cT-DNAs are typically represented by inverted
imperfect repeats, a feature that can be used to date transfor-
mation events. The least common are cT-DNAs containing
only oncogenes (Matveeva, Otten, 2019; Matveeva, 2021).

Let us now explore in more detail the issue of dating the
emergence of nGMOs throughout evolution.

Approaches to determining
the timing of transformation events in nGMOs
The dating of transformation events in nGMOs can be per-
formed using the molecular clock method. The peculiarities
of T-DNA integration into the genome of an infected plant
lead to the formation of repeating T-DNA sequences or re-
gions (Tzfira et al., 2004; Singer, 2018). These repeats are
long cT-DNAs, represented by imperfect inverted repeats or
their fragments formed during region deletions or insertions
(Matveeva, Otten, 2019; Matveeva, 2020). By analyzing the
differences in the nucleotide sequences of these repeats, it is
possible to estimate the approximate time of divergence and,
consequently, the time of T-DNA integration into the genome
of the future nGMO, using the nucleotide substitution coef-
ficient (Gaut et al., 1996).

The transformation time can be calculated using the fol-
lowing formula:
_d
T=55
where T — the approximate integration time of cT-DNA;
d — the ratio of nucleotide differences between two repeats;
r — the average nucleotide substitution rate of 6.5 x 10-9 sub-
stitutions per site per year (Gaut et al., 1996; Lynch, Conery,
2000). This approach was used to date T-DNA integration in
representatives of the Camellia genus, which possess various
structural types of cT-DNA (Chen et al., 2022, 2023). The
dating revealed that the oldest integration event occurred ap-
proximately 7.5 million years ago, while the youngest took
place around 0.04 million years ago (Chen et al., 2023).

1 It was clarified through correspondence with the authors that the insertion
times reported in the article were calculated using an erroneous formula,
resulting in values that were overestimated by a factor of two. This review
presents the corrected values.
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However, this method has several limitations that hinder
its application for determining the integration times of many
cT-DNAs. The first limitation is the inability to detect inverted
repeats in all cT-DNAS, as most nGMO species do not contain
extended cT-DNAs where repeating direct and inverted se-
quences are typically found (Matveeva, 2021). Secondly, not
all extended cT-DNAS contain repeats; for instance, only 6 out
of 12 types of cT-DNAs in members of the genus Camellia
possess repeats that facilitate the determination of integration
time (Chen et al., 2023). An additional critical consideration
when selecting sequences for dating is the necessity to ex-
clude the possibility that these repeats formed as a result of
other genomic rearrangements, such as the activity of mobile
genomic elements.

The method of dating cT-DNA should be employed in
conjunction with other approaches to accurately assess the
nucleotide substitution rate in a particular species and to com-
pare divergence times with closely related taxa for validation.
Although this method of dating nGMO transformation requires
further development and verification, it offers valuable insights
into the evolutionary processes that nGMOs have undergone
following Agrobacterium-mediated transformation.

Multiple transformation events
in the evolution of the genus Nicotiana
The study of genetic transformation in plants occurring
naturally, without human intervention, began with the spe-
cies Nicotiana glauca Graham, which was found to contain
sequences homologous to agrobacterial T-DNA in its nuclear
genome (White et al., 1983). The first identified cT-DNA was
designated gT. This sequence was organized as an imperfect
inverted repeat and consisted of one copy of the rolB homolog,
along with two copies each of the rolC, ORF13, ORF14, and
mis homologs (Suzuki et al., 2002). The gT sequence served
as a reference point for the search for cT-DNA in the genomes
of other Nicotiana L. species (Furner et al., 1986; Intrieri,
Buiatti, 2001). To date, 16 naturally transgenic species of this
genus have been identified (Otten, 2020). The genus Nicotiana
comprises twelve sections (Knapp et al., 2004), six of which
have naturally occurring transgenic representatives described.

The search for and analysis of cT-DNA in plant genomes
were initially conducted at the level of individual genes
(Furner et al., 1986; Meyer et al., 1995; Intrieri, Buiatti, 2001).
During this time, efforts were made to reconstruct the phy-
logenetic relationships between cT-DNA of various tobacco
species and T-DNA of Agrobacterium. However, subsequent
studies have called some earlier evolutionary models into
question. The transition to whole-genome data has enabled
researchers not only to search for cT-DNAs and analyze their
composition but also to estimate their quantity and localization
within the plant genome. The first such analysis was conducted
for N. tomentosiformis Goodsp. (Chen et al., 2014), where four
distinct cT-DNA types (TA, TB, TC, and TD) were identi-
fied (see the Table), differing from the previously studied gT
in N. glauca (Suzuki et al., 2002). This finding highlighted
the importance of assessing the number of cT-DNAs in the
genome and their localization sites as a means to identify the
descendants of specific transformation events.

Multiple extended cT-DNAs in tobacco species have been
used to date transformation events in evolution. In N. to-
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Name

List of genes (arms of imperfect inverted repeats are shown in parentheses)

TA (orf8, orf3, rolA, rolB, rolC, orf13, orf14, mis) (mis, orf14, orf13, rolC, rolB, rolA, orf8)

TB (mis, orf14) (orf14, mis, ags-like, mas1’, mas2')

TC (ocl, orf2, orf3, orf8, rolA, rolB) (rolB, rolA, orf8, orf3, orf2, c)

TD (orf14), orf55,orf 15, 0rf511, (orfT1)

mentosiformis, all four cT-DNAs were shown to result from
independent Agrobacterium-mediated transformation events
that occurred at different times. The cT-DNA TC was identified
as the oldest of the four, with an estimated age of 1 million
years (Chen et al., 2014). Later, in the genome of N. otophora
Griseb., a species phylogenetically close to N. tomentosifor-
mis, two TC copies were found that differed by 4 % and were
located at the same site as the TC of N. tomentosiformis. The
common localization site suggests that the cT-DNA TC was
most likely acquired by a common ancestral species of N. to-
mentosiformis and N. otophora (Fig. 1).

During the evolution of this species, a TC duplication
likely occurred, leading to the formation of N. otophora,
which carries two TC copies in its genome, and N. tomento-
siformis, which lost one TC copy during speciation (Chen et
al., 2018). Attempts to reconstruct the evolutionary events,
including speciation, in the genus Nicotiana are complicated
by its characteristic reticulate or mesh-like evolution, marked
by partial fusion of ancestral branches and the formation
of hybrid forms (Knapp et al., 2004). For example, a well-
known representative of the genus Nicotiana, N. tabacum L.
(cultivated tobacco), is an interspecific hybrid of N. tomen-
tosiformis and N. sylvestris Speg. (Yukawa et al., 2006). The
genome of N. tabacum contains three of the four cT-DNAS
found in N. tomentosiformis (TA, TB, TD), suggesting that
Agrobacterium-mediated transformation events in N. tomen-
tosiformis preceded the speciation of N. tabacum (Chen et
al., 2014). This assumption is supported by flow cytometry
and genomic hybridization estimates, indicating that the age
of N. tabacum is less than 600 years (Leitch et al., 2008). The
TC cT-DNA, a copy of which is present in the genome of the
ancestral species N. tomentosiformis, was likely lost during the
speciation of N. tabacum (Chen et al., 2014) (Fig. 1). Using
TC cT-DNA dating data and speciation time estimates, it is
possible to trace the TC path from its initial transfer into the
plant genome to its loss or consolidation in various species
that originated from the ancestral form at different stages of
the genus’s evolution.

All the representatives described above belong to the To-
mentosae and Nicotiana sections. For representatives of the
Noctiflorae section (N. glauca, N. noctiflora Hook.), three
different cT-DNAs acquired through independent transforma-
tion events have also been documented (one insertion in the
genome of N. glauca and two in N. noctiflora) (Khafizova et
al., 2023). However, additional naturally transgenic represen-
tatives with sequenced genomes are needed to elucidate the
phylogenetic relationships in this branch.
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Fig. 1. Model of TC cT-DNA evolution in Nicotiana genomes.

The width of the lines reflects the presence of one or two TC copies in the
species genome, or their absence (according to Chen et al., 2018).

So, the degree of study of the taxon is directly related to
the availability of material and its economic significance. The
intraspecific diversity of cultivated tobacco is also of interest;
therefore, in the next section, we will focus on the application
of cT-DNA in the study of this topic.

Intraspecific variability of cT-DNA in tobacco

Nicotiana tabacum, or cultivated tobacco, is an allotetraploid
formed through the interspecific hybridization of N. tomento-
siformisand N. sylvestris (Yukawa et al., 2006). There are tens
of thousands of existing varieties and species of N. tabacum,
though the relationships among them have not been fully
established (Moon et al., 2009; Fricano et al., 2012; Sierro et
al., 2014). The most widely used intraspecific classification
of cultivated tobacco today is based on differences in plant
morphology, as well as the quantitative and qualitative com-
position of their secondary metabolites. These indicators de-
termine the key characteristics of tobacco raw materials, with
this classification referred to as “market” (Lewis, Nicholson,
2007). There are eight market classes: Burley, cigar filler,
cigar roll tobacco, dark air-cured tobacco, dark steam-cured
tobacco, flue-cured tobacco, Maryland, and Oriental tobacco
(Moon etal., 2009). Despite the high level of phenotypic vari-
ability among cultivated tobacco varieties (Lewis, Nicholson,
2007), the level of nucleotide variability revealed by restric-

859



T.V. Matveeva, PM. Zhurbenko, G.V. Khafizova
A.D. Shaposhnikov, R.R. Zhidkin, A.V. Rodionov

F innR R

Fig. 2. TA cT-DNA in the genomes of N. tabacum.
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a - the schematic representation of TA is shown, with the central part omitted. The orf13 gene is indicated by black rectangles, and the deletion boundaries
are marked with dotted lines. The primers selected in the work of G.V. Khafizova and T.V. Matveeva (2020) are also indicated; 1 - TA cT-DNA without deletion;
2 —TA cT-DNA with deletion, where the white rectangle marks a sequence of unknown origin that is 42 bp long; b — fragments obtained using primers F and
innR (1), and F and R (2) in PCR analysis of eight N. tabacum varieties (according to (Khafizova, Matveeva, 2020)).

tion fragment length polymorphism (RFLP), random ampli-
fied polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP) markers, and genome-wide association
studies (GWAS) is relatively low (Brandle, Bai, 1999; Ren,
Timko, 2001; Rossi et al., 2001; Tong et al., 2020).

To conduct a phylogenetic analysis and construct a map
that accurately reflects the relationships within the species,
additional molecular markers are necessary. One such marker
is cT-DNA. A study of cT-DNA in the whole-genome data of
three N. tabacum varieties revealed an extended deletion in
the central part of cT-DNA TA in the Basma/Xanti variety.
In contrast, a TA sequence without a deletion was found in
the K326 and TN9O varieties (Chen et al., 2014). Differences
in the TA structure were previously demonstrated by PCR
for the N. tabacum varieties Basma Drama 2, Samsoun,
and Xanthi, the cT-DNA of which contains incomplete se-
quences of the orf13 gene homologue, unlike the cT-DNA
in the Wisconsin 38 and Havana 425 varieties, as well as in
N. tomentosiformis (Mohajjel-Shoja et al., 2011). Later, eight
more varieties of cultivated tobacco were analyzed using the
PCR method: Vuelta Abajo, Suifu, Black Indian, Havana 307,
Turetsky, Oriental, Bryansky 91, and Virginiax Burley 38
(Fig. 2). The analysis revealed the previously described de-
letion in the Bryansky 91 and Virginiax Burley 38 varieties,
with the deletion localization site coinciding with those in
the genomes of the Basma Drama 2, Samsoun, Xanthi, and
Basma/Xanti varieties with nucleotide precision (Khafizova,
Matveeva, 2020).

The use of the structural variant of cT-DNA as a molecular
marker has allowed us to group the varieties belonging to
the market class of oriental tobaccos based on the deletion
in TA. It is hypothesized that the central part of TA was lost
in the ancestral form of N. tabacum, which gave rise to this
class. To date, the deletion in TA has been described in only
five varieties of cultivated tobacco. Given the limited sample
size, it is premature to conclude whether the presence of this
deletion serves as a definitive marker for classifying a variety
as oriental tobacco. Nevertheless, the results indicate that the
structural polymorphism of cT-DNA in N. tabacum varieties
can be utilized as one of the molecular markers for studying
intraspecific relationships among varieties. As the list of
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sequenced ctDNA from different cultivated tobacco varieties
expands, new structural differences in cT-DNA sequences
may be discovered, potentially leading to the development
of additional markers for this purpose.

Fine polymorphism of cT-DNA

in phylogenetic studies

Fine polymorphism of cT-DNA with a common origin in the
genome (sharing a common localization site) can be utilized
to study interspecific variability and reconstruct phylogenetic
relationships within a monophyletic group of descendant spe-
cies from an ancient transformant. For a correct assessment
of the completeness of the speciation process in plants, it is
essential to evaluate and compare both intra- and interspe-
cific variability for the studied markers. In this context, it has
been proposed to reconstruct individual alleles of the studied
markers, particularly for cross-pollinated species (Chen et
al., 2022). First, let us focus on the methodology of allele
separation.

Research methods

In scientific literature, allele phasing or haplotype phasing
refers to obtaining sequences of DNA fragments located on
one chromosome of a pair of homologous chromosomes or,
in the case of polyploids, among homeologous chromosomes.
Typically, “alleles” refer to shorter fragments, while “haplo-
types” pertain to longer sections.

Haplotype phasing provides additional information com-
pared to that derived solely from the consensus genome se-
quence. Exact haplotype sequences are valuable in a variety
of studies, including phylogenetic reconstruction (Tiley et al.,
2024) and hybrid studies (Sun et al., 2020).

Various approaches to haplotype phasing have been de-
scribed (Snyder et al., 2015). For example, one can physically
separate fragments of homologous chromosomes using mo-
lecular biology methods followed by separate sequencing of
the fragments. Bacterial cloning is one such method. Another
approach involves separating haplotypes based on genotyp-
ing data regarding nucleotide frequencies at polymorphic
positions within a population, utilizing various statistical
methods (Browning S.R., Browning B.L., 2011). However,
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the most rapidly advancing approach relies on high-throughput
sequencing data. Within this framework, methods can be
categorized based on either the assembly of short reads or the
mapping of short reads to a reference genome (Zhang et al.,
2020). Let us examine the latter case in more detail.

If two polymorphic positions are located within the same
sequenced DNA fragment (read from one or both short reads),
they belong to the same haplotype. The haplotype sequence
can be reconstructed as long as fragments connecting adjacent
polymorphic positions are identified. Consequently, the higher
the density of polymorphic positions, the greater the overlap
between short reads, and the more increased the read depth,
the more reliably and extensively haplotype sequences can
be reconstructed. These parameters are particularly important
when separating polyploid genomes, where more than two
haplotypes must be distinguished, some of which may exhibit
reduced variance over relatively long stretches (Schrinner et
al., 2020).

The indicators mentioned above depend on the sequenc-
ing technology used. The best results can be achieved with
Hi-Fi technology, which produces long reads of several tens
of kilobase pairs (kb) in high quality, with a reading accuracy
exceeding 99 % (Wenger et al., 2019). Hi-Fi sequencing
enables the assembly of extended haplotype sections, poten-
tially encompassing the entire genome (Tanaka et al., 2023).
In contrast, Oxford Nanopore technology can generate very
long reads, reaching several million base pairs (bp) in length,
but with lower read quality —around 90 % accuracy (Wang Y.
et al., 2021). With sufficient sequencing depth, these long
reads can also effectively separate extended sections of the
genome into haplotypes. Additionally, short reads obtained
using Illumina technology can aid in haplotype separation;
however, the resulting fragments are limited to conservative
regions where read overlaps are insufficient to connect adja-
cent polymorphic positions.

A popular program for haplotype separation is WhatsHap
(Martin et al., 2016). It is compatible with reads from all the
aforementioned sequencing methods for both diploid and
polyploid organisms. The program requires as input a refe-
rence genome sequence, a BAM file mapping reads to the
reference genome, and a VCF file containing information on
polymorphic positions that distinguish the mapped reads from
the reference. The separation process yields a modified VCF
file that includes information on the assignment of polymor-
phic positions to haplotypes. From this file, users can obtain
data on the lengths and coordinates of the separated fragments
(haplotype blocks), retrieve haplotype sequences in FASTA
format, incorporate haplotype information into read mapping
visualizations, and more.

Alleles can also be separated through the analysis of Sanger
sequencing results. When sequencing DNA fragments from
heterozygotes, two “peaks” corresponding to specific nucleo-
tides appear on the chromatograms at the same position (Carr
et al., 2009; Dehairs et al., 2016; Xie et al., 2019). To deduce
the allele sequences of the gene under study, the sequences
from each sample can be represented as a vector, where each
cell corresponds to a polymorphic position in the gene for the
species being examined. Each cell is filled according to the
following rules: “11” if the sample contains the most com-
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mon nucleotide at that position, “00” if it contains the least
common nucleotide, and “10” if two different nucleotides
occur at that position in the organism’s genome (indicating a
putative heterozygote). The resulting vectors can then be as-
signed to all possible combinations of heterozygous positions
“10” while leaving the single-valued positions “11”” and “00”
untouched. Since there are homozygotes and samples with
one allele among the samples, their sequences form a primary
pool of alleles that can later be detected in the remaining
samples. Each of these alleles in the diploid must correspond
to an allele with alternative values in the polymorphic posi-
tions, allowing for the identification of a homologous pair for
the primary allele (Zhidkin et al., 2023). By sorting through
potential combinations of alleles and selecting those with a
higher frequency of occurrence, it is possible to determine the
genotypes of the samples.

The approaches described above were applied to study the
intra- and interspecific variability of plants in the genera Ca-
mellia, Vaccinium, and Arachis. Let us explore these examples
in more detail.

cT-DNA polymorphism in Camellia L. species

The genus Camellia L. belongs to the Theaceae family and
includes several economically and culturally significant spe-
cies. C. sinensis (L.) Kuntze comprises two main varieties:
var. sinensis (primarily used for green tea production) and
var. assamica (mainly used for black tea production). In the
study by K. Chen et al. (2023), 72 species from 12 out of the
14 sections of the genus Camellia were analyzed, revealing
at least 12 different cT-DNA insertions. These sequences span
a total of 374 kb and contain 47 open reading frames. The
identified genes can be categorized into four types: the first
includes 19 plast genes, the second contains 6 opine synthesis
genes, the third comprises 4 genes encoding tryptophan mo-
nooxygenase, and the fourth consists of all other genes with
unknown functions. The protein sequences of the cT-DNA
genes exhibit varying levels of similarity to known Agro-
bacterium sequences, with an average similarity of 73.8 %
(standard deviation is 12.8 %). The minimum and maximum
similarity values are 46 and 92 %, respectively.

Notably, some genes homologous to those found in camel-
lias were also identified in various fungal species, including
both ascomycetes and basidiomycetes. Internal inverted re-
peats are present in 7 of the 12 insertions, likely arising from
the simultaneous insertion of multiple copies of T-DNA. The
differences between these repeats range from 0.05 to 10 %
across different fragments. Considering that the repeats were
identical at the time of insertion and using the universal sub-
stitution rate of 6.5x10-9 per position per year (Gaut et al.,
1996), along with the number of substitutions between repeats,
it is possible to estimate the approximate time of fragment
insertion (Haubold, Wiehe, 2001). This time ranges from 0.04
to 7.5 million years ago (Mya) (Chen et al., 2023).

As different phylogenetic lines of the genus evolved, the
fragments were inserted at various stages, making them spe-
cific to modern taxa at different levels. It was demonstrated
that some fragments were lost in certain lines, and the youngest
fragments had not yet fully fixed in the populations of their
respective species, being present only in some individuals.
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Fig. 3. Phylogenetic analysis of the section Thea using cT-DNA. a - phylogenetic tree of 225 clades representing nine species from the genus Camellia,
section Thea; b - alleles identified in a single C. sinensis sample are connected by lines.

Two main clades are labeled with the Latin letters A and B in both figures. The color designations for the species are as follows: C. sinensis (including C. sinensis
var. sinensis, C. pubilimba, C. angustifolia) — blue; C. sinensis var. assamica - purple; C. tachangensis — dark yellow; C. crassicolumna — green; C. gymnogyna - yel-
low; C. taliensis — pink; C. leptophylla — dark green; C. kwangsiensis — orange; C. ptilophylla - red; C. fangchengensis — no color. Indels are indicated by colored dots.
Bootstrap values are color-coded: green — 85-100 %; yellow — 50-85 %; red - less than 20 %. The figure is based on illustrations from (Chen et al., 2022), published

under a CC BY 4.0 license.

With known cT-DNA sequences, their presence or absence
across different phylogenetic lines of the studied taxon is a
convenient feature that can be easily assessed. Thus, the se-
quence of divergence among sections within a genus, based
on the presence of different cT-DNAs, aligns with the phy-
logenetic tree derived from whole-exome sequencing (Wu et
al., 2022). Variations among repeats can also help clarify both
the relative and absolute timing of divergence.

In the Thea section, only one cT-DNA variety has been
described, which was used to elucidate the phylogenetic
relationships among the species in this section. This section
comprises eleven species (Min, Bartholomew, 2007), includ-
ing the tea bush C. sinensis (L.) O. Kuntze and various wild
tea species. C. sinensis is further divided into the varieties
sinensis, assamica, pubilimba, and dehungensis. A phylogeny
was constructed for the nine species of the Thea section of the
genus Camellia based on one of the aforementioned insertions
(Chen et al., 2022). This insertion is 5.5 kb long, includes
three genes: acs-like, sus-like, and a rolB-like fragment, and
features inverted repeats of 1 kb each at the ends. Sequence
analysis revealed that the acs-like and sus-like genes contain
stop codons; however, it was noted that in some species, these
stop codons arose independently at different positions. The
estimated time of the fragment insertion is 7.5 Mya, which
roughly coincides with the origin of section Thea at 6.7 Mya
(Wu et al., 2022). Therefore, this insertion serves as a suit-
able marker for this group, which we anticipate to be free of
potential biases associated with incomplete lineage sorting.

During the assembly of fragments from short reads, it was
observed that many samples contained two alleles, with 2 to
7 % of positions exhibiting polymorphism. Following the
analysis of 142 samples, 225 alleles were obtained, forming

862

the basis for constructing the phylogenetic tree (Fig. 3). It was
noted that the clades obtained often did not align with spe-
cies boundaries, and many heterozygous samples contained
alleles from different, distantly related clades. Particularly
notable in some samples was the presence of alleles from
clades separated by a significant evolutionary distance. The
maximum divergence observed between alleles from different
clades within a single sample reached about 4 %. Based on the
premise that such allelic divergence would be unlikely within
a single species population, it was suggested that alleles from
the major clades evolved within individual ancestral species
of the Thea section. This process likely led to the formation
of modern species characterized by high allelic diversity
due to introgressive crosses. Furthermore, if we assume that
the number of major clades corresponds to the number of
ancestral species, we can estimate the relationships among
these species based on tree topology, divergence time derived
from the number of substitutions between alleles, and the
contributions of allele frequency to modern populations. For
instance, two major pairs of phylogenetically distant clades
can be identified, between which hybridization occurred. So,
as a result of certain crosses, the species C. sinensis emerged,
with one of the presumed ancestral species exhibiting twice
as many alleles as the other. The 2.5 % divergence between
alleles suggests that these species diverged approximately
1.9 Mya. In contrast, within the second pair, which diverged
2.9 Mya, the species C. tachangensis arose as a result of
equally participatory crosses.

This work raises important questions regarding the revi-
sion of species boundaries, the intensity of interspecific
crosses, and other aspects of the evolutionary dynamics within
this section.
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Polymorphism of cT-DNA

in species of the genus Vaccinium

The first naturally transgenic species from the genus Vac-
cinium L. described in the literature was the large-fruited
cranberry, V. macrocarpon Aiton (Matveeva, Otten, 2019).
Using the BLAST algorithm, a cT-DNA sequence was identi-
fied in the complete genome of the cranberry, represented by a
single, intact copy of the rolB/C-like gene. This gene belongs
to the plast genes, and the amino acid sequence corresponding
to it exhibits greater homology with the Plast-proteins of orga-
nisms such as Laccaria bicolor (Matre) Orton, Nyssa sinensis
Oliver, and Ensifer sp., than with similar sequences from the
genomes of known species of agrobacteria. This may suggest
that these sequences originated from different transformation
events involving the same unknown species of Agrobacterium
(Matveeva, Otten, 2019). The second Vaccinium species found
to contain a homologue of the studied gene was the highbush
blueberry, V. corymbosum (Matveeva, 2021). Subsequently,
we demonstrated the presence of a rolB/C-like gene in 26 ad-
ditional Vaccinium species, as well as in Agapetes serpens
(Wight) Sleumer, which belongs to the same family, Ericaceae
(Zhidkin et al., 2023). The common localization site of the
detected sequences in both Vaccinium and A. serpens is also
noteworthy. This wide distribution of the transgene through-
out the genus and the shared localization site suggest that the
transformation occurred in a common ancestor of the studied
species. Consequently, the rolB/C-like gene sequence can be
utilized as a marker for reconstructing phylogenetic relation-
ships among these species. This task is particularly relevant,
as the phylogeny of the genus Vaccinium remains contentious
(Becker et al., 2023).

In all studied species, the rolB/C-like gene is represented
by a full-length sequence. The exception is the common cran-
berry, V. oxycoccos L., where most samples exhibited large
deletions of varying lengths in the central part of the gene;
however, some samples contained a full-length sequence of
the rolB/C-like gene. In the remaining species, polymorphism
of the rolB/C-like gene was characterized by single-nucleotide
substitutions and indels that are multiples of three, preserv-
ing the open reading frame. Furthermore, the pattern of these
nucleotide differences was species-specific.

Despite the long-standing use of cranberries, blueberries,
bilberries, and lingonberries by humans for food and medicinal
purposes, the selection of these crops began in the early 20th
century (Wang H. et al., 2017; Vorsa, Zalapa, 2019; Sultana
et al., 2020). This selection work led to the development of
the genus system, the first version of which was established
in 1945 (Camp, 1945). The classical system of the genus was
based on various morphological features and divided it into
sections. Over time, this system was regularly updated and
modified, as interspecific hybridization and polyploidization
are common in the genus (Camp, Gilly, 1943; Hancock, 2008).
These characteristics made it difficult to clearly determine the
phylogenetic relationships between species, prompting the
development of molecular phylogenetics and the application
of DNA barcoding methods to address these issues (Kron,
2002; Powell, Kron, 2003). The dendrogram obtained from
the ITS (internal transcribed spacer) and matK (plastid gene
of maturase K) sequences contradicted classical ideas about
the division of the genus into sections and indicated the
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polyphyly of the genus Vaccinium. However, using classical
phylogenetic markers in cladistic analysis for species where
hybridization and polyploidization play significant roles can
lead to errors (Soltis, 2002). In contrast, data obtained using
SSR markers (simple sequence repeats — microsatellite
DNA) (Zalapa et al., 2015; Schlautman et al., 2017), phy-
logenomics (Diaz-Garcia et al., 2019; Kawash et al., 2022),
and chemotaxonomy (Leisner et al., 2017) showed fewer
contradictions with classical concepts. Genome sequencing is
labor-intensive and expensive, so it has been conducted only
on economically significant species. The rolB/C-like gene,
as a phylogenetic marker, allowed for the inclusion of more
species in the analysis.

In the studied species, the intraspecific variability of the
transgene (unlike in species from the Camellia section Thea)
was lower than the interspecific variability, and the mosai-
cism of some clades could be attributed to hybridization
events among the species within those clades. Phylogenetic
analysis revealed the unification of representatives from the
sections Oxycoccus, Vaccinium, Myrtillus, and Conchophyl-
lum into distinct clades. In contrast, species from the section
Cyanococcus did not form a monophyletic group, possibly
due to its polyphyletic nature or hybridization events during
the development of North American blueberry varieties. The
remaining species studied are single representatives of the
sections Bracteata, Hemimyrtillus, Vitis-idaea, Oxycoccoides,
and Praestantia; therefore, further research is needed. Given
the simplicity and low cost of the developed molecular marker,
new species can easily be included in subsequent analyses.
In other words, the phylogeny of the genus Vaccinium, de-
termined from the sequences of the rolB/C-like gene, shows
greater similarity to the traditional classification of the genus
than to the phylogeny constructed based on the ITS and matK
markers. Results similar to those obtained using the rolB/C-
like gene marker have also been reported by other authors
employing NGS (next generation sequencing) approaches
(Diaz-Garcia et al., 2019; Kawash et al., 2022).

Polymorphism of cT-DNA

in species of the genus Arachis

The genus Arachis L. comprises 80 species and is divided into
nine taxonomic sections: Arachis (with genomes A, B, K),
Erectoides (genome E), Extranervosae (genome EX), Pro-
cumbentes (genome PR), Caulorrhizae (genome C), Heteran-
thae (genome H), Rhizomatosae (genome R), Trierectoides
(genome TE), and Triseminatae (genome T) (Stalker et al.,
2017). Current understanding of the evolutionary relationships
among representatives of the genus Arachis relies on morpho-
logical, geographical, molecular genetic, and cytogenetic data;
however, many controversial issues regarding the structure of
the genus remain (Krapovickas, Gregory, 2007; Koppolu et
al., 2010; Stalker, 2017; Tian et al., 2021).

Initially, nGMOs were discovered within the Arachis sec-
tion in the tetraploid cultivated peanut (Arachis hypogaea L.)
and its ancestors: A. duranensis Krapov. & W.C. Greg,
A. ipaensis Krapov. & W.C. Greg, the tetraploid species
A. monticola Krapov. & Rigoni (Matveeva, Otten, 2019), and
the diploid A. stenosperma Krapov. & W.C. Greg (Matveeva,
Otten, 2021). The peanut and A. monticola contain ancestral
genomes known as A and B. The A genome is also present in
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A. duranensis and A. stenosperma, while A. ipaensis contains
the B genome (Matveeva, Otten, 2019, 2021). The list of
nGMOs was later expanded to include representatives of the
Erectoides, Extranervosae, Procumbentes, Caulorrhizae, and
Heteranthae sections (Bogomaz et al., 2024).

In total, 23 naturally transgenic species from this genus are
currently known, and there is a high probability that this list
will expand in the near future, as the studied nGMOs form a
monophyletic group with a common ancestor that was trans-
formed before the studied sections diverged. A homolog of
the cucumopine synthase gene (cus) was found in all studied
species. In addition to the cus-like gene, B-genome species
contained remnants of the mas2’ gene, PR-genome species
contained remnants of the masl’ gene, A. macedoi contained
remnants of the ags gene, and A. pusilla contained remnants
of both the mas2’ and ags genes (Bogomaz et al., 2024). All
of these genes encode enzymes belonging to the same bio-
synthetic pathway, catalyzing the reactions that lead to the
synthesis of agropin, and are found clustered together in the
same Agrobacterium T-DNA (Ellis et al., 1984). The com-
mon ancestor of Arachis species was likely transformed by a
strain containing all three genes; however, at some point, these
genes ceased to provide selective advantages to their hosts,
accumulated mutations, and were lost, remaining as separate
fragments in representatives of different clades.

In contrast, the homologue of the cucumopine synthase
gene has remained intact in most of the studied species. In
cultivated peanut, which is a tetraploid with genomes Aand B,
the cus-like gene is present in both genomes; in genome A,
it is intact, while in genome B, it is mutant (Matveeva, Ot-
ten, 2019). More detailed studies showed that among the
29 described alleles of the gene from genome A, only three
contained mutations incompatible with its function (Bogomaz
etal., 2024). Cultivated peanut is divided into two subspecies:
hypogaea and fastigiata (Krapovickas, Gregory, 2007; Bertioli
et al., 2011). The most common allele A of the cus-like gene
has been identified in representatives of both subspecies, as
well as in A. duranensis, confirming their close relationship.
However, this allele has not been found in A. monticola,
where its other alleles are evenly distributed among separate
subclades within the clade containing the A alleles of the
cultivated peanut genome and its relatives (Bogomaz et al.,
2024). This finding supports previous descriptions of the close
relationship between A. monticola and A. hypogaea (Tian
et al., 2021). Based on the data obtained using the cus-like
gene as a phylogenetic marker, it is possible that the genetic
material of A. paraguariensis contributed to the formation of
some varieties of A. hypogaea. Additional research confirms
a close relationship between A. paraguariensis and A. dura-
nensis, the ancestral species of cultivated peanut (Moretzsohn
etal., 2013).

Meanwhile, phylogenetic studies of peanuts based on the
cus-like gene indicate that the most distinct clade on the
phylogenetic tree is represented by mutant alleles from the
B genome. These sequences exhibit faster divergence and are
more suitable for research than those subjected to stabilizing
selection.

Consequently, studies of the genus Arachis illustrate some
limitations in the use of cT-DNA for phylogenetic analysis.
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Phylogenetic relationships of T-DNA genes

in Agrobacterium s. lat and nGMOs

In the previous sections, we explored the use of T-DNA
as a molecular marker for studying plant phylogeny. This
marker can also be utilized to trace the relationships between
nGMO cT-DNA and the T-DNA of currently known strains
of Agrobacteriumss. lat (Suzuki et al., 2002; Matveeva, Otten,
2021). In one of our group’s studies (Matveeva, Otten, 2021),
phylogenetic trees were constructed based on individual opine
synthesis genes from all known nGMOs as of 2021, as well
as from rhizobia strains characterized at that time. The results
indicated that in Parasponia andersonii Planch., cT-DNAs
containing homologues of the susL gene were obtained from
various strains of Agrobacterium s. lat across different evo-
lutionary stages. A similar pattern was observed in Diospyros
lotus L. Conversely, cT-DNAs containing homologues of
mikimopine synthase were most likely acquired by different
species of tobacco (Nicotiana L.) and toadflax (Linaria Mill.)
from asingle or closely related strain (Matveeva, Otten, 2021).
These findings enhance our understanding of the biodiversity
of Agrobacterium s. lat and bring us closer to elucidating the
mechanisms of host specificity, which is often linked to the
structure and functioning of vir genes inherited with T-DNA
as part of Ti(Ri) plasmids (Anderson, Moore, 1979). Address-
ing host specificity is crucial for optimizing plant genetic
transformation protocols.

Conclusion

cT-DNA plays a crucial role in elucidating many controversial
aspects of phylogenetic studies. The insertions of various
T-DNAs mark significant evolutionary events, indicating
groups of species that share a common ancestor. Inverted
repeats provide insights into the age of this ancestor and help
establish the sequence in which independent T-DNAs entered
plant genomes. Analyzing the fine polymorphism of cT-DNA,
while considering the allelic states of the markers, allows for
tracking microevolutionary events and the consequences of
hybridization during incomplete speciation. To date, molecular
markers based on cT-DNA have been successfully employed in
studying the genera Nicotiana, Camellia, Vaccinium, and Ara-
chis. Inthe genus Nicotiana, the cT-DNA marker facilitated the
identification and dating of major evolutionary stages within
the section Tomentisae. In Camellia, the primary outcome
was a clear demonstration of incomplete speciation within
the section Thea. For Vaccinium, the marker helped confirm
some classical ideas about the genus’s system that conflicted
with ITS-based data but aligned with NGS data from a small
sample of species. In Arachis, the study of cT-DNA clearly
illustrated the differing evolutionary fates of transgenes with
and without stabilizing selection, highlighting some limita-
tions in the marker’s resolving power under strong stabilizing
selection pressure.
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A new molecular marker including parts of conservative
histone H3 and H4 genes and the spacer between them
for phylogenetic studies in dragonflies (Insecta, Odonata),
extendable to other organisms
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Abstract. In spite of recent substantial progress in genomic approaches, there is still a need for molecular markers
convenient for Sanger sequencing and providing good phylogenetic reconstructions at short evolutionary distances.
A new molecular marker, the histone H3-H4 region, containing partial coding sequences of the genes for histones
H3 and H4 and the non-coding spacer between them, is proposed. This marker is potentially useful for molecular
phylogenetic studies at the generic, species, and even intra-species level in insects and some other organisms, even
from other phyla. The highly conserved histone-coding sequences ensure the universality of primers and the ease of
primary alignment, while the highly variable non-coding spacer provides enough variation for analyses at short evo-
lutionary distances. In insects, the histone genes reside in the histone repeat which is tandemly repeated in dozens
to hundred copies forming the so-called histone cluster. This ensures a high concentration of the template for the
marker in genomic DNA preparations. However, the order and orientation of the histone genes in the histone repeat is
variable among orders, which puts some limitations on the use of the proposed marker. The marker efficacy is hereby
shown for Odonata (dragonflies and damselflies), where it provided good resolution at the family, genus and species
levels. The new marker also provided an interesting pattern in the relationship of two Sympetrum species, S. croceolum
and S. uniforme, showing the sequences of the latter as a branch nested among those of the former. The same combi-
nation of the proposed original primers should also work in Diptera.

Key words: histone repeat; histone H3; histone H4; intergenic spacer; Odonata; dragonflies; insects; molecular marker;
phylogenetic studies
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HOBBIV MOJIEKV/ISIPHBIN MapKep A1 PUIoreHeTU4YeCKmMX
ncciaemoBaHuii crpekos (Insecta, Odonata),

BKJ/IIOUAIOIINI YaCTU KOHCEPBAaTUBHBIX T'€HOB I'iCTOHOB H3 1 H4
U cIiericep MeXXIay HUMU, IIPMEHVMBbIN U K IPYTYM OpraHm3MaM

1 B.C. Byarakosal, 0.9. Kocrepuu (D1 2@

1 DepepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT ymutonorum u reHetnkun Cnbrpckoro otaeneHns Poccuinckolt akagemmnmn Hayk, HoBocnbmpck, Poccus
2 HoBocnbrpcKmin HaLumMoHanbHbIN NCCnefoBaTeNbCKUIA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBocnbrpck, Poccna

@ kosterin@bionet.nsc.ru

AHHOTaLuA. HecMOTps Ha 3HAUUTENbHBIA NPOrPecc B reHOMHbIX UCC/IEA0BAHMSAX, [0 CUX MOP CyLIeCcTBYeT NoTpeo-
HOCTb B MOMNEKYNIAPHbIX MapKepax, YAOOHbIX ANl CEKBeHMPOBaHWA Mo CaHrepy 1 No3BONAKLWYX AenaTb GunoreHe-
TUYECKMEe PEeKOHCTPYKLUMM Ha KOPOTKUX SBOJIOLMOHHBIX AUCTaHUMAX. [peanoXeH HOBbLIN MONEKYNAPHBIA MapKep,
parnioH reHoB rmctoHos H3 n H4, copepalumin 4acTy Kogupyowmx nociefoBaTeslbHOCTeN reHoB rmcToHoB H3 1 H4 n
HeKkoaupyloLwWwmin cnencep Mexay HAMU. OH MOXeT 6biTb yao00eH AnA MoeKynApHO-GUNOreHeTUYECKMX NCCIe[0BaH
Ha PoOJOBOM, BULOBOM 1 axe BHYTPVBMAOBOM YPOBHE Y HACEKOMbIX Y HEKOTOPbIX APYrUX rpynr, B TOM yncne u3s
LpYrx TUMNoB. BbICOKOKOHCepBaTUBHbIE KOAMPYOLLME NOCIeA0BaTENbHOCTM MMCTOHOBbIX FeHOB 06ecneymnBaioT YHU-
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HoBblln MOneKynapHbI Mapkep
AnA GyunoreHeTUYECKNX UCCNeOBaHNI CTPEKO3

BEPCanbHOCTb MpaiMepoB 1 OAHO3HAYHOCTb NMEPBUYHOMO BbiPaBHMBaHWSA, TOTAA Kak BapuabesibHbI HeKoAMPY LU
cnelicep CoOAepXXMT AOCTAaTOYHO N3MEHUYMBOCTY [J1 aHaNM3a Ha KOPOTKUX SBOSTIOLIMOHHbIX AUCTAHLUMAX. Y HACEKOMbBIX
reHbl TMCTOHOB HAXOJATCA B TMCTOHOBOM MOBTOPE, TaHAEMHO MOBTOPEHHOM B JECATKAX UM COTHAX KOMWI B TaK Ha-
3bIBaEMOM MMCTOHOBOM KflacTepe. ITo 06ecrneyrBaeT BbICOKYIO KOHLIEHTPaLMIO MaTpuLbl 41 HOBOTO MapKepa B npe-
napatax reHomHow [JHK. OfHako NopsAAoK 1 OpUeHTaLMsA KOHKPETHbBIX FeHOB Y Pa3HbiX OTPALOB M3MEHUYMBA, YTO Ha-
naraet onpefeneHHble OrpaHNYeHNA Ha NCMNOMb30BaHWe NpefsiaraeMmoro Mapkepa. B Hawweii paboTe 3¢ deKkTrBHOCTL
MapKepa NPOAEMOHCTPYPOBaHa Ha MaTepuane oTpsaaa cTpekos (Odonata), roe OH XOpOLO paspeLlns CeMencTBa,
poabl 1 BAbl. HoBbI MapKep TakXe BbIABU MHTEPECHbI MaTTEPH B3aUMOOTHOLLEHWsA ABYX BUAOB poaa Sympetrum,
S.croceolum v S. uniforme, nokasaB NocnefoBaTeNIbHOCTU NOCIEAHETO B KAUECTBE BETBU CPefjn NOCefoBaTeIbHOCTEN
nepsoro. Ta e KombuHaLmsA pa3paboTaHHbIX HAMU OPUTMHASbHBIX MpaiMepoB ByaeT paboTaTb 1 B OTpALe ABYKPbI-

nbix (Diptera).

KntoueBble c/ioBa: T’MCTOHOBbIV MOBTOP; FMCTOH H3; rucToH H4; mexreHHblii cneicep; Odonata; CTpeKo3bl; HACEKOMbIE;
MONeKynApPHbIA MapKep; dunoreHeTuyeckme ncciefoBaHma

Introduction

Analysis of DNA variation is a powerful tool in reconstructing
phylogenetic history of living creatures, so the use of molecu-
lar methods has provided a profound progress in phylogenetic
analysis, with applications in taxonomy, paleobiology, paleo-
geography and evolutionary theory. Particular sequences used
for this purpose, traditionally called ‘phylogenetic markers’,
differ in their rate of fixation of mutations thus permitting
phylogenetic resolution at different time scales, with resolution
of most recent divergences being possible with most variable
markers; for those applied to Odonata see Y.C. Cheng et al.
(2018).

Mitochondrial DNA in animals is on average more vari-
able than nuclear DNA, so the popular mitochondrial marker
cytochrome oxydase | (COl) is widely used for barcoding of
animals (Ballard, Whitlock, 2004; Avise, 2009). However,
the phylogenies reconstructed from mitochondrial markers
quite frequently meet serious problems. They often contradict
both phylogenies reconstructed from nuclear markers and
traditional taxonomy based on morphology. In some groups of
organisms (Cheng Z. et al., 2023), including the family Coe-
nagrionidae in Odonata (Dow et al., 2019; Deng et al., 2021;
Galimberti et al., 2021; Geiger et al., 2021), mitochondria
seem to ‘live a life of their own’. The most drastic patterns
were revealed in Coenagrion Kirby, 1890, where mitochon-
drial haplotypes cross species barriers but seem unable to cross
the Hybraltar Strait (Ferreira et al., 2016; Galimberti et al.,
2021, Geiger et al., 2021), and in Ischnura elegans (Vander
Linden, 1820) where the Japanese population appeared to
be strongly divergent from the continental ones (Deng et
al., 2021). Such drastic patterns can hardly be explained by
incomplete lineage sorting or introgressive hybridisation,
the phenomena usually supposed to explain such cases. The
reason could be co-selection of mitochondria with strains of
the intra-cellular bacterial endosymbiont Wolbachia Hertig,
1826 (Deng et al., 2021). Horizontal transfer of mitochondria
via an unknown agent is also postulated but not proved (Gur-
don et al., 2016). Another problem of using markers based
on mitochondrial DNA is the sporadic occurrence of mtDNA
fragments adopted by the nuclear genome (NUMT), which
are variably divergent from the actual mtDNA and may result
in false phylogenetic results; for examples in Odonata, see
Ozana et al. (2022) or Lorenzo-Carballa et al. (2022). For
the purpose of revealing evolutionary history at short time
distances, microsatellite or SSR markers have been popular
for a long time and applied also to Odonata (e.g. Lowe et al.,
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2008). These are tracts of very short (one to few nucleotides)
repeats with the number of copies frequently changing be-
cause of slippage mispairing and unequal crossing over. Such
markers suffer from a high rate of homoplasy, when different
events of copy number change result in the same alleles, here
understood as particular numbers of repeats, but are still the
marker of choice for population genetic studies.

The modern next-generation high-throughput sequencing
and genomic approaches offer ample phylogenetic data (for
examples in Odonata, see Futahashi et al., 2015; Bybee et
al., 2021; Kohli et al., 2021), potentially useful for analysis
even at short evolutionary distances, but are expensive and
more demanding in sample preparation. Although the prices
are getting lower, these technologies still remain unaffordable
for many researchers in countries which harbour the richest
biodiversity. Therefore, there is still a need for easily anal-
ysed and cheap nuclear markers based on Sanger sequencing
which would provide good resolution at the species level and
could be useful at least for fast preliminary tests revealing the
evolutionary history of populations, subspecies and closely
related species. Besides, such markers make it possible to
analyse regular collection specimens, not specially collected
for DNA analysis.

Non-coding sequences, the variability of which is mainly
determined by physical properties of DNA replication, are
useful candidates for variable phylogenetic markers. Their
use is limited by possibility of working out universal primers,
which could be achieved by involvement of bordering con-
served sequences. Besides, non-coding sequences demonstrate
a high rate of indels, which bring about difficulties as to their
alignment. Of such markers, the so-called ITS region including
internal spacers between the conserved ribosomal RNA genes,
ITS1 and ITS2, is the most popular among nuclear markers;
for its use in Odonata, see Hovmoller and Johansson (2004),
Dumont et al. (2010), Karube et al. (2012), Schneider et al.
(2023). The highly repetitive nature of the nucleolus organiser
provides an advantage of high concentration of the template in
preparations of genomic DNA and a disadvantage of possible
heterozygosity as well as cis-heterogeneity between individual
repeat copies (Hovmdller, Johansson, 2004).

Recently, a useful approach has been proposed, focusing on
introns of nuclear genes (Ferreira et al., 2014). The primary
structure of introns has scarce adaptive constraints save muta-
tions affecting splicing. At the same time, the bordering exons
are usually conserved enough to allow for universal primers
design. These markers have a disadvantage of low concen-
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H1 H3 Ha H2A

Hex_AR LH4_2R

A new molecular marker
for phylogenetic studies in dragonflies

H2B

Fig. 1. Positions of the primers used to amplify the histone H3-H4 region in the histone repeat as exemplified by a fragment of the
assembly of the Ischnura elegans genome (NW_025791746). White arrowheads indicate the direction of transcription.

tration of template genomic DNA, since the genes involved

are unique and present in the genome only in two copies, so

they may be less readily amplifiable from specimens with
somewhat degraded DNA as compared to the highly repeated
sequences of the ITS region.

In the present work, we propose and test the usability of
a new phylogenetic marker, the spacer between the genes of
the conservative core histones H3 and H4 and partial cod-
ing sequences of these histones, which we designate as the
histone H3—-H4 region. It resembles the popular ITS region
mentioned above.

In animals, the genes for five histones (H1, H2A, H2B, H3,
H4) are included into the so-called histone repeat, tandemly
repeated copies of which form the histone cluster (Eirin-L6pez
etal., 2009). Several important circumstances should be noted
in this respect:

(i) Histones H3 and H4 are among the most conserved proteins
in eukaryotes (Stein et al., 1984; Doenecke et al., 1997;
Eirin-L6pez et al., 2009), so their coding sequences al-
low primers of very broad applicability across taxonomic
groups.

(ii) In insects, genes of these two histones are disposed in the
histone repeat relatively close to each other (Eirin-Lopez
et al., 2009). The order of histone genes and orientation
of their reading frames is variable among different insect
orders. For instance, their order is H1, H3, H4, H2A, H2B
in Drosophila melanogaster (Goodenough, 1984: p. 304;
Eirin-Lopez et al., 2009) and in all Odonata species tested
in this work (Fig. 1). Although this variation may also
take place at lower taxonomical levels and is sometimes
observed even in different copies of the histone repeat in
the same chromosome, in all species of Odonata tested by
us (see below) we obtained a PCR product using the same
primer pair matching histones H3 and H4. So the original
primers we suggest are useful at least across dragonflies
and damselflies.

(iii) The spacer between H3 and H4 histone genes is non-cod-
ing and therefore is expected to undergo neutral evolution,
hence being a kind of molecular clock.

(iv) Insects have hundreds of copies of the histone repeat
(Steinetal., 1984; Solovyev et al., 2022), which facilitates
amplification from total genomic DNA preparations, but
may also bring about problems related to cis- (within-
cluster) and trans- (allelic, between homologous chromo-
somes) heterogeneity.

(v) Most insects have only one histone cluster, whereas in
some of them and in other animal groups there is a number
of paralogous clusters (Eirin-Lépez et al., 2009). A single
histone cluster is an advantage since this avoids trans-
cluster heterogeneity which would complicate an analysis.
To develop and test the marker, we chose the order Odonata

and designed original primers which worked in all tested spe-
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cies. We tested its resolution at different taxonomical levels,
by sequencing amplicons from representatives of different
families (Calopterygidae, Coenagrionidae, Aeshnidae, Gom-
phidae, Corduliidae, and Libellulidae), from several species
of some genera and from a number of specimens of some
Sympetrum spp. The latter involved a series of three species
from the same danae species group (Pilgrim, Dohlen, 2012),
namely S. croceolum (Selys, 1883), S. danae (Sulzer, 1776)
and S. uniforme (Selys, 1883), including those collected in
the same populations.

Materials and methods

Material. The specimens of S. croceolum, S. danae, S. flaveo-
lum (Linnaeus, 1758), and S. uniforme were preserved in 96 %
ethanol, other specimens were treated overnight with acetone
and then dried out. The species and specimens from which
the histone H3—H4 region was sequenced in the course of this
study and the GenBank accession numbers of these sequences
are enumerated (in parentheses) in the Table.

Sequences from public databases. To expand our sample,
we downloaded sequences of the H3-H4 region from the
Whole Genome Sequence datasets available in public da-
tabases of 16 more Odonata species: Hetaerina americana
(Fabricius, 1798), H. titia (Drury, 1773) (Calopterygidae),
Argia fumipennis (Burmeister, 1839), Ceriagrion tenellum
(De Villers, 1789), Ischnura elegans, I. senegalensis (Rambur,
1842) Pseudagrion microcephalum (Rambur, 1842), Pyrrho-
soma nymphula (Sulzer, 1776) (Coenagrionidae), Platycnemis
pennipes (Pallas, 1771), Prodasineura notostigma (Selys,
1860) (Platycnemididae), Tanypteryx hageni (Selys, 1879), Ta-
chopteryx thoreyi (Selys, 1889), Uropetala carovei (White in
Dieffenbach, 1843) (Petaluridae), Brachytron pratense (Mul-
ler, 1764) (Aeshnidae), Pachydiplax longipennis (Burmeister,
1839), Pantala flavescens (Fabricius, 1798), (Libellulidae).

Besides, the histone H3—-H4 region was assembled from
SRA archives available at GenBank, with the use of the MIRA
software (Chevreux et al., 1999) for the following 20 spe-
cies: Archilestes grandis (Rambur, 1842) (Lestidae), Calop-
teryx splendens (Harris, 1780), Hetaerina vulnerata (Hagen
in Selys, 1853), Mnais tenuis (Oguma, 1913), Neurobasis
kaupi (Brauer, 1867) (Calopterygidae), Agriocnemis femina
(Brauer, 1868) (Coenagrionidae), Anax parthenope (Selys,
1839), A. strenuus (Hagen, 1867) (Aeshnidae), Gomphus
vulgatissimus (Linnaeus, 1758), Lanthus parvulus (Selys,
1854), Onychogomphus forcipatus (Linnaeus, 1758), Ophi-
ogomphus mainensis (Packard in Walsh, 1863) (Gomphidae),
Cordulegaster boltonii (Donovan, 1807) (Cordulegastridae),
Macromia manchurica (Asahina, 1964) (Macromiiddae), La-
dona fulva (Miller, 1764), Leucorrhinia albifrons (Burmeister,
1839), Libellula angelina (Selys, 1883), L. quadrimaculata
(Linnaeus, 1758), Nannophya pygmaea (Rambur, 1842),
Orthetrum coerulescens (Fabricius, 1798) (Libellulidae). The
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Species (by families) and specimens sequenced for the histone H3-H4 region, their origin and the GenBank accession numbers
of the sequences. Coordinates are given in decimal degree format

Species name

Atrocalopteryx atrata
(Selys, 1853)

Coenagrion johanssoni
(Wallengren, 1894)

Aeshna juncea
(Linnaeus, 1758)

Nihonogomphus ruptus
(Selys in Hagen, 1858)

Cordulia aenea
(Linnaeus, 1758)

Somatochlora arctica
(Zetterstedt, 1840)

Somatochlora graeseri Selys,
1887

Macromia amphigena
fraenata Martin, 1906

Macromidia rapida Martin,
1907

Cordulegaster picta Selys,
1854

Orthetrum albistylum
(Selys, 1848)

Orthetrum glaucum
(Brauer, 1865)

Rhyothemis phyllis
(Sulzer, 1776)

Sympetrum arenicolor
Jédicke, 1994

Sympetrum cordulegaster

Locality

Calopterygidae

Latitude (N)

Longitude (E) Date

Specimens, their
codes (if any)
and accession
numbers of their
sequences

Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 13 (PQ498535)
44 km SE of Khabarovsk, Chirki
Coenagrionidae
Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 138 (PQ498539)
44 km SE of Khabarovsk, Chirki
Aeshnidae

Russia, Khabarovskiy Kray, 48.30 134.83 9.07.2014 1 3 (PQ498536)
28 km SE of Khabarovsk, Bychikha village

Gomphidae
Russia, Khabarovskiy Kray, 44 km SE 48.19 134.68 15.07.2014 13 (PQ498542)
of Khabarovsk, Chirki ranger station

Corduliidae
Russia, Novosibirsk, Academy Town 54.8473 83.1072 1.07.2015 1 & (PQ498537)
Russia, Novosibirsk, Academy Town, 54.8314 83.0538 30.06.2015 1 Q (PQ498546)
Zvezda Beach
Russia, Primorskiy Kray, Khanka District, 45.062 131.995 4.07.2014 1 Q (PQ498561)
Lake Khanka W bank 2 km N
of Platono-Aleksandrovskoe village

Macromiidae
Russia, Khabarovskiy Kray, 48.19 134.68 15.07.2014 1 8 (PQ498540)
44 km SE of Khabarovsk, Chirki

Synthemistidae sensu lato
Cambodia, Mondulkiri Province, a left 12.441 107.159 13.06.2014 1 & (PQ498541)
tributary of the Monorom Waterfall River,
3.5 km SE of Sen Monorom
Cordulegastridae

Russia, Krasnodarskiy Kray, Kabardinka 44,671 37.918 30.07.2015 1 Q (PQ498538)
village, the Krasnaya Shchel'Valley

Libellulidae
Russia, Primorskiy Kray, Khanka District, 45.062 131.995 4.07.2014 1 Q (PQ498543)
Lake Khanka W bank 2 km N
of Platono-Aleksandrovskoe village
Cambodia, Mondulkiri Province, a brook 12.570 107.418 10.06.2014 18 (PQ498544)
downstream of the Buu Sraa Waterfall
Cambodia, Kampot Province, a left oxbow  10.672 104.137 21.08.2011 1 @ (PQ498545)
of the Kampot River downstream
of Tek Chhou Rapids
Iran, Lorestan, Khorramabad County, 33.33 48.88 26.05.2017 1 & (PQ498547)
3.2 km NNW Pasil village
Russia, Khabarovskiy Kray, 28 km SE 48.292 134.829 21-22.08.2016 1 3 (PQ498588)

of Khabarovsk, a pond S of Bychikha village
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Species name

Sympetrum croceolum

(Selys, 1883)

Sympetrum danae
(Sulzer, 1776)

Sympetrum flaveolum

(Linnaeus, 1758)

Sympetrum fonscolombii

(Selys, 1840)

Sympetrum pedemontanum
(Mdller in Allioni, 1766)

Sympetrum sanguineum

(Mdller, 1764)

Sympetrum striolatum

(Charpentier, 1840)

Sympetrum vulgatum

(Linnaeus, 1758)

Sympetrum uniforme

(Selys, 1883)
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Locality

Russia, Khabarovskiy Kray,
Amursk District,
Bolon’skiy Nature Reserve,
Kirpu ranger station

Russia, Khabarovskiy Kray,
28 km SE of Khabarovsk, Bychikha village

Russia, Altai Republic, Mayma District,
Lake Manzherok SE bank

Russia, Novosibirsk, Academy Town,
Botanical Garden

Russia, Novosibirsk, Academy Town,
Botanical Garden

Russia, Primorskiy Kray,
Lake Khanka W bank just N
of Platono-Aleksandrovskoe village env.

Iran, Esfahan Province, Golpayegan City,
the Ghomrood (Anaarbar) River

Russia, Krasnodarskiy Kray,
Bol’shoy Utrish village env.

Russia, Novosibirsk, a glade in a pine forest
between Nizhnyaya El'tsovka and Pravye
Chyomu estates

Russia, Novosibirsk Province,
Kyshtovka District, a roadside swamp
in the Kyshtovka village NW suburbs

Russia, Krasnodarskiy Kray, Lake Krugloe

Iran, Lorestan, Borujerd County,
Chenar Chashmah

Russia, Krasnodarskiy Kray, Kabardinka
village env.,, Krasnaya Shchel' Valley

Russia, Khabarovskiy Kray,
28 km SE of Khabarovsk, Bychikha village

Russia, Khabarovskiy Kray,
Amursk District,
Bolon’skiy Nature Reserve,
Kirpu ranger station

Latitude (N)

49.506

48.292

51.82

54.825

54.825

45.06

33.46

44.76

54.864

56.579

44.677

33.798

44.672

48.292

49.506

Longitude (E) Date

136.028

134.829

85.81

83.114

83.114

131.99

50.26

37.39

83.051

76.603

37.594

48.905

37.922

134.829

136.028

15.09.2016

21-22.08.2016

16.09.2016

8.10.2015

8.10.2015

4.07.2014

21.05.2017

5.08.2015

4.08.2018

14.07.2015

10.06.2016

25.05.2017

6.07.2016

21-
22.08.2016

15.09.2016

Specimens, their
codes (if any) and
accession numbers
of their sequences

10338

(Sc-1 -Sc-10;
PQ498574-
PQ498582)

299
(Sc-31, Sc-32;
Q498583,
PQ498586)

248

(Sc-41, Sc-42;
PQ498584,
PQ498585)

1238

(Sd-1,5d-3 - Sd-12;
PQ498549-
PQ498557)

18 (5f-1;
PQ498558),
19Q (5f-2;
PQ498559)

1Q (5F-3;
PQ498560)

18 (No. 1)

14 (No.2;
PQ498589)

1 & (PQ498591)

183 (Ss-1,
PQ498590)

18 (Ss-2)
1 & (PQ498592)

1 & (PQ498593)

588,499
(Su-21-Su-29;
PQ498565-
PQ498573

1 & (Su-1;
PQ498563),
1Q (Su-2;
PQ498564)
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Libellulidae

Corduliidae
Synthemistidae s.I.

Macromiidae

Aeshnidae

Petaluridae

Cordulegastridae

Gomphidae

Coenagrionidae

Platycnemididae

Calopterygidae

Lestidae

Fig. 2. Phylogenetic tree of the studied species of Odonata reconstructed with Maximum Likelihood method from the
histone H3-H4 region sequences. Bootstrap values are shown at the respective nodes. Three species of Diptera, Culicidae

serve as the outgroup.

accession numbers of the database entries used as sources of
these sequences are indicated at species names in Figures 2
and 3.

Primer design. We designed 14 original primers to match
different parts of insect histone genes coding for H1, H2B,
H3, H4, comprising the histone gene cluster. At the start of the
present work we did not know the precise order and orienta-
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tion of the histone genes in the cluster, so we tested different
primer combinations to select primer pair(s) which would
produce an amplification product containing the fragments of
the genes of histone H3 and H4 and the spacer between them.
We found out that the pair of primers Hex_AR matching the
3’ portion of the H3 gene (in the orientation opposite to that
of transcription) and LH4 2R matching the 3’ portion of the
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Libellulidae

Corduliidae

Synthemistidae s.I.
Macromiidae

Gomphidae

Petaluridae

Cordulegastridae

Lestidae

Coenagrionidae

Platycnemididae

Calopterygidae

Aeshnidae

Fig. 3. Phylogenetic tree of the studied Odonata species reconstructed with the Maximum Likelihood method from fragments of
the coding sequences of histone H3 and histone H4 genes involved into the proposed ‘histone H3-H4 region’ marker. Bootstrap

values are shown at the respective nodes.

H4 gene (also in the orientation opposite to that of transcrip-
tion) (Fig. 1) produced the expected product, indicating that
the H3 and H4 genes were oriented anti-parallel as to their
reading frames, with 5’ ends of their coding chains oriented
towards each other (Fig. 1). The primer sequences are as
follows:

Hex_ AR: 5’ atatccttgggcatgatggtgac (forward)

LH4 2R: 5’ ttaaccgccgaaaccgtacagggt (reverse).

The primer LH4 2R, matching the coding region of the
histone H4 of the moth Bombyx mori (Linnaeus, 1758) (Lepi-
doptera: Bombycidae) (GenBank accession AADK01010708),
was worked out in the course of our previous study of the
variation of the histone H1 gene in some Lepidoptera (So-
lovyev et al., 2015), although this particular primer was not
mentioned in the cited work and is published here for the
first time.
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The Hex_AR primer was worked out to match the coding
sequences of the histone H3 gene of Ophiogomphus severus
(Hagen, 1874) (Odonata: Gomphidae) taken from GenBank
(accession AY125228).

The coding sequences of histones H3 and H4 are well con-
served (Stein et al., 1984; Doenecke et al., 1997; Eirin-L6pez
et al., 2009), so the primers worked out to match a particular
sequence, one of which was from Odonata and the other from
Lepidoptera, worked well for all tested species of Odonata.

DNA isolation, sequencing and analysis. Dragonfly legs
were homogenized in a mortar in 0.2 ml of isolation buffer
(0.1 Tris-HCI, pH 8.0; 0.05 M EDTA; 1.25 % SDS; 0.5 M
NaCl) with Al,O3 as grinding particles, then mixed with
0.8 ml of the same buffer. The mixture was incubated for 1
hat 55 °C, then 350 pl of 5 M potassium acetate was added,
the mixture was incubated for 30 min on ice and centrifuged
at 16.1 g for 10 min. The supernatant was transferred to fresh
tubes, mixed with 0.6 ml of isopropanol, incubated at room
temperature for 1 h and centrifuged at 12.2 g for 10 min. The
precipitate was washed twice with 0.1 ml 70 % ethanol with
subsequent centrifugation at 12.2 g for 5 min, dried at 50 °C
for 5 min and dissolved in 50 pl of deionized water.

PCR reaction was carried out in a volume of 20 pl with
2 ul of 10x ammonium sulphate buffer, 2 pl of 25 mM
MgCl,, 0.3 ul of the Hot Start Taq polymerase produced by
SIBENZYME company, Novosibirsk (5 U/ul), 0.15 pul BSA
(10 mg/ml), 1 ul of forward and reverse primers (10 pM) each,
2 pl of 2 mM dNTPs, 2 pl of diluted DNA (20-60 ng) and
10.55 pl of deionised water. For PCR, BIO-RAD MyCycler
thermal cycler was used, with the reaction parameters as fol-
lows: denaturation at 95 °C for 3 min followed by 32 cycles
including denaturation at 94 °C for 30 s, annealing at 55 °C
for 25 s, elongation at 72 °C for 45 s. The PCR products were
purified with Invisorb® Spin Filter PCRapid Kit and Sanger
sequenced using Big Dye Terminators version 3.0 or 1.1 at
SB RAS Genomic Core Facility.

Raw trace files were visualized and translated into nucleo-
tide sequences with the use of the Gap4 software (Staden et
al., 2003). The sequences were aligned with ClustalW (Larkin
et al., 2007) using the MEGA 6.0 software package (Tamura
et al., 2013) with default parameters. For a separate analysis
of the non-coding spacer between the histone H3 and H4
genes, the relevant part of the alignment of the entire histone
H3-H4 region was used, since separate alignment of the spacer
sequences as such is less reliable.

The phylogenetic relationships were reconstructed with the
Maximum Likelihood method using MEGA 6.0, with Kimura
2-parameter substitution model, as default in the package; rate
among sites: gamma-distributed with invariant sites. Bootstrap
values from 100 replications were calculated. The sequences of
the histone H3-H4 region of three species of Diptera, Aedes
notoscriptus (Skuse, 1889), Anopheles funestus (Giles, 1900)
and A. marshalli (Theobald, 1903) from GenBank, were used
as the outgroup for the order Odonata-wide phylogenetic re-
construction (Figs 2—4), because in Diptera we found the same
order and orientation of the genes of histones H3 and H4.

The uncorrected p-distances between different alleles of
the histone H3-H4 regions within species of Sympetrum were
calculated with the MEGA 6.0 software (the entire matrix is
not shown).
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Results

The histone H3—H4 region was successfully amplified with
the above suggested primer pair and sequenced from DNA
isolated from specimens of Odonata enumerated in the Table,
59 individuals of 24 species. Together with the 36 sequences
adopted from public databases, this comprised a sample of
95 sequences of 60 species.

The sequences of the histone H3—H4 region contained parts
of the conservative coding sequences of the genes of histones
H3 (351 b.p.) and H4 (288 b.p.) and the spacer between them
of avariable length of about 250 b.p. All substitutions revealed
in the coding sequence fragments were synonymous except for
the substitution T > A in the first position of the second codon
of the histone H4 gene, which changes threonine to serine, in
both sequenced specimens of S. fonscolombii (Selys, 1840)
(not shown). As expected, the sequences of bordering coding
sequences were unambiguously aligned. At the same time the
spacer is expectedly hyper-variable and exhibits a high rate
of indels, so its alignment was much less certain and retained
some ambiguity. The alignment involving one sequence per
each studied species, including the outgroup, used for recon-
struction of the phylogenetic tree of Figure 2, was 1019 b.p.
long and had 583 (57 %) variable sites, 529 (52 %) parsi-
moniously informative sites and 42 (4 %) singletons. These
numeric estimates, however, are conventional and should be
taken with caution because of uncertainty of the alignment
of the non-coding sequence of evolutionary distant species.

One specimen of S. sanguineum (Miiller, 1764) (Ss-2), one
specimen of S. fonscolombii (No. 1), and one specimen of
S. uniforme (Su-23) appeared to be heterogeneous containing
reads with and without deletion of a number of nucleotides
in the spacer. One of those indels found in S. sanguineum
(Ss-2) concerned just one base pair; so we were able to infer
both sequence variants from the chromatogram but used for
further analysis only one of them, chosen randomly. Indels
found in the other two species were longer, about 5 and 10 b.p.
Although the sequences beyond the deleted region could be
reconstructed, we preferred to exclude these specimens from
further analyses.

In some positions, the chromatograms revealed two peaks
of comparable height suggesting within-specimen heterogene-
ity for nucleotides occupying these positions. Those positions
reflected either heterozygosity for different alleles or cis-
heterogeneity for the histone repeat along a histone cluster,
quite expectable in the case of repeated units. Such positions
made uncertain the exact number of unique alleles found in
a species. A few chromatograms did not resolve nucleotides
in a number of positions adjacent to the primers; we never-
theless involved the shortened, well resolved sequences into
phylogenetic reconstructions.

First, we reconstructed a phylogenetic tree based on the
sequence of the H3—H4 region from one representative of
each involved species, both newly sequenced and available
or reconstructed from public databases (Fig. 2). The tree
was rooted with the sequences of mosquitoes Anopheles and
Aedes used as the outgroup. The overall tree topology well
corresponded to the family system of Odonata (Dijkstra et
al., 2013), except for the odd position of the genus Ischnura,
which is attributed to Coenagrionidae but clustered with Pla-
tycnemididae, although with a weak bootstrap support of 83.
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Libellulidae
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Platycnemididae
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Fig. 4. Phylogenetic tree of the studied Odonata species reconstructed with the Maximum Likelihood method from the intergenic
spacer between histone H3 and histone H4 genes. Bootstrap values are shown at the respective nodes.

Our tree included 10 currently recognised families of Odonata
(Dijkstra et al., 2013) represented by several species. Seven
of them were revealed as monophyletic clades well supported
by high bootstrap values: Libellulidae (95), Corduliidae (100),
Macromiidae (100), Aeshnidae (100), Petaluridae (100), Cor-
dulegastridae (100) and Calopterygidae (100). Two families
appeared monophyletic with weak support: Gomphidae (82)
and Platycnemididae (74). The cluster of Coenagrionidae
without Ischnura had the highest support of 100. Even re-
presentatives of the three families (Corduliidae, Macromiidae
and Synthemistidae s. I.), previously considered in the family
Corduliidae in the broad sense, also grouped in a cluster with
the maximum support of 100.

Archilestes grandis is the only involved representative of
Lestidae, the family considered to retain most plesiomorphic
characters among Odonata (Dijkstra et al., 2013). Hence
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its position as the most basal branch of Odonata was rather
expected. If we were to exclude this branch formally attrib-
uted to Zygoptera, both suborders Anisoptera and Zygoptera
would appear monophyletic but weakly supported (67 and
84, respectively).

The tree of Figure 2 includes nine genera represented by
more than one species. Seven of them (Orthetrum Newmann,
1833, Somatochlora, Macromia Rambur, 1842, Anax Leah
in Breuster, 1815, Cordulegaster Leah in Breuster, 1815,
Ischnura Charentier, 1840, Hetaerina Hagen in Selys, 1853)
had the highest support of 100. The genus Sympetrum, re-
presented by 11 species, formed a monophyletic cluster with
weak support (72). However, if we were to exclude the prob-
lematic (see below) divergent species S. fonscolombii, the
remained 10 species would cluster together with the maximum
support of 100. The genus Libellula Linnaeus, 1758 would
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Synthemistidae s.I.
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Fig. 5. Phylogenetic tree of the species of Odonata as in Figure 2 (with two omissions) reconstructed with the Maximum Likelihood method from the ITS
region sequences adopted from GenGank. Bootstrap values are shown at the respective nodes. Two species of Diptera, Culicidae serve as the outgroup.

become monophyletic but weakly supported (68) if we were
to assume Ladona Needham, 1897 to be its synonym, as it is
often considered.

It was interesting to evaluate separate inputs into this
phylogenetic resolution of the histone coding sequences and
spacer, so we reconstructed phylogenetic trees based on these
two components separately (Figs 3, 4). In both trees, terminal
branches uniting close species or genera are mainly well sup-
ported. The support of families is somewhat lower than in the
tree based on the entire histone H3—H4 region (Fig. 2), with the
values in the tree based on the concatenated coding sequences
of both histone genes (Fig. 3) being in general higher than in
the tree based on the non-coding spacer (Fig. 4). The principal
topology of the tree based on the spacer sequences (Fig. 4)
remained similar to that of the tree based on the entire H3-H4
region (Fig. 2), but is not supported. The overall topology with
respect to positions of families of the tree based on the coding
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sequences (Fig. 3) is different, does not reflect dichotomy for
the two suborders and is even less supported than in the spacer
tree (Fig. 4). This can be attributed to saturation of conserva-
tive histone gene sequences by synonymous substitutions at
long evolutionary distances. Altogether, we may conclude that
both parts of the histone H3-H4 region have their input into
its resolving power, but the best result is produced by the two
parts taken together.

As stated above, the phylogenetic marker proposed here,
the histone H3—-H4 region, is similar to the popular ITS region
containing rRNA genes and two non-coding spacers between
them. To compare phylogenetic resolution of these two mar-
kers, we reconstructed a phylogenetic tree based on the ITS
region sequences adopted from GenBank, which contains the
same species except for N. ruptus and S. arenicolor (Fig. 5).
The alignment of these sequences was 1048 b.p. long and
had 878 (84 %) variable sites, 529 (71 %) parsimoniously
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Fig. 6. Phylogenetic tree of the studied Sympetrum species reconstructed with the Maximum Likelihood method from the histone H3-H4 region
sequences. Bootstrap values are shown at the respective nodes. Orthetrum albistylum, O. glaucum and Rhyothemis phyllis serve as outgroup.

informative sites and 118 (11 %) singletons. These data are
also affected by the ambiguity of the alignments of the non-
coding spacers as those for the histone H3-H4 region and
should be taken with caution. The ITS region contained a
somewhat greater share of parsimoniously informative sites
than the histone H3—-H4 region, 71 vs 52 %. However, the ITS
marker appeared substantially inferior in resolving odonate
families as compared to the histone H3—-H4 region, as seen
in the phylogenetic tree reconstructed from the ITS region
(Fig. 5). This tree contains a number of awkwardly placed spe-
cies. The zygopteran Archilestes grandis occurs among Ani-
soptera where it clusters with U. carovei, which in turn does
not cluster with the two other Petaluridae. P. pennipes does
not cluster with the second Platycnemididae, P. notostigma,
but occurs among representatives of Coenagrionidae. The
branch of Macromiidae does not cluster with other Anisoptera.
S. fonscolombii is far decoupled from other Sympetrum spp.
We may conclude that the ITS region is unable to adequately
resolve the phylogeny at the level of Odonata families.

To test the applicability of the proposed marker, the histone
H3-H4 region, to evaluating intra-generic and intra-species
variation, we estimated its variation and reconstructed a phy-
logenetic tree for 45 specimens belonging to 11 species of the
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genus Sympetrum involved, using the sequences of Rhyothe-
mis phyllis (Sulzer, 1776), Orthetrum albistylum (Selys, 1848)
and O. glaucum (Brauer, 1865) as the outgroup (Fig. 6). The
magnitude of intra-species variation of the histone H3—H4 re-
gion sequence appeared quite substantial. For the three species
represented by 10 to 14 specimens, S. croceolum, S. uniforme
and S. danae, the maximum uncorrected p-distances (that is,
the share of variable positions among all positions) between
different alleles within a species appeared to be respectively
0.0216, 0.0037 and 0.0011, that is ca 2.1, 0.4 and 0 %. The
averaged differences between any two sequences within
S. croceolum, S. uniforme and S. danae were 0.0165, 0.0009
and 0.0003, respectively.

In the reconstructed phylogenetic tree (Fig. 6), ten se-
quences of S. uniforme, ten sequences of S. danae and three
sequences of S. flaveolum expectedly clustered with the
maximum bootstrap support of 100. Strikingly, the cluster of
S. uniforme appeared to be nested inside that of S. croceolum,
with the united cluster of these two species also having the
support of 100. S. pedemontanum (Mdiller in Allioni, 1766)
and S. cordulegaster clustered with a support of 76. At the
same time, S. fonscolombii showed a very deep divergence
from the rest of Sympetrum. We may conclude that sequences
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of different specimens of a species clustered together with the
maximum support or nearly so, and cases of tight clustering of
different species corresponded to the notion of their relatedness
based on morphology.

It is noteworthy that the sequences of two specimens of
S. croceolum from its West Siberian isolate (specimens Sc-41
and Sc-42) (Kosterin, 2002) did not show divergence from
those from the main Far Eastern range of the species (the rest
of the specimens) but were nested among them.

Discussion

The marker proposed

We may conclude that the phylogenetic information provided
by the proposed marker well resolved the overall phylogenetic
relationships of Odonata at taxonomic levels of families, ge-
nera and species (Fig. 2), with few notable exceptions, which
could actually reflect weak points of the currently accepted
taxonomic system (Dijkstra et al., 2013).

The high conservation of the histone H3 and H4 proteins is
paralleled by the high conservation of their coding sequences,
the variation of which is nearly confined to synonymous
substitutions (Stein et al., 1984; Doenecke et al., 1997; Eirin-
Lopez et al., 2009). This allowed us to design primers highly
specific to these particular genes but of a very broad applicabil-
ity to biological objects. It is noteworthy that the substitutions
in the histone coding sequence, the overwhelming majority of
which are synonymous, provide enough variation for satisfac-
tory resolution of phylogenetic relations between the studied
species (Fig. 3). Because of this, the histone H3 gene coding
sequence has been broadly used as a phylogenetic marker for
short evolutionary distances, e.g. in Odonata by Carle et al.
(2015), with conserved positions permitting universal primers
whereas the phylogenetic signal being mostly provided by
synonymous substitutions.

The marker proposed here, the histone H3—H4 region, has
an advantage of possibility to design highly universal primers
matching the most conserved eukaryotic coding regions, those
of histones H3 and H4. Note that we used the LH4_2R primer
designed to match the sequence of a lepidopteran, B. mori.
The amplified fragment contains most of the coding region
of histone H4 and about a half of that of histone H3, and ca
250 b.p. long spacer between them. No significant adaptive
constraint is expected for variation of the spacer, except for
the origins of transcription of both genes (in opposite direc-
tions, with the transcribed sequences not overlapping), which
the spacer contains judging from transcriptome data in public
databases (not shown). Hence, the spacer enjoys mostly a neu-
tral regime of evolution and may serve as a molecular clock.

The histone H3—-H4 region includes both highly conserved
coding sequences and a neutrally variable non-coding spacer,
and is tandemly repeated; this makes the proposed phylogene-
tic marker similar in biological and technical respects to such
a popular nuclear marker as the ITS region of the nucleolus
organiser (for its use in Odonata, see Hovmaller, Johansson,
2004; Dumont et al., 2010; Schneider et al., 2023) including
the internal spacers ITS1 and 1TS2 and the functional 5.8 S
rRNA between them. The length of ca 250 b.p. of the spacer
in the marker proposed here is comparable to ca 200 b.p. of
ITS1 and ca 160 b.p. of ITS2 (these figures are for Odonata).
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Both markers, the ITS and the histone H3—-H4 region, have
comparable lengths (ca 900 b.p.) and suffer from the same
drawback of certain ambiguity of alignment because of fre-
quent indels. Both are encoded by the nuclear genome but
functionally unrelated. Hence the histone H3—H4 region can
be used for the same purposes as the ITS region. Moreover,
comparison of phylogenetic resolution of Odonata at the fami-
ly level (Figs 2, 5) showed that the H3—H4 region adequately
resolved the phylogeny of the Odonata families (Fig. 2) while
the ITS region rather failed to do this (Fig. 5), so the use of
the former is preferable at this level.

Therefore, the use of the histone H3—-H4 region can update
the traditional analysis of the ITS region with about the same
amount of independent phylogenetic information of the same
nature. A joint analysis of both similar but unrelated nuclear
markers, the ITS and H3—-H4 regions (by their concatenation
or, better, involving software specially designed for simulta-
neous analysis of different markers), is expected to provide a
more robust phylogenetic inference than the analysis of ITS
alone. Judging by the phylogenetic trees obtained (Figs 2, 6),
the use of the histone H3—-H4 region as a phylogenetic marker
is highly recommendable at the levels of species and genera.
Since it correctly resolves the family structure of the order,
with few exceptions, it could also be useful at the level of
families as well, but better as an additional marker analysed
together with other phylogenetic markers.

Applicability of the new marker beyond Odonata

Because of conservativeness of the histone H3 and H4 genes,
the new marker can be used with the primers provided herein
for any Odonata and other insects with the same order and
orientation of the histone H3 and H4 genes in the histone
repeat. Our investigation of public databases revealed the
same order and orientation of these two genes in the histone
repeat in a number of species of Diptera. In the present study,
they are exemplified by such genera as Aedes Meigen, 1818
and Anopheles Meigen, 1818, used as the outgroup in the
phylogenetic trees of Figures 2—4. The same order was found
in D. melanogaster (Goodenough, 1984), which represents
another suborder of Diptera. Besides, the same was found in
the Formica Linnaeus, 1758 ants representing Hymenoptera.

For the use of the marker proposed here in insects with other
order or orientations of these genes, other relevant primers
have to be worked out. For example, in Lepidoptera, where
the genes of histones H3 and H4 have parallel orientation,
the same LH4-2R primer can be used in combination with a
primer of the sequence which is a reverse complement of that
of the Hex-AR primer. In this case, the portion of the coding
sequence of the H3 gene will be smaller, 37 b.p., and the spacer
will be somewhat longer — about 900-1400 b.p.

Histone genes are organised in tandem repeats in a broad
range of large groups of organisms such as amphibians,
fish, echinoderms, arthropods and annelids (Eirin-Lopez et
al., 2009). Among the examples given by Eirin-Lépez et al.
(2009), beyond insects, the genes of histones H3 and H4 are
adjacent in the histone repeat in the rainbow trout (fish), Xeno-
pus spp. (amphibians), starfish (species not indicated, echino-
derms), Asellus aquaticus (Linnaeus, 1758) (crustacean) and
three species from different genera of annelids (Eirin-Lopez
et al., 2009: Fig. 8.2). All these groups are potential targets
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Fig. 7. Males of Sympetrum croceolum (top - Russia, Novosibirsk Aca-
demy Town env., 24.08.2023) and S. uniforme (bottom - Russia, Primorye,
Gornye Klyuchi env., Draguchina Arm of the Ussuri River, 30.07.2020) in
nature. Photos by O. Kosterin.

for the use of versions of the marker proposed here based on
the coding sequences of the histone H3 and H4 genes and the
spacer between them, taking into account orientation of the
two genes. Moreover, among the organisms mentioned, the
crustacean A. aquaticus and the annelids Platynereis dumerilii
(Audouin, Milne-Edwards, 1834) and Chaetopterus vari-
opedatus (Reiner, 1804) have the same orientation of the two
genes as Odonata (Eirin-L6pez et al., 2009: Fig. 8.2). Taking
into account the high conservativeness of the histone H3 and
H4 genes, it is not excluded that the marker proposed here is
applicable to these objects with the same primers.

Phylogenetic relationships among Sympetrum spp.

The analysis of the new marker yielded two rather unexpected
results at once, both concerning the species S. croceolum and
S. uniforme (Fig. 6). First, S. uniforme appeared to be an in-
ner branch nested inside S. croceolum. This result appeared
robust regardless of the methods and models of phylogenetic
reconstructions (not shown). These species are obviously
related but well distinguishable by the morphology of the
male genitalia and female vulvar scale, wing coloration (dull,
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complete but gradually changing in intensity in S. uniforme
versus bright but with gaps in S. croceolum) (Fig. 7) and size
(inthe former it is somewhat larger). In East Asia, they usually
co-exist in a wide range of lentic habitats (Onishko, Kosterin,
2021), while S. croceolum also has an isolated range fragment
in the southern West Siberia (Kosterin, 1987; 2002; Popova,
Haritonov, 2020). It should be stressed that specimens of
S. uniforme, identified by external characters, formed a highly
supported cluster (Fig. 6). There is no doubt that S. croceolum
and S. uniforme are bona species. The phylogenetic pattern
obtained, where the sequences of S. uniforme are nested
inside those of S. croceolum, suggests S. uniforme being a
phyletic descendant of S. croceolum, which hence appeared
paraphyletic. This contradicts the cladistic approach in sys-
tematics and the phylogenetic concept of species. At the same
time, this pattern fits well the so-called punctuated equilibria
mode of speciation (Eldredge, Gould, 1972), suggesting that
speciation takes place for short time periods in evolutionary
scale (tens to hundreds of thousand years) in small, isolated
populations in the periphery of parental species’ ranges,
while species exist almost unchanged for millions of years
(evolutionary stasis). This concept better fits the basics of
evolutionary genetics (Mayr, 1963; Berdnikov, 1999) than
the earlier prevailing model of gradual divergent evolution.
In the punctuated evoltion point of view, species ‘propagate’
as if being individuals, with younger species often co-existing
with their parental species.

In the phylogenetic tree based on the histone H3—-H4 region
(Fig. 6), two analyzed specimens of S. croceolum from its
West Siberian isolate (specimens Sc-41 and Sc-42 from Lake
Manzherok) lacked supported divergence from specimens
from the main Far Eastern range of the species (the rest of
the specimens), which is quite remarkable. Specimens from
the West Siberian isolate (Kosterin, 2002) differ from the Far
Eastern specimens by a much more developed wing amber
colour and an appearance of a brown infumation in the wing
apical parts and so were for a long time supposed to represent
a separate subspecies (Kosterin, 1987; Popova, Haritonov,
2020), which, however, has not been named yet. This lack of
divergence at the molecular level suggests the West Siberian
isolate to be very young in evolutionary time scale and well
fits its hypothetic Holocene age, implying the range split after
Atlantic time (Kosterin, 2002), as well as in some nemoral
species of Lepidoptera (Dubatolov, Kosterin, 2000; Solovyev
etal., 2015, 2022). This, however, does not exclude a subspe-
cies rank of the West Siberian population(s), since subspecies
are entities of well-defined geographical variation for some
phenotype characters, which implies specific divergence of
the genes determining these characters rather than those of
the entire genome.

In all phylogenetic reconstructions from sequences of the
histone H3—-H4 region (Figs 2, 6), S. fonscolombii is strongly
diverged from the rest of the genus Sympetrum. The same
result was earlier obtained by Pilgrim and von Dohlen (2012)
who undertook a molecular phylogenetic study of Sympetrum
and related genera based on the joint analysis of the nuclear
marker EF-1a and ITS2, and the mitochondrial genes 16S,
tRNA valine, 12S, and COI. This divergent position of S. fon-
scolombii has long ago been recognised at the level of phe-
notype, resulting in a suggestion to move S. fonscolombii to
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the genus Tarnetrum Needham and Fischer, 1936 (Schmidt,
1987). This genus was erected for two Nearctic species,
Mesothemis corrupta Hagen 1861, and M. illota Hagen, 1861
(mentioned in (Schmidt, 1987) as well as presently considered
in combinations S. illotum and S. corruptum), with M. illota
(sub. S. illotum) indicated as the type species (Needham,
Fischer, 1936). However, according to Pilgrim and von Dohlen
(2012), S. corruptum is quite closely related to S. fonscolombii
(together with S. villosum Ris, 1911 and Nesogonia black-
burni (McLachlan, 1883)) while S. illotum is not. Since the
type species of the genus Tarnetrum is not closely related to
S. fonscolombii, this genus is not suitable for the latter species
(Dijkstra, Kalkman, 2015). Therefore, the genus Sympetrum in
the current sense deserves further reconsideration, maybe with
erection of a new genus at least for the fonscolombii-group
sensu Pilgrim et al. (2012).
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Complete plastome sequences of Lonicera L. species:
implications for phylogeny and comparative analysis
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Abstract. Lonicera L. is one of the largest and economically significant genera in the family Caprifoliaceae Juss., with
a controversial taxonomy. To contribute to its molecular taxonomy, we sequenced the plastomes of Lonicera spe-
cies: Lonicera caerulea (two subspecies), L. tatarica, and L. micrantha — using next-generation sequencing techno-
logy and conducted a comparative analysis. Plastome sizes ranged from 153,985 bp in L. micrantha to 164,000 bp
in L. caerulea subsp. pallasii, each containing 130 genes, including 85 protein-coding, 37 tRNA, and 8 rRNA genes.
Five protein-coding (rps7, rps12, ndhB, ycf2, and ycf15), 7 tRNA (trnA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU,
trnR-ACG, and trnV-GAC), and 4 rRNA (rrn4.5, rr5, rrm16, and rrn23) genes were duplicated. Comparative analysis of
Lonicera plastome boundaries revealed structural variations in L. caerulea subsp. altaica and L. caerulea subsp. pallasii,
particularly in ndhA gene distribution. Three highly variable, two intergenic (ycf1-trnN-GUU and trnN-GUU-ndhF) and
one genic (accD) region were identified. A total of 641 simple sequence repeats were detected in four plastomes.
Phylogenetic analyses grouped Lonicera samples into two clades corresponding to subgenera Periclymenum and
Chamaecerasus. In this study, the plastid genomes of two subspecies of L. caerulea and species L. micrantha were se-
quenced for the first time. The maximum likelihood tree derived from complete plastid genome sequences proved to
be the most informative, showing a topology consistent with previous studies. The nucleotide sequences of variable
regions (accD-ycf1-ndhF-trnN-GUU) demonstrate high potential for use in DNA barcoding and may serve as valuable
molecular markers for species phylogenetic studies within the genus Lonicera.
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ITonHbIe rocjaegoBaTeIbHOCTU IIJIACTOMOB BUOOB Lonicera L.:
3HaueHue OJis1 (PUJIOreHnn 1 CpaBHUTEJIbHBIN aHA/IN3

III.C. AabmepexoBa ()1, M.M. Epmaramberosa ()1, A.E. Ep6oaaros (21, MLIO. Ummypatosa (22, E.K. Typycrexos 1’2@

1 MHCTUTYT 6ronorum n 6uoTexHonormm pacteHnin, Anmatsl, KazaxcraH
2 KaparaHguHCKn yHBepcnTeT M. akafgemuka E.A. BykeToBa, KaparaHpaa, KasaxcTtaH
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AHHoTauuA. Pog Lonicera L. — ofiH U3 KpynHENLWNX 1 SKOHOMUYECKM 3HaUMMbIX B cemelicTBe Caprifoliaceae Juss.,
TaKCOHOMUA KOTOPOTo OCTaeTcA cnopHow. C Lenblo BHECEHWA BK1afa B MONEKYIAPHYI0 TaKCOHOMUIO fl’RHHOTO poaa
Mbl CEKBEHMPOBANN niactoMbl BUAoB Lonicera - L. caerulea (pBa nopswvpa), L. tatarica v L. micrantha — c ncnonb3oBa-
HMEeM TEXHONOTUM CEKBEHNPOBAHNA HOBOTO MOKOJIEHWA 1 MPOBENM CPAaBHUTENbHBIN aHanu3. Pa3mepbl nnacToMoB
BapbupoBanu ot 153985 n.H.y L. micrantha po 164000 n.H. y L. caerulea subsp. pallasii; kaxpablin nnactom copeprkan
130 reHoB, BKtouas 85 reHoB, koanpytowux 6enok, 37 TPHK 1 8 pPHK reHos. MATb 6enok-kogupyowumx (rps7, rps12,
ndhB, ycf2 v ycf15), 7 TPHK (trnA-UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU, trnR-ACG v trnV-GAC) n 4 pPHK (rrn4.5,
rms5, rrn16 v rrn23) reHa G6binm AynanuyupoBaHbl. CpaBHUTENbHBIN aHaNIM3 rPaHNL, NIacTOMOB Y BULOB Lonicerd BbiABWN
CTPYKTYpHble Bapuiauun y L. caerulea subsp. altaica v L. caerulea subsp. pallasii, ocobeHHO B pacnpeneneHn reHa
ndhA. Bbinv ngeHTMGMLNPOBaHbI TPY BbICOKOBapUabenbHble 0b6nactu: aBe mexreHHble (ycf1-trnN-GUU n trnN-GUU-
ndhF) v ogHa reHHas (accD). B ueTbipex nnactomax obHapy»keHo Bcero 641 npocTas NoBTOPAOLWAACA NocnefoBaTesb-
HOCTb (SSR). dunoreHeTnyecKnin aHanm3 crpynnupoBasn obpasubl Lonicera B iBa Knaaa, COOTBETCTBYOLMX MOAPOAAM
Periclymenum v Chamaecerasus. B HacToALleM nccnefoBaHUY BnepBble CeKBEHNPOBaHbI NNACTUAHbIE TEHOMbI ABYX
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nonsuaos L. caerulea v Buga L. micrantha. peBo, noctpoeHHoe meTtogoM maximum likelihood Ha ocHoBe NMonHbIX
nocnefoBaTeNnbHOCTEN MACTOMOB, OKa3anocb Hanbosiee MHPOPMATUBHBIM U AEMOHCTPUPOBANIO TOMOJIOTNIO, CO-
rnacyioLyca ¢ npeablayWwmmmn NcciefoBaHamMn. HykneotuaHble nocnefoBaTenbHOCTM BapuabenbHbIX permoHoB
(accD-ycf1-ndhF-trnN-GUU) obnagatoT BbICOKMM NOTEHUMANom Ana ucnonbsosaHus B [HK-6apkogmposaHmim n mo-
ryT CAYXWUTb LEHHbIMU MOJSIEKYNAPHBIMY MapKepamu Ans GUAoreHeTMYecKnx MccrefoBaHUii BUAOB BHYTPU poja

Lonicera.

KntoueBblie cnoBa: Lonicera; KasaxcTaH; CeKBEHUpPOBaHWE HOBOIo NMOKONEHNUS; Bapma6eanble PEernoHbl; MapKepbl
ﬂ,HK-6apKO,ElVIpOBaHVIH; NpoCTble MOBTOPAKLWMECA nocsieaoBaTeSibHOCTU

Introduction

Lonicera L. is the largest genus in the family Caprifoliaceae
Juss., comprising approximately 140 species (Wang G.Q. et
al., 2024), which are widely distributed across North America,
Europe, Asia, and Africa (Donoghue et al., 2001; Wen, 2001).
Lonicera species exhibit diverse constituents, including sa-
ponins, flavonoids, iridoids, phenolic acids, alkaloidal glyco-
sides, etc. (Lin et al., 2008; Ali et al., 2013; Yang Q.R. et al.,
2016; Ni, 2017). Moreover, it exhibits a range of biological
activities, including antioxidant, anti-inflammatory, antiviral,
anti-hepatoma, and hepatoprotective effects (Yoo et al., 2008;
Park et al., 2012; Kong et al., 2017; Ge et al., 2018; Liu M.
etal., 2020). Besides their biological activities, species of the
Lonicera genus also hold significant ornamental value and
are widely used in landscaping (Hayes, Peterson, 2020; Var-
lashchenko et al., 2021).

In Kazakhstan, the genus is represented by 22 species
(Abdulina, 1999), two of which are listed in the Red Book of
Kazakhstan (Baitulin, Sitpayeva, 2014). The species Lonicera
caerulea subsp. altaica (Pall.) Gladkova, L. caerulea subsp.
pallasii (Ledeb.) Browicz, L. tatarica L., and L. micrantha
Trautv. ex Regel are widely distributed across Kazakhstan.
According to the Plants of the World Online (https://powo.
science.kew.org/) L. caerulea subsp. altaica is native to a vast
range extending from Eastern Europe to Siberia and Mon-
golia, while L. caerulea subsp. pallasii is found in Northern
and Eastern Europe, Siberia, and Central Asia. L. tatarica
occurs naturally from Eastern Europe to Central Siberia and
northeastern China; in contrast, L. micrantha is native to Ka-
zakhstan. These species play a crucial role in the region’s floral
biodiversity and are of particular ecological and conservation
significance. Additionally, they possess medicinal properties
and have been traditionally used in folk medicine for various
therapeutic applications (Golubev et al., 2022; Boyarskikh,
Kostikova, 2023; Taldybay et al., 2024). In Kazakhstan,
Lonicera species have been studied using botanical (Ametov et
al., 2016; Vdovina et al., 2024), phytochemical (Kushnarenko
et al., 2016), and biochemical (Vdovina, 2019) assessments.

The phylogenetic relationships within Lonicera remain
incompletely resolved, presenting ongoing systematic chal-
lenges and requiring revisions to its classification (Wang G.Q.
et al., 2024). Over time, various classification systems for
Lonicera have been proposed (Maximowicz, 1877; Rehder,
1903; Nakai, 1938; Hara, 1983). According to A. Rehder
(1903), Lonicera is divided into two subgenera, Chamae-
cerasus (L.) Rehder and Periclymenum (Mill.) Rehder; within
the subgenus Chamaecerasus, it is further classified into four
sections: Isoxylosteum Rehder, Isika DC., Coeloxylosteum
Rehder, and Nintooa DC. H. Hara (1983) proposed a clas-
sification, which was based on the study by C.J. Maximow-
icz (1877), dividing Lonicera into subgenera Lonicera and

884

Caprifolium (Mill.) Dippel, with further subdivision of sub-
genus Lonicera into four sections (Isika (Anderson) Rehder,
Caeruleae (Rehder) Nakai, Lonicera and Nintooa (Sweet)
Maxim) and five subsections (Purpurascentes, Monanthae,
Isika, Bracteatae, and Rhodanthae). Later, P.S. Hsu et al.
(1988) classified Lonicera into subgenera Chamaecerasus
and Lonicera; further, subgenus Chamaecerasus was divided
into four sections (Coeloxylosteum, Isika, Isoxylosteum, and
Nintooa).

With advancements in molecular genetic technologies,
numerous studies have focused on the phylogenetics of
Lonicera. For instance, M. Nakaji et al. (2015) investigated the
phylogenetic relationships among 23 Japanese Lonicera spe-
cies using nucleotide sequences of five plastid non-coding re-
gions (rpoB-trnC, atpB-rbcL, trnS-trnG, petN-psbM, and
psbM-trnD). The findings support the fundamental validity
of the classification by H. Hara (1983) of higher taxonomic
groups for Japanese Lonicera species. M. Srivastav et al.
(2023) conducted a phylogenetic analysis using restriction
site-associated DNA sequencing (RADSeq). The RADSeq-
based phylogenetic tree revealed that the Coeloxylosteum,
Isoxylosteum, and Nintooa sections within subgenus Chamae-
cerasus were monophyletic, whereas the Isika section was
found to be paraphyletic. Using nuclear ribosomal DNA
cistron and plastid genome data, X.L. Yang et al. (2024) con-
firmed the paraphyly of section Isika and the monophyly of
sections Coeloxylosteum, Isoxylosteum, and Nintooa within
subgenus Chamaecerasus, aligning with the findings of
M. Srivastav et al. (2023). All of the above-mentioned studies
have contributed to the classification of the genus Lonicera.
However, due to widespread hybridization and introgres-
sion, the precise taxonomy of Lonicera remains unresolved
(Wang H.X. et al., 2020).

The plastid is a vital organelle for photosynthesis in plants
and possesses its own genome (Howe et al., 2003). The
plastome is uniparentally inherited and highly conserved in
gene content and organization (Howe et al., 2003). It ranges
in size from approximately 120 to 160 kb and exhibits a quad-
ripartite structure consisting of two identical inverted repeats
(IR) and two single-copy regions: a large single-copy (LSC)
region and a small single-copy (SSC) region (Palmer et al.,
1988; Ruhlman, Jansen, 2014).

Advancements in high-throughput sequencing technolo-
gies have greatly facilitated plastid genome research, mak-
ing it more accessible and enabling comprehensive genomic
analyses. To date, only a few studies have been conducted on
the comparative analysis of Lonicera plastid genomes. For
example, seven plastid genomes (L. ferdinandi, L. hispida,
L. nervosa, L. fragrantissima var. lancifolia, L. stephanocarpa,
L. tragophylla, and L. japonica) (Liu M.L. et al., 2018) and
three plastid genomes (L. japonica, L. similis, and L. acumi-
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nata) (Yang C. etal., 2023) have been comparatively analyzed.
Recent studies have demonstrated that nucleotide sequences
of the plastid genome can provide valuable insights for phy-
logenomic analysis (Luo et al., 2021; Zhao et al., 2023) taxo-
nomic classification (Li Q., 2022; Oyuntsetseg et al., 2024),
and species identification, utilizing plastome sequences as a
super barcode (Chen X. et al., 2018; Zhang Z. et al., 2019).
Moreover, plastid genome nucleotide sequences serve as a
valuable resource for identifying species-specific genetic
markers, such as DNA barcoding (Hong et al., 2022; Tang et
al., 2022; Almerekova et al., 2024), microsatellite (Zhu M. et
al., 2021; Yermagambetova et al., 2023), and single nucleotide
polymorphism (SNP) markers (Dong et al., 2021). Therefore,
we believe that sequencing and comparative analysis of
Lonicera plastomes can contribute insights into the taxonomic
classification and phylogenetic relationships of the genus.

In this study, we sequenced the plastid genomes of Lonicera
species (L. caerulea subsp. altaica, L. caerulea subsp. pallasii,
L. tatarica, and L. micrantha) using Illumina Next Genera-
tion Sequencing technology. Among them, L. caerulea subsp.
altaica, L.caerulea subsp. pallasii, and L. micrantha have
been sequenced for the first time to date. We conducted a
plastome-based analysis to characterize the plastomes of the
selected Lonicera species. Our analysis included comparative
plastome assessments with previously sequenced Lonicera
species from GenBank, identification of potential molecular
markers valuable for DNA barcoding and population gene-
tics, and evaluation of the taxonomic positions of the studied
Lonicera species.

Materials and methods

Plant leaf material collection and DNA extraction. Fresh
leaf samples were collected from the eastern and central parts
of Kazakhstan. Detailed information on the collection sites
is provided in Table 1. The leaves were dried in silica gel and
subsequently used for DNA extraction. Genomic DNA was ex-
tracted from the dried Lonicera leaves using the cetyltrimethyl-
ammonium bromide (CTAB) method (Doyle J.J., Doyle J.L.,
1987). The quality and concentration of the extracted DNA
were assessed using a NanoDrop™ One spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

Plastid genome sequencing, assembly, and annotation.
DNA samples that passed Quality Control (QC) analysis
were used for subsequent library preparation. The libraries
were constructed using the TruSeq Nano DNA Kit (Illumina
Inc., San Diego, CA, USA). Plastid genome sequencing was
performed on the [llumina NovaSeq 6000 (Illumina Inc.) plat-
form at Macrogen Inc. (Seoul, Republic of Korea). The quality
of raw sequencing data was assessed using FastQC 0.11.7
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc,
accessed on 02 December 2024). The adapter sequences
were removed from the raw reads using Trimmomatic 0.38
(Bolger et al., 2014). De novo assembly was conducted using
NOVOplasty (Dierckxsens et al., 2017), and plastome an-
notation was performed using the Plastid Genome Annotator
(PGA) (Qu et al., 2019). Gene maps of the annotated plastid
genomes of L. caerulea subsp. altaica, L.caerulea subsp.
pallasii, L. tatarica, and L. micrantha were drawn using the
OrganellarGenomeDRAW tool 1.3.1 (OGDRAW) (Lohse et
al., 2007). The newly sequenced plastomes of these species
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Table 1. Information on the collection sites
of studied Lonicera species in Kazakhstan

Species Collection sites

L. caerulea subsp.
altaica

Kazakhstan, East Kazakhstan region,
Western Altai, foothills of the Ivanovsky ridge

L. caerulea subsp. Kazakhstan, Karaganda region,

pallasii Karkaraly district, Karkaraly Mountains

L. tatarica Kazakhstan, Karaganda region,
Bukhar-Zhyrau district

L. micrantha Kazakhstan, Karaganda region,

Karkaraly district, Karkaraly Mountains

have been deposited in GenBank under the accession numbers
PV026015-PV026018.

Comparative plastome analysis. Comparative plastome
analysis of the studied Lonicera species was conducted using
mVISTA (Frazer et al., 2004) in Shuffle-LAGAN mode, with
the plastid genomes of L. caerulea (0Q784224) and L. tatarica
(0Q784187) serving as references. Additionally, the junction
sites of the four Lonicera plastomes were examined using
the IRscope online tool (Amiryousefi et al., 2018), utilizing
the same reference genomes, L. caerulea (0Q784224) and
L. tatarica (OQ784187).

Nucleotide variability analysis. The complete plastid
genome sequences of the Lonicera species were aligned
using Geneious Prime® 2025.0.3 (https://www.geneious.com,
accessed on 10 February 2025). The aligned sequences were
then analyzed for nucleotide variability (Pi) using a sliding
window approach in DnaSP v6 (Rozas et al., 2003). The slid-
ing window analysis was performed with a window length of
600 bp and a step size of 200 bp.

Simple sequence repeats analysis and comparative
genome analysis. Simple sequence repeats (SSRs) in the
nucleotide sequences of the four studied Lonicera plastomes
were identified using MISA software (Beier et al., 2017). The
detection thresholds were set as follows: eight repeats for
mononucleotide SSRs, four repeats for di- and trinucleotide
SSRs, and three repeats for tetra-, penta-, and hexanucleotide
SSRs.

Phylogenetic analysis. Phylogenetic analysis was con-
ducted using alignments of complete plastid genome sequen-
ces, protein-coding gene sequences, and variable region gene
sequences from L. caerulea subsp. altaica, L. caerulea subsp.
pallasii, L. tatarica, and L. micrantha, along with GenBank
samples, including outgroup species (Heptacodium miconioi-
des and Triosteum himalayanum). A total of 24 complete plas-
tid genomes were selected to construct phylogenetic trees in
order to determine the phylogenetic placement of the studied
species within the genus Lonicera. The sequence alignment of
the complete plastid genomes was conducted using Geneious
Prime® 2025.0.3 (https://www.geneious.com, accessed on
12 February 2025). Phylogenetic relationships were inferred
using the maximum likelihood (ML) and Bayesian inference
(BI) methods. Maximum likelihood trees were generated
using IQ-TREE 2.2.2.6 (Nguyen et al., 2015). The software
was also used to determine the optimal tree-building model,
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identified as GTR+F+1+R2 for complete plastid genome
and variable region genes data, and as TVM+F+I1+R3 for
protein-coding genes data, which were then applied to recon-
struct the ML phylogenetic tree. BI phylogenetic trees were
reconstructed using MrBayes 3.2.7 (Ronquist et al., 2012).
The resulting phylogenetic trees were visualized using FigTree
(Rambaut, 2009). The network analysis was performed in
SplitsTree4 (Huson, Bryant, 2006) with the Neighbor-Net
algorithm.

a

L. caerulea
subsp. altaica
163,889 bp

L. tatarica
154,587 bp

Complete plastome sequences of Lonicera L. species:
implications for phylogeny and comparative analysis

Results

General features of the four Lonicera plastomes

Illumina sequencing generated paired-end reads with an ave-
rage length of 150 bp for the four Lonicera plastomes. The
lengths of the plastid genomes of L. caerulea subsp. altaica,
L. caerulea subsp. pallasii, L. tatarica, and L. micrantha
were 163,889; 164,000; 154,587, and 153,985 bp, respectively
(Fig. 1).

b

L. caerulea
subsp. pallasii
164,000 bp

d

L. micrantha
153,985 bp

Fig. 1. Plastid genome maps of L. caerulea subsp. altaica (a), L. caerulea subsp. pallasii (b), L. tatarica (c) and L. micrantha (d) species.

Genes positioned outside the outer circle are transcribed in a counterclockwise direction, while those inside the circle are transcribed in a clockwise direction.
The inner circle represents GC and AT content, with darker gray indicating GC content and lighter gray representing AT content. Genes are color-coded according
to their functional categories. The plastid genome map displays a large single-copy (LSC) region, small single-copy (SSC) region, and inverted repeat regions (IRA

and IRB).
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Genome features L. caerulea subsp. altaica L. caerulea subsp. pallasii L. tatarica L. micrantha
GenBank numbers PV026015 PV026016 PV026017 PV026018
Genome size (bp) 163,889 164,000 154,587 153,985
LSC 88,119 88,813 88,185 88,040
SSC 10,172 10,169 18,750 18,589
IRA 32,799 32,509 23,826 23,678
IRB 32,799 32,509 23,826 23,678
Number of total genes (unique) 130 (115) 130 (115) 130 (115) 130 (115)
Protein genes 85 (80) 85 (80) 85 (80) 85 (80)
tRNA genes 37 (30) 37 (30) 37 (30) 37 (30)
rRNA genes 8(4) 8(4) 8(4) 8(4)
GC content (%) 38.05 38.12 38.42 38.40
in LSC 36.95 36.92 36.88 36.83
in SSC 32.90 32.84 32.94 33.06
in IRA 40.34 40.59 43.44 43.43
in IRB 40.34 40.59 43.44 43.43

The plastid genome structure consisted of a large single-
copy (LSC) region, ranging from 88,040 bp in L. micrantha to
88,813 bp in L. caerulea subsp. pallasii, a small single-copy
(SSC) region varying from 10,172 bp in L. caerulea subsp.
altaicato 18,750 bp in L. tatarica, and an inverted repeat (IR)
region, spanning from 47,356 bp in L. micrantha to 65,598 bp
in L. caerulea subsp. altaica. The two inverted repeat regions
were designated as IRA and IRB. The total GC content of
the four Lonicera plastid genomes was relatively consistent,
ranging from 38.05 % in L. caerulea subsp. altaica to 38.42 %
in L. tatarica plastome. The IR regions exhibited higher GC
content (40.34-43.44 %) compared to the single-copy regions,
with the LSC region ranging from 36.83 to 36.95 % and the
SSC region from 32.84 to 33.06 % (Table 2).

The four assembled plastid genomes of Lonicera exhibited
identical gene content, intron numbers, and gene order. The
plastid genomes of the studied Lonicera species comprised
130 genes, including 85 protein-coding genes, 37 tRNA genes,
and eight RNA genes. Among them, five protein-coding genes
(rps7, rps12, ndhB, ycf2, and ycf15), seven tRNA genes (trnA-
UGC, trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU, trnR-ACG,
and trnV-GAC), and four rRNA genes (rrn4.5, rrn5, rrnl6,
and rrn23) were duplicated within the IR regions of the four
Lonicera plastid genomes. A total of 17 genes contained in-
trons, of which 16 genes (rps12, rpsl6, rpl2, rpl16, rpoC1,
atpF, ndhA, ndhB, petB, petD, trnA-UGC, trnG-UCC, trnl-
GAU, trnK-UUU, trnL-UAA, and trnV-UAC) had a single
intron, while ycf3 was the only gene containing two introns.
The rps12 gene exhibited trans-splicing, with its 5" end located
in the LSC region, while its 3’ end was positioned in the IR
regions (Fig. 1, Table 3).

Comparative analysis of the four Lonicera plastomes

A comparative analysis of the complete plastid genomes of six
Lonicera species was conducted using mVISTA, with L. cae-
rulea (0Q784224) and L. tatarica (0Q784187) as reference
genomes. The alignment revealed high sequence conservation
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across the plastomes, with most variations occurring in non-
coding regions. Among the coding regions, accD exhibited
the highest level of divergence. The IR regions were the most
conserved, while the LSC and SSC regions displayed higher
levels of sequence divergence (Fig. 2).

Inverted repeat expansion and contraction

A comparative analysis of the LSC/IRB/SSC/IRA boundary
regions was conducted in the plastomes of Lonicera species
(L. caerulea subsp. altaica, L. caerulea subsp. pallasii, L. ta-
tarica, and L. micrantha), using L. caerulea (0Q784224)
and L. tatarica (OQ784187) from GenBank as reference se-
quences. There were structural differences in LSC/IRB/SSC/
IRA boundaries of Lonicera plastomes. The length of the
IR regions ranged from 23,678 to 32,799 bp in four studied
Lonicera plastomes with some expansion. A notable differ-
ence was found in L. caerulea subsp. altaica and L. caeru-
lea subsp. pallasii plastomes, where the gene ndhA, which
crossed over the IRA/SSC boundaries, was similar to those
in GenBank (L. caerulea). The ycfl gene’s distance from the
IRAregion was 246 and 268 bp in L. tatarica, and L. micran-
tha, respectively. At the IRB/SSC border, the ndhF gene was
fully present within the SSC region in all Lonicera plastomes,
extending into the IRB region with lengths ranging from 41
to 84 bp (Fig. 3).

Nucleotide diversity analysis

To assess nucleotide diversity values, the four Lonicera
complete plastid genomes in this study were aligned. The
aligned nucleotide sequences were then analyzed to calculate
the nucleotide diversity of the plastid genome using DnaSP.
The results revealed that the Pi values in the four Lonicera
plastomes ranged from 0 to 0.15222. Three highly variable
regions were identified: two intergenic regions (ycfl-trnN-
GUU and trnN-GUU-ndhF) and one genic region (accD).
Among these, the accD gene region exhibited the highest
Pi value (0.15222), followed by the ycfl-trnN-GUU region
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Table 3. Gene composition and functional categorization of the L. caerulea subsp. altaica, L. caerulea subsp. pallasii,

L. tatarica, and L. micrantha plastid genomes

Category Group of genes

Self-replication Ribosomal RNA

Transfer RNA

Names of genes
rrn4.5 (2), rrn5 (2), rrn16 (2), rr23 (2)
trnA-UGC* (2), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, trnG-GCC,

trnG-UCC¥, trnH-GUG, trnl-CAU (2), trnl-GAU* (2), trnK-UUU?, trnL-CAA (2), trnL-UAA¥,
trnL-UAG, trnM-CAU, trnN-GUU (2), trnP-UGG, trnQ-UUG, trnR-ACG (2), trnR-UCU,
trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC (2), trnV-UAC¥,
trnW-CCA, trnY-GUA

Small subunit of ribosome
Large subunit of ribosome
RNA polymerase
Translation initiation factor infA
Photosynthesis ATP synthase
NADH dehydrogenase

Subunits of cytochrome

Photosystem |

Photosystem Il

Rubisco rbcL
Other genes Maturase matK

Protease clpP

Envelope membrane protein cemA

Subunit of acetyl-CoA-carboxylase accD

C-type cytochrome synthesis gene ccsA

Genes of unknown
function

Conserved hypothetical
chloroplast ORF

rps2, rps3,rps4, rps7 (2), rps8, rps11, rps12* (2), rps14, rps15, rps16*, rps18, rps19
rpl2*%, rpl14, rpl16*, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36
rpoA, rpoB, rpoC1*, rpoC2

atpA, atpB, atpE, atpF*, atpH, atpl

ndhA*, ndhB* (2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK

petA, petB*, petD*, petG, petL, petN

psaA, psaB, psaC, psal, psaJ

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ

ycf1,ycf2 (2), ycf3**, ycf4, ycf15 (2)

* Genes containing a single intron, genes containing two introns; (2) - duplicated genes.

(0.10250) and trnN-GUU-ndhF (0.09722). Notably, the accD
region with the highest nucleotide diversity was concentrated
in the LSC region of the plastid genome (Fig. 4).

Repeat sequence analysis

This study identified 163, 163, 158, and 157 SSRs in the plas-
tid genomes of Lonicera caerulea subsp. altaica, L. caerulea
subsp. pallasii, L. tatarica, and L. micrantha, respectively,
resulting in a total of 641 SSRs. Five types of SSRs were iden-
tified, including mono-, di-, tri-, tetra-, and hexa-nucleotide
repeats. Most of the identified SSR markers were located
within the intergenic regions of the plastid genome’s LSC
region. Detailed information is provided in Supplementary
Table S11. Mononucleotide repeats were the most abundant
SSR motifs, comprising approximately 72.70 % of the total
SSRs, followed by dinucleotide repeats (18.72 %) and tetra-
nucleotide repeats (5.93 %). The most abundant SSR motifs
were mononucleotide repeats, which accounted for approxi-
mately 72.70 % of the total SSRs, followed by dinucleotide
(18.72 %) and tetranucleotide (5.93 %) repeats. Most of the
mononucleotide repeats consisted of A/T (451) rather than
C/G (15), while the majority of dinucleotide repeats were
composed of AT/AT (75) rather than AG/CT (45). Trinucleo-

1 Supplementary Table S1 and Figs $1-53 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx29.xIsx
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tide (1.25 %) and hexanucleotide (1.40 %) repeats were rare
across the studied plastid genomes but were present in all four
plastomes. Pentanucleotide repeats were not found in any of
the studied plastomes (Table 4).

Phylogenetic analysis

The ML method was used to reconstruct the phylogenetic trees
based on nucleotide sequences of complete plastid genomes
(Fig. 5a), protein-coding genes (Fig. 5b), and variable region
genes (Fig. 5¢). H. miconioides and T. himalayanum were
used as outgroups, while 22 Lonicera samples were included
as ingroups. The ML trees showed that the analyzed Lonicera
species were grouped into two clades: the Periclymenum sub-
genus clade and the Chamaecerasus subgenus clade. There
were five subclades in the ML phylogenetic trees (Fig. 5a—),
which represented the sections Eucarpifolia and Phenianthi
(Subclade T) within subgenus Periclymenum, section Isika
(Subclades 11 and III), sections Isika and Coeloxylosteum
(Subclades 1V), and section Nintooa (Subclade V) within
subgenus Chamaecerasus. The phylogenetic tree reveals that
L. tatarica forms a subclade (1V) consisting of species from
the Coeloxylosteum section, clustering with the L. tatarica
(MK970584) sequence from GenBank and indicating a close
relationship with L. maackii (MN256451) from GenBank.
Furthermore, L. caerulea subsp. altaica and L. caerulea
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L. caerulea OQ784224

L. tatarica OQ784187

L. caerulea subsp. altaica
L. caerulea subsp. pallasii
L. tatarica

L. micrantha

contig
gene
exon
UTR
CNS
mRNA

Fig. 2. Comparison of complete plastid genomes of six Lonicera samples using mVISTA, with L. caerulea (0Q784224) and L. tatarica (OQ784187) as refer-
ence genomes.

Gray arrows above the alignment indicate gene locations, while different colors distinguish coding and non-coding regions. The horizontal axis represents plas-
tome coordinates, and the vertical scale depicts sequence identity percentages, ranging from 50 to 100 %.

JLB JSB JSA JLA

L. tatarica (OQ784187)
154,550 bp

L. caerulea (0Q784224)
165,065 bp

L. caerulea subsp. altaica (PV026015)
163,883 bp

L. caerulea subsp. pallasii (PV026016)
164,000 bp

L. micrantha (PV026018)
153,985 bp

L. tatarica (PV026017)
154,587 bp

Fig. 3. Comparison of the junctions between the LSC, IR, and SSC regions in Lonicera plastomes. Species highlighted in blue were analyzed in this study.

JLB represents the junction between the LSC and IRB regions, JSB marks the boundary between the IRB and SSC regions; JSA indicates the junction between the
SSC and IRA regions, and JLA denotes the boundary between the IRA and LSC regions.
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Fig. 4. Nucleotide diversity of the four Lonicera plastid genomes using sliding window analysis (window length — 600 bp, step

size — 200 bp).

The X-axis represents the midpoint position of each window, while the Y-axis denotes the nucleotide diversity (Pi) value for each

window.

Table 4. The number and types of identified simple sequence repeats in the four Lonicera plastid genomes

Type Repeat unit L. caerulea subsp. altaica L. caerulea subsp. pallasii L. tatarica L.micrantha Total %
Mono- A/T 118 116 109 108 451 72.70
C/G 4 4 5 2 15
Di- AG/CT 10 10 14 11 45 18.72
AT/AT 19 20 17 19 75
Tri- AAC/GTT 1 1 0 1 3 1.25
AAG/CTT 1 1 1 1 4
AAT/ATT 0 0 1 0 1
Tetra- AAAG/CTTT 2 2 1 2 7 5.93
AAAT/ATTT 2 3 3 5 13

AATC/ATTG 1 1 1 1
AATT/AATT 1 1 1 1
AGAT/ATCT 2 2 3 3 10

Hexa- AAAATG/ATTTTC 2 2 0 2 6 1.40
AATGAT/ATCATT 0 0 0 1 1
AAACAT/ATGTTT 0 0 1 0 1
AAGGGT/ACCCTT 0 0 1 1

Total 163 163 158 157 641 100

subsp. pallasii samples analyzed in this study clustered in one
subclade (I11) with the L. caerulea (0Q784224) and L. cae-
rulea subsp. edulis (OP345475) sequences from GenBank.
Also, L. micrantha is positioned within the Chamaecerasus
subgenus in subclade Il and clusters closely with species
from the Isika section, particularly L. tangutica (MZ962399)
and L. microphylla (OP936076) from GenBank. Most of the
described subclades exhibit strong bootstrap support (100 %)
at the corresponding nodes, except for subclade 11 in the ML
phylogenetic tree based on complete plastid genome data
(Fig. 5a), which has moderate support (53 %), indicating high
confidence in their overall phylogenetic relationships.

The BI phylogenetic trees were constructed using the same
set of samples based on nucleotide sequences from complete
plastid genomes (Fig. S1), protein-coding genes (Fig. S2), and
variable region genes (Fig. S3). The resulting trees consistently
divided the analyzed Lonicera species into two distinct clades
corresponding to the subgenera Periclymenum and Chamae-
cerasus. The topologies of the BI phylogenetic trees were
largely congruent with those obtained using ML methods.

To further investigate the relationships and potential reticu-
lation within Lonicera species, we constructed a SplitsTree
phylogenetic network (Fig. 5d) based on complete plastid ge-
nome sequences from 22 Lonicera and two outgroup samples.
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Fig. 5. Maximum likelihood phylogenetic tree of the genus Lonicera inferred from nucleotide sequences of the complete plastid genome (a), protein-
coding genes (b), and variable region genes (c). Numbers at the nodes of the phylogenetic trees represent bootstrap support values.

Roman numerals (I-V) at the nodes of the phylogenetic trees denote subclade numbers. Splitstree neighbour-net network of 22 Lonicera and 2 outgroup plastid

genomes (d). Species highlighted in red were sequenced in this study.

In this analysis, relationships were generally congruent with
those in ML and BI phylogenetic trees. The results of the
phylogenetic network coincided with the ML dendrogram
(Fig. 5a-c). The network indicates that L. micrantha has
evolved significantly earlier than L. microphylla and L. tangu-
tica. Also, three subspecies of L. caerulea (altaica, pallasii,
and edulis) seem to be hybrid forms of the species (Fig. 5d).

Discussion

In the present study, the complete plastid genomes of the
L. caerulea subsp. altaica, L. caerulea subsp. pallasii, L. ta-
tarica, and L. micrantha were sequenced using next-generation
sequencing technology. These genomes were then compared
with those of other Lonicera species to enhance our under-
standing of the molecular taxonomy of the genus.

The plastid genomes of the studied Lonicera exhibited
the typical circular structure found in angiosperms (Palmer
et al., 1988; Ruhlman, Jansen, 2014), consisting of an LSC
region, an SSC region, and two IR regions (Fig. 1). Our an-

OUNOTEHETUKA N TAKCOHOMUA / PHYLOGENETICS AND TAXONOMY

notation identified a total of 130 genes, including 115 unique
genes, consisting of 85 (80 unique) protein-coding genes, 37
(30 unique) tRNA genes, and eight (4 unique) rRNA genes
(Table 3). Previous studies have reported slightly different
numbers of annotated protein-coding genes, with 82 and
83 genes identified in earlier analyses (He et al., 2017; Liu
M.L. et al., 2018; Yang C. et al., 2023). The discrepancies in
gene annotation primarily arise from differences in the ycf15
gene, which are lost in L. japonica, L. ferdinandi, L. hispida,
L. nervosa, L. fragrantissima var. lancifolia, L. stephanocarpa,
L. tragophylla, L. acuminata, and L. similis plastomes. Addi-
tionally, we identified the trnM-CAU gene, which was not
annotated in previous Lonicera plastome studies (Frazer et
al., 2004). These variations underscore the importance of an-
notation accuracy, indicating that further comparative analyses
are necessary to refine gene identification within the genus.
The genome sizes varied among species, ranging from
153,985 bp in L. micrantha to 164,000 bp in L. caerulea
subsp. pallasii. Notably, the plastid genome sizes of L. cae-
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rulea subsp. altaica (163,889 bp) and L. caerulea subsp.
pallasii (164,000 bp) were larger than those of the other two
(L. tatarica, and L. micrantha) studied species (Table 2). The
variations in the total length of plastid genomes are typically
associated with the expansion and contraction of IR regions
(Zhang X.F. et al., 2021). In this study, the IR regions of
L. caerulea subsp. altaica (32,799 bp) and L. caerulea subsp.
pallasii (32,509 bp) were found to be longer than the SSC and
LSC regions, contributing to their relatively larger plastome
sizes (Fig. 3). These results align with the previously reported
plastid genome size of L. caerulea (165,065 bp) (Yang X.L. et
al., 2024), suggesting that the specific plastid genome lengths
observed in the studied L. caerulea subspecies may be a com-
mon evolutionary characteristic with the L. caerulea species.

Molecular markers are essential tools in modern biological
research, playing a crucial role in unraveling genetic diver-
sity, phylogenetic relationships, and population dynamics
(Wang X.R., Szmidt, 2001; Al-Hadeithi, Jasim, 2021). Among
them, DNA barcoding markers offer an efficient approach to
species identification by targeting short, conserved regions of
the genome (Chac, Thinh, 2023). These markers have made
one of the most significant contributions to advancing our
understanding of evolutionary processes, establishing DNA
barcoding as a core methodology in plant taxonomy (Purty,
Chatterjee, 2016; Zhu S. et al., 2022). The highly variable
regions in nucleotide sequences of the plastid genome can be
used as potential specific DNA barcoding markers for specific
plant genera. Using mVISTA (Fig. 2) and sliding window
analysis (Fig. 4), we identified three highly variable regions
in this study: two intergenic regions (ycfl-trnN-GUU and
trnN-GUU-ndhF) and one genic region (accD). These regions
show promise as DNA barcoding markers for the phylogenetic
analysis of Lonicera species. Notably, the trnN-GUU-ndhF
region has been reported as particularly useful for developing
molecular markers in Lonicera species (Liu M.L. etal., 2018;
Yang C. et al., 2023).

Our study found that the accD gene region is the most vari-
able, a finding consistent with previous studies in Asteraceae
(Kim et al., 2020) and Fabaceae (Zhang T. et al., 2024). Two
intergenic regions (ycf1-trnN-GUU and trnN-GUU-ndhF)
identified in this study were also reported in other plant species.
For example, ycf1-trnN-GUU was a highly variable region in
the plastid genomes of Parasenecio (Liu X. et al., 2023) and
Medicago (Jiao et al., 2023) species. Z. Cao et al. (2023)
and W. Xing et al. (2024) reported that the trnN-GUU-ndhF
intergenic region is hypervariable in the plastid genomes of
Neocinnamomum taxa and Pinellia ternata, respectively. This
study identified two highly variable intergenic regions and
one genic region as promising candidates for DNA barcoding
markers in future research. Nonetheless, further studies are
needed to assess the effectiveness of these divergent markers
in the phylogenetic analysis of Lonicera species.

Another important class of molecular markers is the simple
sequence repeat (SSR) markers, which are widely recognized
for their value in plant population genetics in assessing genetic
diversity, population structure, and evolutionary relationships
(Chen F. et al., 2015; Yermagambetova et al., 2024). In our
study, we identified a total of 641 SSR markers across the
plastid genomes analyzed, with individual counts ranging from
158 in L. tatarica to 163 in both L. caerulea subsp. altaica
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and L. caerulea subsp. pallasii plastid genomes (Table 4).
Notably, the majority of these SSRs were located in the in-
tergenic regions of the LSC region, a distribution pattern that
aligns well with previous findings on angiosperm plastomes
(Xia C. et al., 2022; Nyamgerel et al., 2024).

Our results reveal that mononucleotide repeats are the most
prevalent SSR motifs across the four Lonicera plastomes
analyzed, which are common for Caprifoliaceae representa-
tives (Liu H. et al., 2022; Wang L. et al., 2024). Notably, the
majority of the mononucleotide repeats were composed of
A/T (451) rather than C/G (15), while dinucleotide repeats
were predominantly composed of AT/AT (75) as opposed
to AG/CT (45). This distribution is consistent with patterns
observed in plastid genomes of many other plant species
(Li X.Q. et al., 2019; Souza et al., 2019). Numerous studies
have demonstrated that SSR markers derived from plastid
genome sequences are effective for assessing genetic diversity
in plant populations (Jo et al., 2022; Lacis et al., 2022; Guo
et al., 2025). The SSR markers identified in our study hold
potential for population genetic analyses within the genus
Lonicera. However, further validation is required to confirm
their efficacy and reliability in elucidating the genetic structure
of Lonicera species populations.

Plastid genome nucleotide sequences have become a power-
ful tool in phylogenetic studies of different plant genera (Wu
et al., 2021; Xia Q. et al., 2023). Their conserved structure,
uniparental inheritance, and relatively slow mutation rate
make them ideal for resolving evolutionary relationships
across diverse plant lineages (Chen J. et al., 2022; Feng et
al., 2024). With the development of next-generation sequenc-
ing technologies, the rapid and cost-effective sequencing of
entire plastid genomes has become increasingly accessible,
enhancing their utility in plant taxonomy by providing greater
phylogenetic resolution and a deeper understanding of plant
evolutionary history. This study utilized complete plastome
sequences, protein-coding gene sequences, and variable region
gene sequences for the phylogenetic analysis of the studied
Lonicera species (L. caerulea subsp. altaica, L. caerulea
subsp. pallasii, L. tatarica, and L. micrantha), along with
publicly available sequences from GenBank, to contribute to
a better understanding of phylogenetic relationships within the
genus. The ML trees based on the sequences of the complete
plastid genome (Fig. 5a), protein-coding genes (Fig. 5b), and
variable region genes (Fig. 5¢) of the 22 Lonicera samples and
two outrgoup samples (H. miconioides and T. himalayanum)
was reconstructed.

The phylogenetic analyses in this study revealed that the
Lonicera species were grouped into two major clades, cor-
responding to the subgenera Periclymenum and Chamaece-
rasus, which is consistent with previous phylogenetic studies
(Srivastav et al., 2023; Yang X.L. et al., 2024). Furthermore,
the larger clade representing subgenus Chamaecerasus was
further divided into four distinct subclades corresponding
to sections Isika (Subclades II and III), sections Isika and
Coeloxylosteum (Subclades 1V), and section Nintooa (Sub-
clade V). Within subgenus Chamaecerasus, species are sub-
clustering into four subclades and align with recognized sec-
tional classifications (Srivastav et al., 2023).

The placement of L. micrantha, L. caerulea subsp. altaica
and L. caerulea subsp. pallasii, which had not been previously
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assigned to a section, suggests their belonging to the Isika
section based on their close clustering with other members of
this section. Additionally, the finding supports the assumption
that L. caerulea subsp. altaica and L. caerulea subsp. pal-
lasii share a common evolutionary history with L. caerulea,
which is also supported by the plastid genome structure of
these species. Furthermore, L. tatarica forms a subclade (V)
with L. tatarica (MK970584) and L. maackii (MN256451)
from GenBank, grouping within the Coeloxylosteum section.
Notably, these samples are positioned between the species of
section Isika, suggesting a possible evolutionary relationship
between these two sections.

The phylogenetic analysis aimed to clarify the phylogenetic
positions of the studied Lonicera species from Kazakhstan
using plastid genome nucleotide sequences, including three
newly sequenced ones (L. caerulea subsp. altaica, L. caerulea
subsp. pallasii, and L. micrantha) in this study. The genomic
data obtained in this study provide valuable resources for fu-
ture phylogenetic research, contributing to an understanding
of evolutionary relationships within the genus Lonicera and
supporting further taxonomic revisions. Based on the compari-
son of phylogenetic trees reconstructed using different datasets
and methods, we conclude that the maximum likelihood tree
derived from complete plastid genome sequences was the most
informative, and its topology is consistent with those reported
in previous studies (Srivastav et al., 2023; Yang X.L. et al.,
2024). Furthermore, the nucleotide sequences of variable
regions such as accD-ycfl-ndhF-trnN-GUU also demonstrate
high potential for use in DNA barcoding, and may serve as
valuable molecular markers for species phylogenetic studies
within the genus Lonicera.

Conclusion

The complete plastid genomes of L. caerulea subsp. altaica,
L. caerulea subsp. pallasii, L. tatarica, and L. micrantha
exhibited the typical circular structure with four distinct re-
gions. Structural variations were observed in the plastomes
of L. caerulea subsp. altaica and L. caerulea subsp. pallasii,
particularly in genome sizes, which were larger than in the
other two species (L. tatarica and L. micrantha) due to an ex-
tended IR region. This finding aligns with previous studies
on L. caerulea plastomes, further supporting their shared
evolutionary history. The nucleotide sequences of variable re-
gions such as accD-ycfl-ndhF-trnN-GUU demonstrate high
potential for use in DNA barcoding, and may serve as valuable
molecular markers for species phylogenetic studies within
the genus Lonicera. Further studies are required to assess the
effectiveness of the identified simple sequence repeats.
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A higher far-red intensity promotes the transition
to flowering in triticale grown under speed breeding conditions

A.O. Blinkov 1@, V.M. Nagamova L YV. Minkova (91, N.Yu. Svistunova (191, S. Radzeniece (9!, A.A. Kocheshkova (191,
N.N. Sleptsov L2 AV. Freymansg, V.V. Panchenko?, A.G. Chernook (9!, G.I. Karlov (%)}, M.G. Divashuk (®)!

T All-Russian Research Institute of Agricultural Biotechnology, Moscow, Russia

2 Russian State Agrarian University — Moscow Timiryazev Agricultural Academy, Moscow, Russia
3LLC “Climbiotech”, Moscow, Russia

4 PP. Lukyanenko National Grain Centre, Krasnodar, Russia

@ aoblinkov@gmail.com

Abstract. It typically takes 12 to 15 years to develop a new promising variety. One of the ways to reduce this time is
through speed breeding. This method allows for up to six consecutive generations of spring cereals in a single year. Al-
though far-red light is often overlooked in speed breeding protocols, it serves as a potent inducer of accelerated flower-
ing in various plant species. In this study, we explored the advantages of far-red light as a means to optimize the speed
breeding of spring triticale. Experimental plants were cultivated under three conditions with different red to far-red
ratios at 660 nm (R - red) and 730 nm (FR - far red): 1) 3.75 (R > FR); 2) 0.8 (R = FR) and 3) 0.3 (R < FR). We found that the
onset of triticale flowering occurred significantly earlier at the lowest red to far-red light ratio (R/FR 0.3). On average,
plants bloomed 2.6 and 4.1 days earlier in a mineral wool and a soil mixture at R/FR 0.3, respectively, than those grown
at R/FR 3.75. A negative effect of higher-intensity far-red light on the reproductive system of triticale was observed. Ad-
ditionally, seeds obtained from plants grown under higher-intensity far-red light showed significantly lower germination
energy and capacity. No differences were found in the regenerative capacity of isolated embryos in vitro obtained from
plants grown under the different spectral compositions. Our results demonstrate that the accelerated triticale develop-
ment requires not only the involvement of far-red light, but also a specific red to far-red light ratio close to 0.3. A modified
speed breeding protocol relying on this ratio enabled flowering to commence as early as 33.9 + 1.2 days after sowing.
The same triticale variety grown under field conditions in the Krasnodar region and in traditional laboratory growing
conditions with a photoperiod of 18/6 h day/night flowered 25 to 29 days later than those cultivated under the speed
breeding conditions.
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YBemueHme Ooau JajibHero KpacHoro cBeTa cokpaliiaeT
BereTalMOHHbIN IIepuo/, TPUTMKAJIe B YCIOBUSIX CIIUIAOPUAMHTA
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AHHoTauusA. PaboTa no co3faHmio HOBOTO NepPCreKTYBHOrO COpTa 3aHMMAEeT B cpefHeM 12-15 neT. OfHMM 13 BO3MOX-
HbIX peLleHnii NpobnemMbl COKpaLLeHWs ANUTENbHOCTM CENeKLMOHHOTO NpoLiecca CTaHOBUTCA TEXHONOTMA CMAOPUANHT
(speed breeding). MeToa, HanpaBneHHbIN Ha COKpaLLeHVe BEreTaMOHHOIo nepuoaa, No3BossAeT Nnosyyatb 4O WeCTu
nocnefoBaTesbHbIX MOKOSIEHUNIA APOBbIX 3/1aKOB 3a OAWH rof. K coxaneHunto, B NpoToKonax cnabpuamnHra yaeneHo Mano
BHYMaHMA fanbHEMY KpaCHOMY CBETY — LUMPOKO M3BECTHOMY MHAYKTOPY GbICTPOro nepexopa K LBeTeHuto. B Halleli pa-
60Te Mbl OL|EHIIM BO3MOXHOCTb UCMONb30BaHNA AaNbHEro KPacHOro CBeTa A ONTUMU3aLummn CnuabpranHra spoBoii
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YBenvueHne JoNM AanbHEro KPacHOro CBeTa COKpallaeT
BereTalMOHHbBIN Neprog TPUTUKase B yCIOBUAX CMMAOPVANHIA

TpUTMKane. JKCNeprIMeHTallbHble PacTEHUA BbipalyMBanmn B TPeX BapuaHTax OCBeLLeHNA, Pa3INYaloWmnXCa COOTHOLIe-
HVeM YpoBHeN n3nyyeHus B obnacty 660 HM (K — kpacHbiin) 1 730 Hm (OK — ganbHuin kpacHbinn): 1) K/IOK 3.75 (K > OK);
2) K/OK 0.8 (K = AK) n 3) K/OK 0.3 (K < OK). B pe3ynbtate yCTaHOBNEHO, YTO Hayano LBETEHUA TPUTUKaNe HacTynano
3HAUYNUTENbHO paHblle NPU CAMOM HU3KOM COOTHOLLIEHMUN KPacHOTro K AanbHemy KpacHomy ceeTy (K/AK 0.3). B cpegHem
npwu K/OK 0.3 pacteHus, BeretupyoLirie Ha MUHepanbHOIN BaTe 1 MOYBEHHOW CMeCK, 3aLBeTan COOTBETCTBEHHO Ha 2.6
n 4.1 cyTok bbicTpee, uem npu BapuaHTe K/AK 3.75. CTaTUCTMUECKU 3HAUMMOI pa3HULIbI O MPOAOIXKNTENbHOCTIN Nepro-
Ja oT noceBa Ao uBeTeHusa mexay BapuaHtamu K/OK 3.75 n K/[K 0.8 He BbiABneHo. [loka3aHO HeraTuBHOe BIUAHMUE
yBENNYEHHOW AONN JaNlbHEro KPacHOro cBeTa Ha PenpoayKTUBHYIO cMcTeMy TpuTuKane. Y ceMsaH, cGopMMpoBaBLLIMXCA
npwv K/OK 0.3, Habntoaanacb 3HauMTeNIbHO MeHbLLAsA SHEPrna NPopacTaHnA U BCXOXKECTb. Pa3nnunii B pereHepaLoHHbIX
CMOCOBHOCTAX N30ANPOBAHHDIX in Vitro 3apofblLel, TONYyYEHHbIX OT TPUTMKae, BbIPOCLLEN NOA CBETOM C Pa3HbIM CreK-
TPasnbHbIM COCTaBOM, He 06Hapy»keHo. MNonyyeHHble HaMU pe3ynbTaTbl AEMOHCTPUPYIOT, UTO A1A COKPALLEHUA BPEMEHU
OT NnoceBa [0 LBeTEHNA TPUTMKaNe BaXXHO He TOJIbKO Haslmyme AanbHero KpacHoOro CBeTa, HO 1 ero COOTHOLLEHUE C Kpac-
HbIM, @ UMEHHO UCMOJIb30BaHMe cocTaBa, 6m3Koro K cooTHolweHwmio K/K 0.3. MoguduumpoBaHHbIi Mo cnekTpanbHOMy
COCTaBy CBeTa MPOTOKOJ CNUAOPVAVIHTA NMO3BOMNI UHULMMPOBATL LiBETEHME YKe Ha 33.9 + 1.2 CyTKM C MOMEHTa MNoceBa.
AHaNOrMNYHBbIA COPT TPUTMKaNE B NMoMeBbIX YCoBMAxX KpacHOoAapcKoro Kpas 1 Knaccnyeckrx 1abopaTopHbIX YCIOBUAX

BblpalyuBaHua ¢ otonepuopom 18/6 4 feHb/HOUb 3aLBeTasn Ha 25-29 CyTOK Mo3»e, YeM B YCNOBUAX CNAOPUANHIa.
KntoueBble cnoBa: fanbHNUA KPacHbI CBET; KPacHbI CBET; CMMAOPUANHT; TpUTKKane

Introduction

Breeders and geneticists have always sought to obtain ho-
mozygous cereal lines with specified traits more rapidly,
which has led to the adoption of approaches such as shuttle
breeding (Mergoum et al., 2009), the production of doubled
haploids (Timonova et al., 2022), the use of embryo culture
(Liu et al., 2016) and molecular markers (Fedyaeva et al.,
2023). However, these methods are not always accessible to
specific laboratories or breeding centers, may require highly
qualified personnel, and some of them do not result in the
desired reduction in the time required to develop pure lines.

In recent years, speed breeding — a method based on re-
ducing the generation time of plants to approximately two
months — has been gaining popularity (Ghosh et al., 2018;
Watson et al., 2018). By reducing generation time, speed
breeding enables the production of up to six successive gene-
rations of spring cereals within 12 months, allowing the de-
velopment of pure lines in a single year. The essence of speed
breeding lies in the utilization of physical factors that reduce
the time from sowing to flowering, decrease the duration of
the generative stage of development, overcome post-harvest
seed dormancy, and thereby minimize the time required to
grow one generation. This technology is simple, low-cost,
and enables work with genotypes adapted to various natural
and climatic zones, enabling it to be actively integrated into
diverse breeding and research programs (Hickey et al., 2017;
Lietal., 2019; Vikas et al., 2021).

To reduce the time from sowing to flowering in cereals, pro-
longed photoperiod, a spectral composition of light including
the visible light radiation range of 400—700 nm, light intensity
0f450-500 pmol/(m?- s) (Watson et al., 2018), root restriction
(Zheng et al., 2023), strict temperature control (Ficht et al.,
2023), elevated CO, concentrations, and removal of tillering
shoots (Tanaka et al., 2016) are employed. To shorten the
maturation period, forced drying of immature seeds followed
by overcoming their post-harvest dormancy (Marenkova et al.,
2024) or embryo culture (Zheng et al., 2023) is used. However,
there are a number of parameters, the role of which in reduc-
ing the generation time of plants is not entirely clear. One of
them is the presence of far-red light during the growing period.

Far-red (FR) light (730 nm) is considered a strong inducer
of photomorphogenesis and, depending on its ratio to red (R)
light (660 nm), differentially affects seed germination, stem
elongation, leaf blade growth, tillering, and the reduction of
time from sowing to flowering (Rajcan et al., 2004; Ugarte et
al., 2010; Kegge et al., 2015; Demotes-Mainard et al., 2016).
Light radiation at these wavelengths and their ratio to each
other (commonly described as R/FR) serve as a specific signal
for plants, which is perceived by the family of phytochrome
photoreceptors. In monocots, phytochromes are represented
by three receptors: PhyA, PhyB, and PhyC (Demotes-Mainard
et al., 2016; Kippes et al., 2020). Far-red (FR) light can exist
in lower (R/FR > 1), higher (R/FR < 1), or equal (R/FR = 1)
ratios relative to red light. Daylight contains approximately
equal proportions of red and far-red light (1.0—1.3). This ratio
decreases to around 0.6 during sunrises and sunsets. A low
red-to-far-red light ratio is also observed under leaf and forest
canopies, which is due to the active absorption of red light
by photosynthetic pigments and the reflection of far-red light
from leaves. In such cases, a low R/FR ratio serves as an in-
dicator of the proximity of competing neighbors and triggers
the shade avoidance syndrome. This syndrome manifests as
enhanced elongation growth, reorientation of leaves toward
regions of unattenuated daylight, and accelerated flowering,
thereby improving plant survival (Demotes-Mainard et al.,
2016; Smith, 2000).

In laboratory conditions, the greatest influence on the
growth and development of cereals is exerted by a ratio where
far-red light predominates over red light (R/FR < 1). Under
light with such a spectral composition, a significant reduction
in the time from sowing to flowering and a decrease in tillering
shoot growth are observed (Davis, Simmons, 1994; Ugarte
et al., 2010; Toyota et al., 2014; Lei et al., 2022). However,
despite a number of positive opportunities for speed breed-
ing that far-red light may provide, increasing its amount in
the spectral composition of light contributes to a decrease in
fertile flowers and grain number per spike (Ugarte et al., 2010;
Dreccer et al., 2022).

In the protocols of speed breeding for cereal crops, the
utilization of far-red light has received limited attention: in
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the graphs of the spectral composition of light presented in
research studies, one can observe both its complete absence
(Watson et al., 2018; Ficht et al., 2023) and various ratios to
red light, in which the latter strongly predominates (Ghosh
et al., 2018; Watson et al., 2018; Cha et al., 2022). Only in a
small number of studies has far-red light been incorporated in
an equal ratio with red light (Zakieh et al., 2021).

There are a number of publications on the influence of far-
red light on wheat (Toyota et al., 2014; Dreccer et al., 2022;
Leietal., 2024), barley (Deitzer et al., 1979; Davis, Simmons,
1994; Kegge et al., 2015), and other cereal crops (Rajcan et
al., 2004; Markham et al., 2010; Huber et al., 2024). Regard-
ing triticale, little attention has been paid to this topic, and
practically no similar studies have been conducted for this
crop (Kalituho et al., 1997). A similar situation exists with
speed breeding studies for this crop: in open access, only a few
studies can be found for spring (Cha et al., 2021) and winter
(Zheng et al., 2023) triticale. Therefore, the objectives of this
work are to evaluate the influence of far-red light and its ratio
to red light under speed breeding conditions on the time from
sowing to flowering, main agronomic traits, and reproductive
system of triticale.

Materials and methods

Plant material and growing conditions. The object of the
study was the spring triticale (x Triticosecale Wittm.) variety
Dublet (Danko Hodowla Roslin, Poland). Dublet is one of the
earliest-ripening among spring triticale varieties (Losert et
al., 2016), so the obtained data can be used as an indicator of
the minimum generation cycle duration under speed breeding
conditions in triticale. As a doubled haploid (Arseniuk, 2019),
the Dublet variety exhibits high uniformity in both the onset
of developmental phases and morphological traits. Moreover,
this variety is widely distributed in Europe (Lekontzeva et al.,
2019; Faccini et al., 2023; Radivon, Zhukovsky, 2023) and is
known to every specialist working with this crop.

The seeds treated with the fungicide Maxim (Syngenta,
France) were preliminarily germinated on water-moistened
filter paper in darkness at a temperature of +25 °C. After
twenty-four hours, only sprouted seeds were transferred to
the substrate. Trays with 110 mL cell volumes were used for
cultivation. Two substrate variants were employed: 1) a soil
mixture consisting of peat, chernozem, sand, and vermiculite
in aratio of 5:3:1:1 (50 g of moistened mixture per tray cell);
2) mineral wool cubes measuring 50 x 45 %45 mm (one cube
per tray cell). One sprouted seed was placed in each tray cell at
1 cm depth. The growth chamber was maintained at a constant
temperature of +25-26 °C and an air humidity of 35-45 %.

For the first two weeks, plants in the soil mixture were
watered as needed, and fertilization was performed once a
week with Tripart fertilizer (General Hydroponics Europe,
France) according to the manufacturer’s instructions. Two
weeks after sowing, the plants were transferred to watering
with fertilizer three times a week. Mineral wool cubes were
irrigated with fertilizer daily. Foliar feeding with Siliplant
(Nest-M, Russia) was performed once a week in accordance
with the manufacturer’s recommendations. Treatments for
diseases and pests were carried out as necessary. Tiller removal
was performed during the plants growth. The photoperiod was
maintained at 22/2 hours day/night according to (Watson et
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al., 2018). Adjustable multichromatic PWM-dimmable LED
lamps (Prometheus VNIISB by Gorshkoff, Russia) were used
as light sources (chip emitters: 460, 660, 735 nm, white4000K
(EPIstar, China); multi-channel pulse-width modulation con-
troller (BKD, Russia); total power of 800 watts).

As control conditions, triticale was cultivated in a Fito-
tron SGC 120 climatic chamber (Weiss Technik, Netherlands)
with fluorescent lamps under a photoperiod of 18/6 h day/
night, a light intensity of 285 umol/(m?-s) at shelf level, a
temperature of +22 °C, and air humidity of 65 % round the
clock. Sowing and plant care were similar to those described
above. As an additional control, data from long-term field trials
of the P.P. Lukyanenko National Grain Center (Krasnodar re-
gion, Russia) were used. Agronomic practices and sowing
dates were conventional for the region.

Influence of far-red light on the triticale growth stages
and main agronomic traits. The degree of influence of far-
red light on triticale was determined by growing plants under
three lighting conditions differing in the ratio of radiation
levels in the 660 nm region (R — red) and 730 nm (FR — far-
red): 1) R/FR ratio = 3.75 (hereinafter referred to as R > FR)
(Fig. 1a); 2) R/FR ratio = 0.8 (hereinafter referred to as
R =FR) (Fig. 1b); 3) R/FR ratio = 0.3 (hereinafter referred
to as R <FR) (Fig. 1c).

The light intensity in all variants was set to 330 pmol/
(m?-s) at shelf level. Far-red light was introduced one week
after seed germination. Lighting parameters were adjusted
and verified using a PG200N spectrometer (United Power
Research Technology Corp., Taiwan).

The onset of growing stages was assessed individually for
each plant according to (Zadoks et al., 1974). The onset of
the heading stage was defined as the day when the spike fully
emerged from the flag leaf sheath (phase Z5.9). The onset
of the flowering stage was defined as the day when the first
anthers appeared on the spikes (phase Z6.1).

To evaluate the influence of far-red light on triticale, an
analysis of the main agronomic traits of all experimental
plants was conducted based on the following parameters:
plant height (cm), spike length (cm), vegetative weight of
the dried spike and culm (g), number of spikelets (pcs.) and
grains (pcs.) per spike, number of grains per spikelet (pcs.),
and weight of 1,000 grains (g).

Effect of far-red light on seed viability. The evaluation
of the influence of far-red light on seed viability indicators
was conducted using two methods: 1) by culturing immature
embryos; and 2) by germinating seeds on filter paper. In the
first method, embryo isolation was performed on the 15th day
after flowering. Caryopses were sterilized in a 50 % solution
of the commercial agent “Belizna”, followed by three washes
with sterile distilled water. Embryo isolation was carried out
under an Olympus SZ61 stereoscopic microscope (Olympus,
Japan). Cultivation was performed in Petri dishes containing
agar-solidified Murashige and Skoog medium (Murashige,
Skoog, 1962). The cultivation lasted for 10 days under a photo-
period of 22/2 h day/night, a light intensity of 80 pmol/(m?-s),
and a temperature of +24 °C.

In the second method, starting from the 17th day after
flowering, the amount of watering was gradually reduced until
it was completely discontinued on the day of spike cutting,
which occurred on the 20th day after flowering. The cut spikes
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Fig. 1. Spectral composition of light used in the experiment: a - R > FR, R/FR ratio = 3.75; b - R = FR, R/FR ratio = 0.8; c - R < FR, R/FR ratio = 0.3.

were placed in paper bags, which were subjected to forced
drying at a temperature of +28 °C for 7-10 days, depending
on the drying rate. After drying, the spikes were threshed,
and the seeds were stored in paper bags at room temperature
for one week. Next, the seeds were placed in Petri dishes on
filter paper moistened with a 0.5 mg/L solution of gibberellic
acid (Sigma-Aldrich, USA) and incubated under cold pre-
treatment conditions (+4 °C, darkness, three days), followed
by germination in darkness at +25 °C. Germination energy
was assessed on the third day, and germination capacity was
evaluated on the seventh day after placing the Petri dishes
with seeds at +25 °C.

Statistical analysis. To evaluate the degree of influence
of the spectral composition of light on the vegetative period
of triticale, a twofold replication was used for each variant,
with 10 plants in each replication. In total, 120 plants were
analyzed. The number of days from sowing to flowering of
each individual plant was assessed. Under field conditions, the
number of days from sowing to mass flowering was evaluated.

To assess the regeneration capacity and viability of isolated
embryos, a fourfold replication was employed, with 10 iso-
lated embryos in each replication. The evaluation of germi-
nation energy and seed germination capacity was performed
in fourfold replication. Each replication contained 50 seeds.

Statistical processing was performed using the R program-
ming language (version 4.3.2). The influence of the spectral
composition of light on various indicators of triticale plants
was assessed using one-factor analysis of variance (ANOVA),
followed by multiple comparisons of mean values using
Tukey’s test to determine significant differences between plant
groups.

Results

Effect of far-red light on triticale growth stages

As aresult of the conducted experiment, the one-factor analy-
sis of variance revealed a statistically significant reduction in
the time from sowing to the onset of flowering in plants grown
under the light with the spectral composition of R/FR = 0.3
compared to other lighting variants (p < 0.05). This trend
was observed in both substrate variants. Plants under the
light with the spectral composition of R/FR = 0.3 flowered on
average 2.6 and 4.1 days faster when using mineral wool and
soil mixture, respectively, than those under the light with the
spectral composition of R/FR = 3.75. No statistically signifi-
cant difference in the duration of the period from sowing to
flowering was found between the R/FR =3.75 and R/FR=0.8
variants (p > 0.05) (Table 1).

Table 1. Mean values + 95 % confidence interval for heading and flowering dates in plants of the Dublet variety
grown under three lighting conditions with different spectral compositions

Substrate Spectral composition (R/FR)

Mineral wool 3.75 335+ 1.0a'
0.8 34.0+1.6a
0.3 31.1+0.8b

Soil mixture 3.75 34.1+09a
0.8 33.7x1.1a
0.3 30.5+1.2b

Duration from sowing to heading, days

Duration from sowing to flowering, days
373+ 1.1a
37.3+1.9a
34.7+0.9b
38.0+1.0a
369+ 1.2a

33.9+1.2b

Note. 'Values followed by the same letter do not differ significantly (p > 0.05) according to Tukey’s test. Bold type indicates values that are significantly different

from the other variants (p < 0.05).
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Table 2. Mean values + 95 % confidence interval for the main agronomic traits of the Dublet variety
grown under three lighting conditions with different spectral compositions

Traits Spectral composition (R/FR)
3.75 0.8 0.3

Mineral wool
Plant height, cm 579+ 18a' 60.5 +2.2a 59.1+ 1.6a
Culm dry weight, g 0.34£0.08a 0.37 £ 0.04a 0.36 £0.02a
Spike length, cm 5.5+0.3ab 5.7+0.4b 5.2+0.1a
Spike vegetative weight, g 1.24£0.15ab 1.40+0.18b 1.15+0.13a
1,000-grain weight, g 32.6+2.0a 36.3+4.9a 41.9+2.0b
Number of grains per spike, pcs. 30.1+4.1ab 32.1+4.3b 24,7 +2.3a
Number of spikelets per spike, pcs. 142 +1.2a 13.7+0.7a 12.2+0.3b
Number of grains per spikelet, pcs. 2.1+0.2a 23+0.2a 2.0+0.2a

Soil mixture
Plant height, cm 60.8 + 3.0a 60.5 + 1.6a 584 +2.2a
Culm dry weight, g 0.41£0.03a 0.46 +0.03a 0.44 £ 0.03a
Spike length, cm 6.1+0.3a 6.1+0.3a 5.6 +0.2b
Spike vegetative weight, g 144 +£0.11ab 1.52+0.08b 1.34£0.08a
1,000-grain weight, g 35.7+29a 40.4+1.7b 41.4+23b
Number of grains per spike, pcs. 33.1+2.6a 30.6+2.1a 26.1+2.6b
Number of spikelets per spike, pcs. 158+ 1.1a 14.8 £ 0.7ab 13.9£0.5b
Number of grains per spikelet, pcs. 2.1+0.7a 2.1+0.7a 1.9+0.1b

Note. 'Values followed by the same letter do not differ significantly (p > 0.05) according to Tukey's test. Bold type indicates values that are significantly different

from the other variants (p < 0.05).

Effect of far-red light

on main agronomic traits of triticale

No significant differences in vegetative weight or straw height
were observed among triticale plants grown under light with
different spectral compositions (p > 0.05). A significant influ-
ence of the high amount of far-red light on spike productivity
was evident (Table 2). When triticale was cultivated under
R/FR = 0.3, plants on both substrate variants formed shorter
spikes with fewer spikelets, leading to a reduction in the
vegetative weight of the spike and the number of grains per
spike (p <0.05). An increased amount of far-red light resulted
in fewer grains per spikelet, but only in plants grown on the
soil mixture. Despite this, a statistically significant increase
in 1,000-grain weight was observed in plants grown under
R/FR = 0.3 on both substrate variants (p < 0.05). In the
majority of cases, no statistically significant difference was
detected between the R/FR =3.75 and R/FR = 0.8 variants in
terms of productivity indicators.

Effect of far-red light on seed viability and germination

A statistically significant decrease in germination energy and
capacity was observed in seeds obtained from plants grown
under an increased amount of far-red light (p < 0.05). In iso-
lated embryos in vitro derived from plants cultivated under
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light with different spectral compositions, no statistically
significant differences in regeneration frequency were detected
(p>0.05) (Table 3). Already on the third day after the start of
cultivation, regardless of the lighting conditions of the donor
plants, the embryos developed coleoptiles and roots, and by
the tenth day of cultivation, the embryos exhibited one fully
formed leaf and a well-developed root system.

Control plants growing

Plants under all control conditions exhibited a prolonged ger-
mination—flowering period. According to long-term cultivation
data in the Krasnodar region, the anthesis of triticale variety
Dublet occurred on days 60—64 when sown in early March and
on days 50-52 when sown in early April. Under the conditions
of a climate-controlled chamber with a photoperiod of 18/6 h
day/night, triticale reached the flowering stage 62.5+2.0 and
59.242.6 days after sowing on mineral wool and on soil mix-
ture, respectively.

Discussion

Speed breeding has demonstrated its popularity across vari-
ous fields of genetics, breeding, and biotechnology (Ghosh
etal., 2018). Modifications of established protocols are being
implemented, including simplifying their organization, transi-
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Table 3. Germination energy and capacity, as well as regeneration frequency of isolated embryos obtained from plants
grown under three lighting conditions with different spectral compositions

Substrate

Mineral wool 3.75 97.1 +4.0a'
0.8 85.5+8.5a
0.3 44.1 +21.9b

Soil mixture 3.75 933 +4.5a
0.8 51.3+15.8b
0.3 68.5+17.3b

Spectral composition (R/FR) Germination energy, % Germination capacity, % Regeneration of isolated embryos, %

96.5 +4.0a 97.5+3.7a
96.8 + 2.5a 100 = 0a
77.7 £12.7b 100 = 0a
98.9 + 1.6a 100 = 0a
81.4+11.5b 100 = 0a
89.0 + 10.8ab 100 + 0a

Note. 'Values followed by the same letter do not differ significantly (p > 0.05) according to Tukey’s test. Bold type indicates values that are significantly different

from the other variants (p < 0.05).

tioning to high-throughput capacity, incorporating molecular
genetics methods, and integrating them into the breeding
process (Kigoni et al., 2023; Marenkova et al., 2024). At pre-
sent, speed breeding protocols have been successfully tested
in numerous cereal species (Watson et al., 2018; Cha et al.,
2021). Despite active work in this area, most published studies
on cereal speed breeding have not adequately addressed one of
the strongest inducers of shortening the sowing-to-flowering
period — far-red light. However, under speed breeding condi-
tions, its efficacy has been demonstrated for crops such as
rapeseed (Song et al., 2022), amaranth (Jéhne et al., 2020),
and pepper (Choi et al., 2023).

The shortening of the vegetative period is one of the pri-
mary manifestations of shade avoidance syndrome, initiated
by far-red light in the photoperiodic regulation of flowering.
Light with an increased amount of far-red light is perceived
by leaves and activates phytochrome photoreceptors, primarily
PhyA and PhyB. Phytochromes trigger the expression of the
central flowering regulator gene CONSTANT (CO), which, in
turn, induces FLOWERING LOCUS T (FT) — the florigen in
the vascular bundles of leaves. The FT protein moves from
the leaves to the shoot apical meristem and, together with the
FD protein (product of the FLOWERING LOCUS D gene
(FD)), initiates the activity of genes such as SUPPRESSOR
OF OVEREXPRESSION OF CO1 (SOC1) and APETALAL
(AP1), which determine the development of floral meristems
(Demotes-Mainard et al., 2016; Sheerin, Hiltbrunner, 2017;
Lebedeva et al., 2020).

To evaluate the effect of far-red light under speed breed-
ing conditions, we conducted an experiment involving the
cultivation of spring triticale on two types of substrates and
under three lighting variants differing in spectral composition,
characterized by varying ratios of red to far-red light.

The experiments conducted by us demonstrated a significant
influence of an increased amount of far-red light (R < FR,
R/FR = 0.3) on the onset of the flowering phase in triticale.
Plants exposed to the light with the spectral composition of
R/FR =0.3 flowered 33.9+ 1.2 and 34.7+0.9 days after sow-
ing when grown on soil mixture and mineral wool cubes,
respectively, which is 4.1 and 2.6 days faster than under the
light with R/FR =3.75. No statistically significant difference in
the duration of the vegetative period of triticale was observed
under light spectra with R > FR and R = FR. The obtained
results indicate that in order to shorten the sowing-to-flowering

period in triticale, not only the presence of far-red light but
also its ratio to red light is critical, specifically the use of a
composition close to R/FR = 0.3 (Fig. 2). Our findings align
with those of several other studies reporting similar results in
cereals (Deitzer et al., 1979; Davis, Simmons, 1994; Toyota
etal., 2014).

Despite the difference in flowering onset timing, amounting
to 2.6 and 4.1 days, far-red light can be considered a valuable
addition for creating conditions aimed at shortening the vege-
tative period of plants. This is because if the sowing—flower-
ing period can be reduced by 3—4 days in one generation, the
cumulative effect when sequentially growing six generations
(a number that typically facilitates the production of a pure
line) could reach up to 20 days.

Currently, only a limited number of studies are dedicated to
speed breeding of spring and winter triticale, demonstrating
the high responsiveness of this crop to factors influencing the
shortening of the vegetative period (Cha et al., 2021; Zheng et
al., 2023). It has been shown that for spring triticale, the aver-
age time from sowing to heading ranges between 33—42 days
depending on the genotype (Cha et al., 2021), whereas spring
bread wheat under speed breeding conditions flowers, depend-
ing on the genotype, between 35.7 and 75 days after sowing
(Ghosh et al., 2018; Watson et al., 2018; Cha et al., 2020). Our
work confirms the significant impact of the speed breeding
method on reducing the vegetative period in triticale: the spec-
trally modified protocol enabled the initiation of flowering as
early as 33.9+ 1.2 days after sowing. The same triticale cultivar
under field conditions in the Krasnodar region and classical
laboratory cultivation conditions flowered 25-29 days later
than under speed breeding conditions.

The results of the evaluation of triticale yield structure did
not reveal significant changes in the height of the studied
plants when grown under the light with a spectral composition
containing an increased amount of far-red light, although nu-
merous studies report stem elongation in cereals under far-red
light (Kegge et al., 2015; Lei et al., 2022). Shade avoidance
syndrome, which causes shoot elongation, has also been absent
in other studies where far-red light was used as a supplement
to shorter wavelengths (400-680 nm) (Huber et al., 2024).
This suggests that the use of increased amounts of far-red light
in the optical radiation spectrum under triticale speed breed-
ing conditions does not lead to such an inconvenient factor
in practice as the formation of tall plants and their lodging.
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A higher far-red intensity promotes the transition to flowering
in triticale grown under speed breeding conditions

Fig. 2. Plants on the 30th day after sowing (all plants were sown on the same day), cultivated under three lighting conditions with
different spectral compositions, and at the stage of: g, b - the beginning of heading, R/FR = 3.75 (a), R/FR = 0.8 (b); ¢ - full heading,

R/FR=0.3.

The data obtained by us demonstrated a strong influence of
far-red light on the productivity of triticale spikes. In plants
of the Dublet variety grown under the light with the spectral
composition of R/FR = 0.3, a shorter spike with fewer spikelets
was formed, leading to a significant reduction in the vegetative
mass of the spike and the number of grains per spike. Similar
results have been reported in bread wheat, where an increased
amount of far-red light reduces the number of fertile flowers
and the number of grains per spike (Ugarte et al., 2010; Drec-
ceretal., 2022), which is likely associated with the inhibitory
effect of far-red light on plant nitrogen assimilation (Lei et
al., 2024).

Despite the negative influence of far-red light on spike pro-
ductivity components, the 1,000-grain weight of plants grown
under an increased amount of far-red light in the spectral
compositions was significantly higher. This may be associated
with the Emerson effect, which involves enhanced photosyn-
thetic efficiency when far-red light is used in combination
with shorter wavelengths (400-680 nm) (Huber et al., 2024).

Additionally, during our study, a statistically significant
negative impact of far-red light on germination energy and
capacity was detected. The germination capacity of seeds
obtained from plants grown under the light with the spec-
tral composition of R/FR = 0.3 ranged from 77.7+12.7 to
89.0+10.8 % depending on the growth substrate. At the
same time, the regeneration frequency of isolated embryos
in vitro was equally high for all seeds, regardless of the light-
ing conditions under which the donor plants were cultivated.
Given that in cereals, the speed breeding system is compatible
with the single-seed descent method (Alahmad et al., 2018;
Watson et al., 2018), where one seed per spike is selected for
each subsequent generation to preserve genetic diversity and
prevent the expansion of cultivation areas, the use of high
amounts of far-red light in the spectral compositions will not
become a limiting factor when cultivating plants using this
method. However, it should be noted that when the primary
goal of plant cultivation is propagation and obtaining seeds
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with good germination capacity, it is necessary to reduce the
amounts of far-red light in the optical radiation spectrum to
a level where R/FR > 1.

Conclusion

Our study demonstrated that under speed breeding conditions,
the use of the highest amount of far-red light in the spectral
composition (R/FR = 0.3), compared to the spectrum where
the R/FR ratio is 3.75, resulted in a statistically significant
reduction in time from sowing to flowering by 2.6 and
4.1 days for plants grown in mineral wool and soil mixture,
respectively. No statistically significant difference in the
duration from sowing to flowering was detected between the
R/FR = 3.75 and R/FR = 0.8 variants. The speed breeding
protocol with a modified light spectrum induced flowering
as early as 33.9+1.2 days after sowing. The same triticale
variety flowered 25-29 days later under field conditions in
the Krasnodar region and conventional laboratory cultivation
with a photoperiod of 18/6 h day/night compared to modified
speed breeding conditions. No statistically significant increase
in plant height was observed when using the highest amount
of far-red light in the spectral composition. A negative influ-
ence of far-red light on spike parameters (length, vegetative
weight, number of spikelets and grains per spike) as well as
germination energy and capacity was detected. It can be rea-
sonably assumed that increasing the amount of far-red light
in the optical radiation spectrum (R/FR = 0.3) could serve as
a beneficial addition to speed breeding conditions not only for
triticale but also for other cereals.

References

Alahmad S., Dinglasan E., Leung K.M., Riaz A., Derbal N., Voss-
Fels K.P,, Able C.J., Bassi F.M., Christopher C.J., Hickey L.T.
Speed breeding for multiple quantitative traits in durum wheat. Plant
Methods. 2018;14:36. doi 10.1186/s13007-018-0302-y

Arseniuk E. Recent developments in triticale breeding research and
production — an Overview. Ekin J Crop Breed Genet. 2019;5(2):
68-73

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 6


https://pubmed.ncbi.nlm.nih.gov/29785201/
http://www.ekinjournal.com/images/bisab/tenth/1.pdf
http://www.ekinjournal.com/images/bisab/tenth/1.pdf

A.O. bnnnHkos, B.M. Haramosa, f.B. MuHbKoBa ...
A.l. YepHook, ['N. Kapnos, M.I. JnBatuyk

Cha J.K., Lee J.H., Lee S.M., Ko J.M., Shin D.J. Heading date and
growth character of Korean wheat cultivars by controlling photope-
riod for rapid generation advancement. Korean J Breed Sci. 2020;
52(1):20-24. doi 10.9787/KJBS.2020.52.1.20

Cha J.K., Park M.R., Shin D., Kwon Y., Lee S.M., Ko J.M., Kim K.M.,
Lee J.H. Growth characteristics of triticale under long-day photope-
riod for rapid generation advancement. Korean J Breed Sci. 2021;
53(3):200-205. doi 10.9787/KJBS.2021.53.3.200

Cha J.K., O’Connor K., Alahmad S., Lee J.H., Dinglasan E., Park H.,
Lee S.M,, ... Kim K.M., Ko J.M., Hickey L.T., Shin D., Dixon L.E.
Speed vernalization to accelerate generation advance in winter ce-
real crops. Mol Plant. 2022;15(8):1300-1309. doi 10.1016/j.molp.
2022.06.012

Choi H., Back S., Kim G.W., Lee K., Venkatesh J., Lee H.B., Kwon J.K.,
Kang B.C. Development of a speed breeding protocol with flower-
ing gene investigation in pepper (Capsicum annuum). Front Plant
Sci. 2023;14:1151765. doi 10.3389/fpls.2023.1151765

Davis M.H., Simmons S.R. Far-red light reflected from neighbouring
vegetation promotes shoot elongation and accelerates flowering in
spring barley plants. Plant Cell Environ. 1994;17(7):829-836. doi
10.1111/.1365-3040.1994.tb00177.x

Deitzer G.F., Hayes R., Jabben M. Kinetics and time dependence of the
effect of far-red light on the photoperiodic induction of flowering in
Wintex barley. Plant Physiol. 1979;64(6):1015-1021. doi 10.1104/
pp.64.6.1015

Demotes-Mainard S., Peron T., Corot A., Bertheloot J., Gourrierec J.L.,
Pelleschi-Travier S., Crespel L., Morel P., Huche-Thelier L., Bouma-
za R., Vian A., Guerin V., Leduc N., Sakr S. Plant responses to red
and far-red lights, applications in horticulture. Envir Exp Bot. 2016;
121:4-21. doi 10.1016/j.envexpbot.2015.05.010

Dreccer MLF., Zwart A.B., Schmidt R.C., Condon A.G., Awasi M.A.,
Grant T.J., Galle A., Bourot S., Frohberg C. Wheat yield potential
can be maximized by increasing red to far-red light conditions at
critical developmental stages. Plant Cell Environ. 2022;45(9):2652-
2670. doi 10.1111/pce.14390

Faccini N., Morcia C., Terzi V., Rizza F., Badeck F.W. Triticale in Italy.
Biology. 2023;2(10):1308. doi 10.3390/biology12101308

Fedyaeva A.V., Salina E.A., Shumny V.K. Pre-harvest sprouting in soft
winter wheat (Triticum aestivum L.) and evaluation methods. Russ J
Genet. 2023;59(1):1-11. doi 10.1134/S1022795423010052

Ficht A., Bruch A., Rajcan 1., Pozniak C., Lyons E.M. Evaluation of the
impact of photoperiod and light intensity on decreasing days to ma-
turity in winter wheat. Crop Sci. 2023;63(2):812-821. doi 10.1002/
csc2.20886

Ghosh S., Watson A., Gonzalez-Navarro O.E., Ramirez-Gonzalez R.H.,
Yanes L., Mendoza-Suarez M., Simmonds J., ... Domoney C.,
Uauy C., Hazard B., Wulff B.B.H., Hickey L.T. Speed breeding in
growth chambers and glasshouses for crop breeding and model plant
research. Nat Protoc. 2018;13(12):2944-2963. doi 10.1038/s41596-
018-0072-z

Hickey L.T., German S.E., Pereyra S.A., Diaz J.E., Ziems L.A., Fow-
ler R.A., Platz G.J., Franckowiak J.D., Dieters M.J. Speed breeding
for multiple disease resistance in barley. Euphytica. 2017;213:64.
doi 10.1007/s10681-016-1803-2

Huber M., de Boer H.J., Romanowski A., van Veen H., Buti S., Kah-
lon P.S., van der Meijden J., Koch J., Pierik R. Far-red light enrich-
ment affects gene expression and architecture as well as growth and
photosynthesis in rice. Plant Cell Environ. 2024;47(8):2936-2953.
doi 10.1111/pce.14909

Jéhne F., Hahn V., Wiirschum T., Leiser W.L. Speed breeding short-day
crops by LED-controlled light schemes. Theor Appl Genet. 2020;
133(8):2335-2342. doi 10.1007/s00122-020-03601-4

Kalituho L.N., Chaika M.T., Kabashnikova L.F., Makarov V.N., Khir-
pach V.A. On the phytochrome mediated action of brassinosteroids.
Proc Plant Growth Regul Soc Am. 1997;24:140-145

Kegge W., Ninkovic V., Glinwood R., Welschen R.A.M., Voese-
nek L.A.C.J., Pierik R. Red: far-red light conditions affect the emis-
sion of volatile organic compounds from barley (Hordeum vulgare),

2025
29-6

YBenvueHne JoNM AanbHEro KPacHOro CBeTa COKpallaeT
BereTalMOHHbBIN Neprog TPUTUKase B yCIOBUAX CMMAOPVANHIA

leading to altered biomass allocation in neighbouring plants. Ann
Bot. 2015;115(6):961-970. doi 10.1093/a0b/mcv036

Kigoni M., Choi M., Arbelaez J.D. ‘Single-Seed-SpeedBulks’: a pro-
tocol that combines ‘speed breeding’ with a cost-efficient modified
single-seed descent method for rapid-generation-advancement in
oat (Avena sativa L.). Plant Methods. 2023;19(1):92. doi 10.1186/
s13007-023-01067-1

Kippes N., VanGessel C., Hamilton J., Akpinar A., Budak H., Dub-
covsky J., Pearce S. Effect of phyB and phyC loss-of-function
mutations on the wheat transcriptome under short and long day
photoperiods. BMC Plant Biol. 2020;20:297. doi 10.1186/s12870-
020-02506-0

Lebedeva M.A., Dodueva L.E., Gancheva M.S., Tvorogova V.E., Kuz-
netsova K.A., Lutova L.A. The evolutionary aspects of flowering
control: Florigens and Anti-florigens. Russ J Genet. 2020;56(11):
1323-1344. doi 10.1134/S102279542011006X

Lei K., Tan Q., Zhu L., Xu L., Yang S., Hu J., Gao L., Hou P., Shao Yu.,
Jiang D., Cao W., Dai T., Tian Z. Low red/far-red ratio can induce
cytokinin degradation resulting in the inhibition of tillering in
wheat (Triticum aestivum L.). Front Plant Sci. 2022;13:971003. doi
10.3389/1p1s.2022.971003

Lei K., Hu H., Chang M., Sun C., Ullah A., Yu J., Dong C., Gao Q.,
Jiang D., Cao W., Tian Z., Dai T. A low red/far-red ratio restricts
nitrogen assimilation by inhibiting nitrate reductase associated with
downregulated TaNR1.2 and upregulated TaPIL5 in wheat (Triti-
cum aestivum L.). Plant Physiol Biochem. 2024;206:107850. doi
10.1016/j.plaphy.2023.107850

Lekontzeva T.A., Yufereva N. 1., Statzenko E.S. Assessment of initial
material (base line) for creation of spring triticale varieties in the cli-
mate of Volgo-Vyatka region. Dal’nevostochnyy Agrarnyy Vestnik =
The Far East Agrarian Herald. 2019;2(50):45-52. doi 10.24411/
1999-6837-2019-2-45-52 (in Russian)

Li H., Zhou Y., Xin W., Wei Y., Zhang J., Guo L. Wheat breeding in
northern China: achievements and technical advances. Crop J. 2019;
7(6):718-729. doi 10.1016/5.¢j.2019.09.003

Liu H., Zwer P., Wang H., Liu C., Lu Z., Wang Y., Yan G. A fast gene-
ration cycling system for oat and triticale breeding. Plant Breed.
2016;135(5):574-579. doi 10.1111/pbr.12408

Losert D., Maurer H.P., Marulanda J.J., Wiirschum T. Phenotypic and
genotypic analyses of diversity and breeding progress in Europe-
an triticale (x Triticosecale Wittmack). Plant Breed. 2017;136(1):
18-27. doi 10.1111/pbr.12433

Marenkova A.G., Blinkov A.O., Radzeniece S., Kocheshkova A.A.,
Karlov G.I., Divashuk M.G. Testing and modification of the proto-
col for accelerated growth of malting barley under speed breeding
conditions. Nanobiotechnol Rep. 2024;19(5):808-814. doi 10.1134/
S2635167624601955

Markham M.Y., Stoltenberg D.E. Corn morphology, mass, and
grain yield as affected by early-season red: Far-red light environ-
ments. Crop Sci. 2010;50(1):273-280. doi 10.2135/cropsci2008.
10.0614

Mergoum M., Singh P.K., Pena R.J., Lozano-del Rio A.J., Cooper K. V.,
Salmon D.F., Gémez Macpherson H. Triticale: A “New” Crop with
Old Challenges. In: Carena M. (Eds). Cereals. Handbook of Plant
Breeding. Vol. 3. Springer, 2009;267-287. doi 10.1007/978-0-387-
72297-9

Murashige T., Skoog F. A revised medium for rapid growth and bio
assays with tobacco tissue cultures. Physiol Plant. 1962;15(3):473-
497. doi 10.1111/1.1399-3054.1962.tb08052.x

Radivon V.A., Zhukovsky A.G. Analysis of the susceptibility of spring
triticale varieties to diseases for 2012-2022. Zashchita Rasteniy =
Plant Protection. 2023;1(47):128-135 (in Russian)

Rajcan 1., Chandler K.J., Swanton C.J. Red-far-red ratio of reflected
light: a hypothesis of why early-season weed control is important
in corn. Weed Sci. 2004;52(5):774-778. doi 10.1614/WS-03-158R

Sheerin D.J., Hiltbrunner A. Molecular mechanisms and ecological
function of far-red light signalling. Plant Cell Environ. 2017;40(11):
2509-2529. doi 10.1111/pce.12915

AKTYAJIbHbIE TEXHONTOT WX / MAINSTREAM TECHNOLOGIES 903


https://www.koreabreedjournal.org/journal/view.html?doi=10.9787/KJBS.2020.52.1.20
https://www.koreabreedjournal.org/journal/view.html?doi=10.9787/KJBS.2021.53.3.200
https://pubmed.ncbi.nlm.nih.gov/35754174/
https://pubmed.ncbi.nlm.nih.gov/35754174/
https://pubmed.ncbi.nlm.nih.gov/37841628/
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-3040.1994.tb00177.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-3040.1994.tb00177.x
https://academic.oup.com/plphys/article/64/6/1015/6077072
https://academic.oup.com/plphys/article/64/6/1015/6077072
https://www.sciencedirect.com/science/article/pii/S0098847215000933
https://pubmed.ncbi.nlm.nih.gov/35815553/
https://pubmed.ncbi.nlm.nih.gov/37887018/
https://link.springer.com/article/10.1134/S1022795423010052
https://acsess.onlinelibrary.wiley.com/doi/10.1002/csc2.20886
https://acsess.onlinelibrary.wiley.com/doi/10.1002/csc2.20886
https://pubmed.ncbi.nlm.nih.gov/30446746/
https://pubmed.ncbi.nlm.nih.gov/30446746/
https://link.springer.com/article/10.1007/s10681-016-1803-2
https://pubmed.ncbi.nlm.nih.gov/38629324/
https://pubmed.ncbi.nlm.nih.gov/32399653/
https://pubmed.ncbi.nlm.nih.gov/25851141/
https://pubmed.ncbi.nlm.nih.gov/37635239/
https://pubmed.ncbi.nlm.nih.gov/37635239/
https://pubmed.ncbi.nlm.nih.gov/32600268/
https://pubmed.ncbi.nlm.nih.gov/32600268/
https://link.springer.com/article/10.1134/S102279542011006X
https://pubmed.ncbi.nlm.nih.gov/36570939/
https://pubmed.ncbi.nlm.nih.gov/36570939/
https://pubmed.ncbi.nlm.nih.gov/38042099/
https://pubmed.ncbi.nlm.nih.gov/38042099/
https://www.elibrary.ru/item.asp?id=39153535
https://www.elibrary.ru/item.asp?id=39153535
https://www.sciencedirect.com/science/article/pii/S2214514119301242
https://onlinelibrary.wiley.com/doi/10.1111/pbr.12408
https://doi.org/10.1111/pbr.12433
https://link.springer.com/article/10.1134/S2635167624601955
https://link.springer.com/article/10.1134/S2635167624601955
https://acsess.onlinelibrary.wiley.com/doi/full/10.2135/cropsci2008.10.0614
https://acsess.onlinelibrary.wiley.com/doi/full/10.2135/cropsci2008.10.0614
https://link.springer.com/chapter/10.1007/978-0-387-72297-9_9
https://link.springer.com/chapter/10.1007/978-0-387-72297-9_9
https://onlinelibrary.wiley.com/doi/10.1111/j.1399-3054.1962.tb08052.x
https://www.elibrary.ru/item.asp?id=54895964
https://bioone.org/journals/weed-science/volume-52/issue-5/WS-03-158R/Redfar-red-ratio-of-reflected-light--a-hypothesis-of/10.1614/WS-03-158R.short
https://pubmed.ncbi.nlm.nih.gov/28102581/

A.O. Blinkov, V.M. Nagamova, Y.V. Minkova ...
A.G. Chernook, G.I. Karlov, M.G. Divashuk

Smith H. Phytochromes and light signal perception by plants — an
emerging synthesis. Nature. 2000;407(6804):585-591. doi 10.1038/
35036500

Song Y., Duan X., Wang P., Li X., Yuan X., Wang Z., Li X., Yuan X.,
Wang Z., Wan L., Yang G., Hong D. Comprehensive speed breeding:
a high-throughput and rapid generation system for long-day crops.
Plant Biotechnol J. 2022;20(1):13-15. doi 10.1111/pbi.13726

Tanaka J., Hayashi T., Iwata H. A practical, rapid generation-advance-
ment system for rice breeding using simplified biotron breeding sys-
tem. Breed Sci. 2016;66(4):542-551. doi 10.1270/jsbbs.15038

Timonova E.M., Adonina 1.G., Salina E.A. The influence of combina-
tions of alien translocations on in vitro androgenesis in spring com-
mon wheat (Triticum aestivum L.). Trudy po Prikladnoy Botanike,
Genetike i Selektsii = Proceedings on Applied Botany, Genetics, and
Breeding. 2022;183(1):127-134. doi 10.30901/2227-8834-2022-1-
127-134 (in Russian)

Toyota M., Tatewaki N., Morokuma M., Kusutani A. Tillering respon-
ses to high red/far-red ratio of four Japanese wheat cultivars. Plant
Prod Sci. 2014;17(2):124-130. doi 10.1626/pps.17.124

Ugarte C.C., Trupkin S.A., Ghiglione H., Slafer G., Casal J.J. Low
red/far-red ratios delay spike and stem growth in wheat. J Exp Bot.
2010;61(11):3151-3162. doi 10.1093/jxb/erq140

A higher far-red intensity promotes the transition to flowering
in triticale grown under speed breeding conditions

Vikas V.K., Sivasamy M., Jayaprakash P., Vinod K.K., Geetha M., Ni-
sha R., Peter J. Customized speed breeding as a potential tool to
advance generation in wheat. Indian J Genet Plant Breed. 2021;
81(2):199-207. doi 10.31742/1JGPB.81.2.3

Watson A., Ghosh S., Williams M.J., Cuddy W.S., Simmonds J.,
Rey M.D., Hatta M. AM., ... Uauy C., Boden S.A., Park R.F,,
Waulff B.B.H., Hickey L.T. Speed breeding is a powerful tool to ac-
celerate crop research and breeding. Nat Plants. 2018;4(1):23-29.
doi 10.1038/541477-017-0083-8

Zadoks J.C., Chang T.T., Konzak C.F. A decimal code for the growth
stages of cereals. Weed Res. 1974;14(6):415-421. doi 10.1111/
j-1365-3180.1974.tb01084.x

Zakieh M., Gaikpa D.S., Leiva Sandoval F., Alamrani M., Henriks-
son T., Odilbekov F., Chawade A. Characterizing winter wheat
germplasm for fusarium head blight resistance under accelerated
growth conditions. Front Plant Sci. 2021;12:705006. doi 10.3389/
fpls.2021.705006

Zheng Z., Gao S., Wang H., Liu C. Shortening generation times for
winter cereals by vernalizing seedlings from young embryos at
10 degree Celsius. Plant Breed. 2023;142(2):202-210. doi 10.1111/
pbr.13074

Conflict of interest. The authors declare no conflict of interest.
Received November 5, 2024. Revised May 13, 2025. Accepted May 14, 2025.

904 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025296


https://pubmed.ncbi.nlm.nih.gov/11034200/
https://pubmed.ncbi.nlm.nih.gov/11034200/
https://pubmed.ncbi.nlm.nih.gov/34651404/
https://pubmed.ncbi.nlm.nih.gov/27795679/
https://www.elibrary.ru/item.asp?id=48362746
https://www.elibrary.ru/item.asp?id=48362746
https://www.tandfonline.com/doi/abs/10.1626/pps.17.124
https://pubmed.ncbi.nlm.nih.gov/20497971/
https://www.isgpb.org/journal/index.php/IJGPB/article/view/433/35
https://pubmed.ncbi.nlm.nih.gov/29292376/
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-3180.1974.tb01084.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-3180.1974.tb01084.x
https://pubmed.ncbi.nlm.nih.gov/34512690/
https://pubmed.ncbi.nlm.nih.gov/34512690/
https://onlinelibrary.wiley.com/doi/full/10.1111/pbr.13074
https://onlinelibrary.wiley.com/doi/full/10.1111/pbr.13074

Mprem cTaten yepes 3neKTPOHHYIO pefakuumio Ha canTe http://vavilov.elpub.ru/index.php/jour
MpenBapuUTeNnbHO HYXKHO 3aPErMCTPUPOBATLCA Kak aBTOPY, 3aTEM B MPABOM BEPXHEM Yy CTPAHULbI
Bbl6paTh «OTNPaBnTb PyKONUCb». Moc/e 3aBepLIEHUS 3arpy3Kmn MaTepUanos 06s3aTesibHO BbIGpaTb
onumio «OTNPaBUTL NCbMO», B STOM CJlyyae peAakLms aBTOMaTMUecky byaet yBeaomsieHa

0 MOoJTyYEHNN HOBOW PYKOMMUCK.

«BaBWIOBCKMI XKypHan reHeTukun u cenekuumm (Vavilov Journal of Genetics and Breeding)»
L0 2011 r. BbIXOAMA Nog Ha3BaHueM «/IHGOPMaLMOHHBIN BECTHUK BOTMC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

CeTeBoe n3aaHve «BaBUIOBCKMI XypHas reHeTukun u cenekuum (Vavilov Journal
of Genetics and Breeding)» — peectpoBas 3anuce CMW 3n Ne ©C77-85772,
3apeructpupoBaHo MefepanbHoi Clyx601 Mo Hag3opy B chepe cBA3N,
NHGOPMALIMOHHBIX TEXHOMOTUI 1 MAaCCOBbIX KOMMYHMKaumin 14 aBrycta 2023 .

M3paHue BknioueHo BAK MuHo6pHaykmn Poccuu B MepeyeHb peLieH3upyemMbix HayUHbIX N3AaHNI,

B KOTOPbIX JOSIKHbI 6bITb 0Ny6A1MKOBaHbl OCHOBHbIE pe3yNibTaTbl AMCCepPTaLMI Ha COMCKaHMe YYeHOoN
CTeneHn KaHAuaaTa Hayk, Ha CoMCKaHue yueHol CTeneHn AoKTopa HaykK, Russian Science Citation Index,
Poccuiicknin nnaekc HayuHoro untrpoBaHus, BAHUTU, Web of Science CC, Scopus, PubMed Central,
DOAJ, ROAD, Ulrich's Periodicals Directory, Google Scholar.

OTKPbITbIN AOCTYM K MOJIHbIM TEKCTAM:
pycckoA3sbluHasA BepcuA — Ha canTe https://vavilovj-icg.ru/
1 nnatdopme HayuHo anekTpoHHoI 6ubnuoTekuy, elibrary.ru/title_about.asp?id=32440

aHrNos3blYHas Bepcus — Ha caiite vavilov.elpub.ru/index.php/jour
n nnatoopme PubMed Central, https://www.ncbi.nlm.nih.gov/pmc/journals/3805/

I'Ipm nepeneyaTtke MmatepuasioB CCblJika ob6sa3aTenbHa.

I} email: vavilov_journal@bionet.nsc.ru

V3patenb: ®epeparnbHoe rocyfapcTBEHHOE OIOXKETHOE HayYHOe yupexaeHne

«DepepasnbHbli NCCNeA0BATENbCKNN LEHTP VHCTUTYT LMTONOTN U FEHETUKM

Crbrpckoro otaeneHnsa Poccninckomn akaieMuy Hayk,

npocneKkT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

Appec pegakuun: npocnekT Akagemuka JlaBpeHTtbeBa, 10, HoBocnbupck, 630090.

CeKpeTapb Mo opraHu3auroHHbIM Bonpocam C.B. 3y6oB.a. Ten.: (383)3634977.

M3paHne nogrotoBneHo nHpopmaLmoHHo-n3aatensckum otgenom Ll CO PAH. Ten.: (383)3634963*5218.
HauanbHuk otaena: T.O. Yankosa. Pegaktopsi: B.[l. AxmeToBa, W.10. AHydpueBa. [lusaiiH: A.B. Xapkesuu.
KomnbloTepHas rpaduka n Bepctka: T.6. KoHaxuHa, O.H. CaBBaTeeBa.



