2026306

CeTeBoe M3gaHue

Online ISSN 2500-3259

BABUJIOBCKUU KYPHAIJI
I'EHETHWKW 1 CEJIEKLINN

VAVILOV JOURNAL OF GENETICS AND BREEDING

OcHosaH 6 1997 a.
ITepuoduuHocms 8 8bINyckog 6 200
doi 10.18699/vjgb-26-85

Yupeputenn

Cnbupckoe oTaeneHve Poccninicko akageMmm Hayk

®epepanbHoe rocyfapcTBeHHoOe 6iofpKeTHOe HayuHoe yupexzaeHne «DefepanbHblil UCCNefoBaTENbCKUIA LIEHTP
WHCTUTYT umntonorum n reHetukn Cnbupckoro otaeneHna PoccMinckor akageMmum Hayk»

MexpernoHanbHas obLecTBeHHasn opraHm3aLsa BaBnnoBckoe o6LecTBO reHETMKOB 1 CeNleKLVIOHepPOB
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Cold acclimation of tomato plants is associated
with differential expression of genes of the SILHC family,
carotenoid metabolism, and chlorophyll accumulation/degradation

M.A. Filyushin () @&, A.V. Shchennikova (), E.Z. Kochieva

Institute of Bioengineering, Research Center of Biotechnology of the Russian Academy of Sciences, Moscow, Russia
@ michel7753@mail.ru

Abstract. Tomato (Solanum lycopersicum L.) is sensitive to cold stress. The plant’s adaptive response to low temperatures
is accompanied by cellular osmoregulation and a decrease in the rate of photosynthesis due to disruption of the
antennae of photosystems | and I, including proteins of the light-harvesting complex (LHC) family that bind
chlorophylls a/b and carotenoids. In this study, a transcriptome analysis of differential expression of SILHC family genes,
carotenoid and abscisic acid (ABA) biosynthesis genes, as well as ORANGE and STAY-GREEN genes associated with
chlorophyll accumulation and degradation, was performed for the first time during two cycles (I and Il) of “cold stress
(12 h) - recovery (60 h)". The tomato cultivar Otradnyi was used for the analysis. 12 h before the end of the recovery
period of the second cycle (II-48), the content of chlorophylls a/b and carotenoids in plant leaves was shown to be
significantly decreased. It was revealed that 12 h of cold exposure in both cycles (I-12, 1I-12) suppressed the expression
of most LHC family genes. At the same time points, a significant increase in the transcript levels of the NSY, CCD-like,
LeNCED1 and NCED6 genes associated with ABA synthesis was detected. Genes, expression profile of which differed
between the primary and repeated cycles of cold exposure, were identified. Based on these data, a list of candidate
genes for cold stress memory markers in plants was compiled: 10 SILHC family genes (Cab-1A, Cab-1D, CAB12, CAB5-
LOC101257186, SEP2, OHP2-LOC101259223, OHP1 and LIL3-2-LOC101247899) and five genes associated with
ABA synthesis (VDE, CCD4, CCD-like, LeNCED1 and NCEDG6). The obtained results are important for identifying and
understanding the involvement of photosynthesis-related genes in the response to cold stress and determining cold
tolerance of tomato plants, and can be used in breeding cold-resistant varieties.

Key words: Solanum lycopersicum L.; cold stress; LHC protein family; chlorophyll a/b-binding proteins; carotenoid
biosynthesis; ABA; gene expression

For citation: Filyushin M.A., Shchennikova A.V., Kochieva E.Z. Cold acclimation of tomato plants is associated with dif-
ferential expression of genes of the SILHC family, carotenoid metabolism, and chlorophyll accumulation/degradation.
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XosogoBas akKAnMMaTm3als pacTeHli ToMmaTa CBsi3aHa

¢ nuddepeHLIaIbHON SKCIIpeccuei reHoB ceMelictBa SILHC,
MeTabosM3Ma KapOTMHONIOB 11 HAKOIJIEHUST/derpagaliin
XJIOpO(UIIOB

M.A. Ouasommn () @), A.B. ennnxosa (), E.3. Kounesa

DepeparnbHblii NCcCnefoBaTeNbCKUin LeHTp «DyHAameHTanbHble OCHOBbI GuoTexHoorMn» Poccninckon akagemmm Hayk, Mocksa, Poccus
michel7753@mail.ru

AHHoTauuA. PacteHna Tomata (Solanum lycopersicum L.) 4yBCTBUTENbHbI K BO3AEWCTBMIO XOJIOLOBOFO CTpecca,
afanTaLUMOHHbIN OTBET Ha KOTOPbIN CBA3aH C KNETOYHON OCMOperynaumein n CHUXeHMeM CKopocTn GOTOCUHTe3a 3a
cyeT HapylueHus paboTbl aHTeHH ¢poTocucTem | u I, BKntovatowmx 6enkn cemencrtaa Light-Harvesting Complex (LHC),
cBA3blBatoLme xnopodunnbl a/b n KapoTuHouabl. B HacToALel paboTe BrepBble NPOBeLeH TPAHCKPUNTOMHBbIA aHanm3
anddepeHUmnanbHom sKkcnpeccumn reHos cemenctaa SILHC, reHoB 61MOCKMHTE3a KapOTMHOMAOB 1 aGCLM30BOMN KNCIOTbI
(ABK), a Takxxe reHoB ORANGE wn STAY-GREEN, cBsi3aHHbIX C CMHTE30M W Aerpagauunen xnopodunnos, B AVHAMUKE
asyx uymknos (I n 1) «xonoposown ctpecc (12 u) — BocctaHoBneHre (60 u)». inAa aHanu3a ncnonb3oBaH COpPT TomaTa
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Cold acclimation of tomato is associated with SILHC genes
and carotenoid and chlorophyll metabolism

OtpagHbii. MokasaHo, uTo 3a 12 4 fo 3aBepLUeHMA Neproia BOCCTaHOBNEHMA BToporo uukna (11-48) B nucTbax pacteHns
3HAUNTENbHO YMEHbLUAETCA KOMMYeCTBO Xnopodunnos a/b n kapoTnHoupos. BbisBneHo, yto 12 4 XOnopoBoro
Bo3fencTBmA B oboux umknax (I-12, 11-12) nogaBnaoT skcnpeccuto 6onbWMHCTBaA reHoB cemenctBa LHC. B Tex xe
TOUKax 0OHapy>KEHO 3HaUMMOe MOBbILLIEHVE YPOBHSA TpaHCKpunToB reHoB NSY, CCD-like, LeNCED1 n NCED6, cBA3aHHbIX
¢ cmHTe3om ABK. OnpepfeneHbl reHbl, NPodub SKCNPeCccuy KOTOPbIX Pa3inyaeTca MeXay NePBUYHBIM U MOBTOPHbIM
LMKIaM/ XOSI0A0BOro BO3AencTBuA. Ha OCHOBaHWM 3TWX AaHHbIX COCTaBNEH CMMCOK FeHOB-KaHANAATOB B MapKepbl
NamATY PacTEHMIA O XONTOLOBOM CTpecce: AecATb reHoB cemelicTa SILHC (Cab-1A, Cab-1D, CAB12, CAB5-LOC101257186,
SEP2, OHP2-LOC101259223, OHP1 wn LIL3-2-LOC101247899) 1 nATb reHOB, accoLMmMpoBaHHbIX ¢ cuHTezom ABK (VDE,
CCD4, CCD-like, LeNCEDT n NCED6). MonyueHHble pe3ynbTaTbl BaXkHbl ANA onpefeneHna 1 OCMbICIEHUA YYacTUA reHoB,
CBA3aHHbIX C GOTOCMHTE30M, B OTBETE Ha XONIOA0BON CTPECC 1 ONpeAesieHNN XONOA0CTONKOCTU pacTeHNiA TomaTa, 1
MOTYT ObITb NCMOJIb30BaHbI B CENEKLMM XONOLOCTONKNX COPTOB.

KnioueBbie cnoa: Solanum lycopersicum L.; xonofgosow cTpecc; cemeincteo 6enkos LHC; xnopodunn a/b-cesasbiBatowyne

6enKku; buocnHTes KapotuHongos; ABK; skcnpeccua reHos

Introduction

The survival, productivity, and geographic distribution of
plants are limited by unfavorable environmental conditions.
Among the most serious factors, cold stress can have both less
destructive (chilling) and more destructive (freezing) forms
(Kidokoro et al., 2022). Unable to move, plants are forced
to adapt to stressful conditions, including low temperatures
(Browse, Xin, 2001), which is accompanied by physiological
and molecular genetic changes (Ding et al., 2024). Primary
stress triggers epigenetic modifications in the genome, thus
improving plant adaptation to recurrent events and forming
stress memory (Villagomez-Aranda et al., 2022). Genes that
exhibit differences in expression patterns between priming
and repeats, as well as during recovery periods, are considered
markers of stress memory (Friedrich et al., 2019; Béurle, Trin-
dade, 2020; Jacques et al., 2021; Aina et al., 2024).

In the plant response to cold stress, one of the significant
groups of genes is associated with photosynthesis, the reduc-
tion of which stimulates cellular osmoregulation (Yamori et
al. 2014). The latter is achieved by stomatal closure under
the action of abscisic acid (ABA) (Sreenivasulu et al., 2012;
Agurla et al., 2018), formed during the oxidative cleavage of
the carotenoid 9'-cis-neoxanthin (Nakashima, Yamaguchi-
Shinozaki, 2013; Chen et al., 2020; Xu et al., 2023).

Cold-induced inhibition of photosynthesis is character-
ized by impaired light energy capture by the light-harvesting
complexes (antennae) of photosystems I and II and electron
transfer in thylakoids (Ashraf, Harris, 2013). The antennae
include proteins of the Light-Harvesting Complex (LHC) fa-
mily, which are embedded in the thylakoid membrane and non-
covalently bind to chlorophylls a and/or b, altering their optical
properties (Klimmek et al., 2006). The resulting set of different
chlorophyll forms ensures the transfer of energy from absorbed
quanta to the reaction centers of the photosystems (Li et al.,
2025). Also, LHC proteins are involved in chlorophyll degra-
dation by interacting with the STAY-GREEN (SGR) protein
and chlorophyll catabolism enzymes (CCE) (Pietrzykowska et
al., 2014). The LHC family includes chlorophyll a/b-binding
proteins (CAB or Lhca/b), photosystem II protein psbS, Light-
Harvesting-like proteins (LIL, also including Light-Inducible
proteins (ELIP), One-Helix proteins (OHP), Stress-Enhanced
proteins (SEP)), and ferrochelatases (FC or FeCh) (Jansson,
1999; Klimmek et al., 2006).

In addition to LHC proteins and chlorophylls a/b, antenna
complexes include carotenoids (f-carotene, xanthophylls of
the lutein and violaxanthin cycles), which are involved in the
capture of light quanta in spectral ranges weakly absorbed
by chlorophylls, followed by the transfer of excitation ener-
gy to chlorophyll molecules (Li et al., 2025). Furthermore,
carotenoids (primarily violaxanthin, antheroxanthin, and
zeaxanthin) protect the photosynthetic apparatus from excess
excitation energy and prevent its destruction by neutralizing
singlet oxygen and triplet chlorophyll (Li et al., 2025).

The ORANGE (OR) protein plays an important role in regu-
lating chlorophyll and carotenoid levels in green plant tissues.
For example, the expression level of SIOR and SIOR-like genes
in the stems and leaves of tomato Solanum lycopersicum L.
is positively associated with the levels of chlorophylls and
carotenoids in leaf cells (Gao et al., 2025). However, over-
expression of the OR gene in the model species Arabidopsis
thaliana L. suppresses chlorophyll biosynthesis and thylakoid
membrane development (Tee, 2019).

The LHC gene family has been identified in various plant
species, including 4. thaliana (30, 32, or 34 genes), poplar
Populus spp. (36 or 39), cotton Gossypium hirsutum L. (86),
and apple Malus x domestica Borkh. (27 or 42) (Klimmek
et al., 2006; Zhao et al., 2020; Zhang et al., 2021; Lan et al.,
2022).

Tomato plants (S. lycopersicum), an important vegetable
crop, are sensitive to temperatures below 12 °C (Mesa et al.,
2022) and are therefore grown primarily indoors in most re-
gions of the Russian Federation due to the risk of sudden tem-
perature fluctuations and recurrent spring cold spells or frosts.
During the development of stress resistance, the parameters
of photosynthesis undergo significant changes, including the
expression of photosynthetic proteins (Neilson et al., 2011;
Soualiou et al., 2023), so studying tomato LHC genes may be
promising for the breeding of new varieties.

The number of LHC genes in S. lycopersicum, as in other
plant species, is not precisely defined and depends on the
specific study: 40 (Lan et al., 2022) or 39 (Meng et al., 2025).
Most LHC genes contain stress-associated cis-regulatory
elements in their promoters. These genes are differentially
expressed in response to drought, cold, and salinity, may play
an important role in many biological processes, and are shown
to be regulated by circadian rhythms (Piechulla et al., 1998;
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Lan et al., 2022; Meng et al., 2025). The transcript level of
SILHC genes increases during plant adaptation to salt stress
(Ikuyinminu et al., 2023) and is positively related to the rate
of photosynthesis (Yan et al., 2023).

The aim of this study was a transcriptome analysis of leaves
of the cold-resistant tomato cultivar Otradnyi in terms of
changes in the expression of LHC genes, genes of the caro-
tenoid biosynthesis pathway, as well as genes associated with
the synthesis of carotenoids and chlorophyll in chloroplasts,
the formation of ABA and the degradation of chlorophylls, in
response to two cycles of “cold stress — post-stress recovery”.
The results obtained are important for understanding the in-
volvement of photosynthesis-related genes in the cold stress
response and cold tolerance of tomato plants, with the potential
to identify markers of cold stress memory among these genes.

Materials and methods

In the study, we used plants of the tomato S. lycopersicum
cold-resistant cv. Otradnyi (code 8006741, https://gossortrf.
ru/registry/) bred by the Federal Scientific Vegetable Center
(FSVC, Moscow Region). This cultivar is early ripening
and resistant to salinity (Filyushin et al., 2025; data from the
originators).

Tomato cv. Otradnyi seeds (the 2024 harvest) were used to
obtain seedlings at the 5—7 leaf stage (light/dark — 16 h/8 h,
23 °C/18 °C; dark phase 23:00—7:00; Photosynthetic Photon
Flux (PPF) — 190 uM/(m?-s)). Plants were subjected to two
cycles of cold stress; controls were incubated under normal
conditions (23 °C). Each cycle consisted of a cooling phase of
12 hat 3 °C (20:00-8:00) (I-12 and II-12) followed by a post-
stress recovery period (memory phase) of 60 h under normal
conditions (Fig. 1). The cycles followed one after another and
in total took 144 h (12+60+12+60).

2026
30-6

XonopoBana akKNMMaTK3aUnMs ToMaTta cBA3aHa ¢ reHamu SILHC
1N MeTabosIM3MOM KapOTUHOMAOB 1 XN0poduinos

The use of two cycles was motivated by the signature of
stress memory marker genes, implying differences in the ex-
pression patterns of such genes between priming and re-expo-
sure (Friedrich etal., 2019; Baurle, Trindade, 2020; Jacques et
al., 2021; Aina etal., 2024). That is, if the expression profile of
the genes we analyzed under two-cycle stress shows significant
intercycle differences, such genes can become candidates for
stress memory markers. In addition, we used a 60-h recovery
period, since another characteristic of stress memory marker
genes is the failure to return to normal expression values for a
long time (more than 24 h) after stress (Friedrich et al., 2019;
Béurle, Trindade, 2020; Jacques et al., 2021; Aina et al., 2024).

Over the course of two cycles (a total of 144 h), no visible
differences were found between the experimental plants and
the controls. In both cold treatment cycles, no signs of leaf
wilting were observed in the stressed samples (apparently
due to the cold tolerance of the cv. Otradnyi). There were also
no significant differences in plant height, leaf number and
size between the control and experimental groups, as well as
within them.

At the end of cold exposure (12 h, 8:00) and after 48 h of re-
covery (8:00) of the first (I) and second (IT) cycles, leaf samples
were collected from the experimental and control plants. In
the recovery phase (60 h), a 48-h point (I-48 and 11-48) was
chosen, 12 h before the end of the post-stress period, so that
sampling was carried out at the same time of day (8:00) both
during stress and recovery. The choice was determined by the
dependence of the expression of the analyzed photosynthesis
genes on circadian rhythms (Piechulla et al., 1998; Meng et
al., 2025). This temporal coordination, combined with a par-
allel cultured control for normalization, should improve the
accuracy of interpretation of the resulting biochemical and
transcriptomic data.

Cyclell

12h3°C 60 h 23°C 12h3°C 60 h23°C
— > e —>
12h23°C 60 h 23°C 12h23°C 60 h23°C
1-12 1-48 1-12 11-48
Sampling, ¢ ¢ ¢
h L 1 1 1 1 1 1 1 1 1 1 1 ]
0 12 24 36 48 60 72 84 96 108 120 132 144

Fig. 1. Schematic representation of two-cycle (I, I) exposure to cold stress with subsequent recovery on tomato plants of the

cv. Otradnyi.
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The samples were analyzed for chlorophylls a/b and caro-
tenoids (two biological and three analytical replicates); one
biological replicate was a pool of leaves from two independent
plants for each measurement point. The concentrations (mg/g
fresh weight (FW)) of chlorophylls @ and b and total caro-
tenoids were determined in chloroform-methanol (3:1, v/v)
extracts according to (Efremov et al., 2020), with absorption
spectra recorded on an Eppendorf BioSpectrometer® basic
(Eppendorf, Germany). The following formulas were used to
calculate pigment concentrations:

Chlorophyll @ (Chla) =

11.47%(Age6 — A7s0) — 2%(Agas — A750)s
Chlorophyll b (Chlb) =
21.85%(Agag — Ags0) — 4.53%(Age6 — A750),
Total carotenoids =
[1000%(A4g0— A7s0) — 1.33xChla — 23.93xChlb]/202,
where Aggs, Agag, A7so and Aygg are the absorption values at
the indicated wavelengths.

The significance (p < 0.05) of differences between values
was determined using Two-way ANOVA (“multiple compari-
sons, corrected with Bonferroni test”) in GraphPad Prism v. 8
(“GraphPad Software Inc.”, USA; https://www.graphpad.com/
scientific-software/prism/).

For subsequent transcriptome analysis, total RNA was
isolated from the same leaf samples (RNeasy Plant Mini Kit,
Qiagen, USA) and used to obtain mRNA libraries (NEBNext®
mRNA Library Prep Reagent Set for [llumina; New England
BioLabs, USA), which were sequenced on the Illumina
HiSeq2500 platform (Illumina Inc., USA). Based on the ob-
tained reads, coding sequences were assembled using Trinity
v3.5.13 (https://github.com/trinityrnaseq/trinityrnaseq/wiki)
and TransDecoder v5.1.0 (https://github.com/TransDecoder/
TransDecoder) and then annotated with NCBI-Blast (https://
www.ncbi.nlm.nih.gov/). Relative transcript levels were es-
timated as RPKM (number of reads per 1 kb transcripts per
million mapped reads).

Differentially expressed genes (DEGs) between the control
and experimental plants in two cycles at the end of stress (I-12,
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Cold acclimation of tomato is associated with SILHC genes
and carotenoid and chlorophyll metabolism

[I-12) and the recovery period (I-48, 1I-48) were identified
using the DESeq2 method (Love et al., 2014). Differences in
transcript levels were considered significant if the expression
change was >2 (absolute log2FoldChange [FC] > 1; padj
(P-value adjusted, or false discovery rate) < 0.05). Next, the
annotation was used to search for tomato LHC superfamily
genes, carotenoid metabolism pathway genes, as well as OR,
OR-like, and SGR genes, both among the primary gene list
and among the DEGs. Changes in gene expression profiles
during the experiment were visualized using heatmaps (Excel).

Results

In this study, we examined the effect of two “cold stress — re-
covery” cycles (I, IT) on metabolite content and photosynthesis-
related gene expression in leaves of the cold-tolerant tomato
cv. Otradnyi. Leaves were collected from experimental plants
(parallel to control samples) at two points in each cycle: at the
end of the 12-h stress period (I-12, I1-12); and 12 h before the
end of the 60-hour recovery phase (I-48, 11-48).

Tissue samples were used for chlorophyll a and b and total
carotenoid content analysis. At point [-48, both in the control
and the experimental group, the obtained values were signifi-
cantly lower than at the other three points (I11-48, 1-12, and
11-12). The exception was carotenoids: their content at point
1-48 differed from I-12, but not from II-12, but was similar in
the control and experimental groups (Fig. 2). In addition, in
the experimental group, the amount of all analyzed pigments
decreased significantly at the end of the recovery period of the
second cycle (1I-48) (Fig. 2).

The same leaf samples were used to obtain transcriptomes
for subsequent analysis of the expression dynamics of pho-
tosynthesis-related genes. A preliminary list of genes of in-
terest was compiled based on transcriptome annotations from
SolGenomics, including studies (Lan et al., 2022; Meng et al.,
2025), and NCBI (see the Table). The former study identified
24 Lhca/b, 10 Lil, one Psbs, and five FCII genes in tomato
(Lan et al., 2022). The latter publication reported 29 Lhca/b,
seven Lil, one Psbs, and two FCII genes (Meng et al., 2025).

I ©
[N w

Total carotenoids, mg/g FW
o

II-12  11-48

I-12

1-48 1I-12 11-48

Fig. 2. Dynamics of the content (mg/g FW) of chlorophylls a and b and total carotenoids in the leaves of tomato
cv. Otradnyi plants in response to cold stress and recovery.
In each of the two exposure cycles (I, 1), measurements were taken at the end of stress exposure (I-12, 11-12) and after 48 h of the recovery

period (I-48, 11-48). The value @-d p < 0.05 - for statistically significant differences between the experiment (E) and the control (C) at each
of the points; a significant difference between the experiment and the control at point I1-48 is additionally indicated by a red asterisk.
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List of genes analyzed in the study
Superfamily LHC

Solyc gene ID' NCBI gene ID? Annotation of the encoded protein (NCBI)

029070940 LOC101264784 Chlorophyll a/b-binding protein Cab-1B (CAB1B)

029070950

029070970

029071010

029071030

029070990 LOC101266182 CAB1B homolog, 100 %-cover, identity 99.25 %

029070980 LOC104645884 Chlorophyll a/b-binding protein Cab-1A (Cab-1A)

029071000 LOC104645883 Chlorophyll a/b-binding protein 1D (Cab-1D)

039005760 LOC101267774 Chlorophyll a/bb-binding protein 1-like

039005770 LOC101245729 Chlorophyll a/b-binding protein

039005780 LOC108491835 Chlorophyll a/b-binding protein Cab-3C (Cab-3C)

129006140 LOC543976 Chlorophyll a/b-binding protein 5, chloroplastic (CAB5)
079063600 LOC101268123 Chlorophyll a/b-binding protein 13, chloroplastic-like
129011450 LOC101243766 Chlorophyll a/b-binding protein 13, chloroplastic (CAB13)
099014520 LOC101249002 Chlorophyll a/b-binding protein CP29.1, chloroplastic
069063370 LOC101266527 Chlorophyll a/b-binding protein Cab9 (CAB9)

019105030 LOC101256629 Chlorophyll a/b-binding protein CP24 10A, chloroplastic (CAB-10A)
049082930 LOC101246628 Chlorophyll a/b-binding protein 7, chloroplastic

049082920

019105050 LOC101256131 Chlorophyll a/b-binding protein CP24 10B, chloroplastic-like (LHCP)
059056050 LOC101253380 Chlorophyll a/b-binding protein 6A, chloroplastic

059056070 LOC544310 Chlorophyll a/b-binding protein precursor (CAB6A)

109006230 LOC101264376 Chlorophyll a/b-binding protein 7, chloroplastic-like (CAB7)
109007690 LOC101253628 Type lll chlorophyll a/b-binding protein (CAB-8)

129011280 LOC101265617 Chlorophyll a/b-binding protein 8, chloroplastic-like
039115900 LOC101268669 Chlorophyll a/b-binding protein CAB11 (CAB11)

069069730 LOC101256006 Chlorophyll a/b-binding protein Cab12 (CAB12)

- LOC101265886 Chlorophyll a/b-binding protein 1C, chloroplastic

- LOC101263969 Chlorophyll a/b-binding protein

- LOC101268491 Chlorophyll a/b-binding protein 3C, chloroplastic-like

- LOC543975 Chlorophyll a/b-binding protein precursor (CAB4)

119042640 LOC101267576 Uncharacterized (CAB-like)

079022900 LOC101257186 Photosystem I chlorophyll a/b-binding protein 5, chloroplastic
129009200 LOC101252151 photosystem | chlorophyll a/b-binding protein 6, chloroplastic
099082690 LOC101257109 Early light inducible protein (ELIP)

099082700 LOC138337022 ELIP homolog 97 %-cover, identity 84.74 %

019107660 LOC101252927 Stress enhanced protein 1-like protein

049053130 LOC101250395 Stress enhanced protein 2, chloroplastic

129056620 LOC101259223 Light-harvesting complex-like protein OHP2, chloroplastic
049071930 LOC101253996 Light-harvesting complex-like protein OHP2, chloroplastic
039094000 LOC101247899 Light-harvesting complex-like protein 3 isotype 2, chloroplastic
089007180 LOC101260362 Light-harvesting complex-like protein 3 isotype 1, chloroplastic
089077880 LOC101248227 Light-harvesting complex-like protein 3 isotype 2, chloroplastic
099011010 LOC101262449 Light-harvesting complex-like protein OHP1, chloroplastic
059018650 LOC101247019 Ferrochelatase-2, chloroplastic

109084140 LOC101248153 Ferrochelatase-2, chloroplastic

089065480 LOC101263738 Ferrochelatase-2, chloroplastic

069060340 LOC101260830 Photosystem Il subunit S (psbS)
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Table (end)

Carotenoid metabolism

Annotation of the encoded protein (NCBI) NCBI gene ID Functional activity
of the encoded protein
Phytoene synthase 1, chloroplastic (Psy1) LOC543988 Carotenoid synthesis
Phytoene synthase 2, chloroplastic (PSY2) LOC543964 (ElShamey et al, 2025)
Phytoene synthase 3 LOC101267734
Phytoene desaturase (pds) LOC544073
15-cis-phytoene desaturase, chloroplastic/chromoplastic LOC101244544
Prolycopene isomerase, chloroplastic (CRTISO) LOC101267857
15-cis-(-carotene isomerase (Z-1SO) LOC101253762
(-carotene desaturase (zds) LOC543629
Lycopene-g-cyclase (CrtL-e-1) LOC544129
Lycopene-B-cyclase, chloroplastic LOC101267662
Lycopene-B-cyclase (LCY1) LOC544104
Lycopene-B-cyclase, chromoplastic (NSY) = neoxanthin synthase, chloroplastic LOC543649
B-carotene isomerase D27, chloroplastic LOC101266539
B-carotene hydroxylase (CrtR-b1) LOC544133
B-carotene hydroxylase (CrtR-b2) LOC544297
Zeaxanthin epoxidase, chloroplastic LOC101252420
Zeaxanthin epoxidase, chloroplastic (ZEP) LOC544162
Violaxanthin de-epoxidase (VDE) LOC543696
Carotenoid cleavage dioxygenase 7 (CCD7) LOC100313501 SGL and ABA synthesis
Carotenoid cleavage dioxygenase 4, chloroplastic LOC101250535 (ElShamey et al, 2025)
Carotenoid cleavage dioxygenase 1A (LeCCD1A) LOC543935
Carotenoid cleavage dioxygenase 1B (LeCCD1B) LOC544269
Carotenoid 9,10(9,10"-cleavage dioxygenase-like LOC101255364
NCED1 9-cis-epoxycarotenoid dioxygenase (LeNCED1) LOC544163
NCED?2 9-cis-epoxycarotenoid dioxygenase 2 LOC100316877
9-cis-epoxycarotenoid dioxygenase NCED6, chloroplastic LOC101246826

Synthesis of chlorophylls and carotenoids in chloroplasts

Annotation of the encoded protein (NCBI) NCBI gene ID Functional activity of the encoded protein
ORANGE protein-like LOC101244466 Negatively regulate chlorophyll biosynthesis,
Protein ORANGE-LIKE, chloroplastic LOC101247247 thylakoid membrane development,

and ELIP gene expression in A. thaliana (Tee, 2019).
Positively influence the growth and stress resistance
of tomato plants (Gao et al., 2025)

Chlorophyll degradation

Annotation of the encoded protein (NCBI) NCBI gene ID Functional activity of the encoded protein

G protein STAY-GREEN LOC101260158 Interact with LHC proteins and chlorophyll
Protein STAY-GREEN homolog, chloroplastic-like LOC101258237 ~ C@tabolismenzymes (Pietrzykowska etal, 2014)
Senescence-inducible chloroplast stay-green protein 1 (SGR1)  LOC778212

' Current Tomato Genome version SL4.0 and Annotation ITAG4.0, from September 2019 (https://www.solgenomics.net/organism/Solanum_lycopersicum/
genome), using data of (Lan et al,, 2022; Meng et al., 2025).

26LM_r2.1 (GCF_036512215.1), assembly and annotation of the tomato genome, September 3, 2024 (updates October 2024-September 2025;
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_036512215.1/).
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Lhca/b

cAB1B

CAB1B

Cab-1A C

Cab-1D

CABI1

cAB

Cab-3C

CAB5

CAB13

CABI3 099 |

CP29.1

CAB9

CAB-10A

CAB7 | o055 | 154 | o081 |

LHCP

CABGA

CAB6A

CAB7

CAB-8 | 091 |

CAB-8

CAB11

CAB12

CABI1C

CAB

CAB3C

CAB4

CAB5 0.52 1.19

CAB6A 0.20 1.20 0.31 1.03
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Fig. 3. Heatmap of changes in LHC superfamily gene expression in the leaves of the tomato cv. Otradnyi (S. lycoper-
sicum) in response to two cycles (I, Il) of “cold stress — recovery’, constructed using our transcriptome data for points I-12,

II-12 (end of stress) and 1-48, 11-48 (recovery period).

Here and in Figure 4: cells show RPKM values rounded to two decimal places; statistically significant differences from the control (taken
as 1.00) are highlighted in bold. The cell color gradient corresponds to a decrease (shades of gray) or increase (shades of red) in gene

expression compared to the control (1.00, yellow color).

We further relied on NCBI data, where the current version of
the tomato genome is dated September 3, 2024, compared to
SolGenomics (September 2019).

According to NCBI data, the tomato LHC family includes
43 genes (29 — Lhca/b, 10 — Lil, 1 — psbS, 3 — FCII) (see the
Table). In addition, 18 genes of the carotenoid biosynthesis
pathway, eight deoxygenase genes (catalyzing the conversion
of carotenoids to the phytohormones strigolactones (SGL) and
ABA), two homologous OR genes (synthesis of chlorophylls
and carotenoids in chloroplasts) and three homologous SGR
genes (chlorophyll degradation) were identified in tomato
genome (see the Table).

The obtained transcriptome data were used to assess changes
in the expression of the genes we selected (see the Table) in
tomato leaves during two cycles of “cold stress — recovery”
(Fig. 3 and 4).

It was shown that in both stress cycles after 12 h of cold
exposure (I-12, II-12), the expression of Lhca/b genes de-
creased significantly (>2-fold). The exceptions were CAB7-
LOC101246628 (I-12, 1I-12) and CAB5-LOC101257186
(II-12), the level of transcripts of which also decreased at
both points, however, less significantly (<2-fold). By the
end of the recovery period of both cycles (I-48, 11-48), the
expression of Lhca/b genes returned to control values, with
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Fig. 4. Heatmap of changes in the expression of carotenoid, SGL and ABA biosynthesis genes, as well as OR and SGR
genes, in the leaves of tomato cv. Otradnyi in response to two cycles (I, Il) of “cold stress — recovery”.

Constructed using the transcriptome data obtained for points I-12, II-12 (end of stress) and I-48, 11-48 (recovery period).

the exception of an increased level of Cab-1D, CABI2 and
CAB5-LOC101257186 transcripts (I-48) (Fig. 3).

Among the other gene groups of the LHC family, the ex-
pression of both the ELIP genes and one of the ferrochelatases
(LOC101263738) increases significantly towards the end of
stress (I-12, 1I-12) and after recovery maintains an elevated
value (I-48) or returns to the control level (II-48). The expres-
sion of two LIL3 genes (LOC101260362, LOC101248227)
and the psbS and OHP1 genes, on the contrary, decreases in
response to stress (I-12, II-12) and, upon recovery, returns to
the control (I-48, 11-48; except for the induction of OHPI in
[-48). The remaining genes showed no significant changes in
expression across the two stress — recovery cycles, with the
exception of SEP2 (upregulation, 1I-12) and one of LIL3-2-
LOC101247899 (upregulation, 11-48) (Fig. 3).

The previously formulated stress memory marker feature
states that markers are genes, expression of which changes
differently in response to the first and repeated stressful events,
and to the recovery periods separating them (Friedrich et al.,
2019; Baurle, Trindade, 2020; Jacques et al., 2021). Given
this, the Cab-14, Cab-1D, CAB12, CAB5-LOC101257186,

ELIP, SEP2, OHP2-LOC101259223, OHPI and LIL3-2-
LOC101247899 genes, which showed intercycle differences
in expression dynamics, may be considered candidates for
such markers (Fig. 3).

In addition to the LHC family genes, transcriptome analysis
of the carotenoid biosynthesis genes was performed. As a re-
sult, no significant response to both “cold stress — recovery”
cycles was found for the genes of all three phytoene synthases
(PSYI1-3), one of the two PDS-LOC544073, CRTISO, Z-1SO,
ZDS, and LCY1 (Fig. 4). The second PDS-LOC101244544,
CrtL-e-1, LcyB, D27, CrtR-b1, and one of the two ZEP genes
showed the same expression dynamics: a decrease (I-12, II-12)
and a return to the control level (I-48, 1I-48); the expression of
the second ZEP gene had similar dynamics, except for a less
significant decrease at point I-12 (Fig. 4). The level of CrtR-b2
transcripts, on the contrary, decreased after the recovery pe-
riods (I-48, 11-48). Two genes deserve special mention. The
expression of the first one encoding neoxanthin synthase
(NSY) was significantly increased in response to cold exposure
(I-12, 1I-12) and returned to control levels after the recovery
period (I-48, 11-48). The level of transcripts of the second gene
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encoding violaxanthin de-epoxidase (VDE) decreased in the
first stress cycle (I-12), and then increased (I-48), and in the
second cycle did not differ from the control (Fig. 4).

Among the genes encoding dioxygenases involved in the
pathway for converting carotenoids into phytohormones (SGL,
ABA), CCD7 and LeCCDI14 showed no significant response
to two “cold stress — recovery” cycles. CCD4 and NCED6
expression differed from the control profile only by a decrease
at points II-12 and I1-48, respectively. The transcript levels of
the LeCCD1B and NCED? genes significantly decreased and
increased, respectively, after stress (I-12, II-12). The CCD-like
and LeNCED| genes had transcript levels significantly higher
than the control, except at points [-48 and I1-48, respectively
(Fig. 4).

Of the genes associated with chlorophyll synthesis and
degradation, two (OR-like, SGR-like) showed no differences
from the control, two (OR, SGR) had significantly reduced
transcript levels after stress (I-12, II-12), and one (SGR/) had
an increased level at the same points (I-12, 1I-12) (Fig. 4).

Given the definition of a stress memory marker (Friedrich
etal., 2019; Béurle, Trindade, 2020; Jacques et al., 2021), the
following genes may be considered candidates: VDE, CCD4,
CCD-like, LeNCEDI, and NCEDG6 (Fig. 4).

Discussion

The plant adaptive response to cold stress is closely linked to
cellular osmoregulation mediated by ABA-induced stomatal
closure (Sreenivasulu et al., 2012; Agurla et al., 2018). 9'-cis-
neoxanthin serves as a precursor of ABA, and its increased
synthesis in response to stress can be accompanied by a
decrease in the content of violaxanthin cycle xanthophylls
important for photosynthesis, leading to a decrease in the rate
of photosynthesis (Nakashima, Yamaguchi-Shinozaki, 2013;
Yamori et al. 2014; Chen et al., 2020; Xu et al., 2023). This
disrupts the function of the antennae of photosystems I and
II (Ashraf, Harris, 2013), which include proteins of the LHC
family that bind chlorophylls a/b and carotenoids (Klimmek
et al., 2006; Li et al., 2025). Studying LHC genes is therefore
important for understanding their role in the cold stress re-
sponse and determining plant cold tolerance.

Since the available information on the S. lycopersicum
LHC genes varies (Lan et al., 2022; Meng et al., 2025), the
first step was the identification of genes of this family using
the above-mentioned publications and GenBank data (SolGe-
nomics and NCBI). The results obtained differed from those
of the studies (Lan et al., 2022; Meng et al., 2025) that used
only the SolGenomics database, both in terms of the number
and composition of the LHC family (see the Table). Our data
are believed to be the most reliable since they are based on
the latest version of the S. lycopersicum genome available in
the NCBI database (from 2024 vs. 2019 in SolGenomics).

Considering the involvement of carotenoids in photosynthe-
sis, the list of genes for analysis also included known genes of
the carotenoid metabolism pathway (EIShamey et al., 2025),
as well as SGR and OR genes associated with chlorophyll
degradation (Pietrzykowska et al., 2014) and chlorophyll/ca-
rotenoid synthesis (Tee, 2019; Gao et al., 2025), respectively
(see the Table).

2026
30-6

XonopoBana akKNMMaTK3aUnMs ToMaTta cBA3aHa ¢ reHamu SILHC
1N MeTabosIM3MOM KapOTUHOMAOB 1 XN0poduinos

Having selected the cold-resistant cv. Otradnyi for the study,
we carried out two consecutive “cold stress —recovery” cycles
(I, IT), where each cycle included 12-h cooling (3 °C) followed
by 60 h of normal conditions (Fig. 1). Since the level of LHC
gene transcripts is regulated by circadian rhythms (Piechulla
etal., 1998; Meng et al., 2025), we used control plants grown
in parallel at normal temperature (23 °C), taking readings at
the same points as the experiment.

Measurement of chlorophyll a/b and carotenoid contents
in leaves collected at the end of the 12-h stress period (I-12,
[I-12) and during the recovery phase (I-48, 11-48) showed that
the amounts of all analyzed pigments decreased significantly at
the end of the second cycle (I1-48) (Fig. 2). This may suggest
amore effective plant response to repeated cold stress due to a
possible decrease in the rate of photosynthesis and an increase
in osmoregulation, in accordance with data (Sreenivasulu et
al., 2012; Agurla et al., 2018). That is, stress memory may
have occurred in plants during the first cycle “cold stress —
recovery”, which could be reflected in transcriptomic data.

The same tomato leaf samples were used to obtain tran-
scriptomes and analyze changes in the expression of genes of
interest (see the Table): LHC family, carotenoid metabolism,
SGR and OR genes. The observed decrease in transcript levels
of most LHC genes and half of the carotenoid biosynthesis
genes at the end of the stress exposure (I-12, 1I-12) (Fig. 3
and 4) may suggest a decrease in the rate of photosynthesis in
tomato leaves in response to low temperature, since the rate of
photosynthesis is positively associated with LHC gene expres-
sion (Yan et al., 2023). A sharp increase in the expression of
the SGRI gene (Fig. 4), involved in chlorophyll degradation
(Pietrzykowska et al., 2014), and a decrease in the expression
ofthe OR gene (Fig. 4), positively associated with chlorophyll
biogenesis and the development of thylakoid membranes (Tee,
2019), may also be associated with a decrease in photosynthe-
sis. At the same time, a significant increase in the expression
of the NSY, CCD-like, LeNCED1, and NCED6 genes (Fig. 4)
in [-12 and II-12 leaves may suggest increased ABA produc-
tion (ElIShamey et al., 2025), associated with stomatal closure
in response to cold stress (Sreenivasulu et al., 2012; Agurla
etal., 2018).

Previously, it was shown that the level of S. lycopersicum
LHC gene transcripts increases during tomato plant adaptation
to salt stress (Ikuyinminu et al., 2023). The discrepancy with
our data (Fig. 3) can be explained both by the use of a different
stress factor and by the use of the biostimulant PSI-475 by
the authors before watering the plants with a saline solution
(Ikuyinminu et al., 2023).

The publication (Meng et al., 2025) also presents data on
the expression of S. lycopersicum LHC genes in response to a
single-cycle 24-h cold stress. In particular, it was shown that
the level of SILhcbl.11 (LOC108491835) gene transcripts
decreases and SIELIPI (LOC101257109) increases (Meng
et al., 2025), which is completely consistent with our results
(Fig. 3). Silencing of SILhcbh1.11 or SIELIPI in tomato plants
leads to a decrease in chlorophyll content, impaired photo-
synthesis and cold resistance (Meng et al., 2025), indicating
an important role of these genes in the adaptive response of
S. lycopersicum. According to our data, the SIELIPI gene
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may be a candidate for stress memory markers, since its ex-
pression profile differs between the first and second recovery
periods (Fig. 3). In addition to SIELIPI, a number of genes
correspond to the stress memory marker definition (Friedrich
et al., 2019; Béurle, Trindade, 2020; Jacques et al., 2021):
Cab-14, Cab-1D, CAB12, CAB5-LOC101257186, SEP2,
OHP2-1L.OC101259223, OHP! and LIL3-2-LOC101247899,
VDE, CCD4, CCD-like, LeNCEDI and NCEDG6 (Fig. 3 and 4).

Conclusion

Overall, in this study, we performed the first transcriptome
analysis of the differential expression of SILHC genes,
carotenoid metabolism genes, and genes associated with
chlorophyll synthesis and degradation in the leaves of a cold-
tolerant tomato genotype during two consecutive cycles “cold
stress — recovery”. Signs of a possible decrease in the rate of
photosynthesis were obtained: a decrease in the chlorophyll
and carotenoid content at the end of the second cycle recovery
(I1-48) and a decrease in the transcript levels of most LHC
family genes at the end of each chilling stage (I-12, 11-12). At
points I-12 and 1I-12, an increase in the expression of the NSY,
CCD-like, LeNCED1, and NCEDG6 genes was also detected,
which may indicate a possible increase in ABA synthesis in
response to low temperature. Based on the obtained expres-
sion dynamics, among the analyzed genes, candidates for the
role of markers of tomato cold stress memory were identified,
namely 10 SILHC genes and five genes associated with ABA
synthesis.
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Prebreeding studies of spring bread wheat lines,
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Abstract. One of the sources of bread wheat resistance to the Puccinia triticina is the Lr51 gene in the
T1BS.1BL-1S#F7L-1BL translocation, from Aegilops speltoides Tausch. However, it is little used in the practical
breeding of Triticum aestivum L. The main reason is the fear of the negative impact of translocation on important
agronomic features. This paper presents the results of pre-breeding studies of lines-analogues of spring bread wheat
cultivar Saratovskaya 68 — L6 and L7, carrying T1BS.1BL-1S#F7L-1BL translocation, compared with the recipient —
Saratovskaya 68 and the standard — Saratovskaya 76. The presence of the Lr57 gene was confirmed by PCR analysis
with markers S30-13L and AGA7-759R. Lines L6 and L7 are resistant to saratov populations of P. triticina. The lines-
analogues are cytologically stable. The presence of translocation in L6 and L7 did not significantly influence for plant
height and lodging resistance. In lines-analogues, the duration of the germination-earing period is at the level of
recipientand standard cultivars. For grain productivity, lines L6 and L7 do not significantly differ from Saratovskaya 68.
However, lines L6 and L7 surpassed Saratovskaya 76 in 2024, but there were no differences for 2023-2025 period.
Analysis of the structure of the elements productivity of the main ear for average 2023-2025 period showed that
at the lines L6 and L7 no differences with the cultivar-recipient for all traits. But comparisons with Saratovskaya 76,
show significant differences in favor of lines with translocation in terms of ear density, while L7 also had significant
differences for grain weight from the ear and number grains in spikelet.The presence of the T1BS.1BL-1S#F7L-1BL
translocation in L6 and L7 did not significantly affect the protein content, as well as the indicators of flour and bread,
except for the volume and porosity of bread. Lines L6 and L7 were inferior to Saratovskaya 76 in terms of elasticity, the
ratio of elasticity to extensibility (P/L), and the volume of bread, but surpassed the strength of flour (W). In general,
in terms of cytological stability and the entire range of breeding-valuable indicators, the effect of T1BS.1BL-1S#F7L-
1BL translocation in the genotype of the Saratovskaya 68 is assessed as neutral, and lines L6 and L7 have breeding
significance for leaf rust resistance.

Key words: spring bread wheat; lines-analogous of cultivar Saratovskaya 68; T1BS.1BL-1S#F7L-1BL; resistance to leaf
rust; influence for grain productivity and bread making quality
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JIMHUN IPOBOI MSITKO ITIIIEeHUIIbI, HECVIIIX
TpaHcnokauuio T1BS.1BL-1S#F7L-1BL c reHoM Lr51
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AHHOTaumA. OfHVM U3 3PPEeKTUBHBLIX TEHOB YCTOMUMBOCTM K BO3GYAWTENO NUCTOBOW piKaBuvHbl (Puccinia
triticina) y markon nwenuupl (T. aestivum L.) aBnaeTca reH Lr51, UHTPOAYLMPOBAHHbIN B FeHOM MAFKOW MLeHWULbl
ot Aegilops speltoides Tausch B coctaBe TpaHcnokaumm T1BS.1BL-1S#F7L-1BL. OgHako 3TOT reH pefiko NCMoNb3yloT B
NPaKTUYECKON CeneKkumnn n3-3a onaceHnsa HeraTMBHOIO BAMSAHUA Yy>KePOAHON TPaHCIOKaLMN Ha arpOHOMIMYECKMe
BaXHble Npu3Haku. B faHHOM paboTe npefcTaBneHbl pe3ynbTaTbl NPebprANHIOBbIX NCCNeOBaHNIA APOBbIX MUHUI
MArkon nwennubl J16 n J17, Hecywmx T1BS.1BL-1S#F7L-1BL TpaHcnokauuto, N0 CpaBHEHMNIO C COPTOM-PELIMMUEHTOM
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JIHVUM APOBOI MATKON MLUEHNLbI, HecyLune
TpaHcnokaumto T1BS.1BL-1S#F7L-1BL c reHom Lr51

CapaToBckaa 68 1 copTom-cTaHgapTom CapaToBcKas 76 MO KOMMIEKCY CeNeKUMOHHO 3HayuMbIX MPU3HAKOB.
Hanwune reHa Lr51 B reHotune nuHun J16 n J17 nogreepxpaeHo [NLP-aHanu3om ¢ ncnonb3oBaHMeM MapKepoB
S30-13L 1 AGA7-759R. ®utonatonornyeckas oueHKa nMHui J16 n J17 B ycnoBUAX NCKYCCTBEHHOTO 1 eCTECTBEHHOTO
NHGEKLNOHHOIO PpoHa K IOKaIbHOW MOMYNALMMN IMCTOBOIN PKaBUMHbI, pacnpocTpaHeHHo B CapaToBCKOM 0651acTu,
rnoKasasia X BbICOKWI YPOBEHb YCTONUMBOCTM B CPABHEHUUN C COPTOM-PeLMnmneHToM. o oLeHKe LTonornyeckomn
CTabUNBbHOCTW NIMHUIA, MENOTUYECKI UHAEKC cocTaBnAeT 98.2 1 99.7 y nuHuia J16 n J17 cootBeTcTBEHHO. Hannune
TpaHcnokauymu y J16 n J17 He BAMANO 3HaYMMO Ha BbICOTY PacTeHWU 1 YCTOMYMBOCTb K NONeraHunio. Y NIMHMI-aHanoros
NPOACIKNTENbHOCTb MEPMOfa BCXOAbl—KONOLLEHME OKa3anacb Ha ypoBHe CopTa-peunnmneHTa 1 copta-CTaHgapTa.
Mo npopyKTMBHOCTM 3epHa nuHUK J16 1 J17 TakKe He OTNMYanucb AOCTOBepHO OT coptoB CapaToBckas 68 u
CapaToBcKaa 76, No AaHHbIM MONEBbIX UCMbITaHUA 3a nepuog 2023-2025 rr. AHanu3 CTPYKTypbl MPOAYKTUBHOCTY
rMaBHOro Konoca y nuHun J16 v J17 BbiABMA OTCYTCTBME Pa3NNYMin C COPTOM-PELMMNEHTOM MO BCEM MOKa3aTenam.
Mo cpaBHeHuIo ¢ copTom CapaToBcKas 76 Oblnv AOCTOBEPHbIE Pa3nymA B NOJb3y MHMIN-aHANOroB MO MIOTHOCTW
Konoca, a y J17 Takxe no Becy 3epHa C KOnoca 1 03epHEeHHOCTU Konocka. Hannune TpaHcnokauum T1BS.1BL-1S#F7L-
1BL y J16 1 J17 He3HauMMO NOBAMANO Ha cofepaHune 6eska, a Takke Ha KauecTBO MyKu 1 xneba. OpgHako obe nnHUK
yCTynanu CopTy-peLnnmeHTy No Takum Npu3Hakam, Kak 06bemM 1 NopucTocTb xneba. Jiunnm J16 n J17 yctynanu copty
CapaToBcKaa 76 Mo yrnpyrocti, OTHOLIEHWIO YNPYroCcTy K PacTsAXXMMOCTLN, 06beMy xneba, HO NpeB3oLWn no cune
MyKM. B LLlenom, € yueTom LMToNornyeckor CTabnnbHOCTY 1 KOMMJIEKCY CENTEKLIMOHHO LieHHbIX MoKa3aTenen, BiuaHue
T1BS.1BL-1S#F7L-1BL TpaHcnokauun B reHoTune copta CapaToBcKasa 68 oLeHNBaeTCsA Kak HelTpasnbHoe, a nnHun J16
1 J17 metoT cenekLNOHHYI0 3HaYMMOCTb MO YCTOMUMBOCTU K IMCTOBOW PrKaBUMHE.

KntoueBble cnioBa: ApoBan MArkasa nweHunua; TMHumn-aHanoru copta CapatoBckas 68; T1BS.1BL-1S#F7L-1BL TpaHc-
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Introduction

Bread wheat (Triticum aestivum L. em. Thell) is one of the
main food crops. Wheat accounts for over 27 % of the total
global grain production. Intensive breeding for increased pro-
ductivity of this crop has led to a significant reduction of its
gene pool in terms of resistance genes to diseases and pests.
The susceptibility of bread wheat varieties to diseases leads
to huge losses in grain yield and a decrease in its quality. For
example, average losses from leaf rust in Russia and foreign
countries are 4—6 %, and under epiphytotic conditions of this
pathogen, grain yield losses can reach 50-70 % (Dymchenko
et al., 1990). In recent decades, an increase in the harmful-
ness of the disease spectrum of bread wheat has been noted
for the Lower and Middle Volga regions of Russia. A severe
stem rust epiphytotic was observed in 2016, a severe leaf rust
and septoria leaf spot epiphytotic in 2017, a severe tan spot
epiphytotic in 2019, a local but severe stem rust epiphytotic in
2020 and simultaneous moderate epiphytotics of stripe and leaf
rust, powdery mildew, and tan spot in 2025. There is constant
pressure on bread wheat plants from fungal diseases. Thus, the
importance of increasing the yield of cultivated plants through
resistance to biotic factors, which include a large group of
phytopathogens, is sharply increasing. To avoid economically
significant losses from bread wheat diseases, including rust
species, constant scientifically based breeding for resistance to
pathogens is necessary. This work should be based on know-
ledge of the pathogen’s biology, its virulence, the resistance
genetics of cultivated crops varieties, and a sufficient number
and diversity of resistance genes to pathogens, i. e., it should
be anticipatory (Mclntosh, Brown, 1997). The most difficult
task is to expand the genetic diversity of resistance genes to
pathogens. For example, studies by O.A. Baranova (2020) on
a set of 32 new bread wheat cultivars entered into the State
Register of Selection Achievements of the Russian Federa-
tion for 2017-2018 showed that only 11 cultivars have high
effectiveness against the stem rust pathogen. Of these, seven
cultivars are protected by one gene Sr3/, three cultivars by

a combination of Sr3/+Sr57 and one cultivar Sr37+Sr28.
Studies by E.I. Gultyaeva et al. (2025) on a set of 28 winter
and 16 spring bread wheat cultivars approved for use in 2024
showed that seven winter and five spring bread wheat culti-
vars are resistant to the leaf rust pathogen, i. e., 25 and 37 %.
However, only one winter bread wheat cultivar is resistant to
the stripe rust pathogen.

Currently, effective resistance to pathogens in the majority
of wheat cultivars is due to the presence of resistance genes
introgressed from wild and cultivated relatives of bread wheat,
rather than their own resistance genes. The species Aegilops
speltoides Tausch 2n = 14, genome S (Schneider et al., 2008)
should be particularly highlighted. Twelve identified genes
transferred from this species are known, including six genes
for resistance to leafrust (Lr28, Lr35, Lr36,Lr47, Lr51, Lr66),
three to stem rust (Sr32, Sr39, Sr47) and three to powdery
mildew (Pmi12, Pm32, Pm53) (grainsgenes.org/GG3/wgc,
accessed February 11,2026). .G. Adonina et al. (2012) iden-
tified the TSBS.5BL-5SL translocation from Ae. speltoides,
which carries an effective gene for leaf rust resistance, desig-
nated as LrASP5. Among the identified genes, the gene Lr5/
(laboratory designation LrF7), obtained from crossing the
bread wheat cultivar Neepawa with Ae. speltoides source F,
should be noted, and then six backcrosses were made to the
cultivar Neepawa and a highly resistant line F7 to the leaf
rust pathogen was obtained (Dvorak, 1977). In this line, a
translocation from chromosome 1S Ae. speltoides to chromo-
some 1BL of the cultivar Neepawa — T1BS.1BL-1S#F7L-1BL
(Dvorak, Knott, 1980) was localized. Later, in one derivative
line from F7 — F-7-3, an intercalary translocation from 1S to
IBL ranging from 14 to 32 ¢cM was established, including the
loci XAga7 and Xmwg710 (Helguera et al., 2005). The gene
Lr51 for resistance to the leaf rust pathogen is semidominant
and highly effective both in Russia (Gultyaeva et al., 2024,
2025), and abroad, particularly in the USA (Helguera et al.,
2005). Despite the effectiveness of resistance, this gene is
rarely used in commercial bread wheat cultivars. It is known
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from the sources available to us that the Lr57 gene has been
identified in ten Egyptian bread wheat cultivars (Ashraf et
al., 2015). Among Russian cultivars, this gene has not been
identified (Gultyaeva et al., 2025). At the National Center of
Grain named after P.P. Lukyanenko (FSBSO “NCG P.P. Luky-
anenko”), a series of lines with combinations of Lr5/ with
Lr genes have been obtained: Lri0, Lr26, Lr28, Lr34, Lr35,
Lr50. The number of Lr genes in the combinations ranged
from two to five (Davoyan, 2022). The reasons for the rare use
of the translocation with Lr5/ are unclear. It is hypothesized
that this translocation may negatively affect for agronomically
valuable traits and reduce grain productivity overall (Helguera
etal., 2005). However, there is no data on prebreeding studies
of the TIBS.1BL-1S#F7L-1BL translocation; information on
the impact of this translocation for grain yield and bread ma-
king quality is absent. The purpose of our research is: based
on the results of a three-year study of spring bread wheat
lines-analogous with T1BS.1BL-1S#F7L-1BL translocation,
identify the influence of translocation on cytological stability,
agronomically important traits, grain productivity and bread
making quality, and thus determine its breeding value.

Materials and methods
The material used included the following samples:

Spring bread wheat cultivar Saratovskaya 68, which belongs
to the erythrospermum variety, is valuable for quality, resistant
to drought, susceptible to leaf and stem rust pathogens, and
contains a gene Lr/0 ineffective against the leaf rust pathogen
(Gultyaeva et al., 2020).

Spring bread wheat cultivar Saratovskaya 76 — a standard
approved by the State Commission of the Russian Federation
for the Testing and Protection of Selection Achievements for
the Saratov region.

L6 and L7 lines are analogues of spring bread wheat cul-
tivar Saratovskaya 68. Pedigree: Saratovskaya 68/F-7-3*3//
Saratovskaya 68. Lines analogues were obtained after cross-
ing with line F-7-3 and triple backcrossing with cultivar
Saratovskaya 68, where the pedigree of the near-isogenic line
F-7-3 = Neepawa*6/Triticum speltoides, contains transloca-
tion TIBS.1BL-1S#F7L-1BL with the gene Lr5/. The line
F-7-3 was kindly provided by Doctor of Biological Sciences
E.I. Gultyaeva (FSBSI VIZR, Saint Petersburg, Pushkino).
Lines L6 and L7 belong to the erythrospermum variety and
are highly resistant to the leaf rust pathogen.

Cytogenetic studies. The cytological stability was assessed
by studying chromosome behavior during microsporogenesis
in meiosis. Meiosis stages in microsporogenesis were studied
on temporary squashed preparations of anthers. Spikes of lines
L6 and L7 were cut before emerging from the leaf sheath and
fixed in a mixture of 96 % ethanol and glacial acetic acid (3:1).
Twenty-four hours after fixation, the material was transferred
to 70 % ethyl alcohol, where it was stored until analysis at
t =+2-4 °C. Schiff reagent was used as a dye staff. For each
line, 100—200 microsporocytes at meiosis stages (metaphase [
and I, anaphase I and 11, telophase I and 11, tetrads) were ana-
lyzed. Slides were analyzed on a microscope Axio Scope A 1
(Carl Zeiss) with objectives N~ACHROPLAN 40x/0.65 and
N-ACHROPLAN 100x/1.25 0;1.

Spring bread wheat lines, carrying
T1BS.1BL-1S#F7L-1BL translocation with Lr57 gene

Phytopathological analysis. Under field conditions, the
degree of resistance to the leaf rust pathogen was evaluated
according to the reaction type of the Mains and Jackson scale
(1926), where: 0 — absence of symptoms; 0; — necroses with-
out pustules; 1 — very small pustules surrounded by necrosis;
2 —medium-sized pustules surrounded by necrosis or chlorosis;
3 —medium-sized pustules without necrosis; 4 — large pustules
without necrosis, X — pustules on the same leaf of different
types, with chloroses and necroses present. Plants with infec-
tion types 0—2 were classified as resistant (R), and 3, 4, and
X (S) — as susceptible. The percentage of rust infection was
assessed according to the R.F. Peterson et al. (1948) scale.

For laboratory evaluation, mixed Saratov populations
of Puccinia triticina with artificially increased presence of
pathotype pp19, virulent to gene Lr/9 were used. Seedlings
(three-leaf stage), grown in soil-filled containers, were sprayed
with an aqueous spore suspension of the population with the
addition of Tween 80 detergent. The suspension concentration
was 1 mg inoculum per 1 mL of water. After plant inoculation,
a dark period was created for 20 hours at 100 % relative humid-
ity, then seedlings were grown at a temperature of 20-22 °C,
with a photoperiod of 16 h day/8 h night. The type of reaction
to the pathogen of seedlings was determined according to the
Mains and Jackson scale (1926).

Molecular genetic analysis. For PCR analysis, DNA
was isolated from five-day-old wheat seedlings using the
cetyltrimethylammonium bromide (CTAB) method (Murray,
Thompson, 1980). For the identification of the resistance gene
Lr51 CAPS-marker was used, for the gene AGA7, located
in Ae. speltoides translocation, containing Lr51. Primers
S30-13L 5'-GCATCAACAAGATATTCGTTATGACC-3’
and AGA7-759R 5'-TGGCTGCTCAGAAAACTGGACC-3’
proposed in the work by M. Helguera et al. (2005) were
used. Amplification was carried out on T100 Thermal Cycler
(BioRad) amplifiers. Restriction was performed using the
endonuclease Pstl (SibEnzyme). Separation of amplification
products was carried out in a 2 % agarose gel stained with
ethidium bromide. The positive control was near-isogenic
line F 7-3, and the negative control was the recipient cultivar
Saratovskaya 68. GeneRulerTM 100bp DNA Ladder (“Euro-
gene”) was used as a molecular weight marker. PCR was
performed in duplicate.

Evaluation of grain productivity indicators, physical and
baking properties of dough and bread in lines L6, L7, and
the standard cultivar Saratovskaya 76 was conducted in
2023-2025. Experimental material was randomly sown in
plots of 7 m? in 3-fold repetition on the experimental field
of Federal Center of Agriculture Research of the South-East
Region in Saratov. Sowing rate was 400 grains per 1 m2. In
addition to phenological observations and direct assessment of
grain yield, studies of the elements of main spike productivity
were conducted: spike length, number of spikelets and grains,
grain weight per spike, spike density, grain set per spikelet (as
a generalized fertility indicator), which were determined for
15 spikes of the studied lines and the standard cultivar. 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 (“PLAUN”), as well as by
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Table 1. Hydrothermal coefficients for the Saratov meteorological station (Federal Center of Agriculture Research
of the South-East Region) for 2023-2025

Saratov meteorological station 2023 2024 2025

(FCAR of the South-East Region)

Vi Vil Vil v \Y Vi Vil Vv Vi Vil
Hydrothermal coefficient 0.8 1.1 0.6 0.4 0.3 0.2 0.8 0.1 1.1 0.8 0.5

Note. IV - April, V- May, VI - June, VIl - July, VIIl - August.

the Chopin alveograph (Chopin Technologies) traits with the
baking of experimental samples of bread. The protein content
in grain from the 2023-2025 harvests was determined using the
Foss Infratec TM 1241 grain analyzer (Foss Analytical A/S).

Meteorological characteristics of the growing years accord-
ing to the Selyaninov hydrothermal coefficient (HTC) (www.
agrometeo.online/articles/gtk.htm, accessed January 26, 2026)
by months of the vegetation period are given in Table 1. Of
the three years of research, the most favorable meteorological
conditions were in 2023 and 2025. Epiphytotics of leaf rust
were observed in all three years of research, with the greatest
pathogen development observed in the 2023 and 2025 gro-
wing seasons.

The obtained data on lines L6 and L7, recipient and standard
cultivars Saratovskaya 68 and Saratovskaya 76 were subjected
to a one-way variance analysis with multiple comparisons ac-
cording to Duncan using the Agros-2.10 breeding and genetic
software package.

Results

Cytological stability of L6 and L7 lines

To assess meiotic stability, an integrated indicator called the
meiotic index is used. This indicator represents the percen-
tage of normal tetrads relative to the total number of cells
studied. Studies have shown that L6 had a meiotic index of
98.2 %, L7 had a meiotic index of 99.0 %, while the recipient
cultivar Saratovskaya 68 had a meiotic index of 98.8 %. This
indicates that there were no differences between the lines
and the recipient cultivar for this indicator. The plants with a
meiotic index of 90 % or higher is considered cytologically
stable, indicating that both lines are stable. In earlier stages

of meiosis, two chromosomes were detected in both lines that
were not included in the nuclei in telophase I in an amount
0f 0.07 %. Among the mononuclear pollen, micropollen was
detected in L6 and L7: 0.02 % in L6 and L7, and 0.01 % in
Saratovskaya 68.

Phytopathological analysis of lines L6 and L7 for resistance
to leaf rust. Identification of the leaf rust resistance gene
Lr51 using DNA markers S30-13L and AGA7-759R

L6 and L7 showed high resistance to P, triticina in 20232025,
both during artificial infection and during natural epiphytotics
of the pathogen (Table 2). Considering that plants were at the
three-leaf stage during artificial infection with P, triticina and
field evaluations were conducted during milky or milky-wax
ripeness, this suggests a juvenile nature of the resistance gene
in the lines L6 and L7. At the same time, the recipient cultivar
Saratovskaya 68 and the standard cultivar Saratovskaya 76
were susceptible to the leaf rust pathogen. Results of gene
Lr 51 identification by PCR analysis using DNA markers
S30-13L and AGA7-759R in the analyzed lines L6 and L7
showed its presence (see the Figure).

Phenology, grain productivity and bread making

quality traits in the lines L6 and L7,

recipient cultivar Saratovskaya 68

and standard cultivar Saratovskaya 76

In Table 3 the traits of the germination—heading period, plant
height, and lodging resistance in the 2023-2025 growing
seasons are given for lines L6, L7, recipient and standard
cultivars. During the 2023-2025 growing seasons, the ger-
mination—heading period of the lines L6, L7 and the Sara-
tovskaya 68, Saratovskaya 76 cultivars was almost the same

Table 2. Characteristics of resistance of spring bread wheat lines L6 and L7, cultivars Saratovskaya 68
and Saratovskaya 76 to Puccinia triticina in the field (natural epiphytotics) and laboratory (artificial infection)

Cultivar, line Infection type to P, triticina

artificial infection (laboratory assessment) natural epiphytotics

2023 2024 2025 2023 2024 2025
Saratovskaya 68 3 3 3 3/20 3/10 3/5
L6 0; 0;1 0;1 0;1 0; 0;
L7 0; 0;1 0;1 0;1 0; 0;
Saratovskaya 76 3 3 3 3/20 3/10 3/5

Note. Laboratory assessment at the 3-leaf stage. The assessment was carried out during natural epiphytotics of P. triticina in the experimental field of
FCAR of the South-East Region, Saratov.
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Electrophoregram of amplification and restriction products using primers S30-13L and AGA7-759R, diagnosing the Lr517

gene.

M — marker of DNA lengths, 100 bp (“Eurogen”). The amplification product with a marker size of 819 bp was determined in
line F7-3 Lr57 (1) and in lines-analogous L6 (3), L7 (5). Tracks 2, 4, 6 are restriction products of Pstl amplicons, respectively, F7-3
Lr51, L6 and L7. Track 7 is the recipient Saratovskaya 68. Track 8 is the restriction product of the Pstl amplicon of the recipient

Saratovskaya 68.

and the differences were insignificant. Thus, the translocation
T1BS.1BL-1S#F7L-1BL has almost no effect on the germi-
nation—heading period. In terms of plant height in 2023 and
2025, the lines L6 and L7 differed insignificantly from the
Saratovskaya 68 and Saratovskaya 76 cultivars, but in 2024,
line L6 significantly outperformed both cultivars, and in 2025,
the differences were between the lines — L7 exceeded L6. On
average, for the period 2023-2025, there were no differences
in plant height between cultivars (Saratovskaya 68 — 86 cm,
Saratovskaya 76 — 85 cm) and lines (L6 — 88 cm, L7 — 89 cm),
as well as between the lines themselves. Thus, the transloca-
tion TIBS.1BL-1S#F7L-1BL in the Saratovskaya 68 cultivar
did not lead to a significant change in plant height. Plant
height affects plant resistance to lodging. In our studies, L7

was significantly inferior in this trait to both cultivars and L6
in the 2023 growing season. In 2024, L7 was inferior to the
Saratovskaya 76. In 2025, there were no differences between
lines and cultivars. On average, for the period 2023-2025,
there were no differences for lodging resistance between cul-
tivars (Saratovskaya 68 — 4.0 and Saratovskaya 76 — 4.0) and
lines (L6 — 4.0 and L7 — 3.7), or between lines themselves.
However, a decrease in lodging resistance was observed in L7.
Comparisons of L6, L7 for grain productivity and its elements
in the main spike made it possible to identify the influence
of the translocation T1BS.1BL-1S#F7L-1BL on these traits
(Tables 4 and 5).

It was found that the presence of the translocation
T1BS.1BL-1S#F7L-1BL in both lines L6 and L7 during the

Table 3. The period of germination-heading, plant height, resistance to lodging in L6, L7 and the cultivars Saratovskaya 68

and Saratovskaya 76 for the growing seasons of 2023-2025

Cultivar, Germination-heading period, days Plant height, cm Lodging resistance, points

fine 2023 2024 2025 2023 2024 2025 2023 2024 2025
Saratovskaya 68 rec 47 41 45 89.7 68.3 100.0 3.7 4.1 4.1
L6 47 41 44 89.0 755 99.0 3.6 4.1 42
L7 47 41 45 91.2 73.0 104.0 3.0 4.0 42
LSDgy5* NS NS NS NS 5.0 4.0 0.5 NS NS
Saratovskaya 76 st 47 41 45 90.0 66.0 100.0 3.6 43 4.0
LSDy 5** NS NS NS NS 5.2 4.0 0.5 0.2 NS

Note. The least significant difference for the 5 % significance level between L6, L7 and: Saratovskaya 68 (*) and Saratovskaya 76 (**). Here and in

Tables 4-6: NS - no difference.
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Table 4. The productivity and weight of 1,000 grains of spring bread wheat lines L6, L7 and cultivars Saratovskaya 68,

Saratovskaya 76 for the growing seasons 2023-2025

Cultivar, line Weight of 1,000 grains, g

2023 2024 2025
Saratovskaya 68 36.1 327 355
L6 37.0 36.3 346
L7 37.8 336 32.1
LSDgys* NS 3.1 3.0
Saratovskaya 76 38.6 354 35.9
LSDg5** NS NS 3.0

Grain yield, t/ha

average 2023 2024 2025 average
34.8 3.142 2.238 3.551 2977
36.0 2.990 2.713 3.250 2.984
345 3.244 2.596 3.427 3.022
NS NS NS NS NS

36.6 2.776 2.042 3.492 2.770
NS NS 0.501 NS NS

Note.The least significant difference for the 5 % significance level between L6, L7 and: Saratovskaya 68 (*) and Saratovskaya 76 (**).

Table 5. The elements of the main spike productivity of spring bread wheat lines L6, L7,
recipient cultivar Saratovskaya 68 and standard cultivar Saratovskaya 76 on average for the growing seasons 2023-2025

Cultivar, line Spike length, Number Spike density Grain weight Grains for one
mm spikelets, pcs grains per spike, pcs per spike, g spikelet, pcs
L6
Saratovskaya 68 85.97 16.97 42.70 1.87 1.63 2.52
L6 81.53 16.43 40.40 1.90 1.50 246
HCP, 5* NS NS NS NS NS NS
Saratovskaya76 91.37 16.60 40.30 1.70 1.42 240
LSDgs** NS NS NS 0.176 NS NS
L7
Saratovskaya 68 85.97 16.97 42.70 1.87 1.63 2.52
L7 85.63 17.27 44.67 1.90 1.73 2.58
LSDys* NS NS NS NS NS NS
Saratovskaya 76 91.37 16.60 40.3 1.70 1.42 240
LSDg s** NS NS NS 0.076 0.252 0.152
L6 and L7
L6 81.53 16.43 40.4 1.90 1.50 246
L7 85.63 17.27 44.67 1.90 1.73 2.58
LSDy s NS NS NS NS NS NS

Note. The least significant difference for the 5 % significance level between the line and: the recipient cultivar Saratovskaya 68 (*) and the standard

cultivar Saratovskaya 76 (**).

study years did not significantly affect for grain yield compared
to the Saratovskaya 68 (Table 4). However, differences were
observed compared to the standard Saratovskaya 76 during the
2024 growing season; the cultivar was significantly inferior to
both lines (Table 4). As shown by the hydrothermal coefficients
data, drought from strong to weak was observed during the
2024 growing season (Table 1). Thus, there is reason to assume
that L6 and L7 with the translocation T1BS.1BL-1S#F7L-1BL
are more drought-resistant than the standard Saratovskaya 76,
but are of the same level as the recipient Saratovskaya 68. One
of the factors that affects grain productivity is the 1,000 grain
weight. On average, there were no significant differences in
this trait between lines L6, L7 and cultivars Saratovskaya 68

and Saratovskaya 76 over the period 2023-2025, but there
were differences in individual years. L6 surpassed the recipi-
ent Saratovskaya 68 for 1,000 grain weight in 2024, and L7
was inferior to both Saratovskaya 68 and Saratovskaya 76 in
2025 (Table 4). Analysis of the elements of the main spike
productivity revealed that L6 and L7 with the translocation
T1BS.1BL-1S#F7L-1BL did not differ significantly from
the recipient Saratovskaya 68 for all parameters. Thus, there
is reason to assess the effect of the translocation T1BS.
IBL-1S#F7L-1BL on the elements of the main spike produc-
tivity as neutral. However, significant differences for spike
density were found between the standard cultivar Saratovs-
kaya 76 and both L6 and L7. Furthermore, L7 significantly
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Table 6. Bread making quality traits for spring bread wheat lines L6, L7, recipient cultivar Saratovskaya 68 and standard cultivar

Saratovskaya 76 on average for the growing seasons 2023-2025

Cultivar, Protein  Gluten Alveograph Bread evaluation indices
line content,
% % IDK 3, dough ratio of dough  flour strength W, loaf volumeV, porosity, crumb

units elasticity P, elasticity to unit of alveograph  mL point color
of device mm extensibility P/L

Saratovskaya 68 16.1 30.23 69.4 71.0 0.81 301 712 4.8 white

L6 16.6 31.07 63.9 84.9 1.00 333 597 3.8

L7 16.3 31.63 65.5 74.5 0.91 320 602 43

LSDys* NS NS NS 9.1 NS NS 94 0.5 -

Saratovskaya 76 16.3 311 73.9 98.0 1.57 270 707 4.5 white

LSDgs** NS NS 6.1 10.1 0.6 35 % NS -

Note. The least significant difference for the 5 % significance level between L6, L7 and: the recipient cultivar Saratovskaya 68 (*) and the standard

cultivar Saratovskaya 76 (**).

exceeded the standard cultivar for grain weight per spike and
grains for one spikelet. There were no significant differences
between the L6 and L7 lines for terms of the elements of the
main spike productivity (Table 5).

The following results were obtained for bread making
quality traits in the studied lines. Grain protein content in L6
and L7 did not differ significantly from either the recipient
or standard cultivars. Similarly, no significant differences
were found for gluten content or strength compared to the
recipient cultivar Saratovskaya 68. However, gluten strength
in the lines L6 and L7, as measured by the IDK-3M gluten
testing device, was stronger than that of the standard cultivar
Saratovskaya 76 (Table 6).

According to the alveograph indices, L6 demonstrated
significantly higher dough elasticity (P) compared to the re-
cipient cultivar and the line L7, but L7 did not differ from the
Saratovskaya 68 for this parameter. In terms of the elasticity-
to-extensibility ratio (P/L) and flour strength (W), the lines L6
and L7 did not differ significantly from the recipient cultivar.
However, they significantly reduced the loaf volume, and L6
also reduced the bread porosity rating. The comparison of the
L6, L7, and the Saratovskaya 76 cultivar for bread making
quality traits revealed greater differences. In terms of elastic-
ity, both lines were inferior to the standard cultivar, while L6
did not differ in terms of the elasticity-to-extensibility ratio,
but L7 had a lower value. For flour strength trait, both lines
significantly exceeded the Saratovskaya 76, but had a signifi-
cantly lower loaf volume, and there were no differences in
crumb porosity. The translocation T1BS.1BL-1S#F7L-1BL
in the lines L6 and L7 did not change the color of the bread
crumb; both lines, like the recipient and the standard cultivars,
had a white crumb (Table 6).

Discussion

Wild relatives of bread wheat possess many genes of agro-
nomic interest and may be valuable sources of resistance to
diseases, insects, and extreme environmental factors. This
primarily concerns species closely related to bread wheat,

including Ae. speltoides Tausch 2n = 14, genome S. This
species belongs to the secondary gene pool of bread wheat
(Shneider et al., 2008). Overall, this species is attractive due
to its immunity to a number of diseases and its greater capac-
ity for recombination with bread wheat chromosomes. This
greater capacity for recombination is due to both the relatives
ofthe S and B genomes and the presence of genes in the S ge-
nome that suppress the homologous conjugation gene system
(Ph) and allow synapsis of homeologous chromosomes. As
noted above, 12 genes transferred from this species were
registered in the Catalogue of Wheat Gene Symbols, inclu-
ding six genes for resistance to leaf rust, three to stem rust,
and three to powdery mildew (grainsgenes.org/GG3/wgc,
accessed February 11, 2026). The 1S, 28S, 38, 58S, 6S, and 7S
chromosomes of Ae. speltoides were involved in the process
of recombinogenesis with the chromosomes of bread wheat.
The most of the transferred genes for resistance to pathogens
from this species included regions of the 2S chromosome
(Lr35,8r32,8r39, Sr47). From the remaining chromosomes of
Ae. speltoides there were one or two transfers with resistance
genes. Translocations were transferred from chromosome 1S
to chromosome 1B: 1BL.1SS (Pm32) and 1BS.1BL-1S#F7L-
1BL (Lr51). Thus, both arms of chromosome 1S were involved
in the exchanges (grainsgenes.org/GG3/wgc, accessed Febru-
ary 11, 2026).

In our studies, based on the lines-analogous of spring
bread wheat cultivar Saratovskaya 68 with the translocation
1BS.1BL-1S#F7L-1BL with the Lr51 gene, we studied for cy-
tological stability, determined the effect on morpho-biological
and phenological traits, the effectiveness of protection against
the leaf rust pathogen, as well as grain productivity and the
bread making quality. Unfortunately, we were unable to find
reports of similar studies from the sources available to us.
Therefore, a comparison of the results of our studies with the
results of other studies is not possible.

One factor limiting the practical application of introgres-
sion lines is their instability, leading to the rapid loss of alien
genetic material. This instability is due to disturbances in the
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meiotic cycle of hybrid plants, causing the formation of non-
functional gametes (Orlovskaya et al., 2015). Lines with alien
translocations obtained by the method of induced homeologous
exchanges or spontaneous exchanges between chromosomes
of an alien species and chromosomes of common wheat are
characterized by greater stability (Sears, 1972; Friebe et al.,
2000). The translocation T1BS.1BL-1S#F7L-1BL used by
us with the Lr51 gene in the original F-7-3 line was obtained
during crosses (backcrossing) of the cultivar Neepawa with
Ae. speltoides source F. That is, there is reason to assume a
homeological exchange between of the Ae. speltoides and
bread wheat chromosomes. It is known that de. speltoides
species itself carries both the gene(s) that suppress the action
of the Ph genes (paired conjugation) and the gametocidal
genes that affect microsporogenesis and pollen viability, but
the localization of these genes does not affect chromosome 1S
(grainsgenes.org/GG3/wgc, accessed February 11, 2026).
In this regard, there was reason to expect minor violations
of cytological stability in the lines L6 and L7 compared to
the recipient cultivar Saratovskaya 68. In general, our study
determined the cytological stability in the lines L6 and L7,
the meiotic index reached 98.2 and 99.0 %, and 98.8 % in the
recipient cultivar Saratovskaya 68.

The Lr51 gene was highly effective against the Saratov
populations of P. trticina in the growing seasons of 2023—
2025, which coincides with the data of E.I. Gultyaeva for the
effectiveness of this gene in the Russian Federation (Gultyaeva
et al., 2024). The presence of the translocation T1BS.1BL-
IS#F7L-1BL in L6 and L7 did not significantly affect for plant
height and lodging resistance either in comparison with the
recipient cultivar Saratovskaya 68 or the standard Saratov-
skaya 76. However, it should be noted that the lodging resis-
tance in L7 decreased in the 2023 and 2024 growing seasons.
In the lines-analogous of Saratovskaya 68, the duration of the
germination-heading period was at the level of the recipient
and the standard cultivars. For grain productivity, the lines
with the translocation TIBS.1BL-1S#F7L-1BL did not differ
significantly from the recipient cultivar, either in individual
years or on average for the period 2023-2025. However,
compared with the standard cultivar Saratovskaya 76, the
L6 and L7 lines significantly outperformed Saratovskaya 76
in 2024, but there were no differences in 2023 and 2025 and
for the period 2023-2025 on average. The detailed analysis
of the elements of the main spike productivity on average
for 2023-2025 for the lines with the translocation T1BS.
IBL-1S#F7L-1BL showed no differences with the recipient
cultivar Saratovskaya 68 for all traits. Nevertheless, compared
with the standard cultivar Saratovskaya 76, there were signifi-
cant differences in favor of the lines with the translocation
for spike density, and for L7 also in terms of grain weight
per spike and grains for one spikelet. The presence of the
translocation T1BS.1BL-1S#F7L-1BL in L6 and L7 did not
significantly affect for protein content, nor flour and bread
indices, except for loaf volume and porosity. Both lines were
inferior to the recipient cultivar. By the comparisons with the
standard cultivar Saratovskaya 76, the results were mixed. The
lines with the translocation were inferior to Saratovskaya 76 for
elasticity, the elasticity-to-extensibility ratio, and loaf volume,
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but surpassed it for flour strength. Based on the above results,
M. Helguera’s hypothesis (Helguera et al., 2005) on the nega-
tive impact of translocation with Lr 51 gene, associated with
its large size, is not confirmed. However, different interactions
of the translocation T1BS.1BL-1S#F7L-1BL with differ-
ent recipient genotypes are possible, which will change the
impact on agronomically valuable traits. The different effects
were observed in near-isogenic lines of spring bread wheat
carrying translocation 7DL-7Ae#1L-7Ae#1S with the gene
Lr29 in the Saratovskaya 68 and Saratovskaya 70 cultivars
(Sibikeev et al., 2022).

Conclusion

Overall, the impact of translocation TIBS.1BL-1S#F7L-1BL
in the Saratovskaya 68 genotype is assessed as neutral based
on cytological stability and the entire range of breeding-
valuable traits. Furthermore, this translocation did not reduce
grain productivity under the drought conditions of 2024, in-
dicating that its presence does not reduce drought tolerance.
The comparisons with the standard cultivar Saratovskaya 76
demonstrated sufficient breeding significance for lines L6
and L7 with translocation TIBS.1BL-1S#F7L-1BL in the
Saratovskaya 68 genotype.
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The ability of FGF21 to ameliorate signs of non-alcoholic
fatty liver disease in mice depends on sex and diet

N.Yu. Balybina @,E.N. Makarova (12}, T.V. Jakovleva (12}, A.Yu. Kazantseva ((?), N.M. Bazhan
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Abstract. Consumption of high-calorie food leads to the development of obesity and non-alcoholic fatty liver disease
(NAFLD). The pathogenesis of NAFLD depends on the composition of the diet. Administration of fibroblast growth
factor 21 (FGF21) to obese mice improves metabolism and liver condition; however, the dependence of this effect on sex
and diet composition has not been studied. Objective: To investigate the influence of sex on liver condition in mice with
diet-induced obesity caused by different diets and on the ability of FGF21 to beneficially affect liver function. Obesity
was induced in male and female C57BL/6J mice using a high-fat diet (HFD) or a cafeteria diet (DCaf). After obesity
development, mice were administered FGF21 (1 mg/kg for 7 days), and the morphofunctional state and gene expres-
sion in the liver were assessed. When maintained on an HFD, hepatic steatosis was less severe in females than in males.
FGF21 did not affect the lipid droplet area in individuals of either sex but exerted a sex-dependent influence on gene
expression: in females, it reduced the expression of glycolysis and lipogenesis genes, preventing lipid accumulation,
while in males, it reduced the expression of inflammation, apoptosis, and fibrosis genes, preventing the transition from
steatosis to steatohepatitis. When maintained on a DCaf, pronounced steatosis developed in mice of both sexes. FGF21
reduced liver lipid content regardless of sex. However, only in females did FGF21 reduce the expression of the Cidec gene
involved in lipid droplet formation and increase the number of apoptotic bodies. In males, the effect of FGF21 on lipid
accumulation in the liver appeared to be mediated by its action on other tissues. Thus, in obese mice, sex differences
in the severity of hepatic steatosis depended on the diet type and were observed only against the background of HFD.
Administration of FGF21 led to a reduction in the total area of lipid droplets in the liver in mice of both sexes only against
the background of pronounced steatosis induced by the DCaf. The influence of FGF21 on gene expression in the liver was
sex-dependent, both against the background of HFD and DCaf.
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CrmocooHOoCcTh FGF21 cHIVDKATh BBIPAa)KEHHOCTD ITPM3HAKOB
HeaJIKOTOJIbHO >KMPOBOJL 60/Ie3HY [TeYeH! V MbIIIEe
3aBVICUT OT I10JIa "I A€ ThI

H.IO. baabibuHa @, E.H. Maxkaposa (%), T.B. fIxoBaesa (|2, A.1O. Kasauyesa (), H.M. baxxan

DepepanbHbli NCCNEAOBATENbCKNIA LeHTP VIHCTUTYT umTonorum n reHetrkn Cubrnpckoro otaeneHns Poccrinckon akapemmn Hayk, Hosocrnbupck, Poccusa
@ n.yu.balybina@gmail.com

AHHoTauusA. MNoTpebneHne BbICOKOKANOPUIHON NMULLM BbI3bIBAET Pa3BUTME OXUPEHUA U HEANKOrOSIbHOW »KMPOBOWN
6one3Hun neyenm (HAXKBM). MaTtoreHe3 HAXBI 3aBcUT OT cocTaBa AneTsl. BBeaeHre dpaktopa pocta dpubpobdnactos 21
(FGF21) ounpeBLwrM MblLLam ynyJllaeT MeTabon3m U COCTOSIHME MeYeHN, OQHAKO 3aBUCUMOCTb 3TOro 3gpdeKTa OT nosna
1 COCTaBa AMETbI eLle He n3yyeHa. Llenb Hallero nccnefoBaHus — U3yuymTb BAUAHWE NOMa Ha COCTOSAHUE NEYEHN Y MbILLei
C aNMMEeHTapPHbIM OXXMPEHMEM, BbI3BaHHbIM AMETaMUN Pa3HOro COCTaBa, U Ha cnocobHocTb FGF21 6n1aroTBOpHO BAUATb
Ha meTabonunueckyio GyHKLMIO NeyeHn. OXnpeHne NHOYLMPOBann y caMLoB 1 caMoK Mbiwweit C57BL/6J BbICOKOXMPHOM
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Ability of FGF21 to ameliorate signs of NAFLD in mice
depends on sex and diet

avieton (BXI) vnun gueton kadpetepua (OK). Mocne pa3BuTna oxumpeHuns mbiwam Beoaunu FGF21 (1 mr/kr, 7 gHen) n
oueHrBany MopdoPYHKLIMOHANbHOE COCTOAHME NEYEHU 1 SKCMPECCHIO FTEHOB, YYaCTBYIOLWYMX B NpoLeccax MeTabonvsma
XKMPOB U1 yrneBofoB, BocnaneHus, Gnbpo3sa 1 anontosa B TKaHM neyeHw. MNpu copepkaHnm Ha BXK/ cTeaTo3 neyeHun y
CcaMoK Obl1 MeHee BblpakeH, yeM y camuoB. FGF21 He BnvAn Ha nnowaab NUNUAHbIX Kanenb y ocobeinl o6orx nonos,
HO OKa3blBas 3aBUCALLee OT Mofa BAMAHME Ha SKCMPECCUIO FeHOB: Y CaMOK CHMXaJl 3KCMPeCcCMio reHoB ruKonmsa u
NUMNoreHesa, NPENATCTBYS OTNIOXKEHNIO IMMIAOB, a Y CamMLIOB — FeHOB BOCManeHus, anonTo3a 1 ¢nbposa, npeaoTspatuasn
nepexop cTeaTos3a B cTeatorenatut (BocnaneHue neyeHn). Mpu cogepkaHum Ha K y mMbiweit 060vx NonoB pa3BuBancs
Bblpa)keHHbIN cTeaTto3. FGF21 cHuKan copeprkaHvie NMnuaoB B NeYeHn He3aBnCUMO OT rnosa. OfHako TOMbKO Y CaMoK
FGF21 cHuxan skcnpeccuio reHa Cidec, yyactBytowero B 06pa3oBaHuy NMNUAHbIX Kanenb, U MOBbIaa KOMYeCcTBO
anonTo3Hbix Teney. Y camuoB 3¢pdekT FGF21 Ha HakonneHvme NUNMAOB B MeyeHu, MO-BUAMMOMY, OMNOCPeAoBaH
LENCTBMEM Ha ApYyrue TKaHWU: XMPOBYIO, MbILLEYHYIO U T.[. TaKUM 06pa3om, y MbILLEl C OXKMPEHUEM MOJIOBbIE Pa3nyns
B CTEMNEHV BbIPaXXeHHOCTM CTeaTo3a NeyeHn 3aB1CeN OT TUMA ANETbI U NPOABNANMCL TONbKO Ha ¢oHe BXK/]. BeegeHune
FGF21 npuBoauno K ymeHbLeHWo 06Lelt Nnowaan AMNULHbIX Kanesb B MeYeHn Y MbiLleli 060UX NONOB TONbKO Ha poHe
Bblpa)€HHOro CTeaTo3a, BbI3BaHHOIO coaepkaHmem Ha [K. BnnaHune FGF21 Ha akcnpeccuio reHOB B NeyeHy 3aB1ceso oT
nosa Kak Ha GpOoHe BbICOKOXKUPHOW AMETbI, TaK 1 Ha poHe AneTbl KadeTepus.

KntoueBble cnoBa: HeanKkorosibHasA mposaa 6onesHb neveHn (HAXBI); cteatos; FGF21; gueta; oXXnmpeHune; nonosble

pasnnynA; neyeHb

Introduction

Obesity is a disease that leads to the development of a number
of metabolic disorders, in particular non-alcoholic fatty liver
disease (NAFLD). This disease is characterized by excessive
lipid accumulation in the liver and has a progressive course
ranging from hepatic steatosis (lipid deposition in hepatocytes)
to non-alcoholic steatohepatitis (liver inflammation), fibrosis
and cirrhosis (Friedman et al., 2018; Haas et al., 2019). The
search for effective NAFLD treatment requires adequate
laboratory models that reproduce the disorders occurring in
humans.

One of the most common models of obesity and related di-
seases in mice is high-fat diet (HFD)-induced obesity (Speak-
man, 2019). On this type of diet, animals obtain 40 to 65 % of
their calories from fat (Speakman, 2019). This diet promotes
the development of pronounced obesity and associated dis-
orders and is most often used in NAFLD research (Hu et al.,
2018). However, in the human population, the main cause of
obesity is more often the consumption of a combination of fats
and carbohydrates. The corresponding model in laboratory
animals is known as the “cafeteria diet” (DCaf) (Buyukdere
etal., 2019). In this approach, animals are given a free choice
between high-fat (lard, chips, sausages, etc.) and high-carbo-
hydrate food (cookies, biscuits, sweet drinks). It is assumed
that the mechanisms of obesity development and associated
disorders in animals are more accurately reproduced on a diet
close to human diet pattern.

Sex influences the development of obesity. It has been
shown that when mice are kept on an HFD, females usually
have lower body and liver weight, as well as lower liver tri-
glyceride content, than males (Senthil et al., 2014; Makarova
et al., 2021b). The expression of the insulin receptor gene
(InsR) and genes involved in lipid metabolism (Ppara, Pgcla,
Fgf21, Acca, Accb, Fasn) is higher in females compared to
males (Makarova et al., 2021b). However, it is not known
whether sex differences in the severity of NAFLD occur under
these conditions. For the first time, the present work compre-
hensively investigates inflammation, fibrosis and apoptosis

genes whose expression changes during the development of
non-alcoholic fatty liver disease. When mice are kept on a
DCaf, females show more pronounced signs of impaired liver
morphology and function, including greater accumulation of
lipid droplets and triglycerides, and higher expression levels
of pro-inflammatory factor genes than males (Gasparin et
al., 2018). Based on this, therapeutic approaches to NAFLD
treatment may depend on sex and diet type.

One of the promising candidates for NAFLD treatment is
fibroblast growth factor 21 (FGF21), a member of the fibro-
blast growth factor family with a wide range of metabolic
functions (Li H. et al., 2013). Administration of exogenous
FGF21 alleviates manifestations of hepatic steatosis (Leow
et al., 2023), reduces obesity, insulin resistance and blood
free fatty acid levels in both rodents and primates (Fisher,
Maratos-Flier, 2016; Makarova et al., 2021b; Bazhan et al.,
2023). These findings have stimulated the study of FGF21
as a potential therapy for NAFLD and other metabolic dis-
orders.

It has been shown that in mice, the expression of endo-
genous FGF21 and the effects of recombinant FGF21 on
carbohydrate and lipid metabolism depend on the sex of the
animal and the etiology of obesity (Makarova et al., 2020,
2021a; Bazhan et al., 2023). Against the background of HFD,
FGF21 improves general metabolic parameters in both sexes
(Makarova et al., 2021b) and reduces NAFLD signs in males
(Keinicke et al., 2020). However, the effect of FGF21 on
NAFLD signs in females on HFD has not been studied. When
animals are kept on a DCaf, FGF21 reduces blood fatty acid
and leptin levels, improves glucose tolerance and increases the
expression of genes involved in the regulation of lipid metabo-
lism in the liver only in male mice (Bazhan et al., 2023). It can
be assumed that on a DCaf, there is sexual dimorphism in the
effects of FGF21 on NAFLD signs. This issue has not been
investigated. The aim of this study is to investigate the effect
of sex on liver condition in mice with diet-induced obesity
caused by diets of different composition, and on the ability
of FGF21 to beneficially influence liver metabolic function.

864 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30+ 6



H.tO0. BanblbuHa, E.H. Makaposa
T.B. AkoBnesa, A.l0. KazaHueBa, H.M. baxaH

Research methods

Animals. This work is a continuation of experiments as-
sessing the effect of exogenous FGF21 on food choice and
metabolic parameters in mice of different sexes with obesity
induced by diets of different compositions. The experimental
design and diet composition are described in detail in previ-
ously published studies (Makarova et al., 2021b; Bazhan et
al., 2023). Two experiments were conducted using male and
female C57BL/6J mice from the vivarium of the Institute of
Cytology and Genetics SB RAS, Novosibirsk.

The experiment on the effect of FGF21 administration
on metabolic parameters in mice with obesity induced by a
high-fat diet was performed in the SPF vivarium of the Insti-
tute of Cytology and Genetics SB RAS. To induce obesity,
12-week-old mice (17 males and 20 females) were given, in
addition to standard chow (Ssniff Spezialdidten GmbH, pro-
tein 19 %, fat 3.3 %), high-fat diet pellets in which 60 % of
calories come from fat (D12492, Ssniff Spezialdidten GmbH,
protein 24.4 %, fat 34.6 %). Thereafter, animals were kept
on a mixture of these diets, with mice obtaining 80-90 % of
their energy from the HFD (Makarova et al., 2021b). In this
experiment, females gained weight less intensively than males.
FGF21 administration was started when male body weight
reached 44-46 g and female body weight exceeded 30 g. The
age of mice at the start of FGF21 administration ranged from
28 to 38 weeks.

The experiment on the effect of FGF21 administration
on metabolic parameters in mice with obesity induced by a
cafeteria diet was performed in a conventional vivarium of
the Institute of Cytology and Genetics SB RAS (Bazhan et
al., 2023). To induce obesity, 10-week-old mice were given,
in addition to standard chow (Assortiment Agro, Turakovo,
Moscow Region, Russia), lard and sweet butter cookies. Pre-
viously, we showed that on such a diet, weight gain rates do
not differ between females and males (Bazhan et al., 2023).
FGF21 administration was started at the age of 28 weeks,
when the average body weight of male mice was 42.13 g
(range 36.1-47.5 g) and that of females was 41.6 g (range
37.3-44.2 ¢).

In each experiment, animals were divided into four groups:
males receiving vehicle (phosphate-buffered saline, PBS),
males receiving FGF21, females receiving PBS, and females
receiving FGF21. Each group contained 5-7 individuals.

For seven days, mice were subcutaneously injected with
recombinant mouse FGF21 protein at a dose of 1 mg/kg body
weight or an equivalent volume of PBS. The dose was selected
based on the results of J. Xu et al., who administered FGF21 at
doses of 0.1, 1, and 10 mg/kg and showed that the pharmaco-
logical effect of FGF21 begins to manifest ata dose of 1 mg/kg
body weight (Xu et al., 2009). At the end of the experiment,
one day after the last injection, animals were decapitated.
The liver was excised and weighed. Relative liver weight was
calculated relative to lean body mass (body weight minus fat
mass). For subsequent gene expression analysis, liver samples
were frozen in liquid nitrogen. Liver samples for histological
analysis were placed in 10 % formalin solution.

2026
30-6

CnocobHocTb FGF21 cHUXaTb BblpaXeHHOCTb
npusHakos HAXBIy mblen 3aB1CKT OT Nona 1 AneTbl

Production and purification of mouse recombinant
FGF21 protein. Production and purification of mouse re-
combinant FGF21 were carried out according to a previously
published protocol (Makarova et al., 2021b).

Determination of triglyceride levels in the liver. To de-
termine triglyceride levels, liver samples were placed in PBS
at a ratio of 8 mL PBS per 1 mg of sample. The sample was
then homogenized and centrifuged at low speed (~50g). The
supernatant was collected and centrifuged again at the same
speed. After the second centrifugation, the supernatant was
collected for triglyceride content determination. Triglyceride
concentration was measured using an enzymatic colorimetric
method with the “Triglycerides-Novo liquid form” kit from
Vector-Best (cat. No. B-8323).

Histological analysis of liver structure. To assess the
degree of steatosis (lipid accumulation in the liver, as well as
macrophage and apoptotic body content), a generally accepted
diagnostic approach was used (Yanko etal., 2021; Leow et al.,
2023). Liver sections were stained with hematoxylin and eosin
according to the standard protocol (Makarova et al., 2021a).
F.R.S. Gasparin et al. showed that the non-stained round
inclusions detected by hematoxylin-eosin staining are lipid
inclusions and that their number correlates with the amount
of lipids determined by Sudan III staining (Gasparin et al.,
2018).

For histological analysis of liver structure, a Zeiss light
microscope (Axioskop 2 plus, Carl Zeiss Microscopy GmbH,
Jena, Germany) with a built-in camera was used. For each ani-
mal, 10 photographs of liver sections were taken at 400 mag-
nification. Statistical analysis was performed on averaged
data for each animal (» = 5-7). The area of lipid droplets, the
number of macrophages and the number of apoptotic bodies
were quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). Lipid droplets of different
sizes were distinguished. Large lipid droplets were those that
displaced the nucleus to the cell periphery; medium-sized
droplets were closely apposed lipid inclusions that did not
displace the nucleus; and small lipid droplets were those
located at a distance from each other. The total area occupied
by lipids (sum of areas of lipid droplets of different sizes) and
the area occupied by lipid droplets of different sizes relative
to the total area of the photograph were calculated (Makarova
etal., 2021a).

Assessment of mRNA levels of genes. The mRNA levels of
genes involved in lipid and carbohydrate metabolism, inflam-
mation, fibrosis and apoptosis were studied by relative quanti-
tation using reverse transcription and real-time PCR (relative
quantitation real-time PCR). RNA was isolated from tissue
samples using ExtractRNA reagent for total RNA isolation
(Eurogen, Moscow, Russia) according to the manufacturer’s in-
structions. Reverse transcription was performed using MMLV
reverse transcriptase (Eurogen, Moscow, Russia) and oligo-dT
primer according to the manufacturer’s protocol. PCR was
performed according to the instructions using a ready-made
reaction mixture qPCRmix-HS LowROX (Eurogen, Moscow,
Russia) and reagents from Applied Biosystems: TagMan
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Gene Expression Assay for the mouse genes Beta-actin, Actb,
MmO00607939 s1C. The expression of genes involved in
various processes and systems of the liver was examined:
glycolysis (Glucokinase, Gck, Mm00439129 m1; Pyruvate ki-
nase liver and red blood cell, Pklr, Mm00443090 m1); gluco-
neogenesis (Glucose-6-phosphatase, G6p, Mm00839363 ml;
Phosphoenolpyruvate carboxykinase 1, Pckl, Mm01247058
ml); FGF21 system (Fibroblast growth factor 21, Fgf21,
MmO00840165 gl; Klotho beta, K/b, Mm00473122 m);
lipid oxidation (Peroxisome proliferator activated receptor
alpha, Ppara, Mm0040939 m1; Carnitine palmitoyltransfer-
ase la, Cptla, Mm01231183 ml; Peroxisome proliferative
activated receptor, gamma, coactivator 1 alpha, Ppargcla,
MmO01208835 m1l); lipid synthesis (Fatty acid synthase,
Fasn, Mm00662319 _m1; Acetyl-coenzyme A carboxylase
alpha, Acca, Mm01304285 ml; Acetyl-coenzyme A car-
boxylase beta, 4cch, Mm01204683 m1; Cell death-inducing
DFFA-like effector ¢, Cidec, Mm00617672_m1); inflammation
and fibrosis (Tissue inhibitor of metalloproteinase 1, 7imp1,
MmO01341361 m1; Transforming growth factor, beta 1, Tgfb1,
MmO01178820_m1; CD68 antigen, Cd68, Mm03047343 ml;
Tumor necrosis factor a, 7nfa, Mm00443258 ml; Interleu-
kin 1 beta, /116, Mm00434228 m1; Nuclear factor, erythroid
derived 2, like 2, Nfe212, Mm00477784 _m1; Chemokine (C-C
motif) ligand 3, Ccl3, Mm00441259 g1); apoptosis (BCL2,
apoptosis regulator, Bcl2, Hs04986394 s1; BCL2-antagonist/
killer 1, Bakl, Mm00432045 m1); growth factor (Insulin-like
growth factor 1, Igf7, Mm00439560 ml). Beta-actin was used
as an endogenous control. PCR and fluorescence detection
were performed on an Applied Biosystems VIIA 7 real-time
PCR system. Relative quantification was performed using the
comparative threshold cycle (CT) method (272ACY),
Statistical analysis. To analyze the effect of FGF21 on lipid
accumulation in the liver, two-way ANOVA with the factors

Ability of FGF21 to ameliorate signs of NAFLD in mice
depends on sex and diet

“sex” and “experimental group” (EG) was used. For multiple
comparisons, the post-hoc Newman—Keuls test was used.
Results were considered statistically significant at p < 0.05.

Due to heterogeneity of variances, gene expression data
were analyzed using the non-parametric Mann—Whitney U test
(n=5-7). Significance was set at p < 0.05. Gene expression
data are presented as medians, means, maximum and mini-
mum values, as well as the 25-75 % range of values for each
parameter.

All analyses were performed using the STATISTICA 6
software package (StatSoft, TIBCO Software Inc., Palo Alto,
CA, USA).

Results

High-fat diet experiment. Liver morphology. Figure la
shows a typical histological picture of the liver in obesity:
hepatocytes containing large, medium and small lipid droplets,
as well as macrophages and apoptotic bodies.

In animals kept on a high-fat diet, signs of steatosis in the
liver of females were less pronounced than in males (Fig. 15).
Relative liver weight was lower in females than in males (ef-
fect of the factor “Sex”, F(j 59y = 7.52, p <0.05) (Fig. 2a). The
area of small lipid droplets and liver triglyceride content in
PBS-treated females and males did not differ, whereas the total
lipid droplet area (effect of “Sex”, F; 59, = 7.45, p <0.05) and
the area of medium-sized (F(; 59, = 12.39, p <0.01) and large
(F(1.20)= 9.93, p < 0.01) droplets were significantly lower in
females than in males (Fig. 2b, ¢, ). However, the number
of macrophages (effect of “Sex”, F(; 59y = 39.07, p < 0.001;
Newman—Keuls post-hoc test, p < 0.05) and the number of
apoptotic bodies (effect of “Sex”, F(; 9, = 5.02, p < 0.05;
Newman—Keuls test, p < 0.05) were higher in females than in
males, indicating more pronounced inflammation in females
compared to males (Fig. 2d, e).

Females

Fig. 1. Representative images: a - lipid accumulation in the liver of male and female mice fed a high fat diet and receiving
PBS or FGF21; b — general liver architecture in obese mice.

Hematoxylin and eosin staining, x400. 1 - large lipid droplets, 2 - medium lipid droplets, 3 — small lipid droplets, 4 - macrophages,

5 — apoptotic bodies.
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Fig. 2. Relative liver weight (a), lipid droplet area (b), triglyceride content (c), macrophage count (d) and apoptotic body count (e) in the
liver of male and female mice fed a high fat diet and receiving PBS or FGF21.

# p < 0.05 vs. males, post-hoc Newman-Keuls test; * p < 0.05 vs. PBS, post-hoc Newman-Keuls test.

FGF21 administration did not affect relative liver weight,
triglyceride content, macrophage number or lipid droplet area
in the liver, but reduced the number of apoptotic bodies (effect
of the factor “EG”, F; 59, = 8.67, p < 0.01; Newman—Keuls
test, p < 0.05 for females) in the liver of both sexes (Fig. 2).

Expression of genes involved

in lipid and carbohydrate metabolism

In HFD-fed females treated with PBS, the expression levels of
Fgf21 (p <0.01,U=0.00,nQ =5, N3 =7), Acca (p < 0.01,
U =0.00, nQ =5, N& =7) and Ppara (p < 0.05, U = 4.00,
nQ =5, N3 = 7) were higher than in males. FGF21 admini-
stration reduced the expression of Gek (p < 0.05, U = 3.00,
n =15 for both groups), Pklr (p < 0.05, U=2.00, n=>5 for both
groups) and Fasn (p < 0.05, U=2.00, n =5 for both groups)
in females and had no effect on the expression of the studied
genes in males (Fig. 3).

Expression of genes involved in inflammation,

fibrosis and apoptosis

In PBS-treated animals, the expression levels of Tnfa
(p <0.05,U=5.00,nQ =5, N3 = 7) and Nfe2l2 (p < 0.05,
U =2.00, nQ =5, N3 = 7) were higher in females than in
males. FGF21 administration reduced the expression of 7gfb/
(p <0.05,U=6.50, n="17 for both groups), Nfe2l2 (p < 0.05,
U =9.00, n =7 for both groups), Bakl (p < 0.05, U = 2.00,
n =" for both groups) and /gf1 (p < 0.05, U=5.00, n =7 for

both groups) in males and had no effect on the expression of
the studied genes in females (Fig. 4).

Cafeteria diet experiment. Liver morphology. In animals
kept on a cafeteria diet, control mice of both sexes showed
high lipid content in the liver, with no sex differences in this
parameter (Fig. 5 and 6b). Relative liver weight and liver tri-
glyceride content did not differ between male and female mice
(Fig. 6a, c). Females had an increased number of macrophages
compared to males (effect of the factor “Sex”, F(; 14, = 4.56,
p <0.05) (Fig. 6d). The number of apoptotic bodies in controls
did not differ between females and males (Fig. 6e).

FGF21 administration reduced relative liver weight (effect
of “EG”, F(; 14) = 4.94, p < 0.05) and total lipid droplet area
in both males and females (effect of “EG”, F; 14) = 4.68,
p < 0.05) (Fig. 6a, b). FGF21 administration did not affect
liver triglyceride content, macrophage number or apoptotic
body number in either sex (Fig. 6¢c—e).

Expression of genes involved

in lipid and carbohydrate metabolism

In obesity induced by the DCaf, only Cidec expression was
lower in females (p < 0.05, U =3.00, n =5 for both groups)
than in males, and FGF21 reduced its expression only in
females (p < 0.01, U =0.00, n =5 for both groups) (Fig. 7).
No effect of sex or FGF21 was detected on the expression of
other studied genes involved in the regulation of lipid and
carbohydrate metabolism.
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Fig. 3. Relative expression levels of carbohydrate and lipid metabolism genes in the liver of male and female mice fed a high fat diet

and receiving PBS or FGF21.
# p < 0.05 vs. males, Mann-Whitney U test; * p < 0.05 vs. PBS, Mann-Whitney U test.
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Fig. 5. Representative images. Lipid accumulation in the liver of
male and female mice fed a cafeteria diet and receiving PBS or
FGF21.

Hematoxylin and eosin staining, x400.

Expression of genes involved in inflammation,

fibrosis and apoptosis

No sex differences were found in the expression levels of in-
flammation and fibrosis genes in the liver under DCaf-induced
obesity, nor any effect of FGF21 administration on the ex-
pression of these genes (Fig. 8).

Discussion

In this study, we investigated sex-specific features of steato-
sis development in diet-induced obesity caused by diets of
different composition, as well as the effect of FGF21 on the
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morphofunctional state of the liver and on the expression of
genes involved in carbohydrate and lipid metabolism, inflam-
mation, fibrosis and apoptosis in the liver of male and female
mice under different types of obesity.

A high-fat diet is widely used to study the mechanisms of
obesity development and potential agents for correcting as-
sociated disorders (Li J. et al., 2020). It has previously been
shown that HFD consumption promotes the development of
obesity and non-alcoholic fatty liver disease in male mice (Lau
etal.,2017). In our study, we used a mixed diet: standard chow
together with high-fat pellets in which 60 % of calories come
from fat. According to S. Hu et al., such nutrition in male mice
causes more pronounced disturbances in metabolic parameters,
faster obesity development, a significant decrease in insulin
sensitivity and greater liver fat deposition compared to diets
in which 10 and 45 % of calories come from fat (Hu et al.,
2018).

HFD consumption revealed significant sex differences in
liver histology. Relative liver weight and the area occupied
by lipid droplets were significantly lower in females than in
males, indicating less severe steatosis (Fig. 1 and 2). Previ-
ously, other authors (Hwang et al., 2010) and ourselves in this
experiment (Makarova et al., 2021b) showed that on an HFD,
female mice exhibit a lower degree of whole-body obesity,
manifested by lower body weight, lower fat mass and lower
liver weight compared to males.

Decreased insulin sensitivity promotes lipid deposition in
the liver and NAFLD development (Takaki et al., 2013). In
the present experiment (Makarova et al., 2021b) and by other
authors (Hwang et al., 2010), female mice were shown to be
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Fig. 6. Relative liver weight (a), lipid droplet area (b), triglyceride content (c), macrophage count (d) and apoptotic body count (e) in the
liver of male and female mice fed a cafeteria diet and receiving PBS or FGF21.
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Fig. 8. Relative expression levels of inflammation, fibrosis, apoptosis and insulin like growth factor genes in the liver of male and female

mice fed a cafeteria diet and receiving PBS or FGF21.

more insulin-sensitive than males; therefore, the lower lipid
accumulation in the liver of females may be a consequence
of their higher insulin sensitivity.

The lower lipid accumulation in the liver of females on HFD
may also be explained by higher lipid metabolism activity.
The expression levels of genes encoding lipogenesis enzymes

(Acca) and fatty acid oxidation enzymes (Ppara) were higher
in females (Fig. 3). Females also had increased expression of
the Figf21 gene in the liver. FGF21 can trigger the expression
of genes involved in free fatty acid oxidation, thereby reduc-
ing lipid deposition in the liver (Kleiner et al., 2012; Fisher,
Maratos-Flier, 2016).
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On HFD, females exhibited a higher expression level of
the pro-inflammatory factor gene 7nfa and a lower expression
level of the Nfe2l2 gene, which encodes a transcription factor
that protects cells from oxidative stress by activating genes
involved in antioxidant and detoxification reactions (Fig. 4).
It has been shown that under prolonged stress, its level may
decrease, exacerbating signs of oxidative stress (Ye et al.,
2023). These facts indicate that, despite lower fat deposition
in the liver, signs of oxidative stress were more pronounced
in females than in males.

We observed in HFD-fed females a greater number of
macrophages and apoptotic bodies in the liver parenchyma
compared to males, both after PBS and FGF21 administration
(Fig. 2). Similar changes were observed in genetic melano-
cortin obesity (Makarova et al., 2021a). Macrophages, in turn,
express pro-inflammatory cytokines such as ///b, Tnfa and
116, which promote the progression of inflammation and the
development of steatohepatitis (Alkhouri et al., 2011).

Thus, we show for the first time that when consuming
high-fat food, females demonstrate lower accumulation of
lipid droplets in the liver compared to males. However, they
show higher expression of the 7nfa gene and greater numbers
of macrophages and apoptotic bodies, which may indicate a
higher degree of inflammation or may represent an adaptive
response to high-fat diet consumption in female mice. This
question requires further investigation.

When FGF21 was administered to HFD-fed mice, we ob-
served suppression of glycolysis (Pklr, Gek) and lipogenesis
(Fasn) gene expression only in females (Fig. 3), which may
indicate the activation of adaptive mechanisms protecting the
liver from excessive fat deposition. Despite this, no reduction
in lipid droplet numbers was found in females. We attribute
this to the fact that, according to the literature, the baseline
lipid level in females was only slightly elevated compared to
normal (Kim et al., 2013), which limited the scope for visible
improvement.

In HFD-fed males, which had more severe steatosis than
females, FGF21 also did not affect liver lipid content (Fig. 2).
The lack of effect may be explained by the fact that FGF21
suppressed /gf1 gene expression in the liver (Fig. 4) (Boparai
et al., 2015). It is known that IGF1 prevents fat accumulation
in the liver (Ma, Stanley, 2023). Possibly, the inhibitory ef-
fect of FGF21 on Igf1 expression, observed by us and other
researchers, may counteract the direct lipid-lowering action
of IGF1.

On HFD, both sexes showed a decrease in the number of
apoptotic bodies in the liver in response to FGF21 administra-
tion (Fig. 2), and males also showed decreased expression of
the pro-apoptotic gene Bak! (Fig. 5). Since inflammation is
often associated with apoptosis, these changes may indicate
reduced liver inflammation (Chen et al., 2018). Moreover,
in males, FGF21 reduced the expression of the pro-fibrotic
gene Tgfbl, which may prevent the development of fibrosis —
a characteristic sign of NAFLD progression.

Thus, in obesity induced by a high-fat diet, the effect of
FGF21 on liver status depended on the degree of steatosis:
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when lipid content was low (as in females), the effect was
aimed at preventing fat deposition by suppressing glycolysis
and lipogenesis gene expression. When steatosis was pro-
nounced (as in males in this study), the effects of FGF21 were
directed towards reducing the expression of genes involved in
the inflammatory process.

Previously, we and other authors have shown that when
excess carbohydrates are added to the diet together with
excess fat, females achieve a greater degree of obesity than
males (Gasparin et al., 2018; Bazhan et al., 2020). However,
in the present study we found that the area of lipid droplets
in the liver did not differ between males and females (Fig. 6).
The absence of differences in liver lipid accumulation despite
greater obesity in females on the DCaf may be related to their
relatively lower expression of the Cidec gene compared to
males (Fig. 7). The product of this gene plays a key role in lipid
droplet formation in the liver. It has been shown that animals
with reduced Cidec expression exhibit a marked reduction in
lipid stores in various tissues (Chen et al., 2018).

In obesity induced by the DCaf, females had more mac-
rophages in the liver than males, which may indicate that
their liver obesity is complicated by inflammation (Fig. 6).
Previously, F.R.S. Gasparin et al. (2018) and A. Spruss et al.
(2012) observed more pronounced signs of liver inflammation
in females than in males. Thus, in animals kept on a cafeteria
diet, no differences were found in the degree of hepatic stea-
tosis, but females showed signs of greater liver inflammation
than males.

Administration of FGF21 to DCaf-fed mice led to a de-
crease in relative liver weight and hepatocyte lipid content in
both sexes (Fig. 6). The mechanism of this effect differed: in
females, FGF21 suppressed the expression of the Cidec gene
in the liver, whose product plays a key role in the formation
and fusion of lipid droplets (Fig. 7) (Chen et al., 2018). In
DCaf-fed males, FGF21 did not affect the expression of liver
genes involved in the regulation of lipid metabolism. It can
be assumed that in males, the FGF21-induced reduction in
lipid droplet area in the liver was related to its action on white
adipose tissue, which is the main target organ for FGF21 (Ma-
karova et al., 2021b). Previously, we showed that in male mice
with DCaf-induced obesity, FGF21 reduces blood free fatty
acid levels (Bazhan et al., 2023). This may reduce fat uptake
by the liver and its subsequent deposition as lipid droplets.

Thus, FGF21 had a similar effect on liver lipid content in
male and female C57BL/6J mice on a cafeteria diet. However,
the mechanisms underlying this effect differed: in females it
likely acted through suppression of a lipogenesis gene in the
liver, whereas in males it acted through extrahepatic mecha-
nisms.

It is known that sex differences in the metabolic effects of
FGF21 depend on the cause of obesity. Thus, on a high-fat
diet, FGF21 exerts unidirectional effects in males and females
on body weight and fat mass, blood cholesterol, glucose and
insulin levels, and on the expression of glycolysis and fatty
acid synthesis genes in the liver (Makarova et al., 2021b).
In animals kept on a cafeteria diet, the therapeutic effects of
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Fig. 9. Percentage of the field of view occupied by small, medium and large lipid droplets (based on images from
Figures 1 and 5) in male and female mice fed a high fat diet or a cafeteria diet.

FGF21 administration are more pronounced in males — mani-
fested as reduced plasma fatty acid and leptin levels, improved
glucose tolerance, and increased expression of genes involved
in insulin signaling and lipid metabolism in the liver (Bazhan
etal., 2023).

In the present study, we found that the degree of hepatic
steatosis depends on the type of diet offered to the animals.
Sex differences in liver lipid accumulation were observed in
the HFD model, which was characterized by early stages of
hepatic steatosis in mice. On HFD, female mice showed a
small amount of small lipid droplets with virtually no large or
medium-sized droplets; the total lipid droplet area in females
was about 6 % of the field of view, corresponding to a slight
increase above the normal level in mice (normal ~5 %) (Leow
et al., 2023). In contrast, male mice had lipid droplets of all
sizes in the liver, and the total area exceeded 9 % of the field
of view, corresponding to the initial stages of the first (mild)
stage of hepatic steatosis in mice (Leow et al., 2023) (Fig. 9).

DCaf consumption caused more pronounced accumulation
of lipid droplets of various sizes in the liver of both sexes than
HFD consumption, with no sex differences in the degree of
steatosis. In both males and females, the total lipid droplet area
exceeded 20 %, corresponding to a later stage of the first stage
of hepatic steatosis (Leow et al., 2023) (Fig. 9).

The differences we observed in liver lipid accumulation
between diet types may be due to several factors. The DCaf
provides not only fats but also an excess of simple carbohy-
drates (sugars); consumption of simple carbohydrates activates
specific de novo lipogenesis pathways, which can operate in
parallel with dietary fat assimilation (Sanders, Griffin, 2016).
This creates an additional burden on lipid metabolism. More-
over, an excess of carbohydrates in the diet promotes the
development of insulin resistance, which in turn leads to fat
accumulation in the liver (Takaki et al., 2013). In addition,
the DCaf may cause more pronounced oxidative damage to
liver cells due to the combination of different types of fats
and excess sugars, disrupting lipid utilization processes and
promoting steatosis development (Asrih, Jornayvaz, 2013).

872

The effect of FGF21 on the liver depended on the degree
of steatosis. In female mice on HFD, where steatosis was not
pronounced, the effect of FGF21 was to prevent lipid accu-
mulation in the liver by reducing the expression of glycolysis
and lipogenesis genes. In male mice on the same diet, but with
early-stage steatosis, the effect of FGF21 was to suppress the
expression of inflammation and fibrogenesis genes. It is known
that already at the early stages of NAFLD development, the
expression of pro-inflammatory cytokines increases, which
contributes to disease aggravation (Asrih, Jornayvaz, 2013).
Apparently, the main action of FGF21 in this case is aimed at
preventing the development of non-alcoholic steatohepatitis.

At the more advanced stage of hepatic steatosis observed
in both male and female mice on DCaf, the effect of FGF21
was directed towards reducing the area of lipids in the liver.
However, the mechanism of this effect differed between males
and females: in females, a decrease in the expression of the
Cidec gene, which plays a key role in lipid droplet formation
and fusion (Chen et al., 2018), was observed, whereas in males
no direct effect of FGF21 on the liver was detected.

Conclusion
The present study revealed sex differences in the development
of non-alcoholic fatty liver disease and in the response to
FGF21 therapy depending on the type of diet. On a high-fat
diet, females displayed less pronounced steatosis, which was
associated with higher expression levels of lipid metabolism
genes and higher basal Fgf2] expression. However, judging
by the expression of inflammation genes and the number
of macrophages and apoptotic bodies in the liver, steatosis
in females was accompanied by an enhanced inflammatory
response, increasing the risk of steatohepatitis. In contrast,
on a cafeteria diet, steatosis was equally pronounced in both
sexes, with more pronounced signs of inflammation in females
compared to males.

The effects of FGF21 depended on sex and the stage of
steatosis: at early stages of steatosis (high-fat diet) in females,
judging by Gck and Pklr expression, it suppressed glycolysis
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(both genes belong to glycolysis) and lipogenesis (Fasn),
preventing lipid accumulation, whereas in males it reduced
signs of inflammation and exerted an anti-fibrotic action. At
a more advanced stage of steatosis (cafeteria diet), FGF21
reduced liver lipid content in both male and female mice, but
by different mechanisms — in females through suppression of
Cidec gene expression, in males indirectly, apparently through
action on adipose tissue. Thus, the therapeutic strategy for
using FGF21 in non-alcoholic fatty liver disease requires
consideration of the patient’s sex, the stage of steatosis and
the etiology of obesity.

Ethics approval. The study was conducted according to
the guidelines of the Declaration of Helsinki and approved by
the Independent Ethics Committee of the Institute of Cytology
and Genetics, Siberian Division, Russian Academy of Sciences
(Protocol No. 47 dated February 23, 2019, for HFD (high-fat
diet), and dated November 8, 2021, for DCaf (cafeteria diet).
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Abstract. Selection of silver foxes for attitude to humans influences the hypothalamus-pituitary-adrenal axis and
sympathetic nervous system, which, in turn, are involved in the regulation of carbohydrate metabolism under stress.
It has also been shown that heredity affectes carbohydrate metabolism and glucose tolerance. It remains to find out
whether the selection for attitude to humans affected carbohydrate metabolism and blood glucose levels in silver foxes.
We studied basal blood glucose levels in tame, aggressive, and unselected male and female silver foxes and glucose
levels in females exposed to stress. Our results indicate that the basal blood glucose level in tame foxes is significantly
lower than in unselected or aggressive ones regardless of sex. In unselected males, this parameter was lower than in
aggressive animals. Aggressive foxes showed a sex difference in the basal blood glucose level: it was higher in males than
in females. The glucose levels in aggressive females remained higher than in tame ones immediately after 10-min stress
and two hours afterwards. Only aggressive females showed an excess blood glucose level over the basal one two hours
after stress. The bulk group of foxes demonstrated a negative correlation between blood glucose and behavior score
(response to humans) both at rest and after stress. A glucose tolerance test (GTT) was performed to compare the rates
of glucose absorption from the bloodstream in silver fox females selected for behavior. Although selection for behavior
did not affect glucose tolerance, judging from the area under the GTT curves, aggressive females differed from tame and
unselected at the beginning of the test in longer persistence of elevated blood glucose. Thus, the selection of silver foxes
for attitude to humans influences blood glucose levels at rest in both sexes and after stress in females.
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BausiHue oT60pa Mo MOoBeAeHII0 Ha YPOBEHbD IVIIOKO3bI B KPOBU
YV cepebpuCcTO-UYepHbIX JIVICUIL ITOC/Ie PECTPUKIIMOHHOIO CTpecca

P.I.TyaeBnu @, C.I. llluxeBny (%), A.B. llleneaeBa, A.B. Xapaamosa

DepepanbHblii NCCNefoBaTeNbCKUiA LeHTP VIHCTUTYT umTonorum u reHetnkn Cnbmnpckoro otaeneHns Poccrinckoli akagemun Hayk, Hosocnbnpcek, Poccus
@ gulevich@bionet.nsc.ru

AHHOTauusA. VI3BecTHO, UTO OTOOP CepebPUCTO-YEePHbIX JIMCUL, MO OTHOLIEHMIO K YeNloBeKy BNMAET Ha rmnoTanamo-
runodusapHo-HagnodeuHrkosyo (ITH) 1 cumMnaTyeckylo HEPBHYIO CUCTEMbI, KOTOPble, B CBOIO OoYepefb, yYacTBYIOT
B perynauuu yrneBogHoro obmeHa npu ctpecce. Hapagy C 3TvM MOKa3aHO BAWsHWE TreHeTnyecknx $akTopoB Ha
YrneBofHblI/i OGMEH 1 TONEPAHTHOCTD K roko3e. OCcTaBanoCb HEM3BECTHBIM, BAVSET SN OTOOP MO OTHOLLEHMIO K YENoBeKY
Ha ypOoBeHb [/OKO3bl B KPOBU Y cepebpucto-uepHbix nucul. B paHHoin pabote mnccnefoBany 6a3anbHblii YpOBEHb
TNIOKO3bl B KPOBM Y PYUHbIX, arPeCcCrBHbBIX U HECENeKLUOHNPOBAHHBIX CaMLIOB M CaMOK CepebpucTo-YepHbIX NNCuL,
a TaKkXKe ypOBeHb I0KO3bl MOC/e PeCTPUKLMOHHOIO CTpecca y caMok. lMosyuyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
[OCTOBepHO 6onee HM3KOM 6a3anbHOM YPOBHE MOKO3bl B KPOBU Y PYUHbIX JINCUL, MO CPAaBHEHWIO C arpeccMBHBIMYA 1
HeceneKLMOHVPOBaHHbIMY >KVBOTHbIMY, HE3aBUCMMO OT fofa. Kpome Toro, y HecenekuroHMPOBaHHbIX CaMLOB 3TOT
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Effect of selection for behavior on the blood glucose level
in foxes exposed to restriction stress

noka3saresib Oblf1 HVXKe MO CPaBHEHMIO C arPeCCUBHBIMU XKMBOTHbBIMU. Y arpeCcCUBHbIX IMCUL, HallAEeHbI MOOBbIe Pa3nnyusa
no 6a3anbHOMY YPOBHIO II0KO3bl B KPOBM: y CAMLIOB 3TOT NOKasaTesib Bbllle, YeM Y CaMOK. B TeueHwne Bcero nccnegyemoro
nepuopa nocne crpecca (4epes 10 MVH 1 2 4) ypOBEHb F0KO3bl B KPOBY Y arpeccuMBHbIX CAMOK OCTaBasICA NMOBbILEHHbBIM
Mo CPaBHEHMIO C PyYHbIMU. CNyCTA 2 4 Noc/e CTpecca TONIbKO Y arpeCcCUBHbBIX CAMOK OTMeYanu 6onee BbICOKUIA ypOBEHD
TJIIOKO3bl MO CPABHEHWIO C UCXOAHbIM YPOBHEM. B cymMapHOI BbIGOPKE CaMOK JINCKL, HE3aBUCMMO OT NOBEAEHNSA A0
1 MNocse CTpecca, HalfeHa oTpuuaTenbHas KOPPensauusa mexay YPOBHEM [IOKO3bl B KPOBM 1 Gannom nosefeHus
KOTOPbIM OLIEHMBaNM peaKkuunio Ha yenoseka. [na cpaBHEHMSA CKOPOCTM MOIOLWEHMNS [I0KO3bl U3 0OLLEro KPOBOTOKA
y CaMOK cepebpucTo-YepHbIX NIUCHL, CENeKLMOHMPYEeMbIX MO MOBEAEHMIO, MPOBOAUIN [MIOKO30TONEPAHTHBIA TeCT
(I'TT). B uenom, cynda no nokasaTtenam ninowaan noa Kpusbimu [T, oT6op No NoBefeHnto He BANAN Ha TONIePaHTHOCTb K
rNoKO3€, BMECTe C TeM Y arpeCcCUBHbIX CAMOK, B OT/IYME OT PYUHbIX U HeCeNIeKLMOHUPOBaHHbIX, B HAYasle TecTa oTMeyani
6onee NPOJOMKMTENBHBIN MEPUNOL, MOBbILLEHHOIO YPOBHSA MIOKO3bl B KPOBU. Taknm 06pa3om, oT6op no noBeaeHMio
B/INAET HA YPOBEHbD MI0KO3bl B KPOBU Y CEPEOPUCTO-YEPHBIX INCHL, HE3aBUCUMO OT MoJla B COCTOAHMM MOKOA, @ Y CAMOK —
1 nocne cTpecca.

KntoueBble cnoBa: oT60p; NoBefeHVE; NMNCULbI; arPeCCUBHOCTD; CTPECC; MIOKO3a; MTIOKO30TONIEPAHTHOCTb; KOPTU30T;

Koppenauus

Introduction

Glucose is the main energy source for the brain. An
increased blood glucose level, ensuring stable delivery
of the nutrient to the brain, is an important prerequisite
for survival at stress (Magomedova, Cummins, 2016).
It is known that stress activates the sympathoadrenal
and hypothalamic-pituitary-adrenal (HPA) axes. Their
signals are involved in the development of stress-induced
hyperglycemia (Stover et al., 2002; Barth et al., 2007,
Magomedova, Cummins, 2015; Ross et al., 2015). In
particular, catecholamines and glucocorticoids can
enhance gluconeogenesis (glucose synthesis from non-
sugar precursors), glycogenolysis (glycogen conversion
to glucose) in the liver, and glucose release from the
liver. They also inhibit glucose uptake by cells from the
bloodstream.

Hereditary differences in stress-induced hypergly-
cemia were noted in inbred mouse lines (Harizi et al.,
2007). Movement restriction, considered to be psychic
stress, was responded by BALB/c mice with the maxi-
mum blood corticosterone level, whereas the increase in
glucose level was lower than in DBA or C57BIl/6 mice.
In contrast, restricted C57Bl/6 mice showed the mini-
mum increase in corticosterone and maximum increase
in glucose as compared to DBA and BALB/c.

Blood glucose increase was also observed in Large
White pigs after aggressive clashes of two unfamiliar
castrated males. In these cases, blood glucose linearly
correlated with both aggressiveness and catecholamine
(epinephrine and norepinephrine) levels, but the cortisol
level did not correlate with aggressiveness (Fernandez
etal., 1994).

A study of molecular mechanisms underlying the
variation in stress sensitivity and aggressiveness was
conducted in pigs of a synthetic line (SYN) obtained from
males of one breed and hybrid dams from six commercial
parental lines. Associations of DNA markers from ten

genes related to the HPA axis were analyzed, as well as
several physiological parameters: plasma levels of corti-
sol, creatine kinase, glucose, and lactate; adrenal weight;
and aggressiveness (Murani et al., 2010). A considerable
association between single-nucleotide polymorphism
2.233C>T in the CRH gene for corticotropin-releasing
hormone and the plasma glucose level was revealed.

Low expression of genes involved in glucose metabo-
lism, including glucose transport, gluconeogenesis, and
glycolysis, was found in domesticated male pigs (or
adapted to captivity for many generations) as compared
to wild animals captured early in life. All animals re-
ceived equal diets (He et al., 2017).

Studies of dogs of various breeds differing in liability
to diabetes mellitus point to an influence of hereditary
factors on hyperglycemia caused by insulin deficiency
(Catchpole et al., 2013). This pancreatic hormone par-
ticipates in the uptake of glucose from the bloodstream
by cells and thereby lowers the blood glucose level. In
contrast, small and fancy dog breeds are inclined to hy-
poglycemia. Its causes are thought to be disturbances in
gluconeogenesis and glycogenolysis in the liver and low
levels of glucocorticoids, which enhance these processes
(Fleisher et al., 2008; Idowu, Heading, 2018).

Experiments on silver foxes selected for aggressive
and tolerant attitude to humans may contribute to the
understanding of the functional regulation of carbohy-
drate metabolism in animals with hereditary differences
in the stress response of the HPA axis. The experiment
modeling domestication, which has been conducted at
the Institute of Cytology and Genetics (Novosibirsk) for
decades, shows that silver fox selection for tame behavior
lowers the HPA axis function as compared to animals
selected for aggressive behavior (Bazhan et al., 1974;
Oskina, 1996, 2008; Gulevich et al., 2004; Alexandrovich
et al., 2023). In addition, the tame foxes show a lower
activity of the sympathetic nervous system, as follows

876 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 6


https://pubmed.ncbi.nlm.nih.gov/?term=%22Idowu O%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Heading K%22%5BAuthor%5D

PI. Tyneswny, C.I. Lnxesny
[.B. Lenenesa, A.B. XapnamoBa

from the lower blood norepinephrine level in compari-
son to aggressive and unselected animals (Oskina et al.,
2008).

The results obtained from Norway rats and American
minks selected for tame and aggressive behavior indicate
that selection for behavior may alter some carbohydrate
metabolism parameters (Albert et al., 2008; Kalinina et
al., 2022). Tame male rats demonstrated a decrease in
blood glucose level in comparison to aggressive ones
(Albert et al. 2008). There is no information on blood
glucose in minks selected for behavior, but it has been
shown that the activity of alpha amylase in the pancreas,
duodenum, and jejunum in tame minks is higher than
in aggressive ones. This enzyme degrades starch to
di- and trisaccharides in the gastrointestinal tract, and
these oligosaccharides are then degraded to glucose,
which is absorbed into the bloodstream (Kalinina et al.,
2022). The blood glucose level is influenced not only by
the pancreatic alpha amylase activity but also by other
multidirectional factors.

In addition, the maximum alpha amylase activity in
the pancreas was recorded in minks with highest tame
behavior scores and the minimum, in most aggressive
animals. This correlation appears to be related to the
fact that changes in the mink brain caused by selection
for behavior, in particular, monoamine levels in the
hippocampus (Kulikov et al., 2016), may correspond
to behavior scores, and the signals induced by these
changes may reach norepinephrine-secreting cells of
adrenal medulla via the sympathicoadrenal axis and
glucocorticoid-secreting adrenal cortex via the HPA axis.
Both norepinephrine and glucocorticoids are involved in
the secretory function of the pancreas (Mossner et al.,
1989; Nagain-Domaine et al., 1999).

These studies leave open the question whether and how
the selection of silver foxes for behavior affects blood
glucose levels at rest and after stress.

The goal of the present study is to investigate the ef-
fect of selection for behavior on blood glucose levels in
tame and aggressive silver foxes at rest and after stress.

Materials and methods
Experiments were conducted with lines of adult silver
foxes that had been selected for emotionally positive
and aggressive-defensive attitudes to humans for over
60 years, hereafter referred to as tame and aggressive,
respectively (Belyaev, 1979; Trut et al., 2004, 2009).
A third group included foxes not exposed to deliberate
selection for behavior, hereafter unselected.
Experimental animals were kept at the Shared Access
Center for Gene Pools of Fur and Farm Animals (ICG,

2026
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Novosibirsk). Animal behavior was assessed in the glove
test. Tame foxes scored +4 to +4.5; aggressive, —2.5 to
—-3.5; and unselected, —0.75 to +1.

Basal blood glucose levels were measured in mmol/L
with a One Touch Basic Plus glucose meter in fox males
and females of each group after overnight fasting. One
blood drop from the ear tip was loaded onto the test strip.
Each group included 12 males and 10 females.

The effects of 10-min restriction stress on blood cor-
tisol and glucose levels were analyzed only in females,
whereas males were used in other experiments. Each
group included eight naive females. In the restriction
stress experiment, foxes were placed to animal carriers
with one side made of wire mesh. To reduce the stress,
the restriction was applied for shorter time (10 min) in
comparison to earlier studies (20 min) (Oskina, 1996).

Blood samples for cortisol assay were taken from
vena safena in the morning after overnight fasting.
The sampling lasted no more than 2—3 min per animal.
Blood was sampled immediately after 10-min stress and
2 h afterwards. After taking the first blood sample, the
foxes were placed to their home cages. One week before
the experimental stress, blood samples were taken for
the basal cortisol level. Blood cortisol was assayed by
enzyme immunoassay with a Cortisol-IFA-BEST kit
(Vector-Best, Novosibirsk).

One month after blood sampling from vena safena
and one week before the stress experiment, basal blood
glucose was assayed in the same animals with a Satel-
lite glucose meter (ELTA, Moscow) in the morning after
overnight fasting. Anothert glucose measurement was
done in females immediately after exposure to stress, and
the animals were placed to their hame cages. The next
measurement was done two hours after stress.

To analyze the rates of glucose uptake from the blood-
stream after carbohydrate loading, the glucose tolerance
test (GTT) was conducted in the fox groups: five naive
females from each group. Blood glucose levels were
recorded after overnight fasting and 10, 20, 40, and
120 min after intravenous administration of 50 % glucose
monohydrate (0.5 g/kg).

The statistical evaluation of the results was performed
with Statistica 10.0 software (Stat Soft, United States).
Data on the basal blood glucose levels in fox males and
females from the tame, aggressive, and unselected groups
were analyzed by ANOVA for independent measure-
ments followed by Fisher’s LSD post-hoc test. Data on
blood glucose levels in foxes within a particular behavior
group in GTT and after stress were analyzed by Student’s
dependent #-test, and foxes from different groups were
compared by Student’s independent #-test.
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Results

Figure 1 presents data on the basal glucose level in
peripheral blood of tame, aggressive, and unselected
foxes of both sexes. Two-way ANOVA shows that
selection for behavior influenced the blood glucose
level (F,¢0 = 16.07, p < 0.001), the sex factor did not
(Fi60=1.64, p>0.05), and their interaction was signifi-
cant (F, ¢ = 5.85, p < 0.01). The subsequent post-hoc
test indicates that glucose levels in tame males were
significantly lower than in unselected (p < 0.05) or ag-
gressive (p < 0.001), and the levels in unselected males
were lower than in aggressive (p < 0.001). In tame
females, as in males, glucose levels were lower than in
unselected or aggressive (p < 0.05 in both cases). Sex-
related differences in glucose levels were recorded only
in the aggressive group: males showed higher levels than
females (p < 0.001).

Figure 2 presents blood cortisol levels in tame, aggres-
sive, and unselected fox females after restriction stress.
This parameter was significantly lower in tame foxes than
in aggressive or unselected before stress, immediately
after stress, and two hours later. In tame foxes, 10-min
restriction stress did not affect blood cortisol levels either
immediately after stress or two hours after. In unselected
and aggressive foxes, stress induced a significant increase
in blood cortisol as compared to the respective basal lev-
els (p < 0.01, p < 0.001, respectively). Two hours after
stress, blood cortisol levels were significantly lower than
those immediately after stress in unselected (p < 0.01)
or aggressive (p < 0.001) foxes.

Figure 3 illustrates blood glucose levels in tame, ag-
gressive, and unselected female foxes after restriction
stress. We see that blood glucose levels in tame females

mmol/L
6r Male

B Female % *

Tame Unselected Aggressive
Fig. 1. Basal blood glucose levels in tame, aggressive, and un-

selected male and female foxes, mmol/L.
*p < 0.5, ** p < 0.001 compared to tame; ## p < 0.001 compared to ag-

gressive; M p < 0.001 compared to corresponding males according to
two-way ANOVA followed by post-hoc Fisher’s LSD test.
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were significantly lower than in aggressive before stress
(p < 0.01), immediately after stress (p < 0.05), or two
hours later (p < 0.001). Glucose levels in unselected
foxes were intermediate between tame and aggressive
at all timepoints. The basal glucose level in unselected
foxes did not differ from the corresponding levels in tame
or aggressive ones, but after stress it was higher than in
tame animals (p < 0.01) and two hours after stress it was
lower than in aggressive ones (p < 0.001). Stress did
not induce blood glucose changes in tame or unselected
foxes throughout the experiment period. In aggressive

nmol/L
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Fig. 2. Blood cortisol levels (nmol/L) in tame, unselected, and ag-
gressive female foxes after stress.

*p <0.05,** p<0.01, *** p <0.001 as compared to tame females accord-
ing to independent Student’s t-test; " p < 0.01, ~* p < 0.001 as compared
to the corresponding basal level according to dependent Student’s t-test;
#p < 0.01, ###p < 0.001 as compared to the level immediately after stress
according to dependent Student'’s t-test.
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Fig. 3. Blood glucose levels in tame, aggressive, and unselected
female foxes after stress, mmol/L.

* p <0.05, ** p <0.01, *** p < 0.001 as compared to tame according to
independent Student’s t-test; A1 p < 0.01 as compared to the correspond-
ing basal level according to dependent Student’s t-test; ### p < 0.001 as
compared to aggressive according to independent Student’s t-test.
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Correlation coefficients between behavior scores and blood glucose levels before and after stress

in all foxes examined regardless of behavior

Tame, aggressive, and unselected silver foxes Before stress

(n=24)
-0.56*

After 10-min stress Two hours after stress

-0.58% -0.75*%

Note. Behavior scores in unselected animals are indicated with plus and minus signs; tame, with plus signs; and aggressive, with minus signs.

* Significance level for correlation coefficients p < 0.05.

mmol/L %% —&— Tame

16 : N —m— Unselected

I —&— Aggressive
14 L
12}
10 F
8 L
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4+
2 L

Basal 10 min 20 min 40 min 120 min

Fig. 4. Blood glucose levels (mmol/L) in tame, unselected, and aggressive female foxes after administration of 50 %
glucose monohydrate, 0.5 g/kg (glucose tolerance test).

* p <0.05 and ** p < 0.01 - Student’s t-test for repetitive measurements for comparison of the levels between the 10- and 20-min

timepoints.

animals, it increased as compared to the basal level two
hours after stress (p < 0.01).

The Table presents correlation coefficients between
behavior scores and blood glucose levels in the over-
all group of foxes: tame, aggressive, and unselected.
Significant negative correlations were found between
blood glucose levels and behavior scores before stress,
immediately after stress, and two hours after stress.

We also assessed the correlation between blood
glucose and cortisol levels in the same bulk sample. A
significant positive correlation (0.51; n = 22) was found
only at one timepoint: immediately after stress.

Data on blood glucose levels in tame, aggressive, and
unselected female foxes in GTT are shown in Figure 4.
Ten minutes after glucose monohydrate administration,
blood glucose increased significantly in all animals
regardless of behavior group: p < 0.001 in tame and
unselected, p < 0.01 in aggressive.

Twenty minutes after test, glucose in tame and un-
selected foxes was significantly lower than the earlier
values (p < 0.05 and p < 0.01, respectively), but did
not decrease in aggressive foxes, remaining elevated;
thus, the elevated glucose after glucose monohydrate
administration to aggressive foxes persisted longer than

in tame or unselected ones. Only 40 min after the glucose
monohydrate challenge, the glucose level in aggressive
foxes became significantly lower than in the preceding
measurements (p < 0.05), whereas in tame and aggres-
sive animals the decrease in comparison to preceding
values continued (p < 0.01 and p < 0.05, respectively).
Two hours after glucose monohydrate, blood glucose
got back to a value close to the basal level in tame and
aggressive foxes. In the unselected group, blood glucose
at the same timepoint was significantly below the respec-
tive basal level (p < 0.01) and lower than in the tame or
aggressive groups (p < 0.01 and p < 0.05, respectively).
The areas below the GTT curves did not differ sig-
nificantly among the tame, unselected, and aggressive
groups: 951.5+77.7; 986.8+83.3, and 1,088.1+236.3,
respectively. In contrast to the above results, GTT did
not reveal significant differences in basal blood glucose
levels in tame, aggressive, and unselected female foxes;
apparently, because of smaller samples (n = 5).

Discussion

Our results demonstrate a lower basal blood glucose level
in tame male and female foxes as compared to unselected
and aggressive ones (Fig. 1). This observation appears to
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be caused by a lower activity of the HPA and sympathetic
axes in the first group as compared to the other two,
which has been reported by N.M. Bazhan et al. (1974),
LN. Oskina et al. (1985, 2008), and R.G. Gulevich et
al. (2004). This study also confirms the lower basal
cortisol level in tame females compared to aggressive
or unselected ones (Fig. 2).

As mentioned above, glucocorticoids and nor-
epinephrine participate in blood glucose regulation
by intensifying gluconeogenesis (glucose synthesis
from nonsugar precursors), glycogenolysis (glycogen
breakdown to glucose) in the liver, and glucose release
from the liver and also by inhibiting glucose uptake by
cells from the bloodstream (Stover et al., 2002; Barth
et al., 2007; Magomedova, Cummins, 2015; Ross et
al., 2015). Studies on Norway male rats selected for
behavior have shown that tame animals differed from
aggressive in lower levels of blood corticosterone
and glucose, which is consistent with data for foxes
(Plyusnina, Oskina, 1997; Albert et al., 2008).

Alowered expression of genes involved in glucose me-
tabolism, glucose transport, gluconeogenesis, and gly-
colylis has been found in domestic pigs as compared to
wild ones captured early in life in spite of equal diets
(He et al., 2017). Probably, fox selection for domestic
and aggressive behavior influences the same glucose
metabolism processes, so that blood glucose levels in
tame foxes are lower than in aggressive ones.

The blood glucose levels measured in silver foxes
in our study were close to those reported for dogs
(3.3-6.2 mmol/L) by O. Idowu and K. Heading (2018).
The gender difference in basal blood glucose levels
found in aggressive foxes (higher values in males than
in females) (Fig. 1) agrees with the results obtained on
mice by H. Harizi et al. (2007), who presume that this
sex dimorphism is due to the involvement of androgens
in insulin resistance induction. Regrettably, the results
on blood glucose in Norway rats selected for behavior
include only males (Albert et al., 2008).

Restriction stress did not affect the cortisol or glu-
cose levels in the blood of tame foxes, which showed a
lower response to stress, at any timepoint: immediately
after stress and two hours later. Blood cortisol levels in
unselected and aggressive foxes increased significantly
immediately after stress. Blood glucose levels did not
change in unselected foxes but increased two hours after
stress in aggressive ones, characterized by a stronger
stress response.

In a study by P.D. Miles et al. (1991), i.c.v. carbachol
(acetylcholine analog) injections to dogs raised the levels
of catecholamines and cortisol, thereby mimicking the
effect of stress, and enhanced not only glucose produc-

Effect of selection for behavior on the blood glucose level
in foxes exposed to restriction stress

tion but also its absorption. As a result, the glucose level
increased slightly but statistically significantly no sooner
than 15 min after the injection.

Thus, it is reasonable to suppose that the increase in
blood glucose in stressed unselected and aggressive foxes
occurred slightly later than after 10 min. The increase in
blood glucose recorded in aggressive foxes two hours
after stress as compared to the basal value could be
caused by long-term intense production of glucose and/
or its release to blood combined with slower absorption
from the bloodstream.

The negative correlation between blood glucose before
and after stress, on the one side, and behavior score, on
the other side, found in the bulk fox sample regardless
of behavior (see the Table) is consistent with data on
the correlation between blood glucose and aggressive-
ness in pigs after a clash between two unfamiliar males
(Fernandez et al., 1994). The difference in the sign of
correlation between foxes and pigs (negative in the
former and positive in the latter) may be related to the
fact that the behavior of the most aggressive foxes was
marked with the minimum score and of the tamest, the
maximum, as opposed to pigs. To put it simply, the higher
is aggressiveness, the higher is the blood glucose level,
both in foxes and pigs.

The same study on pigs demonstrated a correlation
between the levels of glucose and catecholamines (epi-
nephrine and norepinephrine) in blood. We have men-
tioned that the blood levels of norepinephrine in tame
foxes is lower than in aggressive or unselected (Oskina
et al., 2008).

The detected correlation between behavior scores and
blood glucose levels in foxes is likely to be related to the
assumption that the changes in the fox brain induced by
selection for behavior, in particular, levels of tyrosine
hydroxylase (enzyme involved in catecholamine produc-
tion) and serotonin (Dygalo et al., 1988; Popova, 2017)
correspond to behavior scores and the signals from such
changes come to cells of the adrenal medulla, which se-
crete norepinephrine, via the sympathoadrenal axis and
to the adrenal cortex, which secretes glucocorticoids, via
the HPA axis. In turn, both norepinephrine and glucocor-
ticoids participate in the regulation of gluconeogenesis
in the liver, glucose release from the liver, and glucose
uptake by cells from the bloodstream (Stover et al., 2002;
Barth et al., 2007; Magomedova, Cummins, 2015; Ross
et al., 2015).

The area under the GTT curve shows that the rate of
glucose disposal after carbohydrate challenge did not
differ among tame, aggressive, and unselected foxes.
However, soon after glucose monohydrate administration
to aggressive foxes, we noted a longer period of elevated
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blood glucose level than in tame or unselected animals,
as it remained elevated after 20 min, whereas in tame
and unselected foxes it decreased (Fig. 4).

The blood glucose level in tame and aggressive
foxes returned to the basal level two hours after glucose
monohydrate administration, whereas this parameter
in unselected foxes remained significantly lower than
the basal level and corresponding levels in tame or ag-
gressive ones. This observation may be indicative of a
faster glucose uptake from the bloodstream in unselected
animals in this time interval. A slight hypoglycemia three
hours after oral glucose administration has also been
reported in dogs: the maximum values are recorded after
30-60 min, and the return to the basal level, 2 h after the
challenge (Kaneko, 1997).

Conclusion

The selection of silver foxes for attitude to humans affects
the basal blood glucose level regardless of sex, which
may be associated with changes in the activity of the
sympathetic and HPA axes in the selection. Tame male
and female foxes showed lower blood glucose levels
than aggressive or unselected ones.

The stress conditions did not influence blood glucose
in tame and unselected female foxes, whereas aggressive
animals demonstrated a delayed response, as glucose
levels rose only two hours after stress. Although the
glucose tolerance estimated from the area under the GTT
curve did not change in selection for behavior, a longer
time interval of elevated blood glucose was noted at the
early step of GTT in aggressive females than in tame or
unselected.

Compliance with ethical standards. Experiments
were conducted in accordance with the Guidelines on
the work with laboratory predator mammals (GOST
33217-2014) and European bioethical standards (Direc-
tive 2010/63/EU).
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Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats
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Abstract. Age is the primary risk factor for age-related diseases, the early onset of which manifests as premature aging,
whereas delayed development forms the basis for healthy aging and longevity. Adverse genetic variants contribute
to premature aging and its diverse manifestations, including increased multimorbidity. Identifying the genetic under-
pinnings of premature aging and developing preventive approaches are essential to extending the human healthspan,
which requires fundamental research using animal models. In this study, we performed whole-genome sequencing
(coverage depth >25x) of OXYS rats — a unique model of premature aging characterized by the early onset of geriatric
disorders, including cataracts, AMD-like retinopathy, Alzheimer’s disease-like pathology, osteoporosis, sarcopenia,
and hypertrophic cardiomyopathy - using the parental Wistar/lcgn rat strain as a control. The screening for single-
nucleotide variants (SNVs), short insertions/deletions (indels), and copy number variations (CNVs) and comparative
genomic analysis revealed genetic variants unique to OXYS rats that are absent in other rat strains. Specifically, we
identified a large deletion in the Fat1 enhancer, deletions in the promoter regions of Abcf1 and Gsta6, and missense
variants in Cic, Akap6, Nqo2, Cerkl, Bfsp1, and Cmya5 that lead to amino acid substitutions in highly conserved protein
regions. Bioinformatic analysis suggested that these variants may contribute to the key features of premature aging in
OXYS rats. Notably, deletions in the FatT enhancer and Gsta6 promoter, alongside missense substitutions in Cic, Akapé,
and Ngo2, may drive early neurodegeneration and cognitive deficits by disrupting neurogenesis, reducing neuronal
survival, and impairing antioxidant defense. The deletion in the Abcf1 promoter and the missense variants in Cerkl may
induce retinopathy features by disrupting retinal homeostasis and weakening the protection of photoreceptors and
retinal pigment epithelium (RPE) cells against oxidative stress and apoptosis. Furthermore, the missense substitution
in Bfsp1 likely contributes to early cataract development by reducing the stability of lens intermediate filaments.
Finally, missense variants in Cmya5 and Akap6 may promote sarcopenia and cardiomyopathy via the destabilization
of myofibrils in skeletal muscles and cardiomyocytes (Cmya5) and through impaired skeletal muscle regeneration and
structural disorganization of cardiomyocytes (Akap6).

Key words: premature aging; age-associated diseases; OXYS rat strain; whole genome sequencing; genetic variants;
copy number variations
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Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats

NPOABNEHNAM — YBENIMYEHMIO YMCIA KOMOPOUAHBIX COCTOAHWI. YCTaHOBNEHWE MPefnOChIIoK NpeXaeBpeMeHHOro
CcTapeHuAa 1 pa3paboTka MOAXOAOB K ero npoduiakTUKe — OCHOBHOW pe3epB YBenUYeHWA 3[0POBOro neprioga
XKM3HW ntofeit, yTo obycoBnMBaeT Heo6XoANMOCTb B QyHAAMEHTaNbHbIX NCCIEAOBAHMAX Ha MOAENAX MMBOTHbIX.
Hamun npoBefeHO MOMHOreHOMHOe CeKBeHUpOBaHUe (C ry6uHOM NOKpbITUA >25X) Kpblc nnuHumM OXYS - mogenu
npexaeBpPeMeHHOro CTapeHusa, KOTOpoe COMPOBOXAAETCA pPaHHMM pPa3BUTMEM KOMMIEKCa repuaTpuyecKkmnx
3ab0neBaHWIN: KaTapaKTbl, PETMHOMATUK, aHAIOMMYHON BO3PACTHOW MaKynsipHOW AereHepauuun (BM[), npusHakos
6onesHn Anbureimepa (BA), ocTeomnoposa, capkoneHun W runepTpodruyeckon Kapamommonatum (KOHTponb —
poanTenbckaa nuHua Kpbic Wistar/lcgn). MNonck ofgHOHYKNEOTUAHbIX BapUaHTOB, MHCepPLMA-Aeneunin (MHAenos) un
Bapuauui ymcna Konuim reHomHbix perroHoB (CNV) u cpaBHUTENbHbIA FreHOMHbIV aHann3 BbIABUN reHeTnyecKmne
BapWaHTbl, yHVKanbHble ana Kpbic OXYS 1 He BCTpevatowmeca cpenu Apyrux NnHUIN Kpblc. O6HapyeHbl: KpynHas
Leneuns B SHXaHcepe reHa Fat1; peneuun B NpOMOTOPHBIX pervioHax reHoB Abcf1 n Gstab; a Tak»Ke MUCCEHC-BapUaHTbl
B reHax Cic, Akap6, Ngo2, Cerkl, Bfsp1 n Cmya5, npuBogswme K aMMHOKMNCIIOTHbIM 3aMeHaM B BbICOKOKOHCEpBaTMB-
HbIX pervoHax 6enkoBs. MpoBeaeHHbIN 6MoONHGOPMATUUECKNIA aHaNM3 MoKasas, YTo JaHHble BapuaHTbl, BEPOATHO,
BHOCAT BKJIaZ B pPa3BUTME K/IOYEBbIX NPOABIEHNA NpexaeBpeMeHHOro ctapeHna y nnHmum Kpbic OXYS. A umeHHo:
feneunm B 3HxaHcepe Fatl n npomoTope Gstaé, a Takke MucceHc-3ameHbl B Cic, Akap6 n Ngo2 moryT cnoco6cTBoBaTh
paHHeln HelpogereHepauun 1 KOTHUTUBHOMY AedULNUTY, HapyLIaa HeporeHes, CHUXKaA BbXKMBAEMOCTb HEVPOHOB U
MX aHTVOKCVAAHTHYIO 3alWuTy; fieneuns B NpoMOTOpHoOI obnactn Abcf1 n mucceHc-BapuaHTbl B Cerkl MOryT npuBoguTb
K BO3HVKHOBEHWIO Npu3HakoB BM/, HapyLiaa romeoctas ceTyaTku 1 ocnabnas 3awmTy ¢oTopeLenTopoB 1 KNeToK
NUIrMeHTHOro anuTenua cetyaTtky (PI13) OT oKMCANTENbHOro CTpecca 1 anonTo3a COOTBETCTBEHHO, @ MUCCEHC-3aMeHa
B Bfsp1 — K paHHEMY pa3BUTUIO KaTapaKTbl Yepe3 CHIKEHUE CTabMIIbHOCTU MPOMEXKYTOUHbIX GUTaMEHTOB XpyCTanmKa.
MwcceHc-BapuaHTbl B Cmya5 n Akap6 moryT cnocobcTBOBaTb Pa3BUTUIO CAPKOMEHUN 1 KapAUOMUONaTUK: 3aMeHa B
Cmya5 - 3a cuet gectabunusauum mnodnbpunn B KAPANOMMOLUTAX U CKENETHBIX MbllLaX, a 3aMeHa B Akap6 — 3a cueT
HapyLeHUs pereHepaLumn CKeNeTHbIX MbILLL 1 CTPYKTYPHOW OpraH13aumnm KapanoM1MoLnToB.

KnioueBble cnoBa: NpexaeBpeMeHHOE CTapeHIe; BO3PacT-acCcoLnMpoBaHHble 3aboneBaHus; nuHuA Kpbic OXYS; non-

HOFreHOMHOe CeKBeHNPOBaHMe; reHeTn4YeCKmne BapnaHTbl; Bapnaunm Yymcna KOMUIA FeHOMHBbIX pernoHos

Introduction

Age-related diseases are a natural consequence of the aging
process. Their onset at an earlier age is a hallmark of premature
aging, whereas their delayed manifestation forms the basis
of healthy aging and longevity. Advances in the treatment of
age-related diseases have led to a steady increase in life ex-
pectancy over the last few decades, while the healthy lifespan
is increasing at a noticeably slower rate. Currently, over 60 %
of individuals aged 65 and older suffer from multimorbidity
rather than a single geriatric disorder (Figueira et al., 2016),
the variety and age of onset of which are determined by ge-
netic and environmental factors, quality of life, and access
to healthcare. In this context, identifying the molecular and
genetic underpinnings of premature aging and developing re-
liable methods for its prevention are fundamental to extending
the human healthspan.

Research in this field requires fundamental studies using
biological models. One of them is the OXY'S rat strain (Insti-
tute of Cytology and Genetics, Siberian Branch of the Russian
Academy of Sciences, hereafter ICG SB RAS), a model of
premature aging characterized by the early development of
a complex of geriatric diseases (Kolosova et al., 2014). The
strain was bred in the 1970s by selecting Wistar/Icgn rats
for early spontaneous cataracts. In the first five generations,
cataract development was induced by galactose loading;
subsequently, selection was carried out for early spontaneous
cataracts, with which the animals inherited the premature
aging syndrome.

Against a background of moderately elevated blood pres-
sure, OXY'S rats spontaneously develop cataracts, hypertrophic

cardiomyopathy, sarcopenia, osteoporosis, and a retinopathy
similar to human age-related macular degeneration (Kolosova
etal., 2014). OXYS rats also develop all the key pathogenetic
and “clinical” features of Alzheimer’s disease (AD) in the
absence of mutations in the genes (App, Psenl, and Psen2)
specific to the familial form of AD. Thus, the strain can be
considered a model of the most common (>95 %) sporadic
form of this disease (Stefanova et al., 2014). The development
of these manifestations of premature aging could be linked to
oxidative stress, an imbalance in the systems responsible for
the generation and detoxification of reactive oxygen species
(ROS). However, elevated levels of oxidative damage to lipids,
proteins, and DNA are recorded in tissues of OXY'S rats later
than signs of premature aging become apparent (Kolosova et
al., 2006). Mitochondrial dysfunction, initially identified in the
liver (Kolosova et al., 2001) and subsequently in muscles (Vays
et al., 2014), the heart muscle (El’darov et al., 2015), brain
structures (Tyumentsev et al., 2018), and the retina (Zhdankina
etal., 2023), is considered the most likely cause of premature
aging in OXYS rats. The link between mitochondrial dysfunc-
tion and premature aging in OXY'S rats is also supported by
the presence of single-nucleotide variants (SNVs) that can
cause abnormalities in protein structure and/or function and
influence the development of the OXY'S phenotype (Devyatkin
et al., 2020a, b).

The aim of this study is to identify genetic variants of
various types — SNVs, short insertions/deletions (indels), and
copy number variations (CNVs) —that may be associated with
the development of the premature aging phenotype in OXYS
rats.
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Materials and methods

Animals. The study was performed on male rats of the OXYS
strain (n = 3) and the Wistar/Icgn parental strain (n = 3)
provided by the Center for Genetic Resources of Laboratory
Animals at ICG SB RAS. The animals were kept under stan-
dard laboratory conditions (22 + 2 °C and a 12-hour light/dark
cycle) in cages (57 x 36 x 20 cm). Animals had ad libitum
access to water and standard pelleted chow (BioPro, Russia).

Animal housing (including appropriate facilities, quali-
fied personnel, and necessary documentation) and all animal
experiments were conducted in accordance with the ethical
guidelines for the use of animals in research supported by
the Russian Science Foundation. The study also complied
with Directive 2010/63/EU of the European Parliament and
Council of the European Union of September 22, 2010, and
was approved by the Bioethics Committee of ICG SB RAS
(Protocol No. 85/1 of June 18, 2021).

Tissue collection. Animals were euthanized using carbon
dioxide asphyxiation followed by decapitation for tissue har-
vesting. Cerebellar tissue fragments (30 mg) were collected
from 3-month-old OXYS (n = 3) and Wistar/Icgn (n = 3) rats
into 1.5 mL tubes. The samples were immediately frozen in
liquid nitrogen and stored at —80 °C.

DNA extraction. Genomic DNA was extracted using the
QIAamp DNA Mini Kit (Qiagen, Germany). DNA quality and
quantity were assessed using a NanoDrop OneC microvolume
UV-Vis spectrophotometer (Thermo Fisher Scientific, USA)
and a Qubit 4 fluorometer (Thermo Fisher Scientific, USA).

Library preparation and whole-genome sequencing.
Whole-genome libraries were prepared using the TruSeq DNA
PCR-Free Kit (Illumina, USA). Library quality was assessed
using a TapeStation 4150 automated electrophoresis platform
(Agilent Technologies, USA), and library molarity was deter-
mined by quantitative PCR using the KAPA Library Quanti-
fication Kit (Roche Sequencing Solutions, USA). Paired-end
sequencing (2 x 151 bp) was performed on a NovaSeq 6000
system (Illumina, USA).

Sequencing data processing. The quality of the obtained
reads was assessed using FastQC v0.11.9 (Andrews, 2010).
Adapter removal and quality filtering were performed using
AdapterRemoval v2.3.3 with the parameters --minqual-
ity 20, --trimqualities, and --minlength 50 (Schubert et al.,
2016). After preprocessing, the reads were mapped to the
mRatBN7.2 Rattus norvegicus genome assembly using the
BWA-MEM algorithm from BWA v0.7.17 (Li H., Durbin,
2009). Read duplicates were marked using MarkDuplicates
from Picard v2.26.11 (Broad Institute, 2022). Alignment qua-
lity was assessed using SAMtools v1.9 (Li H. et al., 2009).
Sequencing coverage was estimated using the CollectWgs-
Metrics tool from Picard v2.26.11 (Broad Institute, 2022).

Identification, annotation and filtering of SNVs and
indels. The positions and genotypes of SNVs and indels
were identified using HaplotypeCaller from GATK v4.2.2.0
(McKenna et al., 2010). Principal component analysis (PCA)
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was performed using PLINK v1.9 (Purcell et al., 2007) and
visualized in RStudio (R version 4.3.2) using the tidyverse and
ggplot2 packages (Wickham, 2016; Wickham et al., 2019).
Genotype filtering was performed using a custom Python
script. The script accepted a VCF file as input to select variants
with a minimum coverage of 10x, homozygous for the alterna-
tive allele in all samples of the case group (OXYS) and absent
in the homozygous state from the control group (Wistar/Icgn).

The Ensembl Variant Effect Predictor (VEP) version 113
(McLaren et al., 2016) was used for the annotation and clas-
sification of each SNV and indel. The SNV and indel genotypes
of OXYS rats were compared with those of 146 rat strains from
the Rat Genome Database (RGD) (de la Cruz et al., 2004)
using BCFtools v1.15 (Danecek et al., 2021). All selected
genetic variants were manually inspected using the Integrative
Genomics Viewer (IGV) (Robinson et al., 2011). Analysis of
amino acid substitutions was performed for canonical gene
transcripts according to the Ensembl version 115 annotation
(Dyer et al., 2025). The conservation of amino acid residues
was assessed based on multiple alignments of orthologs from
placental mammals (Table S1 in Supplementary Materials)!,
rodents, and related species (Table S2), retrieved from the
Ensembl database version 115 (Dyer et al., 2025). A search
for paralogs was also conducted in the Ensembl database
version 115 (Dyer et al., 2025). Multiple alignments were
visualized using UGENE v45.0 software (Okonechnikov et
al., 2012). Protein structure prediction and visualization were
performed in AlphaFold 3 (Abramson et al., 2024).

CNYV detection, annotation and selection. CNV detection
was performed using CNVpytor v1.3.1 with a 100-bp bin size
as recommended for 20—30x coverage (Abyzov et al., 2011;
Suvakov et al., 2021). Smoove v0.2.8 (Pedersen et al., 2020)
was used to refine CNV coordinates and genotype the samples.
For subsequent annotation, CNVs in regions with low map-
ping quality were filtered out. Genotypes were filtered using
BCFtools v1.15 (Danecek et al., 2021). CNV annotation was
performed by intersecting the coordinates with the genomic
features of the mRatBN7.2 Rattus norvegicus assembly us-
ing the intersect command from BEDTools v2.30.0 (Quinlan,
Hall, 2010). BEDTools v2.30.0 was also used to intersect CNV
coordinates with H3K27ac enrichment peaks generated by
MACS2 v2.2.6 (Zhang et al., 2008). CNV visualization was
performed using IGV (Robinson et al., 2011).

A schematic description of the bioinformatics analysis is
presented in Figure 1.

Results

Principal component analysis (PCA)

The genome coverage depth for each OXYS and Wistar/Icgn
rat sample is presented in Table S3. The mean coverage depth
was 32.36x for OXYS and 28.88x for Wistar/Icgn rats. A total

' Tables $1-S5, Figures $1-525 and List S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Petrova_Engl_30_6.pdf

FTEHETUKA XUBOTHbIX / ANIMAL GENETICS 885


https://vavilov.elpub.ru/jour/manager/files/Suppl_Petrova_Engl_30_6.pdf

V.M. Petrova, M.S. Protasova, A.D. Manakhov
N.A. Stefanova, N.G. Kolosova, E.I. Rogaev

Wistar/lcgn

)
I N’ S )(3

Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats

OXYS

)

x3

Whole Genome
Sequencing

/\

[ GATK v4.2.2.0 : SNV and short indel calling ]

|

[ PLINK 1.9: Principal component analysis (PCA) ]

l

Python script : Genotype filtering

l

Ensembl VEP 113 : Variant annotation and
filtering by functional impact

BCFtools 1.15 : Exclusion of variants found in
146 Rat Genome Database strains

detection

l

Smoove 0.2.8 : Copy number variation (CNV)
detection and genotyping

‘ CNVpytor 1.3.1 : Copy number variation (CNV)

)

BCFtools 1.15 : Genotype filtering ]

l

BEDTools 2.30.0 : Selection of CNVs supported
by both tools

l

l

UGENE 45.0 : Evolutionary conservation
analysis and visualization of substituted amino
acid residues

l

AlphaFold 3 : Protein structure prediction and
visualization

BEDTools 2.30.0 : Annotation and identification
of CNVs in coding regions
BEDTools 2.30.0 : Identification of CNVs

overlapping H3K27ac enrichment peaks in brain
tissues

~N

Fig. 1. Bioinformatics pipeline for genome analysis of Wistar/lcgn and OXYS rats.

of 12,412,404 genetic variants differing from the mRatBN7.2
Rattus norvegicus reference assembly were identified in the
genomes of OXYS and Wistar/Icgn rats.

The genotypes of the OXYS and Wistar/Icgn rats were
subjected to PCA. The two-dimensional plot shows the first
(PC1) and second (PC2) principal components, which together
account for 79.1 % of the total variance (Fig. 2). The plot dem-
onstrates that the OXY'S and Wistar/Icgn samples, as expected,
form distinct clusters. Notably, the OXY'S rat cluster (marked
in red) is tightly grouped, pointing to a genetic homogeneity
characteristic of inbred strains.

Analysis of SNVs and indels

Since the OXYS rat strain is inbred, the genetic variants deter-
mining its specific phenotype were expected to be homozygous
in all individuals. Out of 12,009,286 chromosomal variants,
we selected 1,363,823 positions where all three OXY'S rats
were homozygous for the alternative allele (with a coverage
depth of >10x), while no individuals from the control Wistar/
Icgn strain carried this allele in a homozygous state. Variants
leading to predicted high-impact functional disruptions in
canonical gene transcripts were then selected according to
the Sequence Ontology classification (Eilbeck et al., 2005).

istar_5
°
0.5
s
]
E ® OXYS_34
g ® Wistar/lcgn
a OXYS_34 | OXYS_30
0
OXYS_17
Wistar_22
05 Wistar_B7
-0.4 0 0.4

PC1 (64.8 %)

Fig. 2. Principal component analysis (PCA) performed using
PLINK v1.9 based on the genotypes of OXYS (red circles) and
Wistar/lcgn (blue circles) rats.
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Specifically, 78 variants were identified as causing premature
translation termination, loss of gene function, or triggering
nonsense-mediated mRNA decay. Additionally, 423 missense
variants predicted as damaging by the SIFT algorithm and lead-
ing to amino acid substitutions in the translated proteins were
selected. By comparing the SNV and indel genotypes of OXYS
rats with the genotypes of 146 rat strains (List S1) from RGD
(de la Cruz, 2004), we identified 33 high-impact variants and
87 damaging missense variants that were completely absent
from all other strains.

From this pool of genetic variants unique to OXY'S rats, we
prioritized variants in genes involved in key pathways related
to aging and age-related pathologies, such as mitochondrial
dysfunction, oxidative stress, neurodegeneration, cognitive
and visual impairment, sarcopenia, and lipid metabolism disor-
ders. Each candidate variant was verified by visual inspection
of alignments using IGV and by analyzing the evolutionary
conservation of the affected amino acid residues. Variants in
regions with poor mapping quality, alignment artifacts, or low
conservation were rejected. As a result, the following candidate
genes were selected: Abcal, Apob, Cic, Ngo2, Akap6, Cmyas,
Cerkl, and Bfsp1, whose functional impairments may underlie
the premature aging phenotype of OXYS rats. The variants
identified in these candidate genes are summarized in Table 1,
visualized using IGV (Fig. S1), and shown in the transcript
models (Fig. S2).

Lipid metabolism disorders. The Apob and Abcal genes
are involved in lipid metabolism. Abcal is predominantly
expressed in rat adipose tissue and liver, as well as in various
immune cell types (Wu et al., 2009; RatGTEx Consortium,
2021). The Abcal gene product plays a key role in transporting
cholesterol and phospholipids across the cell membrane, which
is essential for high-density lipoprotein (HDL) formation in the
liver (Oram, 2003; Ghanbari-Niaki et al., 2007). The V695L
amino acid substitution is located in one of the transmembrane
domains of Abcal, which is enriched in hydrophobic amino
acid residues (Fig. 34 and Fig. S3). Valine (V) is present at the
homologous position in most of its orthologs among placental
mammals and rodents; however, leucine (L) was identified in
the Arctic ground squirrel (Urocitellus parryii) (Fig. S44).
Other hydrophobic amino acids can also be found at this po-
sition. Examples are methionine (M) in birds, including the
chicken (Gallus gallus) and the golden eagle (Aquila chrys-
aetos), and isoleucine (I) in fish, such as the Atlantic salmon
(Salmo salar) (Fig. 34). Furthermore, Abcal has 15 ancient
paralogs, which, in addition to valine (V), contain other hy-
drophobic amino acids at the homologous position, including
isoleucine (I), alanine (A), methionine (M), and leucine (L)
(Fig. S5). Taken together, these data indicate that the V695L
substitution is likely compatible with the structural integrity
and function of the protein.

The Apob gene encodes two isoforms of apolipoprotein B:
ApoB-100, a structural protein of low-density lipoprotein
(LDL) synthesized in the liver, and ApoB-48, a component
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Table 1. Genomic coordinates and genotypes of unique OXYS missense variants identified in candidate genes across all analyzed samples (0 - reference allele, 1 - alternative allele)

OXYS 17 OXYS30 OXYS34 Wistar5 Wistar22 Wistar37
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ENSRNOT00000101741.1:c.4235G>A
Cmya5 ENSRNOT00000073710.4:c.11011A>T ENSRNOP00000064514.2:p.Arg3671Trp
ENSRNOT00000057878.6:c.1345G>T
ENSRNOT00000057878.6:c.1344T>G
ENSRNOT00000007727.6:¢c.827G>A
ENSRNOT00000110113.1:¢.2083G>C
Akap6 ENSRNOT00000006562.4:¢.2443C>T
ENSRNOT00000024141.6:c.370G>A

Cic
Cerkl
Cerkl
Bfsp1
Abcal
Apob
Ngo2

O ' - U VLV LV U U

o o)
N ;N O = @ N 9. mMm: 5 m: i
S0 0V VI N = W0 VN
N0 R Qv QR R w
N I R T T A =
N O M M = N N O O
R:M NN =N R Mg
oY ¥ ¥ m N 9 o ' m
SRR B B = SR o > B0 BERE N N
— N:m ®m M i O O -

FTEHETUKA »XUBOTHbIX / ANIMAL GENETICS

2026
30-6

887



V.M. Petrova, M.S. Protasova, A.D. Manakhov Whole genome sequencing identifies genetic variants
N.A. Stefanova, N.G. Kolosova, E.I. Rogaev associated with senescence-accelerated phenotype of OXYS rats

A Abcal V695L B Apob L3413F

FTMNFKQE[F[NGNTKSKP TV OXYS NFTGCSLPSEMWAIFRTAPFTP

OXYS WFISSLIPLL LLVIILKOXYS Pl ew]

Rattus_norvegicus WFEISSLIPLLIVISAGLLVI I LK Rattus_norvegicus PIFTMNFKQE|L[NGNTK SKP TV Rattus_norvegicus NFTGCSLPSEIRAIFRTAPFTP
Homo_sapiens WFISSLIPLLIVISAGLLVVI LK Homo sapiens PILRMNFKQE[LINGNTKSK P TV Homo_sapiens NFTGCSLPSERAIFRTAPSTP
Mus_musculus WFVSSLIPLLVSAGLLVVILKMﬂs_muchll.ls PlFSMNFKQELNGNTKSKPTVM"S-muscu’us NFTGCSLPSERAIFRTAPSTA
Macaca_mulatta  WFE1SSLIPLLVISAGLLVVILK pacco mujatts PILRINFKQE|LINGNTKSKpTy Mococamulatta  NFTGCSLPSE[RIAIFRTAPSTP
ot s s WIS ELTLANIEAC LR VL s st 71 CKMNE KQEIUNGNT K8 K p T 1 Zwtortocs METS 347 S Rh VAR TA T ST 7

5 0s_Ltaurus
Salmo_salar wp|SSL|PLLlSAGLLVVLLKg:;;:’Z:';:r ::;:T:;:g;;ci::i:i::xSal.mo_salar NYTGCSLPSER[LPFRTAPSVP
Oryctolagus_cuniculus WF 1 SSLIPLLIV[SAGLLVVILK - ., Oryctolagus_cuniculus NFTGCSLPSERIAIFRTAPSTP
Gallus_gallus WFEISSLIPLLMSAGLLVL I Lk O¥ctolagus cuniculus P I LRTNFKQEIFINGNTKSKPTI coyye ooy NCTGCSLPSEK|SIFkTAPAIP
Aquila_chrysaetos  WFE 1SSLIPLLMSAGLLYL I Lk Gallusgallus PVEKMNFSQEILISGNTKSKPTI yypes yuipes NFTGCSLPSERJAIFRTAPSTP
Vulpes_vulpes WFISSLIPLL|V[SAGLLVVI Lk Aguila_chrysaetos PVLKMNFTQE|LISGNTKSKPTL gyzenopteramusculus NFTGCSLPSER[AIFRTAPSTP
Balaenoptera_musculus WE | S SL I PLL|V[SAGLLVVI LK Vulpes vulpes PILRMNFKQEILINGNTKSKPTV yrsys_maritimus NFTGCSLPSER[AIFRTAPSTP
Ursus_maritimus WFISSLIPLL|V[SASLLVVI LK Ursus_maritimus PILRMNFKQE|LINGNTKSKPTV camelus_dromedarius NFTGCSLPSERJAIFRTAPSTP
Loxodonta_africana  WF 1 SSL IPLLIV[SASLLVVI LK Loxodonta africana - - - - - - - - - -f-]- - - - - - - - - - o
Camelus_dromedarius WF | SSLVPLL|V[SAGLLVVI LK Camelus_dromedarivs P1 LRMNFKQE|LINGNTKSKPTV
Akap6 R815W

D Ngo2 G124R E Cic C1412Y

FAFDVPGF YD OXYS SPV SSFTH[Y|RPTLDPEPPG OXYS TPPKAETDSLWILYLETHLSF

A
OXYs KGWMDRVLC IR L K
Rattus_norvegicus KGWMDRVLC FAFDVPGFYD Rattus_norvegicus SPVIRSSFTH|CIRPTLDPEPPG Rattus_norvegicus TPPKAETDSLIR[ILYLETHLSFK
Homo_sapiens KGWMDRVLC FAFD I PGF YD Homo_sapiens SPVIRSSFTH|C[RPPLDPEPPG Homo_sapiens TPPKAEMDDL|K|LYLETHLSFK
Mus_musculus KGWMDRVLC FAFDI| PGF YD Mus_musculus SPVIRSSFTH|CIRPTLDPEPPG Mus_musculus TPPKAETDSL|IRLYLETHLSFK
Macaca_mulatta KGWMDRVLC FAFD I PGF YD Macaca_mulatta SPVIRSSFTH|CIRPPLDPEPPG Macaca_mulatta TPPKAEMDGL|KILYLETHLSFK
Panthera_tigris_altaica K GWMDRV L C FAFD I PGF YD Panthera_tigris_altaica SPV I RSSFTH|CIRPSLDPEPPG Panthera_tigris_altsica TPPKAETDGLIKI[LYLETHLSFK
Bos_taurus KGWMDRVLC FAFDF PGS YD Bos_taurus SPVIRSSFTH|CIRPSLDPEPPG Bos_taurus TPPKAETDSL|KILYLETHLSFK
Salmo_salar KGWIDRVLS FAFSLQKMYS Oryctolagus cuniculus SPV IRSSFTH|CIRPTLDSEPPG Salmo_salar TPPKAEMDSL|K[LYLETHLSFK
Oryctolagus_cuniculus K GWMDR V L C FAFDFPG | YD Vulpes_vulpes SPVIRSSFTH|CIRPPLDPEPPG Oryctolagus_cuniculus TPPKAETDGL|KILYLETHLSFK
Gallus_gallus KGWMDRVLV FAHDYPNC YD Balaenoptera_musculus[SPV I RSSFTH|CIRPSLDPEPPG Gallus_gallus TPPKAETDSLIKILYLETHLSFK
Aquila_chrysaetos KGWMDRVLYV FAHDF PKCYD Ursus_maritimus SPVIRSSFTH|C[RPPLDPEPPG Aquila_chrysaetos TPPKAETDSLIKILYLETHLSFK
Vulpes_vulpes KGWMDRVLC FAFD | PGFYD Camelus_dromedariuvs SPV IRSSFTH|CJRPSLDPEPPG Vulpes_vulpes TPPKAETDSLIKILYLETHLSFK
Balaenoptera_musculus K GWMD RV L C FAFDLPGFYD Balaenoptera_musculus TP PKAEMDG L|KILYLETHLS FK
Ursus_maritimus KGWMDRVLC FAFDIPGFYD Ursus_maritimus TPPKAETDGL|K[LYLETHLSFK
Loxodonta_africana KGWMDRVLC FAFDIPGFYD Loxodonta_africana T PPRAETDSLIKILYLETHLSFK
Camelus_dromedariuvs K GWMDR V L C FAFDLPGFYD Camelus_dromedarius TPPKAETDG LLLYLETHLSFK

G Cerkl F448L V449L H

OXYS SSVKNQFN

PICLETYTIEEVK OXVS NLRKE SLERSSYDCR

F | EEAE]

Rattus_norvegicus SSVKNQFNFP|FVIETYT I EEVK Rattus_norvegicus NLRKEIEEAER|SLERSSYDCR
Homa_sapiens ASVKNQFNFP|FVIETYTVEE VK Homo_sapiens TLRKEIEETER[IVLEKSSYDCR
Mus_musculus SSVKNQFNFP|FVIETY I | EEVK Mus_musculus NLRKEIEEAER[SLERSSYDCR
Macaca_mulatta ASVKNQFNFP|FVIETYTVEE VK Macaca_mulatta TLRKEIEETERVLEKSSYDCR
Panthera_tigris_altaica ASV KNQFNF P|F VIE TY T VE E VK Panthera_tigris_altaica SLRKE | EETE|JR[SLERSSYDCR
Bos_taurus ASIKNQFNFP|FVDPDTYTVEEVK Bos_taurus TLRKEIEEAERISLERSSYDCR
Salmo_salar NSVNNQFSFS|FV[ETQTVWA VR Salmo_salar SLRKDIEEAERISLEKYTNECR
Oryctolagus_cuniculuss ASMQNQFNF PIFVIETYTVEEVR Oryctolagus_cuniculus TLRKE | EETER[TLEKSTYDCR
Gallus_gallus ASVKNQFSFPIFVIETYTVQEVK Gallus_gallus NLRKGIEEAERITLEKYTTDCR
Vulpes_vulpes AGVKNQFNFP|FVIETYTVGE VK Aquila_chrysaetos NLRKGIEEAERITLEKYTTDCR
Balaenoptera_musculus ASVKNQFNFP|FVIETYTVEE VK Vulpes_vulpes NLRKEIEEAER[SLERSSYDCR
Loxodonta_africana ASVRNQFNFP|FVIETYTVEEVK Balaenoptera_musculus TLRKE | EEAE|JR|SLERSSYDCR
Camelus_dromedarius ASV KNQFNFPIEVJETYTVEE VK Ursus_maritimus TLRKEIEEAER|SLERSSYDCR

Loxodonta_africana GLRKEIEETERALERSSYDCR

1

Camelus_dromedariuvs TLRRE I EEAERJSLERSSYDCR

Fig. 3. Amino acid substitutions in OXYS rat proteins (top of each panel) and the homologous position (indicated by a black box) across
orthologous proteins from various animal species, including the brown rat (Rattus_norvegicus), human (Homo_sapiens), house mouse
(Mus_musculus), rhesus macaque (Macaca_mulatta), Amur tiger (Panthera_tigris_altaica), cattle (Bos_taurus), Atlantic salmon (Salmo_
salar), European rabbit (Oryctolagus_cuniculus), chicken (Gallus_gallus), golden eagle (Aquila_chrysaetos), red fox (Vulpes_vulpes), blue
whale (Balaenoptera_musculus), polar bear (Ursus_maritimus), African bush elephant (Loxodonta_africana), and dromedary camel
(Camelus_dromedarius).

Amino acids are colored by chemical properties: polar uncharged (S, T, N, Q) in purple; hydrophobic (A, V, I, L, M, F, Y, W) in blue; positively charged (R, H,
K) in green; negatively charged (D, E) in orange; and special cases (C, G, P) in yellow. The evolutionary conservation track is located above the sequences
as a bar chart representing the degree of conservation. Images were generated using UGENE v45.0 software (Okonechnikov et al., 2012).

of chylomicrons produced by small intestinal cells. ApoB-100  cytes, mediating the uptake and clearance of ApoB-containing
is involved in the synthesis and secretion of very-low-density  particles by the liver (Davidson, Shelness, 2000). The Apob
lipoprotein (VLDL), the precursor of LDL required for the gene has no paralogs. The identified amino acid substitu-
transport of endogenous triglycerides and cholesterol into tion L3413F is located within the heparin-binding domain
the bloodstream (Davidson, Shelness, 2000). Furthermore, of ApoB-100, which mediates the binding of LDL particles
ApoB-100 serves as a ligand for LDL receptors on hepato- to glycosaminoglycan-rich proteoglycans of the extracel-

888 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30+ 6



B.M. MetpoBa, M.C. lNpoTacosa, A.[l. MaHaxoB
H.A. CredaHoBa, H.I. Konocoga, E.N. Poraes

lular matrix (Flood et al., 2004) (Fig. 3B and Fig. S6). While
leucine (L) is present at the homologous position in most
rodents and mammals, phenylalanine (F) was found at this
position in the European rabbit (Oryctolagus cuniculus) and
the Atlantic salmon (S. salar) (Fig. 3B and Fig. S4B). Since
both amino acids are hydrophobic and phenylalanine occurs
at the homologous position in evolutionarily distant species
without causing a loss of viability, it can be concluded that
the L3413F substitution does not disrupt protein function
significantly. However, because phenylalanine possesses a
bulky aromatic side chain, its potential impact on the local
conformation of the domain or the efficiency of interaction
with extracellular matrix proteoglycans cannot be entirely
ruled out. Therefore, this substitution likely represents a va-
riant with low functional impact.

Skeletal and cardiac muscle dysfunctions. The Cmya$
gene encodes a large protein highly expressed in skeletal
muscles and the heart, where it is involved in structural or-
ganization of sarcomeres in cardiomyocytes and skeletal
muscle fibers (Wu et al., 2009; Lu et al., 2022). The identified
missense variant results in an R3671W substitution within
the Fibronectin type-III 1 domain (FN3-1) of Cmya$5, which
mediates interactions with titin M-domains and stabilizes the
sarcomere (Sarparanta, 2008; Sarparanta et al., 2010) (Fig. 3C
and Fig. 44). Arginine (R) at this position is highly conserved
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across evolutionarily distant animal species, as well as among
rodents (Fig. 3C and Fig. S4C). Lysine (K), which carries
a positive charge similar to arginine, is found only in the
chicken (G. gallus). The Cmya$ protein has three evolution-
arily ancient paralogs: Fsdl, Fsd2, and Fsd1l. One of these,
Fsd2, is expressed in muscle tissue, but it performs different
functions. The substitution of positively charged arginine for
hydrophobic aromatic tryptophan at position 3671 (R3671W)
is located within a B-sheet of the Cmya5 FN3-1 domain. This
mutation disrupts local interactions with neighboring amino
acid residues, presumably impairing domain folding and, as
a consequence, its interactions with other proteins (Fig. 44).

Neurodegeneration and cognitive decline. The Ngo2
gene encodes the flavin-dependent protein Nqo2, which is
structurally homologous to Nqol quinone dehydrogenase but
differs significantly in cofactor specificity. Nqo2 binds the
physiological cofactor NAD(P)H extremely inefficiently and
likely functions primarily as a regulatory rather than a catalytic
protein (Islam, Shilton, 2025). Ngo?2 is highly expressed in
the kidney and liver (Wu et al., 2009; RatGTEx Consortium,
2021). The missense variant detected in OXYS rats results in
a G124R substitution at a position highly conserved across
evolutionarily distant animals, rodents, and related species
(Fig. 3D and Fig. S4D). This substitution is located near the
FDV (phenylalanine-aspartic acid-valine) substrate-binding

Fig. 4. Protein structures predicted using AlphaFold 3 (Abramson et al., 2024). A- Cmya5 (wild-type, WT (367 1R); and with
the OXYS rat substitution, R3671W). The inset shows a magnified view of the FN3-1 domain harboring the substitution.
The amino acid residue at position 3671 is highlighted in green; B - Nqo2 (wild-type, WT (124G); and with the OXYS rat
substitution, G124R). The inset shows a magnified view of the substitution site. The amino acid residue at position 124

is highlighted in green.

The color coding reflects the local confidence of the structure prediction (pLDDT): blue (90-100) indicates very high, light blue
(70-89) indicates confident, yellow (50-69) indicates low, and orange (<50) indicates very low. Regions with pLDDT < 50 likely represent

intrinsically disordered protein regions (IDRs).

FEHETUKA »KUBOTHbIX / ANIMAL GENETICS 889



V.M. Petrova, M.S. Protasova, A.D. Manakhov
N.A. Stefanova, N.G. Kolosova, E.I. Rogaev

site at positions 127-129 (Fig. 4B). Ngo2 has two paralogs: a
predicted gene, AABR07044714, which arose in rats, and the
evolutionarily more ancient Nqo/, which encodes an enzyme
responsible for quinone reduction. The substitution of a small
glycine for a bulky, positively charged arginine disrupts local
interactions within the protein and may affect protein—protein
interactions, ligand affinity, and the redox-dependent regula-
tory function of Nqo2 (Fig. 4B).

The Cic gene encodes the Capicua transcriptional repressor,
with its highest expression observed in nervous tissue (RatG-
TEx Consortium, 2021). It plays a crucial role in neurogen-
esis and acts as a suppressor for various tumor types (Wong,
Yip, 2020; Hourigan et al., 2021). The C1412Y substitution
identified in OXYS rats is located within a highly conserved
region of the protein, which, however, lacks an ordered domain
structure and is predicted with low confidence (pLDDT < 50)
(Fig. 3£ and Fig. S7). All analyzed orthologs possess a cysteine
(C) residue at the homologous position (Fig. 3F and Fig. S4E).
Cic has only one ancient paralog, Bbx, which performs distinct
functions and lacks the homologous region. Since the C1412Y
substitution occurs within a highly conserved region of the
protein and its functional compensation by the Bbx paralog
is impossible, this variant may impair the functional activity
of the Cic protein despite its location within a structurally
disordered region.

The Akap6 gene encodes an adapter protein that anchors
signaling complexes to the nuclear envelope and sarcoplasmic
reticulum (Dodge-Kafka et al., 2005; Vergarajauregui et al.,
2020). In rats, it is expressed primarily in the heart, skeletal
muscle, and brain, including the hippocampus and cerebral
cortex (Wu et al., 2009; RatGTEx Consortium, 2021). The
identified R815W substitution is located within the Spectrin 1
repeat domain (SR1) of Akap6, which is critical for protein—
protein interactions (Vergarajauregui et al., 2020) (Fig. 3F and
Fig. S8). The Akap6 protein has one paralog, Cep68, which
lacks the homologous region. It does not perform similar
adapter functions. Analysis of multiple ortholog alignments
demonstrates that position 815 is strictly conserved in charge.
Either arginine (R) or lysine (K) — both positively charged
amino acid residues — is present at the homologous position
across all analyzed animal species (Fig. 3F and Fig. S4F).
Thus, the R815W substitution is nonconservative: a positively
charged polar arginine is replaced by a bulky hydrophobic tryp-
tophan residue containing an aromatic ring, which may disrupt
protein—protein interactions mediated via the SR1 domain.

Visual impairments. The Cerkl gene is involved in regulat-
ing autophagy, mitochondrial dynamics, and metabolism. It
plays a key role in protecting the photoreceptors, and retinal
pigment epithelial (RPE) cells against oxidative stress and
apoptosis (Mirra et al., 2021). Two consecutive amino acid
substitutions, F448L and V449L,, identified in Cerkl are located
within the disordered C-terminal region of the protein, which
is enriched in hydrophobic amino acid residues (Fig. 3G and
Fig. S9). Phenylalanine (F) at position 448 is strictly con-
served among all analyzed orthologs (Fig. 3G and Fig. S4G).

Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats

However, valine (V) at position 449 tolerates a replacement
with another hydrophobic amino acid, isoleucine (I), in ro-
dents (Fig. S4G). The Cerkl protein has four evolutionarily
ancient paralogs (Cerk, Sphkl1, Sphk2, and Agk); however,
unlike Cerkl, they function as active lipid kinases and utilize
different regulatory mechanisms. Nevertheless, because both
substitutions are located within a region enriched in hydro-
phobic residues, their impact on the structure and function of
the Cerkl protein may be minimal.

In the Bfspl gene, which encodes a structural protein of
lens intermediate filaments, the missense substitution leading
to R276Q was identified within one of the a-helical domains
of the rod region (Fig. 3H and Fig. S10). This region ensures
filament polymerization and interaction with the Bfsp2 protein
to form the cytoskeleton of lens fibers (Perng et al., 2007).
Arginine (R) at position 276 is highly conserved among the
analyzed orthologs (Fig. 3H and Fig. S4H). However, in the
Chinese hamster (Cricetulus griseus), tryptophan (W) is pre-
sent at the homologous position (Fig. S4H). The Bfsp1 gene has
no paralogs, which points that its function is unique. Despite
the overall preservation of the protein structure, the loss of
positive charge due to the glutamine-for-arginine-substitution
in the center of one of the rod region domains may disrupt
intermediate filament assembly in the lens.

Visualization of the tissue-specific expression for each of the
aforementioned genes in rats is presented in Figures S11-S18.

Mitochondrial dysfunction. The premature aging phe-
notype of OXYS rats is considered to be associated with
mitochondrial dysfunction (Tyumentsev et al., 2018). Conse-
quently, variants in genes associated with the mitochondrial
function were selected from the pool of missense substitutions
and high-impact functional variants distinguishing OXYS
rats from Wistar/Icgn. Missense substitutions predicted to
be damaging by the SIFT algorithm were detected in the
Mrps30, Decrl, Mecr, Ptcdl, and Afg3l1 genes (Table S4).
The analysis of the prevalence of these genetic variants across
146 rat strains (List S1) showed that they occurred with
high frequency among other strains, including healthy ones
(Table S5). Therefore, they likely do not contribute signifi-
cantly to the development of structural and functional disorders
in the mitochondria of OXY'S rats.

Copy number variation (CNV) analysis

To improve the accuracy of CNV detection and breakpoint
identification, two software tools employing different ap-
proaches were utilized: CNVpytor (based on a read depth
algorithm) and Smoove (based on split-read and discordant
paired-end read algorithms). The majority of CNVs present
in the OXYS rat genomes and absent from the control Wistar/
Icgn strain were located within noncoding regions, specifically
intergenic regions and introns. Following the selection of
functionally significant CNVs (overlapping coding or regu-
latory regions), only deletions remained. No other structural
variation types were detected within functionally significant
regions.
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CNVs in coding regions. Some of the CNVs identified in
the OXY'S rat genomes affected coding regions, specifically
the exons of the LOC100911093, Ybx111, Gsta6, and Metti24
genes (Table 2). The LOC100911093 and Ybx1l] genes were
found to be completely deleted (Fig. 5). LOC100911093 pre-
sumably encodes mitochondrial CCA-tRNA nucleotidyltrans-
ferase and has one paralog in rats, 7rn¢/, which shares 99.54 %
sequence identity and performs the same function within
both the cytoplasm and mitochondria. Ybx/// is predicted to
bind nucleic acids and participate in the regulation of gene
expression. Ybx/I] has six paralogs, including Ybx/, which
exhibits high sequence identity (94.48 %) to Ybx1/1. Its human
ortholog, YBX1, is known to be involved in DNA repair under
oxidative stress (Zheng et al., 2025). Both LOC100911093 and
Ybx111 remain poorly characterized in rats, which hampers
the assessment of the functional consequences of their loss.
However, the presence of highly identical paralogs (7rntl
and YbxI) suggests a potential for partial functional com-
pensation.

The first exons of both the Gsta6 and Metti24 genes fall
within the deletion regions. The enzyme encoded by the Gsta6
gene belongs to the alpha glutathione S-transferase family and
participates in the metabolism of glutathione, an antioxidant
that plays a key role in neutralizing free radicals and main-
taining cellular redox homeostasis (Forman et al., 2009). This
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gene remains poorly characterized and has 19 paralogs, five
of which also belong to the alpha glutathione S-transferase
family, potentially providing partial functional compensation
for a possible dysregulation of Gsta6. MettI24 encodes an
enzyme with predicted methyltransferase activity but has been
poorly characterized in rats. Its human ortholog, METTL24, is
implicated in immune functions and associated with kidney
renal clear cell carcinoma (KIRC) (Jiang et al., 2022). The
Mettl24 gene has two ancient paralogs, Scara3 and Cthrcl,
which share low sequence identity with the query gene (7.76
and 16.97 %, respectively) and are not functionally related to
methyltransferases.

CNVs in regulatory genomic regions. H3K27ac is an
epigenetic modification (acetylation) of lysine 27 in the
N-terminal region of the DNA packaging protein histone H3.
The enrichment of a genomic region in this epigenetic mark
indicates the location of active regulatory elements, such as
promoters and enhancers. It has been shown that the develop-
ment of AD traits in OXYS rats, as in humans, is associated
with neurodegenerative changes primarily in the hippocampus
and prefrontal cortex (Stefanova et al., 2014). Therefore, we
investigated whether the CNVs identified in the OXYS rat
genomes fall within regions of active regulatory elements in
the ventral hippocampus, dorsal hippocampus, and prefrontal
cortex.

Table 2. Genomic coordinates and genotypes of deletions affecting the coding regions (exons) of genes across all analyzed samples

(0 - reference allele, 1 — deletion)

Genomic coordinates Length,bp Gene OXYS 17 OXYS 30 OXYS 34 Wistar 5 Wistar22  Wistar 37
1:170,720,408-170,722,750 2,342 LOC100911093 1/1 11 11 0/0 0/1 0/1
1:171,304,588-171,306,097 1,509 Ybx111 1/1 1/1 1/1 0/0 0/1 0/1
9:23,797,233-23,803,955 6,722 Gsta6 171 11 11 0/0 0/0 0/1
20:44,142,209-44,146,664 4,455 Mettl24 11 11 11 0/0 0/0 0/0
LOC100911093 Yox111
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Fig. 5. Deleted LOC700911093 and Ybx1/1 genes in the OXYS rat genomes.
Scale bar: 3,500 bp. Red boxes indicate the deletion boundaries. Images were generated using IGV (Robinson et al., 2011).
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Gsta6

Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats
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Fig. 6. Deletions within the Gsta6, Mettl24, Fat1,Babam2,and Abcf1 genes overlapping H3K27ac enrichment peaks within the prefrontal
cortex, dorsal hippocampus, and ventral hippocampus of Rattus norvegicus.

Scale bar: 15 kb. Red boxes indicate the deletion boundaries. Images were generated using IGV (Robinson et al., 2011).

By using ChIP-seq data from the respective brain regions
of control Long-Evans outbred rats (Rayan et al., 2022), the
coordinates of enriched peaks for the H3K27ac histone mark
were obtained and found to intersect with the coordinates of
the unique OXYS CNVs. Deletions within the Gsta6, Metti24,
Fatl, and Babam?2 genes, as well as upstream of the Abcf1
gene, overlap with H3K27ac-enriched regions (Table 3 and
Fig. 6). The above-described deletions within the Gsta6 and
Mettl24 genes are located in their putative promoter regions,
and they affect the first exon. The deletions within Fat/ and
Babam?2 are located within introns and are likely to disrupt
their active enhancers. The Fat/ gene encodes a protein from

the atypical cadherin family, which is involved in cell—cell
adhesion, muscle and neuronal development, and the positive
regulation of the migration of various cell types, including
neurons, fibroblasts, astrocytic precursors, and vascular smooth
muscle cells (Riascos-Bernal et al., 2023; Helmbacher, 2018).
Fatl has seven paralogs, three of which also belong to the
atypical cadherin family. The Babam?2 gene encodes an adapter
protein that is a component of the BRCA1-A and BRISC
complexes. It plays an important role in double-stranded DNA
break repair, cell cycle maintenance, and the prevention of
cellular senescence (Chung et al., 2020), while also inhibiting
the mitochondrial apoptotic pathway (Li Q. et al., 2004). The
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Table 3. Genomic coordinates and genotypes of deletions overlapping H3K27ac enrichment peaks

within the prefrontal cortex, dorsal hippocampus, and ventral hippocampus of Rattus norvegicus across all analyzed samples

(0 - reference allele, 1 — deletion)
Genomic coordinates Length, bp Gene OXYS 17 OXYS 30 OXYS 34 Wistar 5 Wistar 22 Wistar 37
9:23,797,233-23,803,955 6,722 Gsta6 11 11 1/1 0/0 0/0 0/1
20:44,142,209-44,146,664 4,455 Mettl24 11 1/1 1/1 0/0 0/0 0/0
16:47,224,153-47,236,087 11,934 Fat1 11 1/1 1/1 0/0 0/1 0/1
6:24,707,559-24,708,619 1,060 Babam?2 11 11 11 0/0 0/0 0/0
20:2,800,714-2,802,114 1,400 Abcf1 11 1/1 1/1 0/0 0/0 0/0

absence of paralogs for the Babam2 gene precludes genetic
compensation for potential dysregulation caused by the dele-
tion within the enhancer region. Furthermore, the deletion
upstream of the Abcf1 gene may affect its active promoter. The
AbcfI gene product is a member of the ATP-binding cassette
(ABC) protein superfamily. It participates in the initiation
and elongation of translation process and regulates the innate
immune response (Wilcox et al., 2017). Both Abcf1 paralogs
belong to the same ABC protein subfamily F.

Our analysis indicates that the deletions identified in OXY'S
rats lead to the loss of gene regulatory regions. The Gsta6
and Mettl24 genes may be the most significantly affected,
with deletions located in the most heavily H3K27ac-enriched
regions that correspond to the active promoters of these genes.

Visualization of the tissue-specific expression for each of the
aforementioned genes in rats is presented in Figures S19-S25.

Discussion

The aim of this study was to identify genetic variants in OXYS
rats that might contribute to the premature aging phenotype,
which is accompanied by the development of various age-
associated pathologies.

Cognitive impairment and neurodegeneration

Variants detected within the Fat1, Cic, Akap6, Gsta6, and Ngo2
genes may be associated with the early development of neu-
rodegenerative changes and cognitive decline in OXY'S rats.
A large deletion was identified in the noncoding region of the
Fatl gene, likely disrupting its active enhancer. In vertebrates,
including rats, Fatl is expressed in both the developing and
adult brain, with high expression observed in regions involved
in neurogenesis (Peng et al., 2021). Its product, FAT1, is in-
volved in early stages of neuronal differentiation. It controls
axon growth via the Hippo signaling pathway and promotes
terminal cell differentiation by inhibiting cell proliferation
(Ahmed et al., 2015; Peng et al., 2021). Thus, the identified
deletion may reduce Fatl expression in hippocampal neuro-
genesis zones, thereby disrupting the regulation of synaptic
plasticity and neuronal migration, which could exacerbate the
cognitive decline observed in OXYS rats.

The CIC (Capicua) protein is a key effector of the RTK/
RAS/MAPK signaling pathway, regulating the balance of
proliferation and differentiation of neuronal progenitors in the
hippocampus (Hourigan et al., 2021). It also acts as a tumor
suppressor by repressing the transcription of ETS-family
oncogenes (Wong, Yip, 2020) and forms a complex with the
Ataxin-1 protein, which is associated with the development of
the neurodegenerative pathology spinocerebellar ataxia type 1
(SCA1) (Rousseaux et al., 2018). Pathogenic variants within
CIC have been described in human oligodendrogliomas, where
its inactivation stimulates glial cell proliferation through the
activation of ETV1/4/5 oncogenes (Yip et al., 2012). Impair-
ment of the repressor function of CIC in the mouse hippocam-
pus leads to a reduction in the pool of neuronal progenitors,
alongside the disruption of their differentiation, migration, and
dendritic development (Hourigan et al., 2021). Therefore, it can
be hypothesized that the Cic missense variant found in OXYS
rats contributes to the delay in brain maturation observed in
this strain during the early postnatal period, which is associa-
ted with an altered balance of neural precursor proliferation
and differentiation (Rudnitskaya et al., 2020).

The R815W substitution within the SR1 domain of Akap6
was previously described in a study of SNV transcriptome
data from the hippocampus and prefrontal cortex of OXYS
rats as associated with cognitive impairment (Devyatkin et al.,
2020Db). The spectrin repeats of AKAP6 are involved in binding
to nuclear envelope proteins (nesprin-10) and components of
the microtubule-organizing center (pericentrin, AKAP9), and
can also mediate the anchoring of signaling molecules such
as calcineurin and NFATc4 (Mackiewicz et al., 2024). Dis-
ruption of the structural integrity of AKAP6 spectrin repeats
may destabilize its anchoring to the nuclear envelope and the
organization of perinuclear signaling complexes. This, in turn,
may weaken pro-survival signaling from BDNF receptors
to transcriptional targets (e. g., via the calcineurin-NFATc4
pathway), thereby increasing the vulnerability of neurons to
stress and degeneration (Mackiewicz et al., 2024). Recent
studies have demonstrated that AKAP6 plays a key role in
neurotrophin-mediated survival of retinal ganglion cells (Tom-
czak et al., 2024). Furthermore, genome-wide association
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studies have linked polymorphisms within the AKAP6 locus to
impairments in episodic memory, perceptual speed, and other
cognitive functions in older adults (Andrews et al., 2017). The
location of R815W within the functionally significant SR1
domain and the evolutionary conservation of positive charge
at the homologous position in AKAP6 orthologs suggest that
this variant may contribute to the development of cognitive
decline in OXYS rats.

A decrease in Gsta6 (a member of the alpha glutathione
S-transferase family) expression compared to control Wistar/
Icgn rats — previously detected in the prefrontal cortex, hip-
pocampus, and retina of OXYS rats during postnatal brain
development (Telegina et al., 2015; Stefanova, Kolosova,
2023) — may be caused by the deletion identified within the
putative active promoter of this gene. The reduced Gsta6
expression may impair glutathione-dependent free radical
scavenging, thereby weakening the antioxidant defense of
neurons and photoreceptors.

Similarly, a missense substitution within the Ngo2 gene
was previously described in a study of SNV transcriptome
data from the hippocampus and prefrontal cortex of OXYS
rats and characterized as potentially associated with neuro-
degeneration and AD development (Devyatkin et al., 2020b).
NQO?2 expression in the brain is recorded in areas critical for
cognitive function, including the hippocampus and cortex, and
it increases with age and AD progression (Janda et al., 2024).
The role of NQO2 in learning and memory consolidation may
be linked to its involvement in cellular metabolism and ROS
production, including mitochondrial ROS (Islam, Shilton,
2025). Recent data also point to the involvement of NQO?2 in
the regulation of oxidative stress, inflammation, autophagy,
and apoptosis, as well as to its ability to interact with a number
of bioactive compounds, including certain anticancer drugs
(Janda et al., 2024; Islam, Shilton, 2025). Thus, the identified
genetic variants within Gsta6 and Ngo2 may contribute to the
development of early neurodegenerative changes in the brain
structures and retina of OXY'S rats, which represent hallmarks
of AD and AMD-like retinopathy.

It has been demonstrated that the frontal cortex and hippo-
campus of OXYS rats exhibit elevated levels of oxidative DNA
damage (8-oxoguanine) compared to the parental Wistar/Icgn
strain (Sattarova et al., 2013). The deletion identified within
the Babam?2 regulatory region is of interest as a potential factor
contributing to genomic instability. Although there is no direct
evidence of DNA double-strand break accumulation in OXY'S
rats, the reduced expression of repair genes may exacerbate the
consequences of oxidative damage in the brain. Importantly,
the antiapoptotic function of BABAM?2 is mediated through
the inhibition of the mitochondrial apoptotic cascade (Li Q.
et al., 2004). Given that mitochondrial dysfunction and the
dysregulation of apoptosis are early hallmarks of the OXYS
phenotype (Stefanova et al., 2014), a reduced expression of
Babam? in the hippocampus and prefrontal cortex — driven by

Whole genome sequencing identifies genetic variants
associated with senescence-accelerated phenotype of OXYS rats

the detected deletion within the enhancer region — may increase
the sensitivity of neurons to stress-induced death.

Ophthalmological pathologies:

retinopathy and cataracts

Clinical manifestations of retinopathy, resembling the dry form
of age-related macular degeneration (AMD) in humans, appear
in OXYS rats at the age of 3—4 months. They are accompanied
by structural and functional changes in RPE cells and impaired
choroidal microcirculation (Markovets et al., 2010). Pathologi-
cal changes within the retina progress against the background
of increased accumulation of beta-amyloid and lipofuscin in
RPE cells, altered morphology, and reactive gliosis, ultimately
leading to the complete loss of photoreceptors by 24 months of
age (Markovets et al., 2010; Zhdankina et al., 2023). Several
genetic variants identified in this study potentially contribute
to the development of this pathology. These include a deletion
within the putative promoter region of the AbcfI gene, which
plays a crucial role in retinal homeostasis by regulating the
phagocytosis of photoreceptor outer segments by RPE cells
(Guo et al., 2015). The detected deletion may reduce Abcf!
expression, thereby contributing to the development of AMD-
like features in OXYS rats.

The Cerkl gene is a key protector of photoreceptors and
RPE cells against oxidative stress and apoptosis (Mirra et al.,
2021). It is expressed predominantly within the cerebellum,
hippocampus, cerebral cortex, and retina, playing a crucial role
in the function of the latter (Garcia-Arroyo et al., 2021, 2022).
Mutations within CERKL cause retinal dystrophies charac-
terized by the progressive degeneration of retinal neurons,
ultimately leading to vision loss (Tuson et al., 2004; Aleman
et al., 2009; Sen et al., 2020). Two consecutive substitutions,
F448L and V449L, within the C-terminal region of the Cerkl
protein likely do not significantly impair its function because
they are conservative (hydrophobic amino acid residues are
replaced by hydrophobic ones). However, their potential role
in the development of early neurodegenerative changes in the
OXYS rat retina cannot be entirely ruled out.

The R276Q substitution within Bfspl may accelerate lens
degeneration by reducing the mechanical stability of lens
intermediate filaments. Dysfunction of BFSP1 is associated
with the development of senile cataracts in humans (Song et
al., 2009). A charge-depleting amino acid substitution within
BFSP1 (D348N) has been reported to cause congenital cata-
racts in humans (Wang et al., 2023). Bfsp/-knockout mice
develop progressive cataracts accompanied by a loss of lens
optical properties (Song et al., 2009). Therefore, it can be hy-
pothesized that the R276Q substitution, resulting in the loss of
the positive amino acid charge, disrupts the assembly of inter-
mediate filaments and may contribute to the early development
of cataracts in OXYS rats — a trait linked to the inheritance
of premature aging syndrome, for which these animals were
originally selected (Kolosova et al., 2014).
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Muscle pathologies: sarcopenia and cardiomyopathy

The R815W substitution within the SR1 domain of Akap6
may also contribute to the development of muscle pathologies.
AKAPG6 has been shown to play a key role in skeletal muscle
regeneration by interacting with myogenin, and its inhibition
leads to impaired muscle fiber formation and decreased motor
activity in mice (Lee et al., 2015). Furthermore, via its spectrin
repeats, AKAP6 functions as an adapter protein in cardio-
myocytes, linking the nuclear membrane to the microtubule-
organizing center, which is critical for normal cardiac function
(Vergarajauregui et al., 2020).

The R3671W substitution within Cmya3 is located within
the FN3-1 domain. It disrupts intradomain interactions with
other amino acid residues, potentially weakening interactions
with titin and destabilizing sarcomeres in both skeletal and
cardiac muscle tissues (Sarparanta, 2008; Sarparanta et al.,
2010). Disruption of the structural integrity of myofibrils may
contribute to the development of sarcopenia and hypertrophic
cardiomyopathy, both of which are characteristic of OXYS
rats (Vays et al., 2014; Muraleva et al., 2017; Lu et al., 2022).

Lipid metabolism disorders

Lipid metabolism disorders are known to significantly con-
tribute to the pathogenesis of AD (Di Paolo, Kim, 2011). The
conformation of ApoB-100 in the heparin-binding domain
determines the efficiency of the interaction between LDL
particles and extracellular matrix proteoglycans in the vas-
cular subendothelial layer. Low-density lipoprotein particles
undergo modifications, such as aggregation and oxidation,
which trigger inflammatory cascades and enhance atherogen-
esis (O6rni, Lorey, 2025). The L3413F substitution within this
domain of ApoB in OXY'S rats could alter this function, poten-
tially contributing to dyslipidemia, systemic oxidative stress,
and AD progression. However, based on the analysis of amino
acid conservation and protein structure prediction, we assess
its effect as minor. It is known that during the period of active
manifestation of AD symptoms, dyslipidemia and oxidative
stress are not detected in OXYS rats, and blood cholesterol
levels are even reduced (Tikhonova et al., 2014). Nonetheless,
vascular dysfunction has been shown to significantly contrib-
ute to the development of AD (Stefanova et al., 2018), AMD
(Zhdankina et al., 2023), and hypertrophic cardiomyopathy
(Muraleva et al., 2017) in OXYS rats. The identified V695L
substitution within Abcal is likely functionally insignificant,
as it is located within the hydrophobic transmembrane domain
and does not disrupt its structure. Nevertheless, it should be
noted that ABCA1 plays a key role not only in brain lipid
metabolism but also in beta-amyloid clearance, and its ge-
netic variations significantly contribute to AD development
(Holstege et al., 2022).

Conclusion
Whole-genome sequencing with high coverage (>25x) per-
formed on three OXY'S rats and three Wistar/Icgn control rats
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detected genetic variants fixed in the homozygous state in the
OXYS strain. Based on comparative analysis, we identified
unique variants, absent from other rat strains, which may
contribute to the premature aging phenotype and the early
onset of age-associated pathologies in OXYS rats. Regarding
neurodegeneration, the potentially pathogenic variants include
the large deletion within the Fat/ enhancer, leading to the
dysregulation of gene expression during neurogenesis; the mis-
sense substitution within Cic, potentially disrupting the balance
of neural progenitor proliferation and differentiation; variants
within Akap6 and Ngo2 associated with cognitive impairment;
and the deletion within the Gsta6 promoter that may weaken
the antioxidant defense in the brain. Furthermore, the early
development of retinopathy may be driven by the deletion
within the 4bcf1 promoter region, which destabilizes retinal
homeostasis, alongside the missense substitutions within
Cerkl, potentially reducing the protection of photoreceptors
and RPE cells against oxidative stress. The missense substitu-
tion within Bfsp/ may impair intermediate filament assembly,
leading to cataract development. Finally, the pathogenesis of
cardiomyopathy and sarcopenia is likely linked to the missense
variant within Cmya3, which impairs myofibril stabilization,
and the missense variant within Akap6, which may affect
skeletal muscle regeneration and the structural organization
of cardiomyocytes. The identified candidate alleles provide
a firm basis for future functional analyses and further study
of the molecular mechanisms underlying premature aging in
OXYS rats.
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Epigenetic regulation of the transcriptional activity

of genes mediating the neuroprotective activity of ceftriaxone
in the brain in a rat model of sporadic Alzheimer disease:

the involvement of histone deacetylase 1
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Abstract. Histone deacetylases (HDACs) are enzymes that provide transcriptional repression, while HDAC inhibitors are
considered to be potential drugs in the treatment of Alzheimer disease (AD). Earlier we found that ceftriaxone (CEF), an
antibiotic with neuroprotective activity, augmented mRNA levels of Ide and Mme, encoding enzymes involved in the
catabolism of amyloid beta in the amygdala of OXYS rats, a model of sporadic AD. On the other hand, disturbances of
neurotrophic factors (BDNF in particular) play an important role in AD pathogenesis. Moreover, HDACs of class | (HDAC1)
are involved in the regulation of Bdnf transcriptional activity. The study was aimed to assess the effects of CEF on HDAC1
enrichment at Mme, Ide, and Bdnf gene promoters in the amygdala of OXYS rats and on Bdnf mRNA levels in the amygdala
of OXYS and Wistar rats. Chromatin immunoprecipitation and qPCR were utilized for epigenetic analysis and assay of Bdnf
MRNA levels, respectively. Neither significant HDAC1 enrichment, nor its alteration under CEF treatment at the Mme
or Ide promoters were found, whereas CEF attenuated HDAC1 binding at Bdnf promoter IV. This is a novel mechanism
of transcription regulation by CEF in the brain, which may be involved in its neuroprotective activity. In 5-month-old
OXYS rats, it seems to play a minor role, as CEF did not change Bdnf transcript 5 (containing exons IV and IX) levels. We
were first to demonstrate the transcript-specific regulation of Bdnf transcription by CEF. CEF significantly increased the
levels of Bdnf transcript 6 (containing exons VII, VIII, and I1X). The results of our study can be taken into account in AD
treatment.
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Ceftriaxone modulates Bdnf transcript 6 levels
and histone deacetylase 1 in Bdnf promoter IV

AHHoTauuA. TuctoHosble feaueTunasbl (HDAC) — 310 depmeHTbl, obecneumBarolime mnodaBfieHNe TPaHCKPUNLUK
reHos., a HrnéuTopbl HDAC paccmatpurBaloTca Kak noTeHumanbHble TeKapCcTBEHHble CpefCTBa ANA fledeHnsa 6onesHmn
Anbureiimepa (BA). PaHee Mbl 0GHapyXumnu, YTo LedTPUAKCOH, aHTUOMOTUK C HEeMpPONPOTEKTOPHOW aKTUBHOCTbIO,
nosbiwaeT ypoBHU MPHK reHoB Ide n Mme, kogupytowmx ¢epmeHTbl, KOTOpble Y4YacTBYIOT B KaTabonmsme amunonaa-
6eTa, B MUHAANUHe Mo3ra y Kpbic nuHumM OXYS, momenn cnopagmyeckon BA. C pgpyrol CTOPOHbI, HapyLlleHus
HelpoTpoduyeckmx ¢paktopos (B yactHocTy, BDNF) nrpatot BaxHyto posnb B natoreHese bA. bonee Toro, HDAC knacca |
(HDAC1) yyacTytoT B perynaumm TpaHCKpUNUMOHHON akTMBHOCTY Bdnf. Llenbio faHHOro nccnefoBaHma 6bi10 OLEHUTb
BAusAHME LedTpuakcoHa Ha oboraweHne HDACT B npomoTopax reHoB Mme, Ide n Bdnf B muHpanuxe y Kpbic OXYS 1
Ha ypoBHU MPHK Bdnf B MuHpanuHe kpbic OXYS un Buctap. Ins snureHeTMYeCcKoro aHanmsa v onpeaeneHns ypoBHeN
MPHK Bdnf ncnonb3oBanu XpomaTUH-MMMYHOMPELMNUTaLUo U KonudecteeHHyto MLP, cooTBeTcTBEHHO. He BbiABNEHO
3HaumMmoro ob6oraweHna HDACT nnn ero nsameHeHuin nog fencTemem LedTprakcoHa B npomotopax Mme u Ide. B To
e Bpemsa uedTprakcoH ocnabnan ceasbiBaHve HDACT ¢ npomotopom IV Bdnf. 3TO HOBbI MeXaHW3M pPerynauun
TPaHCKPUNLUM B FONIOBHOM MO3re LedTPMakCOHOM, KOTOPbI MOXET OblTb 3a4eiCTBOBaH B €r0 HENPOMPOTEKTOPHOM
AKTUBHOCTU. Y 5-MecAYHbIX Kpblc OXYS OH, NO-BUAMMOMY, UTPaeT MUHOPHYIO POib, MOCKOMbKY LieGTPMUaKCOH He U3MeHAN
YPOBHU TpaHcKpunTa 5 Bdnf, copepxalyero 3k30Hbl IV 1 IX. Mbl TakxKe Bnepsble NPOAEMOHCTPUPOBANUN TPAHCKPUMT-
cneuyuduUUeckyio perynsauuio TpaHckpunummn Bdnf ¢ nomouwbio uedTpuakcoHa. LledTprakcoH 3HaumTeNnlbHO NOBbICKN
YPOBHU TpaHcKpunTta 6 Bdnf, copepxatiero 3k3oHbl VII, VI u IX. Pe3ynbtaThl nccnenosaHmsa MoryT 6biTb yuTeHbl npu
Tepanun BA.

KnioueBble cnoBa: 60ne3Hb AnbLreiiMepa; rMcTOHOBasA fealeTunasa; LedTprakcoH; HeponpoTeKkLns; meTabonmsm

amunounaa; BDNF

Introduction

Alzheimer’s disease (AD) is an incurable multifactorial neuro-
degenerative disorder characterized by a progressive cognitive
decline induced by the accumulation of amyloid beta (Af)
in the brain, which triggers synaptic plasticity dysfunction,
neuronal deficits, and memory loss. Most of the current AD
therapies do not stop the disease progression and provide only
temporary symptomatic relief. Hence, the development of new
treatment strategies that target the key pathogenetic factors in
AD development is needed.

Epigenetic factors are considered to make a significant con-
tribution to AD development. Many studies have demonstrated
the involvement of different epigenetic mechanisms in the
pathogenesis of neurodegeneration in AD (Nikolac Perkovic
et al., 2021). Most often, this concerns DNA methylation/
demethylation (Poon et al., 2020), posttranslational modifi-
cations of histones (Ramazi et al., 2020), and regulation by
various forms of noncoding RNAs (Idda et al., 2018). Acety-
lation/deacetylation of histones at lysine is one of the most
common and studied mechanisms of chromatin compaction
(Shvedunova, Akhtar, 2022). It is regulated by two types of
enzymes: histone acetyltransferases and histone deacetylases
(HDACs). HDACs are enzymes that remove acetyl groups
from lysine residues in the amino terminal tails of histone
proteins. The resulting chromatin compaction, in turn, causes
transcriptional and translational repression (Sada et al., 2020).
HDAC inhibitors are considered potential drugs in AD treat-
ment (Bondarev et al., 2021).

Increasing the expression and/or enzymatic activity of
proteins involved in AP cleavage has long been considered a
promising targeted approach in AD treatment (Zhang et al.,
2023). Neprilysin or membrane metalloendopeptidase (MME),
being the major amyloid-degrading enzyme in the brain,
plays a significant role in AD pathogenesis, in particular, in
the late onset sporadic form (Nalivaeva et al., 2020). Regu-
lation of MME expression by HDACs has been revealed in
cell cultures. In SH-SYSY cells, the endopeptidase promoter
interacts with HDACI1 and lacks typical histone acetylation

Abbreviations

AB, amyloid-beta;

AD, Alzheimer’s disease;

AICD, APP intracellular domain;

APP, amyloid precursor protein;

BDNF, Brain-Derived Neurotrophic Factor;

BDNF/Bdnf, gene for BDNF;
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marks, such as H4K16 and H4KS8. In human HUVEC cells,
15-fold enrichment of MME promoters in HDAC]1 has been
observed (Belyaev et al., 2009).

Another metallopeptidase, insulinase, also known as insulin-
degrading enzyme (IDE), together with MME is one of the
main enzymes that participate in the extra- and intracellular
degradation of AP (Kurochkin et al., 2018). Enrichment of
the IDE gene promoter in HDAC:s of class I (but not class I1I)
was significantly reduced in the cell culture of neuron-like
SH-SYS5Y cells overexpressing APP751 and APP770 (Nali-
vaeva et al., 2016).
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Ceftriaxone (CEF) is a third-generation cephalosporin
antibiotic with neuroprotective activity. The drug is exten-
sively applied in preclinical studies on models of neurologi-
cal disorders. The studies have revealed beneficial effects of
CEF in AD-like pathology (Zumkehr et al., 2015; Hefendehl
et al., 2016; Tikhonova et al., 2017, 2021). Moreover, long-
term treatment with CEF, even over several months, is found
to be safe in laboratory rodents (Ratti et al., 2015) and in
humans in clinical trials on CEF as a neuroprotective agent
in amyotrophic lateral sclerosis (Cudkowicz et al., 2014) or
Parkinson’s disease dementia'. Suppression of glutamate-
induced excitotoxicity was long regarded as the main neuro-
protective effect of CEF. However, additional mechanisms of
its neuroprotective effects such as an activity targeted at the
proteostasis network or pathological aggregation of proteins
are suspected (Kumari, Deshmukh, 2021). Indeed, our group
has shown that CEF attenuates A load in the brains of mice
with AB-induced AD-like pathology (Tikhonova et al., 2021).
Moreover, CEF changes the transcriptional activity of genes
encoding enzymes involved in the catabolism of AB. In OXY'S
rats, which are a model of accelerated senescence and sporadic
AD (Stefanova et al., 2014), administration of CEF resulted in
the restoration of cognitive and neuronal deficits (Tikhonova
et al., 2017) associated with an increase in the mRNA levels
of Ide and Mme in the amygdala (Rasero et al., 2017) but not
in the hippocampus or frontal cortex (Tikhonova et al., 2018).
Amygdala is a brain structure that is closely associated with
learning and memory function and is involved in the patho-
genesis of AD since the early stages of disease progression.
However, the mechanisms of the effect of CEF on the transcrip-
tional activity of endopeptidases remain unknown. Here, we
checked whether CEF might influence the expression of genes
encoding MME and IDE through the epigenetic regulation of
HDACI enrichment of the gene promoters.

The search for means enhancing the clearance of intracel-
lular amyloid oligomers using a system of degrading enzymes
is not the only direction being developed for AD therapy. There
are other approaches, in particular, those related to increasing
neuroprotection and neurotrophic function in brain structures.
BDNF is the most abundant neurotrophic factor in the central
nervous system. It supports the processes of neurogenesis and
neuroplasticity and it is involved in learning and memory
processes. According to the results of meta-analyses, patients
with AD have decreased BDNF levels in the blood and brain
(Duetal., 2018; Ng et al., 2019). Moreover, CEF restores the
reduced BDNF levels in the striatum of rats in the MPTP-
induced model of Parkinson’s disease (Kaur, Prakash, 2017).
Earlier we found that alterations in neurotrophic balance indi-
cating increased apoptosis precede the development of AD-
like pathology in OXYS rats. Rapid progression of AD-like
pathology in OXYS rats is accompanied by the suppression
of activity of the neurotrophin system (Rudnitskaya et al.,
2017). Hence, we assumed a modulating effect of CEF on the
transcriptional activity of Bdnf'in the brain of OXY'S rats. On

' National Library of Medicine. To assess the efficacy and safety of ceftri-
axone in patients with mild to moderate Parkinson’s disease dementia.
ClinicalTrials.gov ID NCT03413384. https:/clinicaltrials.gov/ct2/show/
NCT03413384 (Accessed March, 11, 2026).
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LledTpriakcoH mopynupyet ypoBHUW TpaHcKpunTa 6 Bdnf
1 TMCTOHOBOW AeaueTunasbl 1 8 npomoTope IV Bdnf

the other hand, previous studies revealed that the modulation
of the transcriptional activity of Bdnf was associated with
alterations in HDACI binding at the Bdnf~-IV promoter in the
hippocampus of early-life iron-deficient rats (Tran et al., 2015).

Thus, this study was aimed to assess the effect of CEF
on the mRNA levels of Bdnf in the amygdala of OXYS and
Wistar rats and to evaluate the involvement of enrichment of
the gene promoters in HDACs of class I (HDAC1) in the CEF
effects on the expression of Mme, Ide, and Bdnf genes in the
amygdala of OXY'S rats.

Materials and methods

Experimental procedures involving animals. The experi-
ment was performed with 14-week-old male OXYS rats de-
veloped at the Federal Research Center Institute of Cytology
and Genetics, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, Russia, and male Wistar rats of the
control parental strain of the same age. The animals were kept
in cages (40x60x 20 cm), five rats in each, with free access
to standard chow for laboratory rats and water under standard
conditions: a natural light—dark cycle 16 h light: 8 h dark, tem-
perature 18-22 °C, relative humidity 50-60 %. The animals
were divided into four experimental groups: OXYS Control,
OXYS CEF, Wistar Control, and Wistar CEF. The Control
groups were administered saline intraperitoneally (i.p.) while
the CEF groups were treated with CEF i.p. at a daily dose of
100 mg/kg. Rats received 36 daily i.p. injections of CEF or
saline according to the previously described design in the study
of the effect of CEF on the expression of genes related to the
system of AB metabolism in the brain (Tikhonova et al., 2018).
The rationale behind the CEF dosage — 100 mg/(kg-day) —and
treatment duration adopted in the current study was based on
our previous studies showing neuroprotective effects of CEF
in correcting the behavioral and neuronal deficits in OXYS rats
(Tikhonova et al., 2017) and the modulating effect of CEF on
the expression of Mme and Ide in the amygdala of OXYS rats
(Tikhonova et al., 2018). On day 37 the rats were sacrificed by
exposure to CO, and decapitation. Immediately upon sacrifice,
the amygdalae were rapidly dissected on ice, frozen in liquid
nitrogen, and stored at —70 °C until further analysis.

The study of gene promoter enrichment in HDAC1 was
performed in biosamples of the amygdala of rats from the
OXYS Control (n = 5) and OXYS CEF (n = 5) groups, as
we had not revealed significant effects of CEF treatment on
the mRNA levels of Ide and Mme in Wistar rats (Tikhonova
et al., 2018). The Bdnf transcriptional activity was assessed
by mRNA levels in biosamples of the amygdala in rats of the
OXYS Control (n = 8), OXYS CEF (n = 10), Wistar Control
(n = 28), and Wistar CEF (n = 10) groups.

Chromatin immunoprecipitation (ChIP). The ChIP pro-
cedure was performed according to the previously published
protocol (Zuccato et al., 2007) with minor modifications.
Amygdala tissue was crushed into small pieces in a mortar
with liquid nitrogen using a ceramic pestle. Next, the tissue
mass was immersed in 1 % formaldehyde solution in PBS
to fix DNA and proteins and intensively mixed for 10 min at
4 °C. Fixation was stopped by adding 1.25 M glycine solu-
tion. Then the samples were washed three times with cooled
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Table 1. Primers for the promoters of target genes

Ceftriaxone modulates Bdnf transcript 6 levels
and histone deacetylase 1 in Bdnf promoter IV

Gene symbol Sequence

F: 5-GGACCTGAGAATGTGGGGA-3'
Mme (promoter |)

F: 5'-GAAATGTCCTTACTCCCCCA-3'

Ide (promoter ) R: 5-CACAAAGCGGTAGGTCCC-3'

F: 5-GATGAAAGGTTTGGCTTCTGTG-3'

Banf (promoter V) R: 5-TCGGTGAATGGGAAAGTGG-3'

R: 5'-GGCTGCAGGAAGCTATGAAAA-3’

T, °C T, °C T,,°C
60-64 84 87
61-63 89 925
55 78 825

Note. T,:annealing temperature; T,: temperature at fluorescence signal acquisition; T5: product melting temperature.

PBS solution and immersed in 1 mL of lysis buffer (10 mM
Tris-HCL, pH 8.0, 140 mM NaCl, 1 mM EDTA, | % Triton
X-100, 0.1 % deoxycholate, 1 mM PMSF). The samples
were homogenized by passing through a 21G syringe needle.
Ultrasonic treatment (sonication) of samples was performed
using a Sonopuls mini20 sonicator (Bandelin, Germany) with
apower of 20 W in a volume of I mL. Sonication mode used:
eight times for 30 s with 2-min intervals. The DNA fragments
obtained under these conditions were 500—1000 bp long. Then
the samples were divided into three unequal parts: 10 % of
the volume was allocated for input (i.e. DNA fragments with
ligated protein, not treated with immune antibodies) and two
equal parts, one for the interaction with specific antibodies
against HDACI (Catalog # PA1-860, Invitrogen, Thermo Fi-
sher Scientific, United States) and the other for the interaction
with control nonimmune antibodies IgG (Catalog # 02-6102,
Invitrogen, Thermo Fisher Scientific, United States). The input
was stored at —20 °C until the stage of de-cross-linking the
DNA and protein fractions. The ratio of antibody volume to
sample volume was 1:500. The samples with antibodies were
incubated at 4 °C overnight.

Protein G Sepharose (Catalog #ab193259, Abcam, UK) was
incubated with 5 % BSA overnight. BSA-blocked Sepharose
was added to the samples immediately after incubation with
antibodies and intensively mixed in a shaker for 1 h at 4 °C.
Sepharose samples were sequentially washed with solutions
containing increasing concentrations of salts and nonionic
detergents. The first wash solution consisted of lysis buffer
(10 mM Tris HCI, pH 8.0, 140 mM NaCl, | mM EDTA, 1 %
Triton X-100, 0.1 % deoxycholate, | mM PMSF). The second
wash solution consisted of 10 mM Tris HCI, pH 8.0, 250 mM
LiCl, 0.5 % Triton X-100, 0.5 % sodium deoxycholate, | mM
EDTA. Sepharose beads were washed with 1 % SDS in 0.1 M
NaHCO:;.

Bound DNA and protein fractions including inputs were
de-cross-linked by adding 5M NaCl and incubating at 65 °C
overnight. The samples were then treated with proteinase
K in the buffer containing 0.1 M Tris-HCIL, pH 8.0, 50 mM
EDTA, and 10 % SDS at 50°C for 1 h. DNA was isolated by
phenol-chloroform extraction, precipitated with two volumes
of 95 % ethanol, and washed twice with 70 % ethanol. The
remaining alcohol was evaporated in a thermostat. The pre-
cipitate was dissolved in 22 pL of TE buffer (0.01 M Tris +
0.001 M EDTA, pH 8.0). The amount of isolated DNA was
measured in a Nanodrop 2000C spectrophotometer (Thermo
Fisher Scientific, United States).
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To assess the enrichment of the promoter regions of the
Mme, Ide, and Bdnf genes, semiquantitative real-time PCR was
performed using a CFX96 Touch amplifier (Bio-Rad, United
States) with the SYBR Green fluorescent dye. Sequences of
specific primers for the promoters of the target genes (Mme,
Ide, and Bdnf’) were selected using Primer 3 (NCBI) (Table 1).
The specificity of the primers was checked using the Primer-
BLAST online software?. For Bdnf, we studied promoter IV as
previous studies revealed the involvement of HDACT binding
at the Bdnf-IV promoter in the modulation of the transcriptional
activity of Bdnf (Tran et al., 2015). Loci that are homologous
to primer sequences in the promoter region of the studied genes
are shown in Figures 3a, 4a, and 5a.

The obtained amplicons homologous to the fragments of the
specified promoters of the target genes in the samples treated
with specific antibodies against HDAC1 or control non-im-
mune IgG antibodies and inputs were loaded onto 1 % agarose
gel containing ethidium bromide (1 mg/mL). Electrophoresis
was performed in a horizontal chamber with 1x TAE buffer
at 130 V for 40 min (PowerPac HC, BioRad, United States).
The samples were visualized using the Molecular Imager®
Gel Doc™ XR System (BioRad, United States). The DNA
markers Step100 Long (Catalog # S-8055, Biolabmix, Novosi-
birsk, Russia) and Step50 plus (Catalog # S-8103, Biolabmix,
Novosibirsk, Russia) were used for assessing DNA length.

The enrichment of the promoter regions in HDAC1 was
calculated using Percent Input Method?. The mean Ct was cal-
culated for each antibody type and input (n =5). The adjusted
mean Ct for the input (10 % of total DNA) was calculated as
the difference between the mean Ct for the inputs and the binary
logarithm of the dilution factor of 10 (log,10). For target and
non-immune antibodies, the percentage of input was calculated
as 100*24¢t where ACt is the difference between the adjusted
mean Ct for the input and the mean Ct for samples treated with
target/non-immune antibodies.

Analysis of mRNA levels of Bdnf transcript variants
using qPCR. To analyze the transcriptional activity of the
Bdnf gene under the conditions of our experiment, we used
two pairs of primers that allowed us to study the expression
of two different transcript variants. Despite the final protein
product being selfsame, there are 10 validated transcripts of

2 National Library of Medicine. Primer-BLAST. https://www.ncbi.nlm.nih.
gov/tools/primer-blast/ (Accessed October, 20, 2025).

3 Thermo Fisher Scientific Inc. ChIP Analysis. https://www.thermofisher.
com/ru/ru/home/life-science/epigenetics-noncoding-rna-research/
chromatin-remodeling/chromatin-immunoprecipitation-chip/chip-
analysis.html (Accessed October, 20, 2025).
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Table 2. Primers used in qPCR analysis for target and reference genes

Gene symbol Sequence Amplicon size, bp Annealing T, °C
Target genes

Bdnf-tr.var.5 F: 5'-AGTACATATCGGCCACCAAA-3’ 178 62

R: 5'-ATGGTCATCACTCTTCTCACC-3'
Bdnf-tr.var.6 F: 5'-GTATCCGACCCTCTCTGTCC-3’ 135 56

R: 5'-CAGCAATCGTTTGTTCAGCTCC-3’

Reference genes

Hprt1 F: 5'-CATTGTGGCCCTCTGTGTG-3’ 166 60

R: 5'-AACTTTTATGTCCCCCGTTGA-3’
Gapdh F: 5'-GTGCCAGCCTCGTCTCATA-3’ 123 65

R: 5-TCGTTGATGGCAACAATGTCC-3'

the rat Bdnf gene* which are involved in different functions
(Baj et al., 2011). Here, we studied the levels of transcript
variant 5 (Bdnf-tr.var.5; NM_001270633.1) and transcript
variant 6 (Bdnf-tr.var.6; NM_001270634.1). Bdnf-tr.var.5
contains exons [V and X and is the only transcript specific for
exon IV (and its associated promoter region) among all Bdnf'
transcripts. Bdnf-tr.var.6 contains exons VII, VIII, and IX and
is transcribed starting from exon VII — but not the exon IV-
associated promoter region; its levels were assessed to evaluate
transcript-specific effects of CEF. The primers were mapped
onto the gene regions homologous to the transcript variants
of interest using the UCSC Santa Cruz Genome Browser>.
The specific Bdnfprimers for the analysis of mRNA levels of
Bdnf-tr.var.5 and Bdnf-tr.var.6 as well as the reference genes
Gapdh and Hprtl were chosen using the Primer-BLAST
online software®.

Extraction of total RNA from fresh-frozen rat amygdala
samples was performed using RNeasy Minikit in accordance
with the manufacturer’s recommendations (Qiagen, Germany).
Residual genomic DNA was removed using DNase [ (Promega,
United States). The reverse transcriptase reaction was carried
out as in (Tikhonova et al., 2018) with 160 units of reverse tran-
scriptase (Biosan, Russia) and 1x RT Buffer (Biosan, Russia).
The temperature regime of reverse transcription included three
steps: 25 °C for 5 min, 42 °C for 30 min, and 95 °C for 5 min.

The mRNA levels of target and reference genes were mea-
sured by qPCR according to a previously published protocol
(Belichenko et al., 2023). The reaction was carried out in a
LightCycler-480 II thermocycler (Roche, Switzerland) in
master mix from a BioMaster HS-qPCR SYBR Blue (2 %)
reagent kit (BIOLABMIX, Novosibirsk, Russia) with forward
and reverse specific primers (150 nM each; BIOSSET Ltd.,
Novosibirsk, Russia; Table 2), and a cDNA template.

All samples were analyzed in triplicate. The relative concen-
tration of a tested cDNA was determined by the standard-curve
quantitation method (Ginzinger, 2002) using the LightCycler
480 Software (Release 1.5.1) and calibration curves derived

4 National Library of Medicine. NCBI_Gene_Bdnf brain-derived neuro-
trophic factor [Rattus norvegicus (Norway rat)]. https://www.ncbi.nIm.nih.
gov/gene/24225 (Accessed March, 20, 2026).

5 Santa Cruz Genome Browser. 2025. http://genome.ucsc.edu/index.html
(Accessed October, 20, 2025).

6 National Library of Medicine. Primer-BLAST. https://www.ncbi.nlm.nih.
gov/tools/primer-blast/ (Accessed October, 20, 2025).

from the dilutions of a standard cDNA. The standard cDNA
solution for plotting the calibration curves was prepared by
mixing aliquots from each synthesized cDNA sample. The
expression value for a target gene was next normalized to
the geometric mean mRNA levels of the two reference genes
(Hprtl and Gapdh).

Statistical analysis. All results were presented as mean +
SEM. STATISTICA 10.0 software (StatSoft, Tulsa, OK, United
States) was used to perform all the statistical analyses. The nor-
mality of the data distribution was determined by the Shapiro—
Wilk W test. To compare the enrichment of gene promoters
in HDACI, paired Student’s ¢ test for dependent samples and
Student’s ¢ test for independent samples (in Welch’s modifica-
tion) were used. Statistical evaluation of the Bdnf-tr.var.5 and
Bdnf-tr.var.6 transcriptional data was performed by two-way
analysis of variance (ANOVA) followed by Bonferroni’s post
hoc test. Independent variables for the two-way ANOVA were
genotype (Wistar or OXYS strain) and treatment (saline or
CEF). The level of significance was defined as p < 0.05 in all
experiments reported here. The tendency level was accepted
tobe 0.05<p<0.2.

Results

Analysis of the levels of Bdnf transcript variants in the
amygdala of OXYS and Wistar rats. The levels of mRNA
species for Bdnf-tr.var.-5 (the only Bdnf transcript containing
exon IV) in the amygdala are summarized in Figure 1. Accord-
ing to two-way ANOVA, there was no significant effect of the
Treatment factor [F(1,32) =1.245, p=0.274] but there was a
tendency toward influence of the interaction between the fac-
tors of Treatment and Genotype [F(1,32)=2.565, p=0.120]
on the mRNA levels of Bdnf-tr.var.-5 in the amygdala of the
rats. The abundance of mRNA species for Bdnf-tr.var.-6 (Bdnf
transcript containing exons VII, VIII, and IX) in the amygdala
is summarized in Figure 2. According to two-way ANOVA,
the Treatment factor significantly influenced the mRNA levels
of Bdnf-tr.var.-6 in the amygdala of the rats [F(1, 29) =4.526,
p <0.05].

Analysis of the enrichment of gene promoters in
HDACT in the amygdala of OXYS rats. In the analysis of
the promoter region of Mme gene, the enrichment values for
the target antibody against HDACI1 did not differ from the
background values for the control IgG antibody according
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Fig. 1. Effects of CEF on Bdnf-tr.var.-5 mRNA levels in the amygdala
of OXYS and Wistar rats.

Data are presented as a ratio (%) of target transcript mRNA levels to the
geometric mean of Gapdh and Hprt1 mRNA levels. The data are expressed

as the mean + SEM of the values obtained in an independent group of
animals (n =4 to 10 per group).
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Fig. 2. Effects of CEF on Bdnf-tr.var.-6 mRNA levels in the amygdala
of OXYS and Wistar rats.

The data are presented as a ratio (%) of target transcript mRNA levels to the
geometric mean of Gapdh and Hprt1 mRNA levels. The data are expressed
as the mean + SEM of the values obtained in an independent group of ani-
mals (n =5 to 10 per group). Statistically significant differences: * p < 0.05
vs. Control (saline-treated) groups.

to the ¢ test for independent samples in the Control group
(#8) = 1.35, p > 0.05) or in the group of CEF-treated OXYS
rats (#(8) = 0.36, p > 0.05) (Fig. 3). Enrichment of the Ide
promoter also did not differ from the background level in
either control (#(8) = 0.84, p > 0.05) or CEF-treated group
(#8)=0.2, p > 0.05) (Fig. 4).

We also focused on Bdnf promoter IV. According to pre-
vious reports, it is regulated by HDACI (Tran et al., 2015)
and, accordingly, should be enriched in this protein. Indeed,
the enrichment in HDACT in the Control group exceeded the
background level by a factor of 8 (#8) = 7.12, p <0.001). In
the CEF-treated group, it was also significantly augmented
(«8) = 2.79, p < 0.05), which motivated us to perform an
intergroup comparison for target antibodies against HDACI.
The precipitation rates of the target DNA regions differed sig-
nificantly between the groups (#(8) =4.31, p <0.01). Hence,
we infer that CEF affects the degree of HDACI enrichment
in the Bdnf promoter IV in OXYS rats (Fig. 5).

Ceftriaxone modulates Bdnf transcript 6 levels
and histone deacetylase 1 in Bdnf promoter IV
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Fig. 3. Effects of CEF on rhe enrichment of the Mme promoter in
HDAC1 in the amygdala of OXYS rats.

(a) Loci that are homologous to primer sequences in the promoter region
of the Mme gene are shown. (b) Quantitative results of enrichment in
HDAC1 in the promoter region of the gene.

Here and in Figures 4 and 5: TSS - Transcription Start Site; FP and RP -
Forward and Reverse Primers. The distances (base pairs) from TSS are indi-
cated. Data are expressed as the mean + SEM of the values obtained in an
independent group of animals (n = 5 per group).
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Fig. 4. Effects of CEF on enrichment in HDAC1 in the /de promoter
in the amygdala of OXYS rats.

(a) The annealing sites for the primers in the promoter region of the Ide
gene are shown. (b) Quantitative results of enrichment in HDACT in the
promoter region of the gene.

Discussion

It has been reported that CEF significantly affects BDNF
expression in the brain. Moreover, CEF exerts a modulating
effect on BDNF: it can augment (Kaur, Prakash, 2017; Gao et
al.,2024; Cini et al., 2025) or attenuate (Alhaddad et al., 2020;
Hammad et al., 2021) its increased levels in different models
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Fig. 5. Effects of CEF on enrichment in HDACT in the Bdnf pro-
moter IV in the amygdala of OXYS rats.

(a) The annealing sites for the primers in the promoter region of the
Bdnf exon IV are shown. (b) Quantitative results of enrichment in HDAC1
in the promoter region of the gene. Statistically significant differences:
*p < 0.05, ***p < 0.001 vs. corresponding IgG-treated samples; #p < 0.01
vs. OXYS Control samples treated with antibodies against HDAC1.

of neuropathology. Typically, studies of BDNF expression
address the levels of the protein-coding exon IX or mature pro-
tein. Here, we are the first to demonstrate the transcript-specific
regulation of BDNF transcription by CEF. CEF significantly
increased the levels of Bdnf-tr.var.-6 (containing exons VII,
VIII, and IX) but not of Bdnf-tr.var.-5 (containing exons IV and
IX) in the amygdala of OXYS rats. Noteworthy, despite the
same final protein product, there are 10 validated transcripts of
the rat Bdnf gene’, which are involved in different functions.
For example, the selective activation of dendritic spines of
neurons is based on the spatial segregation of different BDNF
transcripts. Splice variants 1 and 4 control the architecture of
proximal dendrites, whereas variants 2 and 6 regulate distal
ones, which leads to differentiated and localized translation
into the protein (Baj et al., 2011).

In contrast to the well-studied mechanisms of the antibacte-
rial effect of CEF, its role in neuroprotection remains poorly
understood. Although modulating effects of CEF on the expres-
sion of many genes in the brain are known, regulating pathways
have been studied only for few. One of the known regulatory
effects involves NF-kB-mediated activation of promoter of the
gene encoding GLT-1 (Lee et al., 2008). However, further stud-
ies revealed that this mechanism could be structure-specific:
in a rat model of cocaine abuse, CEF strongly upregulated
GLT-1 both in the hippocampus and n. accumbens, whereas
NF-kB involvement was found in the hippocampus but not
in n. accumbens (Niedzielska-Andres et al., 2019). Here, we
revealed for the first time a CEF effect on HDACI1 binding
in a gene promoter. Indeed, CEF treatment significantly re-
duced HDACI enrichment at the Bdnfpromoter IV in OXYS

7 National Library of Medicine. NCBI_Gene_Bdnf brain-derived neuro-
trophic factor [Rattus norvegicus (Norway rat)]. https://www.ncbi.nIm.nih.
gov/gene/24225 (Accessed March, 20, 2026).
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rats. We suggest that this mechanism might be involved in
the above-mentioned CEF effect on GLT-1 upregulation in
n. accumbens in the rat model of cocaine abuse, as GLT-1
expression was initially suppressed in n. accumbens in rats
vulnerable to rewarding effects of cocaine prior the CEF
treatment (Niedzielska-Andres et al., 2019). At the same time,
this novel epigenetic CEF effect could not be attributed to the
CEF-induced upregulation of Mme, Ide, and Bdnf we studied
here in OXY'S rats.

No HDACI-mediated effect of CEF on the Mme or Ide
promoters was detected. Previously obtained results in a cell
culture of rat primary cortical neurons revealed no interaction
of HDAC!1 with the Mme promoter either (Belyaev et al.,
2009). Moreover, in that study, an inverse correlation between
HDACI enrichment at the MME promoter and MME mRNA
levels was found. In cell cultures with low MME mRNA levels
(SH-SY5Y, HUVEC), HDACI enrichment was the highest. In
contrast, in cell cultures with high MME / Mme mRNA levels
(NB7, rat cortical neurons), the enrichment was low or null. We
did not find reports on HDACI1 enrichment at I/de promoters
in rats or rat cells. HDACI1 involvement was also shown in
the regulation of /DE in human cell cultures. HDAC1 binding
varied in cells overexpressing different splice variants of APP:
HDACI enrichment was lower in cells overexpressing APP751
and APP770 than in cells injected with APP695 cDNA. IDE
mRNA expression was higher in cells with longer APP iso-
forms, and this observation was consistent with the influence
of HDAC1 (Nalivaeva et al., 2016). Noteworthy, untreated
5-month-old OXYS rats did not differ from control Wistar rats
in the Mme or Ide mRNA levels in the amygdala (Tikhonova
etal., 2018); therefore, the HDAC-mediated gene suppression
that might be reverted by HDAC inhibition is unlikely.

In this study, we did not find significant differences between
5-month-old OXYS and Wistar rats in the levels of BdnfmRNA
(Bdnf-trvar.5 and Bdnf-tr.var.6) in the amygdala. These results
are consistent with previous findings about similar Bdnf mRNA
levels in the frontal cortex and hippocampus in OXYS and
Wistar rats at the age of 14 weeks (Alsallum et al., 2023). At
the same time, we revealed the HDACI enrichment of pro-
moter [V of the Bdnf'gene in 5-month-old OXYS rats, although
we observed no significant differences in the levels of Bdnf-tr.
var.5 (the only Bdnftranscript containing exon IV in rats) in the
amygdala between OXY'S and Wistar rats of this age. As arule,
in younger proliferating cells, chromatin is in a less condensed
state, which facilitates the access of the cellular transcriptional
apparatus. On the contrary, aging cells are characterized by the
appearance of densely packed heterochromatin organized into
specific structures (Narita et al., 2003). In neurons, which are
not prone to proliferation, markers of both active (H3K27Ac)
and repressive (H3K27Me3) chromatin may be present, but in
aging neurons of the murine hippocampus, a general decrease
in acetylation and an increase in deacetylation are observed
(Palomer et al., 2016). In the model of accelerated senes-
cence and sporadic AD, enrichment of the BDNF promoter
in HDACs seems to be anticipated. Chromatin of glial cells
in OXYS rats at the age of 18 months has a high degree of
condensation (Stefanova et al., 2015). We are unaware of the
degree of enrichment of the Bdnf promoter in HDACs in the
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early postnatal period, but we could assume it from the state
of chromatin in the brain of OXYS rats. For example, the size
of the pyramidal neuron nucleus in the CA 1 hippocampal area
in OXYS rats decreases starting from the age of five months
(Stefanova et al., 2014). Hence, we suggest that the activity
of HDAGC: in the early postnatal period is low. With aging,
this activity would increase. This is consistent with the present
findings on the enrichment of the Bdnfpromoter IV in HDAC1
in the amygdala of OXYSS rats at the age of five months, when
morphological changes in the neuron nuclei appear. Although
this regulatory mechanism of gene transcription arises in
S-month-old OXYS rats, it seems to play a minor role at this
age as no significant differences were found in the Bdnf-tr.var.5
levels in the amygdala between OXY'S and Wistar rats or under
the CEF treatment, which significantly reduced HDAC1 bind-
ing to the Bdnf promoter IV but did not change Bdnf-tr.var.5
levels in OXYS rats.

Conclusions

The study of the mechanisms of chromatin remodeling through
histone acetylation/deacetylation is of great interest for cog-
nitive and behavioral neuroscience research. Moreover, dys-
regulation of histone acetylation pathways has been found in
the hippocampus and frontal cortex of AD patients (Schueller
et al., 2020), while HDAC inhibitors are considered potential
drugs in the treatment of AD (Bondarev et al., 2021). Here,
we disclosed a novel mechanism of transcription regulation
by CEF in the brain related to the inhibition of the HDACI1
enrichment of a gene promoter, which might underlie its neu-
roprotective activity. However, in 5-month-old OXYS rats, a
rat model of sporadic AD, it seems to play a minor role at this
age, as CEF treatment significantly reduced HDACI binding
to Bdnf promoter IV but did not change Bdnf-trvar.5 (the
only Bdnf transcript containing exon IV in rats) levels in the
amygdala in OXY'S rats. We are also the first to demonstrate
the transcript-specific regulation of BDNF transcription by
CEF. CEF significantly increased the levels of Bdnf-tr.var.-6
(containing exons VII, VIII, and IX) but not of Bdnf-tr.var.-5
in the amygdala of OXY'S rats. The results of the study can be
taken into account and used in AD treatment and the correction
of cognitive deficits in neurodegenerative diseases.
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The influence of mutant genes APP and PSEN1 on hippocampal
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Abstract. Alzheimer’s disease (AD) is an age-related neurodegenerative pathology and one of the primary causes of
dementia associated with memory and cognitive impairment. The dentate gyrus (DG) of the hippocampus plays a crucial
role in learning and memory encoding, and it undergoes significant changes in AD. To study the underlying mechanisms
of AD and to test new therapeutic agents, mouse models of this pathology are developed. One of the most popular and
relevant models for AD research is the 5xFAD transgenic mouse strain carrying mutant human genes, specifically: amyloid
beta precursor protein (APP) and presenilin-1 (PSENT). The aim of this study was to investigate the influence of mutant
APP and PSENT transgenes on the microstructure of the hippocampal DG in six-month-old heterozygous male 5xFAD
transgenic mice using diffusion tensor magnetic resonance imaging (DTI-MRI) combined with immunohistochemical
analysis. A special emphasis was placed on assessing hippocampal asymmetry, which had not been previously
investigated in 5xFAD mice. In the hippocampal DG of both hemispheres in male 5xFAD mice, an elevated level of beta-
amyloid was detected compared to the wild-type control group, combined with a higher density of microglia, but no
differences were found in the level of neurogenesis. Along with this, hippocampal asymmetry was discovered in male
5xFAD mice, manifesting as an increased volume of the right hippocampus, a decreased level of fractional anisotropy in
the right hippocampal DG, and a reduced neuron density in the left DG compared to the wild-type. Based on our results,
it can be concluded that mutant human APP and PSENT genes cause alterations in the hippocampal DG, which may open
new possibilities for the early diagnosis of Alzheimer’s disease. The identified changes in hippocampal volume and its
asymmetry could become important biomarkers characterizing this pathology.

Key words: Alzheimer’s disease; 5xFAD transgenic mice; APP and PSENT genes; hippocampus; dentate gyrus; diffusion
tensor imaging; immunohistochemistry; neuroinflammation; beta-amyloid; neurogenesis
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BrnnaHune myTtaHTHbIX reHoB APP 1 PSENT
Ha aCMMMETPUIO rmnnokamna y mbiwern 5xFAD

AHHoTauusA. bonesHb Anbureiimepa (bA) - Bo3pacTHaA HelpofereHepaTBHaA NaToor1sA, a TakKe OfHa M3 rNaBHbIX
NPVYMH OEeMEHUMMN C PAcCTPONCTBOM MaMATA U KOTHUTUBHbIX QYHKUMIA. BaxkHenwylo ponb B npouecce obyuyeHus
N KOOMPOBaHMA MaMATM urpaeT 3ybuatas m3BWAMHA runnokamna (dentate gyrus, DG), koTopasa nopsepraerca
CyweCcTBEHHbIM M3MeHeHuAM npu BA. [ina mn3yyeHuA mexaHW3MOB, NeXalwux B ocHoBe BA, TecTupoBaHWA HOBbIX
TepaneBTUYECKNX CPEACTB CO34AlT MOAENV STON natonorum Ha Mmblwax. OAHOM 13 Havbonee MOMyNAPHbIX U
aKTyaslbHbIX MoAenen AnA nccnefosaHnsa bA aABnAaeTca TpaHCreHHaa NUMHUA Mbiwen 5XFAD ¢ MyTaHTHbIMWM reHamu
yesioBeKa, a UMEHHO NpeAaLwecTBeHHrKa 6eTa-amunonga (APP) n npeceHunuHa-1 (PSENT). Llenbto agaHHoI paboTbl cTano
nccnefoBaHne BANAHUA MyTaHTHbIX TpaHcreHoB APP n PSENT Ha mukpocTpykTypy DG runnokamna y retepo3uroTHbIxX
CaMLUOB MblWwen TpaHcreHHonW nuHum 5xFAD B Bo3pacTe 6 MecAUeB NPV MOMOLWM MarHUTHO-Pe30HaHCHOM
Tomorpadum ¢ Anddy3rOHHO-TEH3O0PHON BU3yanm3auuMen B COYETaHUM C UMMYHOTUCTOXMMMWMYECKUM aHaN30M.
Ocobbili akLUEHT ObIN CAeNaH 1 Ha OLeHKe acCUMMETPUN TMMNMOoKaMma, YTo paHee Ha Mblwax 5XFAD He mccnegosanu.
B DG runnokamna o6ovix nonylapuii camuoB mbllelt 5XFAD BbisiBEeHbl MOBbILEHHOE COfepKaHUe beTa-amunonga
MO CPaBHEHUIO C KOHTPOJNIbHOW FPYNMoi AMKOro TUMa B COYeTaHMM C 6osee BbICOKON MNOTHOCTbIO MUKPOFANKW, HO
OTCYTCTBME PA3/IMYMIA MO YPOBHIO HelporeHesa. Hapagy C 3TM o6Hapy)XeHa acMMMETPMA FMMroKammna y camuoB
Mblwen 5xXFAD, nposaBnAlwWanca B yBennyeHUn obbema MpaBoro rmrnokamna u CHUXEHUN YPOBHA (paKLMOHHOWM
aHm3oTponun B DG npaBoro rmnnokamna, a Takke B yMeHbLUeHUN MIOTHOCTU HelpoHoB B DG ¢ neBor CTOPOHbI No
CpaBHEHNIO C ANKUM TUMOM. Micxofa 13 NonyyeHHbIX HaMu pe3ynbTaToB, MOXKHO CAenaThb 3ak/loyeHre, YTo MyTaHTHbIe
reHbl APP n PSENT yenoBeka Bbi3blBalOT M3MeHeHMe B DG runnokamna, Yto MOXeT OTKPbITb HOBble BO3MOXHOCTU PaHHEN
ONarHOCTUKN 6one3Hn AnblreiMepa. BblABNeHHbIe HaMW M3MEHEHUA 06bemMa rMMNoKamMmna U ero acCUMMETPUS MOryT
CTaTb BaXKHbIMU BMIOMapKepamu, XapakTepUsyoLnMMm AaHHY0 NaToNOrnIo.

KnioueBble cnoBa: 6one3Hb AnbureiMepa; TpaHcreHHble Mbiwmn 5XFAD; reHbl APP 1 PSENT; runnokamn; 3y6yaTtas n3su-
nnHa; anddy3noHHO-TEH30pHAA BU3yanu3aLus; UMMYHOMMCTOXUMIA; HEMPOBOCNaneHne; 6eTa-amnnons; HemporeHes
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Introduction

Alzheimer’s disease (AD) is an age-related pathology and one
of the primary causes of dementia associated with memory and
cognitive impairment (Bermejo-Pareja, Del Ser, 2024; Nasb et
al., 2024; Perneczky et al., 2024). Human AD is characterized
by the abnormal accumulation of extracellular beta-amyloid
and intracellular hyperphosphorylated tau protein (Koss et
al., 2016; Wang L. et al., 2016; Nasb et al., 2024). Genetic
studies have demonstrated that these brain changes, which
precede dementia and other symptoms of AD, can be linked
to mutations in the gene encoding the amyloid precursor
protein (Amyloid Precursor Protein — APP) and the gene en-
coding presenilin-1 (presenilin-1 — PSENT) (De Strooper et
al., 2012; Pink et al., 2012; Petit et al., 2022). The formation
of beta-amyloid plaques, which begins years before the onset
of major clinical symptoms, is considered one of the earliest
signs of AD pathology (Bloom, 2014; Bermejo-Pareja, Del
Ser, 2024). The accumulation of beta-amyloid, as well as the
resulting neuroinflammation in the central nervous system
(CNS), serve as important biomarkers both for monitoring
the progression of AD (Adlard et al., 2014; Long, Holtzman,
2019; Perneczky et al., 2024) and for tracking the outcomes
of therapeutic interventions aimed at mitigating this disease
(Perneczky et al., 2024).

Volumetric magnetic resonance imaging (MRI) methods
detect functional and structural brain abnormalities, including
those in AD patients (Roe et al., 2021; Wang C. et al., 2022;
Ai et al., 2025). A characteristic feature of AD is the disrup-
tion of white matter fiber integrity in the brain, which may be
identified using diffusion tensor magnetic resonance imaging
(DTI-MRI) (Rose et al., 2000). The DTI-MRI method is more
sensitive compared to volumetric magnetic resonance imaging
and is widely used to detect microstructural brain changes, par-
ticularly for assessing white matter integrity (Rose et al., 2000;
Wang N. etal., 2019; Harrison et al., 2020; Veale et al., 2021).

Previously, using DTI-MRI, a decrease in fractional anisot-
ropy (FA) was detected in certain brain regions of individuals
suffering from AD, specifically in the corpus callosum, medial
and temporal lobes, fornix, cingulate gyrus, precuneus, and
the white matter of the prefrontal cortex (Teipel et al., 2012).
Moreover, DTI-MRI has been used to identify microstructural
changes in specific subregions of the hippocampus (Beau-
join et al., 2018; Shih et al., 2023). Analysis of these studies
confirms that this method is promising for the early detection
and monitoring of changes in distinct brain structures during
Alzheimer’s disease.

To study the mechanisms underlying the development of
the pathology and to test pharmaceuticals intended for the
treatment of AD, animal models of this disease are applied
(Jankowsky, Zheng, 2017; Sasaguri et al., 2017). In particular,
one of the most popular models is the SXFAD transgenic mouse
strain (Research Models SxFAD (C57BL6)), generated at The
Jackson Laboratory (USA) on a C57BL/6 background. SxFAD
mice express human 4APP (with mutations: K670N/M671L,
1716V, and V7171) and PSENI (with mutations: M146L and
L286V) (Oakley et al., 2006; Oblak et al., 2021). Previously,
using manganese-enhanced MRI, it was demonstrated that mu-
tant human APP and PSEN1 genes alter regional brain activity
in 5xFAD mice (Tang et al., 2016; Nie et al., 2019), while the
application of DTI-MRI revealed a longer characteristic path
length in weighted structural and functional elements of the
connectome at minimum density (Kesler et al., 2018).

Mutant human APP and PSENI genes induce various
brain abnormalities in transgenic S5XFAD mice depending on
the homozygosity/heterozygosity of the strain (Richard et
al., 2015). Amyloid precursor protein in pyramidal neurons
of homozygous 5xFAD mice is formed as early as 16 days
of age, and intrancuronal beta-amyloid accumulates by the
age of 1.5 months; however, in heterozygous 5xFAD mice,
beta-amyloid is detected at a later age (Richard et al., 2015).
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Along with beta-amyloid accumulation, mutant human
APP and PSENI genes cause abnormalities in the myelin
sheaths of brain neurons in transgenic 5XFAD mice, and these
pathological changes exacerbate as the animals ageing (Gu et
al., 2018). Impairment of nerve fiber myelination, detectable
particularly via MRI methods, is a critical marker of AD that
manifests in the initial stages of the disease and represents a
significant pathophysiological factor of this pathology (Butt
et al., 2019; Bermejo-Pareja, Del Ser, 2024).

The hippocampus — a brain region playing a vital role in
various processes, including learning, as well as memory for-
mation and consolidation — undergoes substantial structural,
morphological, and electrophysiological changes during ag-
ing and in neurodegenerative diseases such as Alzheimer’s
disease (Padurariu et al., 2012; Bartsch, Wulff, 2015). In pa-
tients with early symptoms of AD, atrophy of the hippocampal
dentate gyrus was identified, indicating the role of this brain
structure in the development of this pathology (Hari et al.,
2024).

To date, studies investigating the hippocampal dentate gyrus
of 5xFAD mice have not accounted for hemispheric asym-
metry (Giannoni et al., 2016; Kantarci et al., 2020; Nairuz et
al., 2024; Zhu, Liu, 2025). The aim of this study was to inves-
tigate the influence of mutant human 4PP and PSENI genes
on the microstructure of the dentate gyrus (DG region) of the
hippocampus, as well as to evaluate hippocampal asymmetry
in heterozygous mice of the 5XFAD transgenic strain using
DTI-MRI and immunohistochemistry (IHC).

Materials and methods

Animals. Five male SxFAD mice (heterozygous mice mode-
ling AD) and five wild-type (WT) males were investigated in
the experiment. The animals were housed in the SPF vivarium
of the Institute of Cytology and Genetics, SB RAS (Novo-
sibirsk, Russia) in individually ventilated OptiMice cages
(AnimalCare, USA) measuring 34.3 x 29.2 x 15.5 cm, at a
temperature of 22-24 °C and a humidity of 40-50 %, with an
inverted 12:12-hour light-dark cycle (lights on at 3:00 AM);
fractional birch chips for laboratory animals (TU 16.10.23-

Brain MRI

———————

53 5xFAD

58 WT

Right and left hippocampus assessment
of fractional anisotropy and volumes

Effect of mutant APP and PSENT genes
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001-0084157135-2019) were used as bedding. The animals
had ad libitum access to autoclaved standardized chow for
laboratory rats and mice “Delta Feeds” LbK 120 R-22,
GOST 34566-2019 (BioPro, Russia) and purified water en-
riched with mineral supplements.

Experimental design. The graphical layout of the experi-
mental design is presented in Figure 1.

Diffusion tensor magnetic resonance imaging. Assess-
ment of brain anatomy, as well as the continuity and density
of nerve fibers in the hippocampus of 5XxFAD and WT mouse
strains, was performed using MRI according to protocols
described previously (Naumenko et al., 2018; Lipengolts et
al., 2022; Zhang C. et al., 2023). Mice were anesthetized us-
ing a mixture of oxygen and isoflurane (98.5/1.5 %) and then
placed into the MR scanner on a specialized platform. Prior to
scanning, each animal was secured on a custom cradle, after
which a respiration sensor was attached to monitor the depth
of anesthesia.

Magnetic resonance imaging was performed for 20—30 mi-
nutes per animal on a ClinScan 7T experimental scanner for
small animals (Bruker BioSpin, Germany) using a volume
mouse head coil and the following pulse sequences: 1) fast
T1-weighted images based on a gradient echo pulse sequence
in three orthogonal planes, repeated at least three times or
until correct anatomical sections are obtained through the
brain structure for sequential transmission of slices of the
main pulse sequences; 2) a diffusion-weighted pulse sequence
with b-factors of 0 and 1,200 s/mm?, 64 diffusion direc-
tions, TE = 32 ms, TR = 8,000 ms, 4 averages, voxel size of
0.163542 x 0.163542 x 0.8 mm® (FOV =13 x 15 mm) without
an interslice gap, and images with the same resolution at a
b-factor of 0 s/mm? with a 180-degree phase-encoding gradient
reversal; 3) anatomical T2-weighted images with the following
parameters: TE = 80 ms, TR = 3,430 ms, ETL = 14, voxel size
0f 0.083 x 0.083 x 0.8 mm?* (FOV = 16 x 16 mm) without an
interslice gap.

The obtained data processing was performed in the DSI-
Studio software package using the following steps: 1) data
conversion into the NIfTI (Neuroimaging Informatics Techno-
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\ /
[
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\
/ / f@@\/é}b \ \\
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Fig. 1. The graphical layout of the experimental design.

WT - wild type.
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logy Initiative) format; 2) TOPUP and EDDY inhomogeneity
correction; 3) motion artifact correction; 4) data reconstruction
using two methods: Generalized g-sampling imaging — GQI
(Yehetal., 2010) and Q-space diffeomorphic reconstruction —
QSDR (Yeh, Tseng, 2011). For GQI, interpolation to an isotro-
pic voxel of 0.1635 and reconstruction with the preservation
of the original spatial orientation were performed. For QSDR,
spatial orientation alignment of the images and reconstruction
to the mouse atlas with an isotropic voxel of 0.1630 were
conducted; 5) export of fractional anisotropy (FA) maps;
6) loading the DukeRCCF atlas (Johnson et al., 2022) and
maps into a Python script; 7) calculation of the median, first,
and third quartiles in target zones of the selected atlas via its
registration onto the obtained FA maps using both methods
(GQI and QSDR).

Hippocampal volume assessment. The volumes of the
right and left parts of the hippocampus were calculated as the
sum of the areas of the structures on brain slices obtained from
T2-weighted images, multiplied by the slice thickness, using
the ImagelJ software (Zapara et al., 2018).

Intracardiac perfusion. Perfusion was performed through
the circulatory system for brain tissue fixation, as described
previously (Rozhkova et al., 2023). Immediately after comple-
tion of the MRI, mice were anesthetized with an intramuscular
injection of 75 pL (per 10 g of body weight) of medetomidine
hydrochloride (Meditin, I mg/mL; Api-San, Russia) and 60 uL
(per 10 g of body weight) of Zoletil (Virbac, France). Next,
30-50 mL of phosphate-buffered saline (PBS) followed by
30-50 mL of a 10 % formalin solution prepared in PBS were
infused through the circulatory system. Thereafter, the brains
were harvested and stored in a 30 % sucrose solution prepared
in PBS containing 10 % formalin at 4 °C for dehydration and
subsequent fixation over the next two weeks until the tissue
sank to the bottom of the container. Brain samples were embed-
ded in Tissue-Tek O.C.T. (Sakura Finetek, USA), then frozen
and stored at —70 °C.

Preparation of frozen brain slices. In accordance with the
atlas coordinates (Paxinos et al., 2012), frozen sections of the
left and right hippocampus (including the dentate gyrus — DG)
were cut at a distance of —1.46 (—1.82) mm from bregma. Sec-
tions with a thickness of 20 pm were prepared at—25 °C using
an HM550 OP cryostat (Thermo Scientific, USA) and placed
on PCI adhesive-coated microscope slides with ground edges
and a colored frosted end (CITOTEST, China).

Immunohistochemical staining. Sample staining was per-
formed according to the manufacturers’ kit protocols with mi-
nor modifications (Rozhkova et al., 2023). Prior to the staining
procedure, sections were dehydrated followed by rehydration
for five minutes in PBS. Then, after rehydration, heat-induced
epitope retrieval was performed in 10 mM alkaline citrate buf-
fer (pH =9) at 95 °C in a TW-2.02 water bath (Elmi, Latvia)
for 10 min. Following this, the sections were removed from the
buffer and cooled to room temperature. The samples were then
washed three times in PBS-Tween buffer: PBS supplemented
with 0.1 % Tween-20 P9416-100ML (Merck, Germany). Next,
ProteinBlock (ab64226; Abcam, UK) was added to each sec-
tion for 30 min, and excess liquid was subsequently removed
in accordance with the manufacturer’s recommendation.
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After that, 50 pL of the primary antibody was added, and the
sections were incubated overnight at 4 °C in a humidified
dark chamber.

The primary antibody concentrations used were 1:750
for anti-NeuN (ab177487, Abcam, UK), 1:500 for AIF1/
IBA1 Rabbit mAb (A19776, ABclonal, Germany), 1:500 for
B-Amyloid(1-42) Rabbit mAb (A24422, ABclonal, Germany),
and 1:750 for anti-DCX (ab18723, Abcam, UK). Sections
were then washed with PBS-Tween buffer, excess liquid was
removed, and 50 pL of secondary antibody Goat Anti-Rabbit
IgGH & LAF488 (ab150077, Abcam, UK) at a 1:650 dilution
was applied. Sections were incubated in a dark humidified
chamber for two hours at 4 °C. Following incubation, the
samples were washed with PBS-Tween buffer, excess fluid was
removed, and sections were mounted on microscope slides in
ProLong Glass Antifade Mountant (Thermo P36982, Thermo
Fisher Scientific, USA).

To identify cell nuclei, sections stained with AIF1/IBA1
Rabbit mAb and B-Amyloid (1-42) Rabbit mAb were additio-
nally treated with 80 pL of DAPI (Thermo Fisher Scientific,
USA) at a concentration of 2 mg/mL, incubated in a dark
humidified chamber for 15 minutes, and then washed twice
in PBS for 3 min before applying the ProLong Glass Antifade
Mountant.

Neuronal density analysis. Analysis of the density of
antibody-labeled neurons in the DG region of the hippocampus
was performed using a ZEISS Axiolmager 2 upright fluores-
cent microscope (Carl Zeiss, Germany). The average number
of antibody-labeled cells in the region of interest was calcu-
lated from at least four sections for each animal. Evaluation
of the number of granular and DCX-positive cells was carried
out in the granular layer of the DG. Beta-amyloid inclusions
and IBA1-positive cells were counted simultaneously in two
layers of the DG (granular and polymorphic). To evaluate the
density of DCX-positive cells, beta-amyloid inclusions, and
IBA1-positive cells, a field of view corresponding to the size
of the studied area was used; to evaluate the density of NeuN-
positive neurons, at least three fields of view (2,000 um?) on a
single image were used (Zhang L. et al., 2021). ImagelJ soft-
ware was used to create the field of view. The density (millions
of cells, n x 10°) in volume (mm?) was calculated based on the
average number of cells in the region, as described previously
(Rozhkova et al., 2023).

Statistical analysis. Data analysis was performed using the
STATISTICA v. 12.0 software package (StatSoft, Inc., USA).
All data were tested for normality using the Shapiro—Wilk
We-test. To evaluate the impact of the “hemispheric asymme-
try” factor on the level of fractional anisotropy, hippocampal
volumes, as well as the density of neurons, microglia, DCX,
and beta-amyloid inclusions in the DG region of the hippo-
campus, the Wilcoxon signed-rank test was used, followed by
pairwise comparisons between groups of different genotypes
using the Mann—Whitney U-test. To evaluate the density of
neurons, microglia, DCX, and beta-amyloid inclusions, the
Kruskal-Wallis H-test was additionally applied for comparison
based on the “genotype” factor. Data are presented as median
with the first and third quartiles — Me [Q1;Q3]. The level of
statistical significance was set at p < 0.05.
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Results

Data on hippocampal volume are presented in Figure 2. Sta-
tistical analysis using the Wilcoxon test showed no effect of
the “hemispheric asymmetry” factor [T =23; p > 0.05] on this
parameter. Nevertheless, the Mann—Whitney U-test revealed
an effect of the “genotype” factor (U = 1; |Z| =2.30; p <0.05),
specifically, a significantly larger hippocampal volume in
5XxFAD mice than in WT mice (13.599 [13.583;14.834] vs.
12.445 [11.556;12.622] uL?, respectively) in the right hemi-
sphere of the brain.

Data on FA in the hippocampal DG are presented in Fi-
gure 3. The Wilcoxon test showed a significant effect of the
“hemispheric asymmetry” factor [T=2; p <0.01] on FA in the
DG region of the hippocampus. Comparison using the Mann—
Whitney U-test revealed an effect of the “genotype” factor on
the FA level (U = 2; |Z| = 2.09; p < 0.05) in the hippocampal
DG region; FA was lower on the right side in 5XFAD mice
compared to control WT mice (0.106 [0.010;0.115] vs. 0.126
[0.124;0.143], respectively) (Fig. 3a).

Statistical analysis using the Wilcoxon test demonstrated
an effect of the “hemispheric asymmetry” factor [T = 5;
p < 0.05] on FA in the granular layer of the hippocampal
DG region. However, comparison using the Mann-Whitney
U-test revealed no effect of the “genotype” factor either for
the left hemisphere ([U = 10; |Z| = 0.42; p > 0.05]) or for the
right hemisphere ([U = 3; |Z| = 1.89; p > 0.05]) in the granular
layer of the hippocampal DG (Fig. 3b). The Wilcoxon test
showed no significant effect of the “hemispheric asymmetry”
factor [T = 10; p > 0.05] on FA in the polymorphic layer of
the hippocampal DG region. Comparison using the Mann—
Whitney U-test revealed an effect of the “genotype” factor on
FA (U =2; |Z| = 2.09; p < 0.05) in the polymorphic layer of
the hippocampal DG region on the right side in 5XFAD mice
compared to WT (0.096 [0.096;0.098] vs. 0.121 [0.116;0.130],
respectively) (Fig. 3¢).

Data on immunohistochemical staining are presented in
Figures 4-6. Differences in total neuronal density within the
granular layer of the DG are presented in Figure 4. Statisti-

Q

Hippocampal volume, pL3
o

Fig. 2. Hippocampal volume in 5xFAD and WT mouse strains.
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cal analysis using the Wilcoxon test revealed no effect of
the “hemispheric asymmetry” factor [T = 10; p > 0.05] on
neuronal density in the granular layer of the DG. Analysis
using the Kruskal-Wallis H-test demonstrated an effect of the
“genotype” factor [H ,, =7.20; p < 0.01] on this parameter.
Furthermore, comparison using the Mann—Whitney U-test
revealed that within the granular layer of the DG in 5xFAD
males, neuronal density in the left hemisphere was signifi-
cantly lower (U =2.5; |Z| = 1.98; p <0.05) than in WT (10.15
[9.69;10.17] vs. 10.95 [10.70;11.21], respectively) (Fig. 4f).

Statistical analysis using the Wilcoxon test revealed an ef-
fect of the “hemispheric asymmetry” factor [T =2; p <0.01]
on the level of neurogenesis in the granular layer of the DG.
However, the Kruskal-Wallis H-test showed no effect of the
“genotype” factor [H ,, = 1.46; p > 0.05] on this parameter.
Comparison using the Mann—Whitney U-test also revealed
no differences (p > 0.05) in this parameter between SxFAD
and WT males in the hippocampal dentate gyrus either on the
left (0.05 [0.04;0.05] vs. 0.05 [0.05;0.06], respectively) or on
the right (0.05 [0.04;0.05] vs. 0.05 [0.04;0.05], respectively).

The results regarding the density of IBA 1-expressing cells in
the granular and polymorphic layers of the DG are presented in
Figure 5. Statistical analysis using the Wilcoxon test revealed
no significant effect of the “hemispheric asymmetry” factor
[T =22; p > 0.05] on the density of IBA1-expressing cells.
Nevertheless, the Kruskal-Wallis H-test demonstrated an effect
of the “genotype” factor [H,, ,, = 13.50; p <0.001] on this pa-
rameter. Comparison using the Mann—Whitney U-test revealed
that within the DG, 5XxFAD mice exhibited a higher density of
IBA1-positive cells in both the left (U= 0; |Z|=2.51; p <0.05)
and right hemispheres (U = 0; |Z| = 2.51; p < 0.05) compared
to control WT mice (0.10 [0.10;0.12] vs. 0.06 [0.05;0.06] for
the left side; 0.11 [0.11;0.11] vs. 0.05 [0.04;0.05] for the right
side, respectively) (Fig. 5/).

Differences in the total density of beta-amyloid inclusions in
the granular and polymorphic layers of the DG are presented in
Figure 6. Statistical analysis using the Wilcoxon test revealed
no effect of the “hemispheric asymmetry” factor [T = 19;

a - volumes of the left and right hippocampi of 5xFAD and WT mice; b—e - T2-weighted images of hippocampal slices of 5xFAD mice
in the right hemisphere of the brain; f-i - T2-weighted images of hippocampal slices of WT mice in the right hemisphere of the brain.

*p < 0.05 between WT and 5xFAD.
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Fig. 4. Neuronal density in the granular layer of the DG; neurons
are labeled with antibodies against the neuronal marker (NeuN).

a-d - microphotographs of DG sections; a — left hemisphere of the brain
of wild-type (WT) males; b — right hemisphere of the brain of wild-type
(WT) males; ¢ - left hemisphere of the brain of 5xFAD males; d - right
hemisphere of the brain of 5xFAD males; e - schematic representation of
the studied hippocampal region; f - number of neurons per mm3. Magni-
fication 400x.

*p < 0.05 between WT and 5xFAD in the left hemisphere of the brain.

p > 0.05] on the density of beta-amyloid inclusions in the
DG. The Kruskal-Wallis H-test demonstrated an effect of the
“genotype” factor [H  ,, = 14.28; p<0.001] on this parameter.
Comparison using the Mann—Whitney U-test revealed that in
the hippocampal dentate gyrus of 5XFAD mice, the density of
beta-amyloid was higher than in the corresponding region of
wild-type mice, both on the left (U = 0; |Z| = 2.51; p < 0.05)
and on the right (U =0; |Z| = 2.51; p < 0.05) compared to the
corresponding region of wild-type mice (0.12 [0.12;0.13] vs.
0.06 [0.05;0.07] for the left side; 0.12 [0.12;0.13] vs. 0.05
[0.04;0.07] for the right side, respectively) (Fig. 6f).

Discussion

Mutant APP and PSENI genes induce beta-amyloid accumula-
tion in the CNS, which is one of the most significant hallmark
features of AD (Petit et al., 2022; Nasb et al., 2024; Perneczky
etal., 2024). In our study, a substantial increase in beta-amyloid
inclusions was detected in the hippocampal dentate gyrus of
heterozygous SxFAD mice carrying mutant human 4PP and
PSENI genes in both the right and left hemispheres of the
brain, which aligns with the results of previous studies de-
monstrating elevated beta-amyloid levels in the hippocampal
DG of this AD model (Giannoni et al., 2016; Kantarci et al.,
2020; Nairuz et al., 2024; Zhu, Liu, 2025).

In particular, a study by T. Nairuz et al. (2024) showed
that at 6 and 12 months of age, the density of beta-amyloid
inclusions in male 5XxFAD mice was significantly increased
in the CA1, CA3, and DG regions of the hippocampus. Fur-
thermore, at six months of age, among the three investigated
hippocampal subfields, the maximum level of beta-amyloid
inclusions was observed precisely in the DG of 5xFAD mice
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Fig. 5. Microglia density in the DG; cells are labeled with antibodies against IBA1 (ionized calcium-binding adapter
molecule 1); cell nuclei are counterstained with DAPI.

a-d - microphotographs of DG sections; a - left hemisphere of the brain of wild-type (WT) males; b - left hemisphere of the brain of
5xFAD males; ¢ - right hemisphere of the brain of wild-type (WT) males; d - right hemisphere of the brain of 5xFAD males; e — schematic
representation of the studied hippocampal region; f — number of IBA-1 positive cells per mm3. Magnification 200x.

*p < 0.05 between WT and 5xFAD in the left hemisphere of the brain.

compared to control wild-type mice (Nairuz et al., 2024).
Acrecently published study demonstrated that in female SXFAD
mice at an even earlier age of four months, a similar increase
in beta-amyloid inclusions was observed in the hippocampal
dentate gyrus compared to control wild-type animals (Zhu,
Liu, 2025). The accumulation of beta-amyloid in the frontal,
parietal, entorhinal cortex, and the hippocampal dentate gyrus
of 5XxFAD mice is accompanied by blood vessel damage in
these brain regions (Giannoni et al., 2016).

Beta-amyloid accumulation can induce neuroinflammation
in various brain regions of AD patients (Long, Holtzman,
2019; Perneczky et al., 2024). Microglial cells are activated in
response to beta-amyloid accumulation in the brain and cluster
around beta-amyloid plaques (Meyer-Luehman et al., 2008).

In our study, a substantial increase in microglia density was
detected in both the right and left parts of the hippocampal
dentate gyrus in male 5xXFAD mice carrying mutant human
APP and PSENI genes, which aligns with the results of other
studies that identified neuroinflammation in the hippocampus
of 5XxFAD mice starting from two months of age (Oakley et

al., 2006; Kantarci et al., 2020; Nairuz et al., 2024; Westi
et al., 2024). In particular, at six months of age, the level of
neuroinflammation in the hippocampal subiculum of het-
erozygous 5SxFAD mice significantly increases compared to
wild-type littermates (Westi et al., 2024). A substantial increase
in microglial density at 6-8 months of age is also noted in
the hippocampal DG region of 5xFAD mice (Kantarci et al.,
2020; Nairuz et al., 2024), which is in good agreement with
our findings.

Previously, it was established that neurogenesis impairment
occurs in the hippocampal DG region of AD patients (Moreno-
Jimenez et al., 2019; Disouky, Lazarov, 2021). However, we
did not detect any changes in the level of neurogenesis in the
dentate gyrus of SXFAD mice at six months of age. In studies
conducted at 2—4 months of age, a decrease in the level of hip-
pocampal neurogenesis was shown in SXFAD mice compared
to control wild-type animals, as well as its increase during
experimental forms of treatment (Moon et al., 2014; Ding et
al.,2023; Lee et al., 2025). However, by seven months of age
in 5XxFAD mice, differences in this parameter compared to
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Fig. 6. Density of beta-amyloid inclusions in the DG; beta-amyloid is labeled with antibodies against 3-amyloid (1-42); cell nuclei are

counterstained with DAPI.

a-d - microphotographs of DG sections; a - left hemisphere of the brain of wild-type (WT) males; b - left hemisphere of the brain of 5xFAD males; ¢ -
right hemisphere of the brain of wild-type (WT) males; d - right hemisphere of the brain of 5XxFAD males; e - schematic representation of the studied
hippocampal region; f - number of beta-amyloid inclusions per mm3. Magnification 200x.

*p < 0.05 between WT and 5xFAD.

wild-type littermates disappeared (Moon et al., 2014), which
is possibly associated with a sharp decline in the level of
neurogenesis in both 5XFAD mice and control wild-type mice.

Neuronal loss is characteristic of the late stages of AD
(Braak H., Braak E., 1991). Meanwhile, neuronal loss in AD
is not uniform throughout the brain: the entorhinal cortex and
certain subfields of the hippocampus prove to be the most
vulnerable (Braak H., Braak E., 1991; Shi et al., 2009; Shih
etal., 2023).

Similar changes have also been detected in 5XFAD mice,
which exhibited an age-dependent decline in the total number
of neurons across various hippocampal zones, specifically
CA1, CA3, and the DG (Jawhar et al., 2012; Kim et al., 2019;
Zhang L. et al., 2021; Francis et al., 2024). In the present
study, it was established that in six-month-old 5xFAD males,
there were fewer neurons in the hippocampal DG of the left
hemisphere compared to control wild-type animals, whereas
no such changes were detected in the DG of the right hemi-
sphere.

The results of previous studies evaluating neuronal den-
sity in the hippocampus of 5XFAD mice are ambiguous. At
4.5 months of age, no significant difference from the control
is found in the number of neurons within the hippocampal
DG of 5xFAD mice (Kim et al., 2019), but a decrease in the
number of neurons in this structure is observed at 6—14 months
of age (Kim et al., 2019; Zhang L. et al., 2021; Francis
et al., 2024).

In modern neurobiology, issues of brain lateralization and
asymmetry are actively studied, as they can be crucial for
understanding functional differences between the hemispheres
and responses to pathology (Francis et al., 2024). The asym-
metrical decrease in the number of neurons in the left DG of
5xFAD mice discovered by us is of particular interest, because
previous studies aimed at investigating this hippocampal re-
gion in this AD model overlooked this factor and evaluated
the number of neurons in the DG as a whole, without distin-
guishing between the right and left hemispheres of the brain
(Kim et al., 2019; Zhang L. et al., 2021; Francis et al., 2024).
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Atrophy of various hippocampal subfields and the hippo-
campus as a whole, detected by MRI methods, is an impor-
tant diagnostic sign of Alzheimer’s disease (Shi et al., 2009;
Jahanshahi et al., 2023; Hari et al., 2024). In patients with mild
cognitive impairment, the volume of left hemisphere structures
is typically altered less than that of the right hemisphere (right
lateralization), although pronounced forms of AD exhibit
a certain reduction in the prominence of right hippocampal
lateralization (Shi et al., 2009; Jahanshahi et al., 2023).

In our study, it was revealed that mutant human APP and
PSENI genes in 5XFAD mice can influence changes in hip-
pocampal volume; the volume of the right hippocampus in
5xFAD mice was larger than that of control wild-type mice.
Meanwhile, no differences in hippocampal volume were de-
tected in the left hemisphere.

In studies conducted on 5XFAD mice at 2—6 months of age,
no changes in hippocampal volume were found in comparison
with control wild-type animals (Girard et al., 2014; Westi et
al., 2024). However, at 13 months of age, the hippocampal
volume in 5XFAD mice decreased (Macdonald et al., 2014).
The authors of the aforementioned studies evaluated the hippo-
campal volume as a whole, without distinguishing right and left
parts and without assessing its individual zones. Meanwhile,
our results obtained from 5XxFAD mice indicate that measuring
hippocampal volume while accounting for asymmetry may
serve as a more reliable marker of changes characterizing
AD, which aligns with the conclusions of a meta-analysis of
clinical data (Shi et al., 2009).

Previously, using DTI-MRI, a decrease in fractional ani-
sotropy was detected in certain brain regions of individuals
suffering from AD, specifically in the corpus callosum, medial
and temporal lobes, fornix, cingulate gyrus, precuneus, and
the white matter of the prefrontal cortex (Teipel et al., 2012).
The decrease in FA may be associated with an expansion of
the extracellular space volume and neurodegeneration (Hong
et al., 2013; Nowrangi et al., 2013), and it can indicate that
water molecules move not in a single direction, i. e., along
axons as they normally should, but more uniformly across
the entire area due to nerve fiber damage. The reduction in FA
detected via MRI is considered an indicator of beta-amyloid
accumulation (Maharjan et al., 2022).

Brain studies in mice using genetic models such as 3xTg
and 5xFAD have revealed a decrease in FA in several brain
structures (Snow et al., 2017; Maharjan et al., 2022). Changes
in FA levels can occur differently depending on the studied
brain region, which may be associated with its complex mi-
crostructure and heterogeneous accumulation of beta-amyloid,
and could also be driven by the associated neuroinflammation
(Praet et al., 2018; Maharjan et al., 2022).

In the present study, a decrease in FA was revealed in the
hippocampal dentate gyrus of the right hemisphere in male
5xFAD mice compared to control wild-type animals. Our data
indicating asymmetry in FA changes in the brain of 5xFAD
mice are consistent with the observation that different mouse
strains modeling AD have shown asymmetry in the develop-
ment of this pathology between the hemispheres regarding
changes in the levels of beta-amyloid accumulation and neu-
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roinflammation levels (Biechele et al., 2021; Shipton et al.,
2022; Morrissey et al., 2023).

Previously, no FA impairments were found in the hippo-
campus of SXFAD mice (Maharjan et al., 2022). However,
in that study, FA was evaluated within the hippocampus as a
whole without distinguishing the left and right hemispheres
and without subdividing it into regions. Our data indicate that
evaluating FA in specific hippocampal regions, in the DG par-
ticularly, can be a more sensitive indicator of AD-characteristic
brain impairments. Moreover, it is necessary to account for
the asymmetry of the right and left hemispheres regarding
this feature. Nevertheless, it must be acknowledged that the
small sample size in the present study imposes limitations on
the interpretation of the results and requires verification in
larger cohorts.

The hippocampus is a critical brain structure where various
types of impairments occur in AD (Moreno-Jimenez et al.,
2019; Disouky, Lazarov, 2021; Zeng et al., 2021; Jahanshahi
et al., 2023; Shih et al., 2023). The functional anatomy of
hippocampal subfields, as well as the role of each subfield
in the storage and processing of visual and verbal informa-
tion, episodic memory, navigation, and object recognition,
has been studied in detail (Bartsch, Wulff, 2015; Zammit et
al., 2017; Pang et al., 2019; Zeng et al., 2021). Meanwhile,
it has been shown that during the progression of AD, the rate
and extent of impairments differ significantly across different
hippocampal subfields (Padurariu et al., 2012; Bartsch, Wulff,
2015). It has been suggested that alterations in individual hip-
pocampal regions may serve as a more precise marker for AD
than changes evaluated in the hippocampus as a whole without
subfield distinguishing (Zilioli et al., 2025).

The DG plays a special role in the neural processes under-
lying learning and memory; information encoding processes
occur within this structure, and it receives input and output
signals from various hippocampal regions (CA1-CA4) and
the neocortex (Amaral et al., 2007; Jonas, Lisman, 2014;
Bartsch, Wulff, 2015; Jahanshahi et al., 2023; Shih et al.,
2023). Adult neurogenesis in humans occurs within the dentate
gyrus, continuing into old age but becoming impaired as AD
progressed (Moreno-Jimenez et al., 2019), which makes the
hippocampal dentate gyrus of particular interest in AD research
(Shih et al., 2023).

In the present study, six-month-old heterozygous male
5xFAD mice carrying mutant human APP and PSENI genes
demonstrated a hemispheric asymmetry against a background
of overall elevated beta-amyloid levels and neuroinflammation,
alongside an unchanged level of neurogenesis in the hippo-
campal DG of both hemispheres. This asymmetry manifested
as a difference in hippocampal volume between the right and
left hemispheres, a decrease in FA within the right DG, and a
reduction in neuronal density within the left DG.

Several studies have noted an asymmetry in the progression
of features characteristic of AD between the brain hemispheres,
particularly in the cortex (Derflinger et al., 2011; Roe et al.,
2021), thalamus (McGeown et al., 2008), and hippocampus
(Shi et al., 2009; Jahanshahi et al., 2023). Using volumetric
MRI and subsequent analysis of T1-weighted images in AD

916 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 6



E.lO0. BpyceHues, N.H. PoxkoBsa, B.C. KozeHeBa, /.[]. Yekawwos
T.A. PaxmaHoBa, O.b. LLlesenes, C.A. AMCTUCNABCKNIA

patients, changes in the hippocampal asymmetry index (the
ratio of right-to-left hippocampal volumes) were observed,
with alterations being more pronounced on the right side than
on the left in several of its subfields (Jahanshahi et al., 2023).

Previously, it was established that under normal conditions,
mice and rats exhibit a pronounced structural and functional
left-right asymmetry of the hippocampus (El-Gaby et al.,
2015; Sakaguchi, Sakurai, 2020), which could also influence
the differing levels of AD progression between hemispheres in
male SXFAD mice. M. El-Gaby et al. (2015) point out in their
review that the hippocampi of the left and right hemispheres
possess distinct functional lateralization, and they analyze the
mechanisms underlying this asymmetry. The left hippocampus
specializes in associative long-term memory, while the right
specializes in spatial orientation. Such functional differentia-
tion is achieved through structural differences at the synaptic
level (EI-Gaby et al., 2015).

In our study, the hippocampal asymmetry revealed for the
first time in SXFAD mice with mutant human APP and PSEN1
genes, in particular the difference in hippocampal volume
between the right and left hemispheres of the brain, may be
associated with the accumulation of beta-amyloid in the DG
observed in 5xFAD mice and the resulting increase in neu-
roinflammation on both sides, combined with a reduction in
neuronal density only in the DG of the left hippocampus. It is
possible that in male 5XFAD mice, the volume of the left hip-
pocampus does not differ from the wild type because the reduc-
tion in the number of neurons within its DG is counterbalanced
by the overall increase in the density of beta-amyloid plaques
and microglia, whereas the right hippocampus expanded due
to the preservation of cell density and, potentially, an expan-
sion of the extracellular space associated with neuroinflam-
mation. A second hypothesis is that the hippocampal volume
in both the right and left hemispheres could have been larger
at an carlier age in male 5xFAD mice, than in control WT
mice due to early beta-amyloid accumulation and subsequent
neuroinflammation; however, the later decrease in the number
of neurons within the left DG eliminated the difference with
control animals specifically on the left side.

Some studies revealed an asymmetry in the development
of pathological changes characteristic for AD between the
brain hemispheres, particularly in the cortex (Derflinger et
al.,2011; Roe etal., 2021), thalamus (McGeown et al., 2008),
and hippocampus (Shi et al., 2009; Jahanshahi et al., 2023).
Previously, it was hypothesized that during the progression
of AD, the rate of atrophy across different regions of the right
and left hippocampi may differ (Shi et al., 2009). The results
of our study support this hypothesis.

Conclusion

Based on our findings and the analysis of literature data, we
believe that mutant human APP and PSENI genes induce al-
terations in the dentate gyrus (DG region) of the hippocampus,
and evaluating the microstructure of this brain area may serve
as an indicator of AD-characteristic impairments and in the
future might be used for the early diagnosis of AD (Shih etal.,
2023). In particular, the changes in hippocampal volume and
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its asymmetry identified in our study could become a useful
biomarker for AD diagnosis.

Compliance with ethical standards. All studies were
approved by the Bioethics Commission of the Institute of
Cytology and Genetics SB RAS (Protocol No. 215 dated Feb-
ruary 25, 2025) and comply with the European Convention for
the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (ETS No. 123).
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Assessment of taxonomic and genetic diversity of wood mice
of the genus Apodemus in the steppe zone
of the Central Ciscaucasia
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Tembotov Institute of Ecology of Mountain Territories of the Russian Academy of Sciences, Nalchik, Russia
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Abstract. Steppe ecosystems are among the most heavily modified habitats due to anthropogenic pressure and rapid
land-use changes. Over the course of several decades of the 20th century, the biogeocenoses of the steppe plains and a
significant portion of the forest-steppe of the Central Ciscaucasia have almost completely lost their original appearance.
Anthropogenic impact resulted in the reduction of suitable habitats, their fragmentation, and so on. It is known that
prolonged isolation of a population, caused by natural or anthropogenic habitat fragmentation, can lead to changes
in the genetic structure of the population, specifically to a decrease in genetic diversity and a reduction in the total
effective population size, which is particularly detrimental to small populations. The relevance of this study is due to the
lack of current data on the species composition, genetic structure, genetic diversity, habitat distribution, and abundance
of Apodemus wood mice in the steppe zone of the Central Ciscaucasia. Based on an analysis of the mitochondrial DNA
cytochrome b (cyt b) gene fragment variability, the species composition and genetic diversity of sibling species of
wood mice of the genus Apodemus have been studied for the first time in the steppe zone of the Central Ciscaucasia.
Molecular genetic analysis revealed that the genus Apodemus is represented by three species: A. uralensis, A. witherbyi,
and A. flavicollis. A. flavicollis and A. witherbyi are described for the first time in this area. Of the three taxa, A. uralensis
exhibits the highest level of genetic diversity. Molecular dating results suggest that of the three species, A. uralensis was
the first to colonize the Central Ciscaucasia in two stages: approximately 370-350 thousand years ago and approximately
256 thousand years ago. Subsequently, A. witherbyi entered the area in two stages: approximately 166—154 thousand
years ago and 125-115 thousand years ago. A. flavicollis is the youngest inhabitant of the Central Ciscaucasia, with an
evolutionary age of approximately 100 thousand years. This study identifies the distribution patterns and landscape-
biotopic distribution of representatives of the genus Apodemus in the study areas of the Central Ciscaucasia.
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O11eHKa TAKCOHOMMYECKOT'0 VI TeHEeTUUYEeCKOr0o pa3sHooOpasus
JIECHBIX MbIIlIeli poga Apodemus CTEITHO 30HbI
LHenTpanbHOro IIpegKkaBKa3sbs

@.A. TembotoBa (12), A.X. Amuokosa (%), M.C. T'yaosa , E.IT. Kononenko

WHCTUTYT 3Konorum ropHbix Tepputopuin um. A.K. Temb6oToBa Poccuiickoii akagemun Hayk, Hanbumk, Poccus
@ mpapieva@inbox.ru

AHHoTauusA. CTenHble 3KOCUCTEMbI — OHUN 13 Hanbonee N3MEHEHHbIX MECTOOOUTAHWI 13-3a aHTPOMOreHHOro AaBneHuA
N ObICTPbIX U3MEHEHWI B 3eMEMNOb30BaHUN. 33 HECKONbKO AecATunetnin XX B. 6MOreoLeHo3bl CTEMHbIX PaBHUH U
3HauMTeNnbHOM Yacty necoctenun LieHTpanbHoro MpeakaBKasbA MOYTU MOMHOCTBIO YTPATUAN CBOWM MepBOHaYanbHbIN
00NUK. Pe3ynbTaTomM aHTPOMOreHHOro BO3AENCTBUA ABNAIOTCA COKPALLEHWe MPUrOAHbIX MEeCTOOOUTaHWI, WX
dparmeHTaumaA n T.4. lNpun 3ToM N3BECTHO, YTO ANUTENbHAA N30NALMA NONYNALMM, BbI3BaHHAA CTECTBEHHOWN NI aHTPO-
NnoreHHon ¢oparmeHTaumein cpeabl OOUTAHMA, MOXKET MPUBECTM K U3MEHEHWIO FEHETUYECKON CTPYKTYpbl MOMNynAumm,
B YaCTHOCTM K YMEHbLUEHWNIO FeHETMYECKOro pa3Hoobpasvsa U cokpalleHuio obuen 3GPeKTUBHONM YMCIEHHOCTM
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Genetic diversity of wood mice of the genus Apodemus
in the steppes of the Central Ciscaucasia

nonynsayum, 4tTo 0cObeHHO rybuTenbHO AnsA NonynAumMmn HebonbLLoro pasmepa. AKTYanbHOCTb MPOBEAEHMWSA HAaCTOALLErO
NCCNefoBaHNA CBA3aHa C OTCYTCTBUMEM COBPEMEHHbIX [AaHHbIX, KacalowmMxcA BUAOBOrO COCTaBa, FEeHETUYEeCKOoWn
CTPYKTYpbl, FEHETUYECKOro pa3Hoobpa3na, OGMOTOMMYECKOro PacnpoOCTPaHeHWA W YUCNEHHOCTU MpefcTaBuTenei
necHbIX Mblwel poaa Apodemus B ycnoBMAX CTEMHOWM 30Hbl LleHTpanbHoro MNpepkaBkasbA. Ha ocHoBaHUM aHanvsa
MN3MeHUYMBOCTU dparmMeHTa reHa uymtoxpoma b (cyt b) mutoxoHgpuanbHo [HK Bnepsble M3yyeHbl BUOOBOWN COCTaB
N reHeTn4yeckoe pasHoobpasvie BUAOB-ABONHMKOB JIECHbIX Mbillei popa Apodemus B YCNOBUAX CTEMHOWM 30HbI
LleHTpanbHoro lMNpenkaBkasba. Mo pesynbTaTaM MOMEKyNspHO-FeHETUYECKOrO aHanmsa pop Apodemus npeacTaBnieH
Tpema Bupamu: A. uralensis, A. witherbyi n A. flavicollis. Ha paccmatpusaemoit Tepputopun A. flavicollis n A. witherbyi
onvcaHbl Bnepsble. /13 Tpex TakcOHOB Hanbosee BbICOKMM YPOBHEM FeHeTUYECKOro pa3Hoobpa3una xapakTepursyeTca
A. uralensis. Pe3ynbTaTbl MONEKyNAPHOroO AaTMPOBAHUA NO3BOJIAIOT NPEANONOXKNTb, YTO U3 TPEX BUAOB NepBbIM 3acenun
Tepputopuio LleHTpanbHoro lMpepkaBkasba A. uralensis B gBa 3Tana: npumepHo 370-350 TbiC. NeT Ha3ag M OKOJMO
256 TbiC. neT Hasag. Mo3aHee Ha AaHHY TEPPUTOPUIO B ABa dTana NpPoHuK A. witherbyi: npumepHo 166-154 Tbic. neT
Ha3ag n 125-115 Tbic. neT Ha3aa. A. flavicollis sBnaeTca cambiM MosioAbIM BceneHuemM Ha LieHTpanbHom MpegkaBKasbe.
Ero 3BonouMOHHbIN BO3pacT cocTaBnsAeT npumepHo 100 Toic. neT. B paboTe npriBeeHbl 0CO6EHHOCTM PacnpoCTpaHeHns
1 naHawadTHo-6MoTONMYECKOro pacnpeaeneHna npeactasuTenen poga Apodemus Ha NCCNeAOBaHHbIX TEPPUTOPUAX
LleHTpanbHoro NpepkaBKasbs.

KntoueBble cnoBa: LleHTpanbHoe [MpefKaBKa3be; cTeNHasa 30Ha; LMTOXPOM b; pon Apodemus; reHeTuyeckoe pasHo-

obpasuve

Introduction

The study of genetic differentiation and phylogeography of
widespread species is important for the study of modern bio-
diversity, the formation of species ranges, the consequences of
global climate change and anthropogenic impacts, and issues of
biological expansion and invasion (Yalkovskaya et al., 2022).
Genetic diversity is considered one of the many important fac-
tors determining species adaptation to changing environmental
conditions (Soulé, Simberloff, 1986). The higher the genetic
diversity of species living in both undisturbed and highly
disturbed environments, the more successful the adaptation,
the more capable the populations are of evolving in response
to the pressure of external environmental factors and the less
likely they are to disappear if environmental conditions change
(cited in Poliakova, 2022).

Currently, due to anthropogenic pressure and rapid land-use
changes, steppe ecosystems are among the most heavily modi-
fied habitats. As S.1. Sigida (2010) rightly notes, as a result of
human impact, the biogeocenoses of the steppe plains and a
significant portion of the forest-steppe of the Central Ciscau-
casia have almost completely lost their original appearance
over the course of several decades of the 20th century. The
planting of shelterbelts, artificial forests, irrigation, and water
supply facilitated the expansion of forest and aquatic animal
groups into the steppe regions, as well as the emergence of
migrants from neighboring regions (cited in Pushkin, 2015).
Clearly, such changes impact the species diversity of steppe
ecosystems.

It should also be noted that anthropogenic impact results
in the reduction of suitable habitats, their fragmentation, etc.
Also, as is known, long-term isolation of a population caused
by natural or anthropogenic fragmentation of the habitat can
lead to a change in the genetic structure of the population, in
particular, to a decrease in genetic diversity and a reduction in
the total effective population size (Radespiel, Bruford, 2014;
Wang et al., 2017).

The relevance of this study stems from the lack of modern
data on the species composition of members of the genus
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Apodemus in the steppe zone of the Central Ciscaucasia,
obtained through molecular genetic analysis. Existing studies
were conducted before the advent of these methods in the
second half of the 20th century (Tembotov, 1972). It should
be noted that cryptic species, which include members of
the genus Apodemus, are virtually indistinguishable based
on morphological characteristics. Incorrect identification of
biologically important species creates false perceptions of
biological diversity (Sukhikh, 2013).

It is also important to note that for some representatives of
the genus Apodemus, genetic data are represented by single
sequences of the cytochrome b (cyt b) gene of mtDNA. For ex-
ample, only 18 sequences of the Caucasian wood mouse have
been deposited in the international genetic database GenBank,
some of which are from Iran. Regarding Apodemus witherbyi
Thomas, 1902, the 26 cyt b gene sequences submitted come
only from Ukraine and Iran. As can be seen, sequences from
the study area are missing from the GenBank database.

In light of the above, it was of interest to study the spe-
cies composition, genetic structure, and genetic diversity of
members of the genus Apodemus in the steppe zone of the
Central Ciscaucasia. The selection of members of the genus
Apodemus was deliberate: firstly, they constitute a significant
proportion of the catches; secondly, they represent species
with diverse ecological preferences, which can be found in
both natural (untouched virgin steppe areas, intrazonal forests)
and anthropogenically transformed landscapes (haystacks in
row crop fields, canal banks, shelterbelts, etc.).

Materials and methods

Tissue samples from 153 Apodemus wood mice collected from
various locations in the steppe zone of the Central Ciscaucasia
were used in the work.

The study was conducted in the Maysky, Prokhladnensky,
and Tersky districts of the Kabardino-Balkarian Republic
(KBR) (Fig. 1). In the Maysky district, the study covered
biotopes in the vicinity of three settlements (Novoivanovka
village, khutor Baksansky, and khutor Novokursky). Due to
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Fig. 1. Map of the origin of the material of representatives of the genus Apodemus from the steppe zone of the Central
Ciscaucasia: circles - Apodemus uralensis Pallas, 1811, squares — Apodemus flavicollis Melchior, 1834, triangles - Apodemus

witherbyi Thomas, 1902.

their proximity, we considered it appropriate to combine them,
and this area is designated as khutor Baksansky (N 43.6640°
E 043.9362°, h — 224 m above sea level) in this study.

The material was collected in three biotopes: 1. Forest
shelterbelts; 2. Haystacks located in winter crop fields;
3. A boundary directly adjacent to irrigation canals, located
between agricultural crop fields.

In the Prokhladnensky district, in the vicinity of the
Karagach village (N 43.7838° E 43.7369°, h — 290 m above
sea level), the research covered two biotopes: 1. Lowland
forest; 2. Meadow located between the road and the agroce-
nosis. In the Tersky district, the material was collected at two
geographical points: in the vicinity of the Dzhulat village
(N 43.6050° E 44.0077°, h — 215 m above sea level) — two
biotopes: 1. Virgin steppe areas unsuitable for agricultural
cultivation; 2. Lowland forest; and in the vicinity of the Arik
village (Arik ridge N 43.6036° E 44.1268°, h — 233 m above
sea level) — three biotopes: 1. Steppe area: undisturbed forb-
fescue community on the slope of the ridge; 2. Shelterbelt;
3. Bank of the Small Kabardian irrigation canal.

Tissue samples were fixed in 96 % ethanol and used for
manual DNA extraction using the Diatom™ DNA Prep 100
reagent kit (Isogen Laboratory, Moscow) according to the
manufacturer’s instructions. Amplification of the ¢yt b gene

was performed by polymerase chain reaction (PCR), using
primers from (Yasuda et al., 2005) with the PCR cycle pa-
rameters recommended in the cited work. The resulting PCR
products were purified by reprecipitation in 0.15 M sodium
acetate in 90 % ethanol, followed by washing with 70 %
ethanol. The result was visualized by electrophoresis in 1.5 %
agarose gel in the presence of ethidium bromide. Sequencing
of nucleotide sequences was performed in both directions at
Syntol (Moscow).

Alignment of the obtained sequences was performed using
the ClustalW module in the BioEdit software package (Hall,
1999). Weighted (net distance) intergroup genetic distances
using the Kimura two-parameter model (K2P) (Kimura,
1980) were calculated in the Mega 6 program (Tamura et al.,
2013).

The Bayesian algorithm was implemented in MrBayes v3.2.6
using the Markov chain Monte Carlo (MCMC) algorithm
(Ronquist, Huelsenbeck, 2003). The Bayesian information
criterion (BIC) was used to find optimal models. Nucleotide
substitution models were selected using Mega 6. The analy-
sis generated 5x10° Markov chain trees, with tree selection
performed every 1,000 generations. The first 25 % were
discarded as “burnout”. Phylogenetic trees were visualized
using FigTree.
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To estimate the divergence time, an additional analysis was
performed in BEAST version 1.10.4 (Suchard et al., 2018).
For each species, nucleotide substitution models calculated in
the Mega 6 program are presented: HKY+G+I for A. uralensis
and A. flavicollis, and HKY+G for A. witherbyi. The analysis
was performed using an uncorrelated lognormal relaxed mo-
lecular clock model and a constant-size coalescence model.
The MCMC chain length was 60 million generations, with a
sampling step of one thousand and discarding the first 10 % of
generations (burn-in); the effective sample size (ESS) for all
parameters was greater than 200. Convergence of parameters
was confirmed by ESS values >200, estimated in the Tracer 1.7
program (Rambaut et al., 2018).

The calibration points were taken from the work of Y. Amir
Afzali and R. Lopez-Antonanzas (2024), performed on Ira-
nian rodents, including representatives of the Muridae family.
According to the data of the noted authors, the species Mus
Linnaeus, 1758 and Apodemus Kaup, 1829 diverged from
Rattus Fischer, 1803 approximately 12.28 million years ago
(mya). The time estimate of 12.28 mya for the root node of
divergence between Rattus and Mus + Apodemus was used as
the first calibration point. We also used a second calibration
point of 2.09 mya — the time of divergence of Mus mace-
donicus Petrov & Ruzic, 1983 from M. musculus musculus
and M. musculus domesticus. Additional calibration points
were used for the species 4. uralensis and A. flavicollis. For
A. uralensis, the time of divergence of the European and Asian
races was approximately 1.5 mya (Chelomina, Atopkin, 2010),
and 2.6 mya was the time of separation for 4. flavicollis and
A. f. ponticus (Darvish et al., 2015).

In this study, results were obtained using a mutation rate of
2.4-3.1 % (Suzuki et al., 2015).

The median haplotype network was constructed using
Network 4.6.1 using the Median Joining algorithm (Bandelt
et al., 1999).

Molecular diversity indices — the number of haplotypes,
haplotype (h) and nucleotide diversity (m) values, as well as the
Tajima (1989) and Fu (1996) neutrality tests — were calculated
using Arlequin v.3.5 (Excoffier, Lischer, 2010).

For genetic diversity assessment, the analyzed sequence
length was 960 bp for all three taxa studied.

Information on the original material is provided in in
Table S1 in Supplementary Material!, and the data obtained
from GenBank can be found in Table S2.

Results

This paper presents the results of an analysis of the variability
of the mtDNA ¢yt b gene fragment in representatives of the
subgenus Apodemus from geographical samples from the
steppe zone of the Central Ciscaucasia (Arik village, Dzhu-
lat settlement, Karagach village, khutor Baksansky), which
have not been previously studied. Molecular genetic analysis
yielded 153 nucleotide sequences of the mtDNA cyt b gene
fragment, of which 73 belonged to 4. uralensis, 37 to A. fla-
vicollis, and 43 to A. witherbyi = A. fulvipectus. Within the
alignment, 225 polymorphic sites were detected.

' Supplementary Tables S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Tem_Engl_30_6.pdf

Genetic diversity of wood mice of the genus Apodemus
in the steppes of the Central Ciscaucasia

Genetic characterization of A. uralensis

Nucleotide sequences of a 960-bp mtDNA cytochrome b gene
fragment were obtained for 73 A. uralensis samples. Based
on the analysis of 73 mtDNA cytochrome b gene fragment
sequences from four A. uralensis populations, 75 polymor-
phic sites were identified, 40 of which were parsimony-in-
formative.

To construct the phylogenetic tree, in addition to the A. ura-
lensis sequences obtained in this study, another 98 from the
GenBank database (948 bp) were included in the alignment.
Figure 2 shows the Bayesian tree obtained for 116 A. uralensis
haplotypes. As can be seen from the resulting dendrogram,
two statistically supported clusters can be identified within the
A. uralensis group: A. uralensis 1 and A. uralensis 2, with a
distance of 6.2 % (Fig. 2). The first cluster corresponds to the
so-called European race, the second, to the Asian one, which
is consistent with publications based on the use of karyotypic
and biochemical as well as molecular genetic data (Chelomina
et al., 2007; Chelomina, Atopkin, 2010). Remarkably, out of
the 27 European A. uralensis sequences from the GenBank
database included in the analysis, not a single haplotype was
identical to the mitotypes of A. uralensis from the steppe
Ciscaucasia. Haplotypes of A. uralensis from the Central
Ciscaucasia occupy a somewhat isolated position on the phy-
logenetic tree, but with a low posterior probability.

Haplotypes of mice from Iran and the Russian Plain also
do not form distinct clusters with high posterior probability
values, and the presence of mitotypes from Iran and the Kurgan
region among haplotypes of mice from the Central Ciscauca-
sia likely indicates ongoing gene flow. This is also supported
by the low genetic distances between mice from the Central
Ciscaucasia and Iran (0.12 %), and mice from the Russian
Plain (0.26 %).

To achieve more precise clustering, a median network
(Fig. 3) was constructed based on 99 European A. uralensis
sequences. The median network also demonstrates a lack of
clear differentiation between haplotypes of mice from different
regions, including those from the GenBank database included
in the analysis.

In the Central Ciscaucasian species A. uralensis, 50 hap-
lotypes were described among 73 sequenced sequences, of
which 40 are unique (80 %). The remaining 20 % of haplotypes
were found in 2—7 individuals. A characteristic feature of the
median network of A. uralensis is the large number of alter-
native connections that arise as a result of reverse or parallel
mutations (Fig. 3).

Genetic distances between geographic samples of A. uralen-
sis from the Ciscaucasian steppe also revealed no differences.
The maximum distance (K2D) in a pairwise comparison of
four samples (Karagach, Dzhulat, Baksansky, and Arik) did
not exceed 0.06 %.

Haplotype diversity was quite high in all samples, with
nucleotide diversity ranging from 0.0044 to 0.0089 (Table 1).
The lowest values were observed in the sample from Dzhu-
lat, and the highest, in the one from Baksansky. Almost all
A. uralensis samples studied showed significantly negative
values for the Fu and Tajima tests for evolutionary neu-
trality.
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Fig. 2. Bayesian phylogenetic tree of A. uralensis based on the analysis of haplotypes of the mtDNA cyt b gene fragment (948 bp).

Here and in Figures 4 and 6: numbers at branch nodes are posterior probabilities; numbers in squares are node numbers. Haplotypes from GenBank
are marked with an asterisk (¥).
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Fig. 3. Median haplotype network of A. uralensis based on 73 sequences of the 948-bp cyt b gene fragment obtained in this study and
26 sequences from the GenBank database.

Here and in Figures 5 and 7: the circle size is proportional to the number of identical haplotypes; dashes indicate mutations, mv denotes hypothetical
haplotypes, and asterisk (¥) denotes haplotypes from GenBank.

Table 1. Haplotype (h) and nucleotide (m) diversity indices and Tajima and Fu test values for A. uralensis from the Central Ciscaucasia

Geographic groupings (sample size) N m+S.E. h+S.E. Tajima’s D Fu's F
KBR, Prokhladnensky district

Karagach (n = 34) 30 0.0075+0.0040 0.991+0.010 -1.731 -22.74
KBR, Maysky district
Baksansky (n = 16) 15 0.0089+0.0049 0.992+0.025 -1.146 -6.655

KBR, Tersky district
Dzhulat (n =21) 13 0.0044+0.0025 0.929+0.039 -1.603 -4.334
For A. uralensis (n = 73) in general 50 0.0069+0.0037 0.978+0.008 -2.015 -25.10

Note.HereandinTables 3 and 5: N — number of haplotypes; S.E. - standard error. KBR - Kabardino-Balkarian Republic. Statistically significant test values
are highlighted in bold.

Divergence time of the main A. uralensis clusters the data of G.N. Chelomina and D.M. Atopkin (2010), who
According to our calculations, the separation of the tworaces, showed the divergence of the Asian and European races ap-
A. uralensis 1 and A. uralensis 2,1. e. the European and Asian, proximately 1.5 million years ago. The most recent common
occurred approximately 1.475 million years ago (95 % HPD:  ancestor of the European race of 4. uralensis (A. uralensis 1)
0.930-2.076) (Table 2, node 3). Our date does not contradict existed approximately more than 600 thousand years ago (95 %
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Table 2. Time of existence (in million years) of the last common ancestor (TMRCA) in the main clades of A. uralensis

based on the results of the analysis of differences in cyt b sequences

Node number on the tree. Genus, species 24 %
Mean (Mya)
1. ingroup Mus + Apodemus + Rattus 9.624
2. Mus m. musculus + M. m. domesticus /M. macedonicus  1.726
3. A.uralensis 1 european race /A. uralensis 2 azianrace  1.475
4, A. uralensis 1 european race 0.629
5. A. uralensis 2 azian race 0.252
6. A. uralensis 2.1 azian race 0.126
7.A. uralensis 1.1 european race 0.372
8.A. uralensis 1.2 european race 0.256

HPD: 0.346-0.951) (Table 2, node 4), and that of the Asian race
(A. uralensis 2), approximately 252 thousand years ago (95 %
HPD: 0.121-0.424) (Table 2, node 5). The age of the cluster
(A. uralensis 1.1), which included almost all haplotypes from
the Russian Plain and the Central Ciscaucasia (from FN430769
to 3463), averaged approximately 400 thousand years (95 %
HPD: 0.212-0.566) (Table 2, node 7). The age of the hap-
logroup A. uralensis 1.2, represented only by haplotypes
A. uralensis of the Central Ciscaucasia, was approximately
260 thousand years (Table 2, node 8).

Genetic characteristics of A. flavicollis

The phylogenetic tree obtained from the Bayesian analysis
clearly demonstrates the division of 4. flavicollis haplotypes
into two clusters with high posterior probabilities (Fig. 4).
The first cluster, A. flavicollis 1, is formed by haplotypes of
mice from Iran, Turkey, Israel, and the Central Ciscaucasia.
The second, largest cluster, A. flavicollis 2, includes several
haplogroups: A. flavicollis 2.1, 2.2, and 2.3. Haplogroup 4. fla-
vicollis 2.1 includes animals from France, Bosnia and Her-
zegovina, and Belarus, Italy, Greece, Spain, Sweden, Turkey,
the Czech Republic, Iberian Peninsula, Germany, Macedonia,
Austria, Switzerland, Hungary, Russia (Samara). Haplogroup
A. flavicollis 2.2 is represented primarily by haplotypes of
mice from Russia (Urals), Ukraine (Chernobyl), Macedonia,
Romania, Lithuania, Belarus, Estonia, and France. Haplogroup
A. flavicollis 2.3 includes animals from Russia (Voronezh,
Urals, Volgograd), Yugoslavia, and Romania. The distance
between clusters 4. flavicollis 1 and A. flavicollis 2 is 5.3 %.
It should be noted that the taxonomic status of 4. flavicollis 1,
the distribution of which covers Georgia, Dagestan, Krasno-
dar Krai, Azerbaijan, Armenia, and territories bordering the
Caucasus (Turkey and Iran), remains disputed.

The median network (Fig. 5), constructed using additional
data on 13 nucleotide sequences of the homologous region of
mtDNA of A. flavicollis from Iran, Turkey, and Israel, shows
that the haplotypes of mice from the Central Ciscaucasia are
represented by one dominant haplotype and a fan of haplo-

3.1 %
95 % HPD Interval Mean (Mya) 95 % HPD Interval
6.374-13.14 9.329 6.191-12.81
1.087-2.439 1.692 1.059-2.381
0.930-2.076 1.426 0.898-2.016
0.346-0.951 0.598 0.332-0.901
0.121-0.424 0.236 0.108-0.401
0.051-0.212 0.117 0.048-0.197
0.212-0.566 0.346 0.193-0.528
0.122-0.403 0.239 0.115-0.377

types with minor frequencies of occurrence, differing from
each other by 1-4 nucleotide substitutions, which indicates
the absence of subdivision of the samples.

The 50 analyzed mtDNA cyt b gene fragment sequences
formed 21 haplotypes. The fragment under study was found
to contain 41 variable sites. The dominant haplotype was
observed in 29 individuals and was widely represented in all
studied localities: Arik, Dzhulat, Karagach, and Baksansky.
Of the 37 haplotypes in the identified area, only six were
unique, accounting for only 16 %. Overall, the network had a
fairly extensive structure with a significant number of median
vectors representing hypothetical, likely ancestral haplotypes.
No completely identical haplotypes were identified when
compared with sequences from Iran and Turkey (Genbank).
The genetic distances in pairwise comparison of A. flavicollis
samples were zero, indicating that they belong to the same
population; however, when compared with the grouping from
Iran and Turkey, they were 0.16 and 0.14 %, respectively.

The phylogenetic structure we discovered, characterized
by a small number of haplotypes and their close proximity,
likely indicates that the study area was populated by a small
number of founder individuals originating from a single an-
cestral population.

Table 3 shows that virtually all samples were characterized
by low nucleotide and haplotype diversity.

The observed values in the overall A. flavicollis sample were
also low. The sample from the village of Arik was character-
ized by zero values, as it was monomorphic, likely due to its
small size. Nearly all samples showed significantly negative
values for the Tajima and Fu tests. In the overall sample, both
neutrality tests were also significantly negative.

Divergence time of the main clusters of A. flavicollis

As can be seen from Table 4, the split between A. flavicollis 1
and A. flavicollis 2 occurred approximately two million years
ago (Table 4). The age of the most recent common ances-
tor of the A. flavicollis 1 cluster, which includes haplotypes
from Iran, Turkey, Israel, and the Central Ciscaucasia, is ap-
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Fig. 4. Bayesian phylogenetic tree of A. flavicollis based on the analysis of haplotypes of the mtDNA cyt b gene fragment
(870 bp).
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Table 3. Haplotype (h) and nucleotide (m) diversity indices and Tajima and Fu test values for A. flavicollis from the Central Ciscaucasia

Geographic groupings (sample size) N m+S.E. h+S.E. Tajima’s D Fu's F
KBR, Prokhladnensky district

Karagach (n=12) 3 0.0009+0.0008 0.318+0.164 -1.831 0.325
KBR, Maysky district

Baksansky (n=11) 4 0.0008+0.0007 0.636+0.128 -1.451 -1.256

KBR, Tersky district

Dzhulat (n =9) 4 0.0014£0.0011 0.583+0.183 -1.728 -0.450

Arik (n =5) 1 0 0

For A. flavicollis (n = 37) in general 9 0.0008+0.0007 0.431+0.102 -2.452 -5.951

Table 4. Time of existence (in million years) of the last common ancestor (TMRCA) of the main clades of A. flavicollis
based on the analysis of differences in cyt b

Node number on the tree. Genus, species 24 % 31%
Mean (Mya) 95 % HPD Interval Mean (Mya) 95 % HPD Interval

1. ingroup Mus + Apodemus + Rattus 9.744 6.518-13.47 9.509 6.334-13.14
2. Mus m. musculus + M. m. domesticus / M. macedonicus 1.754 1.088-2.480 1.727 1.076-2.420
3. A. flavicollis 1/ A. flavicollis 2 2.007 1.218-2.926 1.951 1.159-2.814
4., A. flavicollis 1 0.303 0.123-0.525 0.281 0.119-0.492
5. A. flavicollis 2 0.638 0.304-1.060 0.599 0.288-1.011
6. A. flavicollis 2.1 0.322 0.186-0.478 0.300 0.176-0.446
7. A. flavicollis 2.2 0.254 0.109-0.427 0.236 0.104-0.402
8. A. flavicollis 2.3 0.169 0.050-0.332 0.157 0.045-0.309
9. A. flavicollis 1.1 0.100 0.019-0.268 0.085 0.017-0.195
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proximately 300 thousand years (95 % HPD: 0.123-0.525)
(Table 4, node 4).

The age of the most recent common ancestor of the 4. flavi-
collis 1.1 cluster, represented only by haplotypes of mice from
the Central Ciscaucasia, averaged approximately 100 thousand
years (95 % HPD: 0.019-0.268) (Table 4, node 9). Within
the larger A. flavicollis 2 cluster, which includes haplotypes
from all regions of the Western Palearctic, including western
(France), northern (Sweden), and eastern Europe to Ukraine,
as well as three Mediterranean peninsulas (Spain, Italy, and
the Balkans), several groups with different evolutionary ages
were distinguished. The age of the 4. flavicollis 2 cluster was
approximately 640—600 thousand years (Table 4, node 5),
and that of haplogroups 4. flavicollis 2.1, A. flavicollis 2.2,
and 4. flavicollis 2.3 ranged from 330 to 160 thousand years
(Table 4, nodes 6-8).

Genetic characteristics of A. witherbyi

As Figure 6 shows, all of the analysed A. witherbyi haplotypes
formed a single large cluster, 4. witherbyi I, which included
haplotypes from Iran, Israel, Turkey, and the Central Ciscauca-
sia. Within this cluster, two haplogroups emerged, represented
only by animals from the Central Ciscaucasus: 4. witherbyi 1.1
with a low posterior probability value of >0.6 and 4. wither-
byi 1.2 with a high posterior probability value of 0.9.

The median network of A. witherbyi is characterized by a
rather complex structure with a large number of hypothetical
haplotypes through which the transition from one haplotype
to another could occur. A total of 36 haplotypes have been
described, of which two are dominant (Fig. 7). The majority

AB303228 F
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KR003100 Iran, Merivan*
KR003089 Iran Yazd*
KR003097 Iran, Merivan*
EKR003087 Iran Shirkuh*
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AJ3 1 1 156 Turkgy, Ha ari’
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A 3734 Kabardino-Balkarian Repubhc Dzhulat

AJ311157 Turkéy, Do: ubazazn*
ino-Balkarian Republic, Arik

Genetic diversity of wood mice of the genus Apodemus
in the steppes of the Central Ciscaucasia

of haplotypes (32 of 36) are unique. The most common hap-
lotype was observed in 21 individuals (48.8 %) from Dzhulat
and Karagach, and the second most frequent haplotype was
observed in five individuals from the same localities. As can
be seen, the distribution of haplotypes in this species, as in
others, is not associated with geographic localization.

As with the previous species, the genetic distances between
the studied samples were very low and did not exceed 0.0009.
The total sample from the Ciscaucasia differed from the sample
from Iran with a distance of 0.0017, from Turkey — 0.0028,
from Israel — 0.0035.

Among individual groups, the highest values of both hap-
lotype and nucleotide diversity were observed in 4. witherbyi
from the vicinity of the village of Karagach (Table 5). The
remaining two samples, from the villages of Dzhulat and Arik,
were characterized by similar values of haplotype diversity,
with higher nucleotide diversity in the latter sample. Overall,
low values of both indices were observed for the species:
h=0.759, 7 =0.0037.

Divergence time of the main clades of A. witherbyi

The age of the A. witherbyi I cluster, represented by haplo-
types from the territory of Israel, Iran, Turkey, and the Central
Ciscaucasia, was on average about 350-330 thousand years
(95 % HPD: 0.200-0.530 and HPD: 0.184-0.503, respectively)
(Table 6, node 3). In the territory of the Central Ciscaucasia,
two haplogroups were distinguished: with a low posterior
probability value — 4. witherbyi 1.1 and with a high one —
A. witherbyi 1.2. The most recent common ancestor of hap-
logroup A. witherbyi 1.1 existed between 166 and 154 thou-

. QRS573535 Rattus norvegicus Iran, Tegeran *
ORS573542 ami;mttus ran, Bandar Abbas*

A.witherbyi 1

930

3943 Kabardmo-Ba arjan Repubhc Arik
9 Kabardmo-Balkarian Republic, Arik
449 Kabardmo-Ba arian Republic, Karagach

—_—
0.020

Fig. 6. Bayesian phylogenetic tree of A. witherbyi based on the analysis of haplotypes of the mtDNA cyt b gene fragment

(870 bp).
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Fig. 7. Median haplotype network of A. witherbyi based on 43 cyt b gene fragment sequences obtained in this study and 19 sequences

from the GenBank database.

Table 5. Haplotype (h) and nucleotide () diversity indices and Tajima and Fu test values for A. witherbyi from the Central Ciscaucasia

Geographic groupings (sample size) N

Karagach (n = 4) 4

Dzhulat (n=9)

Arik (n =30) 12

For A. witherbyi (n = 43) in general 18

m+S.E

KBR, Prokhladnensky district
0.0052 +0.0038

KBR, Tersky district
0.0016 +0.0012
0.0041 +0.0023
0.0037 +0.0021

h+S.E. Tajima’'s D Fu's F
1.000 £ 0.177 0.1843 -0.5235
0.722 £0.159 -1.398 -1.504
0.715+0.089 -1.270 -1.220
0.759 +0.069 -1.720 -5.616

Table 6. Time of existence (million years) of the last common ancestor (TMRCA) of the main clades of A. witherbyi

based on the analysis of differences in cyt b

Node number on the tree. Genus, species

1.ingroup Mus + Apodemus + Rattus

2. Mus m. musculus + M. m. domesticus / M. macedonicus
3. A. witherbyi 1

4. A. witherbyi 1.1

5.A. witherbyi 1.2

24% 3.1%

Mean (Mya) 95 % HPD Interval ~ Mean (Mya) 95 % HPD Interval
9.150 6.397-12.118 8.684 5.995-11.54
1.706 1.149-2.295 1.641 1.102-2.233
0.354 0.200-0.530 0.330 0.184-0.503
0.166 0.071-0.292 0.154 0.064-0.268
0.125 0.031-0.245 0.115 0.027-0.029

sand years ago (95 % HPD: 0.071-0.292) (Table 6, node 4),
and that of haplogroup 4. witherbyi 1.2, approximately 125—
115 thousand years ago (95 % HPD: 0.031-0.245) (Table 6,

node 5).

Biotopic distribution and abundance of representatives

of the genus Apodemus in the Central Ciscaucasia

In the Central Ciscaucasia, in the studied steppe regions (May-
sky, Tersky, and Prokhladnensky districts), representatives of
the genus Apodemus (A. uralensis, A. witherbyi and A. flavicol-

lis) are observed to coexist almost everywhere, sympatrically
and in places symbiotically, with the exception of the Maysky
district, where A. witherbyi has not been recorded. All three
Apodemus species were observed in all the studied biotopes:
forest, shelterbelt, banks of an irrigation canal, open habitats,
meadow areas (virgin lands), and wastelands between agro-
cenoses. However, in relation to the study area, along with
the symbiotopic habitation of the species, the division of their
habitats and the greatest or least gravitation of species to certain

biotopes are noted.
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The abundance of species varies depending on the type of
habitat, year and season. So, the values for 4. uralensis range
from common to numerous (1-18.1 ind./100 trap-days). It is
found in forest shelterbelts with pedunculate oak and on the
banks of irrigation canals with a cereal-legume phytocenosis,
in the vicinity of khutor Baksansky, Maysky district, where the
abundance in some years reaches 8.3 and 10.6 ind./100 trap-
days, respectively. In general, the relative abundance of 4. ura-
lensis in the studied biotopes was on average (ind./100 trap-
days): in the forest — 4.9-9.6; in the shelterbelt — 8.3; on the
bank of an irrigation canal — 1.4-6.6; in the meadow — 4.2.

A. flavicollis was recorded in all biotopes of the studied
area; in the forests and shelterbelts near khutor Baksansky
and Karagach village, the relative abundance of the species
reached its maximum values (14 and 14.8 ind./100 trap-days,
respectively). The species was common on the banks of irri-
gation canals with a cereal-legume phytocenosis near khutor
Baksansky and Arik village. The average relative abundance
values of 4. flavicollis were (ind./100 trap-days): in the forest —
2.6-7.6; in the shelterbelt — 8.8; on the bank of an irrigation
canal — 1.9-4.9; in the meadow — 1.7.

The third species of the genus Apodemus, A. witherbyi,
is present in all studied biotopes of the surveyed areas, with
the exception of Maysky district. A. witherbyi is most often
found in meadows and virgin lands unsuitable for plowing,
with wormwood-grass-forb phytocenoses, where the relative
abundance ranges from 1.7 to 4.2 ind./100 trap-days. However,
in the forest shelterbelt around Arik, its abundance reaches its
highest levels.

Discussion

Genetic structure of representatives
of the genus Apodemus
Based on an analysis of the mitochondrial DNA cyt b gene frag-
ment variability, the species composition and genetic diversity
of sibling species of wood mice of the genus Apodemus in the
steppe zone of the Central Ciscaucasia were studied for the
first time. Molecular genetic methods revealed the presence of
three species of the genus in the designated area: A. uralensis,
A. flavicollis and A. witherbyi, with genetic distances rang-
ing from 10 to 13 %. The maximum level of differences was
observed when comparing 4. witherbyi with two other taxa:
A. uralensis and A. flavicollis. Intraspecific genetic distances
among the studied taxa were minimal, not exceeding 0.06 %.
Among the three species, 4. uralensis exhibits the great-
est genetic diversity (Table 1). A. witherbyi occupies an
intermediate position (Table 5), while 4. flavicollis exhibits
the lowest level of molecular genetic variability among the
studied species (Table 3). Inclusion of sequences of suitable
length from the GenBank database in the analysis revealed
no completely identical haplotypes in all three taxa studied.
For comparison, we note that in previously studied A4. fla-
vicollis samples from the Western and Eastern Caucasus,
haplotype diversity ranged from 0.867 to 0.978, and nucleo-
tide diversity, from 0.0044 to 0.0051, while in the combined
sample, these values were 0.918 and 0.0050, respectively
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(Amshokova et al., 2024). The haplotype and nucleotide di-
versity values in the combined sample of 4. flavicollis from
the Central Ciscaucasia are lower than those obtained previ-
ously. Negative and significant values of the Tajima and Fu
tests observed in the combined sample provide evidence of
population expansion of 4. flavicollis. The dominant haplotype
of A. flavicollis is found in 78.3 % of individuals across all
geographic samples. This median network structure, as well
as genetic diversity indicators, likely indicate a recent colo-
nization of the studied area by a limited number of founder
individuals carrying the dominant haplotype. The absence of
genetic differences between the four samples also serves as
evidence of a common origin.

A. uralensis, unlike A. flavicollis, is characterized by a more
complex haplotype network structure and the highest values of
the haplotype and nucleotide diversity indices (Fig. 3). In this
case, we observe the presence of a large number of alternative
links of varying lengths, which are the result of back or parallel
mutations, leading to the formation of multiple closed loops.
In A. uralensis, as in other species, the haplotype distribution
does not demonstrate a clear, reliable relationship with the
geographic location of the samples. This network structure,
along with high values of haplotype and nucleotide diversity,
indicates long-term population evolution under stable condi-
tions, likely indicating significant gene flow with neighboring
areas.

A comparison of the level of genetic variability of A. uralen-
sis with known literature data suggests a relatively high level of
genetic diversity characteristic of the species as a whole. Simi-
lar results were obtained by other authors when analyzing the
cyt b gene region of A. uralensis in the Kabardino-Balkarian
Republic—h=1.000, t =0.0131; Krasnodar Krai —h =0.900,
7=0.0079 (Chelomina, Atopkin, 2010); and the Lower Don —
h=0.933, 7 =0.0056 (Stakheev, 2024).

The combined sample of 4. witherbyi occupies an inter-
mediate position in terms of genetic variability among the
studied representatives of the genus Apodemus. Compared
with data reported in the literature, the species in the study
area is characterized by lower values of genetic diversity. So,
according to data from N. Shad et al. (2016), in the combined
sample of 4. witherbyi from Iran, the haplotype diversity was
0.914, and the nucleotide diversity was 0.0043. The relatively
low genetic diversity of A. witherbyi from the Central Ciscau-
casia is likely due to its late introduction to the study area.

Divergence time of the main clades of representatives

of the genus Apodemus

Speciation within the subgenus Syl/vaemus occurred between
1.2 and 5.7 million years ago, i. e. in the Pliocene-Pleistocene,
and its divergence from the genus Apodemus occurred more
than 7.5 million years ago, i. e. in the Miocene (Chelomina,
Suzuki, 2006).

According to the results of our molecular dating, the separa-
tion of the two races of 4. uralensis — European and Asian —
occurred approximately 1.5 million years ago (95 % HPD:
0.929-2.076) (Fig. 2, Table 2), which is consistent with the
data of G.N. Chelomina and D.M. Atopkin (2010).
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The divergence time between A. flavicollis 1 (Fig. 4),
which is distinguished by some authors as an independent
species (4. ponticus (Bogdanov et al., 2012)), and by others
as a subspecies (4. flavicollis ponticus (Gromov, Erbaeva,
1995)), and A. flavicollis 2 (Fig. 4) is about two million years.
Our data are close to the results of foreign authors (Michaux
et al., 2004), who showed the separation of clade 1 (Turkey,
Iran, Israel) and clade 2, which includes all populations of the
Western Palearctic, from the Iberian Peninsula in the west to
the south of Russia (Samara) in the east and Estonia in the
north, 2.2-2.4 million years ago. According to J.R. Michaux
et al. (2004), this tree structure can be explained by the isola-
tion of two A. flavicollis groups in two different refugia: one
in the Middle East and the other in the Balkan region during
one of the first Quaternary climatic fluctuations. The authors
believe that the entire Western Palearctic was recolonized not
from the Middle Eastern, but from the Balkan population, a
finding they tentatively attributed to the presence of strong
biogeographic barriers, such as the Black Sea and the Cauca-
sus, which prevented contact between Palearctic and Middle
Eastern animals.

According to literature data, the divergence between 4. wi-
therbyi and other closely related species occurred 6 million
years ago (Darvish et al., 2015).

Before discussing the data obtained on the evolutionary age
of Apodemus mice in the Central Ciscaucasia, it is necessary
to highlight some key points in the evolution of the Caucasus
itself, which forms the isthmus between Europe and Asia.
According to the literature, approximately 1.8-0.7 million
years ago, during the Eopleistocene (Middle Pleistocene), the
Caucasus was a peninsula. During this period, it was washed
by the Absheron Sea, which existed in the territories of today’s
Black Sea, Azov, Caspian, Aral, lower Volga regions, Turk-
menistan, and Kazakhstan. During this period, fauna, including
mammals, was closely connected with that of Asia Minor via
Transcaucasia. The formation of the isthmus resulted from the
repeated merging of the Pontus and Caspian basins during the
Pleistocene. So, A.A. Svitoch and V.M. Sobolev (2011), while
studying the Pleistocene Manych Straits, which is the natural
boundary between the Russian Plain and the North Caucasus,
identified the following periods of merging of the Pontus and
Caspian Seas during the Pleistocene.

1. In the second half of the Early (Lower) Pleistocene (Gela-
zian: 2.58—1.80 million years ago, according to the Russian
stratigraphic scale approved in March 2024), the Baku (Late
Chaudinian) Strait existed, through which the waters of the
Baku transgression of the Caspian Sea discharged into the
Late Chaudinian basin of Pontus.

2. In the middle of the Middle Pleistocene (Eopleistocene,
1.80-0.781 million years ago), a second junction of the
Caspian and Black Sea basins was noted, resulting in the
formation of the Early Khazar Strait, which was caused by
the high level of the Early Khazarian transgression of the
Caspian Sea and the overflow of its waters into Pontus.

3. At the beginning of the Late (Upper) Pleistocene (Neopleis-
tocene, 0.781-0.129 million years ago), the Late Khazar
(Karangat) Strait emerged in the Manych Depression,
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caused by the major Karangat transgression of the Pontus

and the relatively small Late Khazar transgression of the

Caspian.

4. In the middle of the Late Pleistocene, after the regression
of the Karangat and Late Khazar basins, a vast freshwater
reservoir existed in the Manych Depression. It occupied
the entire lowland portion of the depression, filling the
troughs of the ancient straits. Compared to the preceding
Late Khazar (Karangat) Strait, the lake had a larger area and
depth.

Summarizing the presented data on the paleogeography of
Pontus, the Caspian Sea and Manych, it can be assumed that
the penetration of mammal fauna from the Russian Plain to the
North Caucasus periodically occurred in the Neopleistocene
starting from 780 thousand years ago.

No less interesting and important, in addition to the history
of the formation of the modern territory of the Caucasus, are
the paleontological data of A.K. Markova (2016). The author
studied the fauna of small mammals in Europe, including
Eastern Europe, in the first half of the Middle Pleistocene in the
range of 0.76—0.42 million years ago, and then in the second
half in the range of 0.424—0.13 million years ago (Markova,
2017). It should be clarified here that, according to the Russian
stratigraphic scale, these intervals correspond to the Late Pleis-
tocene (Neopleistocene). According to the author, in the first
half of the Middle Pleistocene, remains of mice of the genus
Apodemus from 26 sections in European Russia and Belarus
were found in only two sections: Apodemus cf. flavicollis in
Belarus (Korchevo locality), and remains of Apodemus ex
gr. sylvaticus in Tambov Oblast (Kuznetsovka locality). Of the
35 sections studied in the European part of Russia during the
second half of the Middle Pleistocene (~0.424-0.13 million
years ago, according to the author), remains of Apodemus ex
er. sylvaticus were found in only one section (the Chekalin
locality, Tula Oblast). It is worth clarifying here that, according
to modern taxonomy, 4. uralensis inhabits the European part
of Russia (Gromov, Erbaeva, 1995) and the North Caucasus
(Tembotova, 2015). Based on the data of A.K. Markova (2016,
2017), it can be concluded that mice of the genus Apodemus
were not widespread or numerous in the European part of
Russia during the Middle Pleistocene (in sections, both spe-
cies were represented by an insignificant number of remains).
This is also consistent with the data of N.K. Vereshchagin
(1959). The author claimed that paleontological data from
Pleistocene deposits in the Caucasus are absent. For example,
Apodemus agrarius Pallas (1771) is known in the Caucasus
only from Upper Quaternary deposits of the lower Don. The
author does not provide any information on other species of
the genus, nor does she provide data on representatives of two
other closely related genera: Rattus and Mus of the family
Muridae Illiger (1811).

Thus, the paleontological data of A.K. Markova (2016,
2017) on small mammals of the European part of Russia al-
low us to assume that only in the middle of the Late Pleisto-
cene (Neopleistocene), less than 400 thousand years ago,
corresponding to the optimum of the Likhvin interglacial
(350-300 thousand years ago), did the possibility arise for
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the penetration of European fauna into the Ciscaucasia from
the Russian Plain.

Turning to the evolutionary age of the three mouse species
(A. uralensis, A. witherbyi and A. flavicollis) from the study
area, the following can be noted in the context of the above.
As reflected in the results, the 4. uralensis haplotypes from
the Central Ciscaucasia do not form a distinct cluster with
a high level of support; however, some structure is evident.
Therefore, the age was calculated for a cluster combining
haplotypes from the Central Ciscaucasia and the Russian
Plain, which also included three haplotypes from Iran. The
formation time of this mitochondrial clade of A. uralensis is
approximately 370-350 thousand years ago (Fig. 2, node 7),
corresponding to the so-called Middle Neopleistocene. The
cluster represented solely by 4. uralensis haplotypes from the
Central Ciscaucasia (Fig. 2, node 8) is younger, dating to ap-
proximately 256 thousand years ago, corresponding to the Late
Neopleistocene. Considering the fact that an insurmountable
water barrier regularly appeared between the Russian Plain
and the North Caucasus in the Manych region, the little wood
mouse penetrated the North Caucasus in at least two stages.

The age of the most recent common ancestor (MRCA) of
haplogroup A. witherbyi 1.1 in the Central Ciscaucasia falls
between 166 and 154 thousand years, while that of haplogroup
A. witherbyi 1.2 falls between 125 and 115 thousand years.
The absence of cyt b gene sequences in the GenBank database
from other areas of A. witherbyi distribution precludes any
speculation about the possible routes of this species’ introduc-
tion into the Central Ciscaucasia. Based on the data obtained,
the species most likely also entered the North Caucasus in two
stages: the late Neopleistocene and early Holocene.

According to data obtained for the Caucasian wood mouse,
the age of the most recent common ancestor of haplogroup
A. flavicollis 1, represented only by haplotypes of mice from
the Central Ciscaucasia, is approximately 100—85 thousand
years. These data indicate that A. flavicollis is the youngest
invader to the Central Ciscaucasia, with an evolutionary age
corresponding to the Middle Holocene. mDNA variability
indicates a close relationship with representatives from Asia
Minor, suggesting that the mouse entered the Caucasus via
the Black Sea coast from Turkey, which is consistent with
paleontological data from A.S. Tesakov (2021) on the Black
Sea coast.

Distribution and habitat distribution

of representatives of the genus Apodemus

According to I.V. Zagorodniuk et al. (1997), the range of
A. witherbyi extends north from the Main Caucasus Range,
to the Don and the Kuma-Manych Depression, and is known
throughout the area from the Black Sea (Don, Kuban) to the
Caspian Sea (Kuma, Terek). Regarding the yellow-necked
mouse, which inhabits the Caucasus, there are two points of
view: some authors distinguish it as an independent species,
others as a subspecies. Sylvaemus flavicollis ponticus is en-
demic to the Caucasus Mountains and is common in the broad-
leaved forests of the Ciscaucasia, Caucasus, and Transcaucasia
(Pavlinov, Lisovsky, 2012). As for A. uralensis, electrophoreti-

Genetic diversity of wood mice of the genus Apodemus
in the steppes of the Central Ciscaucasia

cally typed specimens have been described almost everywhere
in the Caucasus and Transcaucasia (Vorontsov, 1992), as well
as in the European part of Russia (Chelomina, Atopkin, 2010;
Stakheev et al., 2011).

There are differing opinions regarding the biotopic pre-
ferences of the studied species. According to E.I. Lashkova
and L.I. Dzeverin (2004), A. uralensis is the most polymorphic
species, the biotopic and geographic distribution of which is
difficult to characterize. Biotopic preferences vary slightly
depending on the region. It is believed that in some parts of
its range, A. uralensis clearly avoids forests, preferring open
habitats such as dry shrublands and even virgin steppe areas.
In others, on the contrary, it prefers forests and moist areas
with dense vegetation, avoiding dry, open spaces. One of the
factors determining the species’ habitat distribution in the
Caucasus is humidity. The species avoids dry habitats, giving
way to S. arianus (steppe mouse) = 4. witherbyi. It is found in
lowland and mountain forests, meadows, reed beds along water
bodies, and in gardens and vegetable plots (https://biodiversity.
ru). It is abundant in the dark coniferous mountain forests of
the Caucasus on rocky scree, where it lives in symbiosis with
Chionomys gud. Previous studies conducted in the North
Caucasus also showed that of the three wood mouse species
inhabiting the study area — A. uralensis, A. witherbyi, and
A. flavicollis — the former is the most widespread, occurring
in all studied biotopes, with the exception of the xerophytic
landscapes of the protected areas of the Eastern Caucasus
and Rostov Oblast, where the species has not been recorded
(Gudova et al., 2021; Amshokova et al., 2024). The range of
A. uralensis extends in altitudinal, longitudinal, and latitudinal
directions.

A. uralensis is widespread in the steppe regions of the
Central Ciscaucasia, inhabiting all studied biotopes. The
species accounts for a significant proportion of catches: of
153 genetically dated specimens, 72 (47 %) belonged to this
taxon. It prefers forested areas; more than half (approximately
65 %) were captured in the oak-poplar forest near the village of
Karagach, where the highest numbers are recorded. The spe-
cies is also abundant in the maple-elm forest near the village
of Dzhulat. At the same time, A. uralensis avoids xerophytic
areas; in all the years of research in the Central Ciscaucasia,
it was recorded once in a steppe grass-forb biotope (meadow)
adjacent to an agrocenosis, in the vicinity of the village of
Karagach.

Sympatric and almost universal symbiotopic habitation is
noted with A. uralensis and A. flavicollis. Although A. flavi-
collis is present in all regions of the Central Ciscaucasia, its
most preferred biotopes are lowland forests and shelterbelts,
consisting of mixed stands of common oak and poplar, where
a significant portion of the animals (25 %) were collected in
the vicinity of khutor Baksansky and Karagach village. Like
A. uralensis, the Caucasian wood mouse avoids meadows and
virgin steppe areas adjacent to agrocenoses; a single individual
was recorded near the village of Dzhulat, in an open station —
avirgin area between agrocenoses. In general, 4. flavicollis is
a mesophilic species, the optimum range of which is confined
to beech forests (Amshokova et al., 2024).
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According to a number of authors, the most typical biotope
for A. flavicollis is a broad-leaved forest, where the seeds of
beech, hornbeam, oak, and some shrubs make up the bulk of
its diet; it also reaches high numbers in mountain beech forests
and inhabits mixed forests in the presence of broad-leaved
species (Popov, 1960; Mammalian..., 1963; Tatarinov, 1973;
Pavlinov, 2002). In the Caucasus, 4. flavicollis is also found
in broad-leaved forests; in the Alazani Valley, it has also been
recorded in dry small-leaved forests (Vorontsov et al., 1992);
in Krasnodar Krai and the Republic of Adygea, the Caucasian
wood mouse gravitates toward low-mountain, highly produc-
tive, nut-bearing broad-leaved forests (beech, hornbeam, oak,
chestnut) (Okulova et al., 2007).

A genetic study of mice in the North Caucasus also revealed
that A. flavicollis is confined to forested (broadleaf) landscapes
of the Western and Eastern Caucasus. The species has not
been found in the foothills and mid-mountains of the Central
Caucasus (Amshokova et al., 2024).

Although A. witherbyi is present in all the studied biotopes
of the Tersky District (vicinity of Arik village and Dzhulat
settlement) — where it reaches high population densities in
shelterbelts — in the Prokhladnensky District (vicinity of Ka-
ragach village), it is recorded exclusively in open habitats,
such as meadows, and has not been observed in forests. The
species accounts for 28 % of the total catch. It is frequently
associated with dry habitats.

In the Ciscaucasia, 4. witherbyi inhabits open and forest-
edge biotopes, fields, and in the North Caucasus and Transcau-
casia, steppe habitats, including steppe areas, along the edges
of broad-leaved forests, and shrub thickets (Zagorodniuk et
al., 1997; Stakheev, 2024). Based on our previously obtained
data, we also concluded that A. witherbyi is a stenobiont in-
habiting xerophytic landscapes (steppe, semi-desert) of the
Eastern Caucasus and on the southern border of the Russian
Plain (Rostov Nature Reserve) (Gudova, 2021; Amshokova et
al., 2024). We recorded the species in the Tlyaratinsky Nature
Reserve at an altitude of 1,800 m above sea level, where it
lived sympatrically and symbiotopically with A. uralensis, in-
habiting a variety of biotopes: rocky slopes with a forb-clover
community and oak areas with sparse herbaceous vegetation,
cereal-forb biotopes, forest edges and birch forest clearings
(Amshokova et al., 2024; Gudova et al., 2026).

Conclusion

The species composition and genetic diversity of representa-
tives of the genus Apodemus in the steppe zone of the Central
Ciscaucasia were studied. Three cryptic species were identi-
fied in the designated area: A. uralensis, A. witherbyi and
A. flavicollis, with distances ranging from 10 to 13 %. For
the study area, the species 4. flavicollis and A. witherbyi were
described for the first time based on genetically dated material.
A. flavicollis and A. uralensis were recorded in all four studied
locations: the vicinity of the Arik and Karagach villages, the
village of Dzhulat, and khutor Baksansky. 4. witherbyi was
found in three out of the four geographical locations (the
vicinity of the Arik and Karagach villages, and the village of
Dzhulat).
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Considering the general features of distribution, landscape-
biotopic distribution and abundance of representatives of the
genus Apodemus, it can be concluded that in the conditions of
the steppe zone of the Central Ciscaucasia, A. uralensis, having
a wide distribution, is most attracted to forest areas, reaching
maximum abundance here, less often — to forest shelterbelts;
the species is also numerous in the coastal phytocenoses of
irrigation canals, avoiding the most xerophytic meadow sta-
tions — virgin wastelands adjacent to agrocenosis. A. flavicollis
shares a symbiotic relationship with A. uralensis. It is also
most often found in forests and shelterbelts. In addition, it is
recorded in moist areas, such as along canal banks, but is absent
from open steppe areas, slopes, and wastelands. The habitats
of A. uralensis and A. flavicollis are most similar. A. witherbyi
exhibits a narrower range than the other two species, preferring
open habitats, meadow areas, the banks of irrigation canals, and
virgin lands and wastelands, where it is common. However,
its highest populations are found in shelterbelts.

A. uralensis is most often dominant in forests, whereas
A. flavicollis is a codominant species relative to the year and
season studied. Sometimes, a shift in dominance is observed,
with the second species predominating. A. witherbyi is most
often the absolute dominant species, and less frequently
codominant with A. uralensis in meadows and virgin, un-
cultivated areas. In isolated cases, it is monodominant or
codominant with A. flavicollis in shelterbelts and along the
banks of irrigation canals.

A. uralensis was the first to penetrate into the Central Ciscau-
casia from the Russian Plain in geological time, likely in two
stages. The first occurred approximately 370-350 thousand
years ago, and the second, approximately 256 thousand years
ago, which, according to the latest version of the Russian strati-
graphic scale (2024), corresponds to the mid-Pleistocene. This
period coincides with the optimum of the Likhvin interglacial.
The obtained data on the genetic diversity of A. uralensis
suggest that gene exchange with individuals from European
Russia is actively ongoing.

A. witherbyi likely also entered the Central Ciscaucasia
in two stages: 1) the late Neopleistocene, approximately
166—154 thousand years ago; 2) the early Holocene, approxi-
mately 125-115 thousand years ago. It would be premature
to determine the species’ origin in the Caucasus due to a lack
of material from other regions.

A. flavicollis is the youngest invader in the Central Ciscauca-
sia. Its evolutionary age is approximately 100 thousand years;
the species is a representative of the Holocene fauna in the
region. Variability in mDNA indicates a close relationship with
species from Asia Minor, suggesting that the mouse entered
the Caucasus via the Black Sea coast from Asia Minor.
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DNA methylation analysis of aortic wall tissue
in ascending aortic dilatation/aneurysm and dissection
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Abstract. Ascending aortic dilatation/aneurysm and dissection are life-threatening cardiovascular conditions. However, the
epigenetic regulatory mechanisms within aortic cells underlying these pathologies remain poorly understood. This study
aimed to identify differentially methylated genes (DMGs) in aortic tissues from patients with ascending aortic dilatation/
aneurysm and dissection by performing a re-analysis of publicly available DNA methylation datasets. A re-analysis
was conducted on three DNA methylation datasets (GSE50192, GSE202047, GSE84274) from the lllumina Infinium
HumanMethylation450 BeadChip. To account for tissue heterogeneity, cellular deconvolution was performed using the
HEpiDISH algorithm and a custom reference panel of cell-type-specific CpG sites for key vascular cell types (endothelial cells,
fibroblasts, smooth muscle cells, immune cells). Our re-analysis revealed that aortic dissection and bicuspid aortic valve pa-
tients with aortic dilatation/aneurysm exhibit distinct DNA methylation profiles compared to intact aorta. These pathologies
differ from each other in the number and the spectrum of DMGs. The adjustment for cellular heterogeneity eliminated the
majority of the initially identified DMGs. However, this correction helped to make an assessment of vascular inflammation,
characterize its impact on aortic wall stability, and identify genes with differential DNA methylation associated with the disease
phenotypes, rather than with inter-group heterogeneity. The genes NFIX, PCOH7, MED13L, LMO4, DIP2C, PLEKHF1, NKD1,
C100rf41 (ZNF503-AS2), ARAP2, TBX3, and TBX5, which remained in the DMG status after adjustment for cellular composition
and are expressed in individual cells/whole aortic tissue, can be considered as new candidate genes for the development of
aortic dilatation/aneurysm in patients with bicuspid aortic valve. NFIX, LMO4, DIP2C, C100rf41 (ZNF503-AS2), MED13L, TBX3,
TBX5 are transcriptional regulators or modulators; NKD1 is a recognized inhibitor of the Wnt pathway. Our findings highlight
the necessity of a rigorous approach to cohort design, which includes comprehensive phenotyping (encompassing aortic
valve morphology) and underscore the importance of future single-cell investigations.

Key words: ascending aortic dilatation/aneurysm; ascending aortic dissection; DNA methylation; HEpiDISH; cell-type
adjustment
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Oco6eHHocTy MeTwIpoBaHys JHK B mopaskeHHbIX TKaHSIX aOPThI
IIpU OuiaTanui/aHeBpu3Me U PacC/JI0eHIY BOCXOISIIEro oTaesna

ML.A. Tonuapoga (1) @), A.A. 3apy6un (), A.B. Mapkos (), C.A. Illunyauna (5, H.IT. Babymkusa (5, 10.A. Kopoaéna (1),
A.A. Caenos (12), M.C. Ha3zapeHko

HayuHo-unccnegoBaTenbCKknin UHCTUTYT MeULIMHCKOMN reHeTrKM TOMCKOrO HaLMOHaNbHOTO NCCNe0BaTeNbCKOrO MEAVLIMHCKOTO LIEHTPa
Poccuiickolt akagemunn Hayk, Tomck, Poccmsa

irina.goncharova@medgenetics.ru

AHHOTauusA. [lunatauma/aHeBpri3Ma U paccyioeHne BOCXOAALLEN aopTbl OTHOCATCA K »KM3HEYrpoXKatowmm 3aboneBaHmsam,
1 BbISIBIEHME SMUrEHETMYECKOTO NaHAwadTa, perynmpytouero ¢yHKLMOHNPOBAHNE reHOMa B KJIETKAaX aopTbl MNP JaHHOMN
naTonoruu, ABNAETCA aKTyasbHON 3afjayeil. B ¢BA3M C 3TUM B HacCTOALEM WCCNE[OBaHMM BbIMOSIHEHA MAEHTUOMKaLMA
anddepeHLManbHO METUNNPOBaHHBIX reHoB (M) B TKaHAX aopTbl NP AunaTtauuy/aHeBpu3me U paccioeHNM BOCXOAALLErO
oTfena ¢ NOMOLLbIO peaHanu3a AaHHbIX No metunvposaHuto JHK, npefcraBneHHbIX B OTKPbITOM AOCTYNE B PENO3UTOPUN
NCBI GEO (Gene Expression Omnibus). lNpoBegeH peaHanu3 pesynstaTtoB nccnegosaHui (GSE50192, GSE202047, GSE84274),
peann3oBaHHbIX Ha nnatdopme lllumina Infinium HumanMethylation450 BeadChip. BuorHdopmaTtniyeckas geKoHBOMOLMS
KNEeTOYHOro COCTaBa TKaHel COCyfoB oOcyllecTBeHa € nomoubto anroputma HEpiDISH, a Takxe pa3paboTaHHOro
pedepeHca, BkntoyasLero Habop CpG-caiToB, UHAEKC METUIMPOBAHMSA KOTOPbIX cCrielrduyeH Ans SHAOTENNANbHbIX KNETOK,
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MetunuposaHue [IHK npu aHespusme
1 paccioeHnmn BOCXoadALen aopTbl

$1bpobnacTos, rMagKoMbILIEUYHbIX U IMMYHHBbIX KNeTOK. PeaHann3 fJaHHbIX MOKasar, YTo paccyioeHne aopTbl 1 ee aunataums/
aHeBpM3Ma C [ABYXCTBOPYATbIM aOpTaSibHbIM KManaHOM XapakTepusylTca cneuuduyecknm npodunem mMeTunnmpoBaHus
[HK oTHOCMTEeNbHO MHTaKTHOM TKaHW aopTbl, MOCKOMIbKY Pa3nnyaloTca Kak no umciy, Tak n no cnektpy AMI. MNonpaska
Ha KJIeTOYHbI COCTaB aHHyNMpyeT OCHOBHoe Konun4yectBo [MI, HO mo3BonAeT COCTaBWTb NpefcTaBieHWe O Halnuymiu
BOCMaNIeHNA B TKAHW aoOpPTbl, OLL€HNBAEMOTO MO CTeNeHN MHOUNLTPALMN TKAHW UMMYHHbBIMW KNeTKaMK, OXapaKkTepr3oBaTb
ponb BOCNanuTeNibHOro MHGUIbTPaTa B HapyLeHUN LEeNOCTHOCTI CTEHKM aOPTbl U BbIABUTb FeHbl, OTPaxatolme pasnuyms,
CBA3aHHble C M3yyaemMbiMU EHOTMMAMK, a He C MEXrpyrnnoBOW reTeporeHHOCTbIO KMeTOUHbIX nonynAauuid. fenbl NFIX,
PCDH7, MED13L, LMO4, DIP2C, PLEKHF1, NKD1, C100rf41 (ZNF503-AS2), ARAP2, TBX3, TBX5, octaBwuecs B cTatyce IMI nocne
NonpaBKW Ha KNETOYHbIN COCTaB 1 SKCMpeccupyemble B OTAENbHbIX KNleTKax/Le/IbHOM TKaHW aopTbl, MOTYT paccMaTpmnBaTbCA
KaK HOBble reHbl-KaHAUAATbl PasBUTUA AunaTaunn/aHeBPU3Mbl aopTbl Y MaUMEHTOB C ABYXCTBOPYATbIM aopTalibHbIM
KnanaHom. benkoBble npogykTbl reHoB NFIX, LMO4, DIP2C, C10orf41 (ZNF503-AS2), MED13L, TBX3 wn TBX5 sBnsioTcs
TPaHCKPUMLUOHHBIMK GaKTopamMn Unv perynatopamm TPaHCKpUnUnoHHon aktusHoctn [HK, a reHa NKD1 — nHrnbutopom
curHanbHoro nytun Wnt. MonyuyeHHble AaHHble MOAYEPKMBAOT HEOOXOAUMOCTb CTPOroro nopaxofa K ¢GopMUpoBaHUio
rpynn cpaBHeHWA C MOJSIHbIM ONUCaHNEM Uccnesyemoro ¢eHoTMNa, BKIYaWmMmMm Mopdonornio aopTanbHOro KnanaHa, 1
NpoBeAeHNA NCCeOBaHNIN HA YPOBHE OTAENbHbIX KNETOK.

KnioueBble cnoBa: gunatauma/aHeBpu3mMa BOCXOAALLEN aopTbl; pacc/ioeHne BocxogdAleln aopTbl; MetunnpoBaHne JHK;

HEpiDISH; nonpaBka Ha KNeTouHbI cocTaB

Introduction

DNA methylation is one of the main mechanisms of epigenetic
modifications of the genome, both under normal conditions
and in pathology. Nevertheless, studies investigating DNA
methylation in pathologically altered tissues from ascending
aortic dilatation/aneurysm and dissection are scarce (Shah et
al., 2015; Pan et al., 2017; Bjorck et al., 2018; Li N. et al,,
2020; Liu et al., 2021; Chen Y. et al., 2022; Goncharova et
al.,2024; Koroleva et al., 2024). The data obtained from these
studies show little overlap, which is due to phenotypically
heterogeneous patient groups, different tissues (fragments of
various aortic segments, peripheral blood) used in the studies,
and different methods for DNA methylation assessment.
Nonetheless, a comprehensive analysis of the results permits
several conclusions, including the following: differentially
methylated regions between diseased and intact aortic tissue
are enriched in genes implicated in cardiovascular system
development; the MAPK, WNT, TGFp, and HOX signaling
pathways participate in the pathogenesis of aortic aneurysm;
and aortic valve morphology constitutes a critical determinant
of the pathogenetic mechanisms underlying ascending aortic
dilatation/aneurysm progression.

It is well established that cellular heterogeneity constitutes
one of the most significant factors influencing the outcomes of
DNA methylation studies. The walls of blood vessels contain
varying proportions of several cell types that comprise their
layered structure, as well as immune cells. All of these cells
exhibit distinct DNA methylation patterns. Hence, alterations
in DNA methylation patterns may reflect changes in cellular
composition rather than provide reliable information regarding
aberrant DNA methylation. In the present study, we consider
arterial cell composition as a variable that affects DNA methy-
lation levels.

Therefore, the aim of the present study was to identify
differentially methylated genes in diseased aortic tissues in
ascending aortic dilatation/aneurysm and dissection, while
adjusting for cell composition, by integrating and re-analyzing
publicly available DNA methylation data from pathologically
altered and control tissues of the ascending aorta deposited in
the NCBI Gene Expression Omnibus (GEO) repository.

Materials and methods

We re-analyzed publicly available results of studies GSE50192,
GSE202047, and GSE84274, which were performed using the
[llumina Infinium HumanMethylation450 BeadChip platform.

A description of the studies GSE50192, GSE202047, and
GSES84274, that were used for the re-analysis, is presented
in Table 1. The samples analyzed in GSE50192 comprised
autopsy material from seventeen somatic tissues obtained
from four individuals: three males, two of whom died from
myocardial infarction (aged 40 and 53 years) and one who died
from hemorrhagic stroke at 54 years of age; and one female,
who died from hemorrhagic stroke at 60 years of age. For
subsequent analyses, we selected DNA methylation data from
samples of coronary arteries, as well as from the ascending
and abdominal aorta.

The samples included in GSE202047 are ascending aor-
tic tissues from patients with Stanford type A dissection
(TAAD) (n = 4) and from healthy organ donors (n = 4),
hereinafter referred to as intact ascending aorta (IAA). Both
patients and healthy donors were male, with mean ages of
49.10 +£4.91 years and 47.92 £ 6.73 years, respectively.

In GSE84274, we analyzed ascending aortic tissue samples
from patients with acute Stanford type A dissection and a tri-
cuspid aortic valve (n = 12; 10 males (52.4 years), 2 females);
from patients with aortic dilatation/aneurysm (d > 4.5 cm)
and bicuspid aortic valve (TAA with BAV) (n = 6; 5 males
(53.8 years), 1 female); and from healthy organ donors (IAA)
(n = 6; all males, 36.7 years).

Statistical analysis of the data was performed using the
lumi and limma packages within the R software environment
(Bioconductor). Principal component analysis (PCA) was
employed for dimensionality reduction. Correction for false
discovery rate (FDR) in multiple comparisons was performed
using the Benjamini—Hochberg method. B-values were used
to assess DNA methylation levels.

CpG sites (DMS) were considered differentially methylated
if they exhibited a difference in mean methylation levels be-
tween sample groups with FDR < 0.05 and |AB| > 0.2. Genes
containing DMS were defined as differentially methylated
genes (DMGs). The first twenty sites with the greatest differen-
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DNA methylation
in ascending aortic aneurysm and dissection

Table 1. Characteristics of the studies included in the re-analysis of DNA methylation data from tissues of the ascending
and abdominal aorta, coronary arteries, and pathologically altered tissues of the ascending aorta

GEO DataSets Sample characteristics Main findings References
accession
number
GSE50192 n =4, 17 autopsy tissues, The aorta and coronary arteries cluster together based on DNA Lokk et al., 2014
including paired samples methylation profiles and exhibit the highest number of tissue-
of coronary arteries, ascending  specific differentially methylated regions within genes involved in
aorta, and abdominal aorta vascular development processes
GSE202047 n =4, ascending aortic tissue A total of 589 differentially methylated sites (P-value < 0.05 and ChenY.etal,
from patients with Stanford |B difference (AB)| = 0.3) were identified within genes belonging 2022
type A dissection; to the MAPK (mitogen-activated protein kinases), TNF (tumor
n =4, ascending aortic tissue necrosis factor), apoptosis, angiogenesis, heart development,
from healthy organ donors and other signaling pathways. The key genes identified were FAS,
ANGPT2, DUSP6, FARP1, CARD6
GSE84274 n =12, ascending aortic tissue Dissection with TAV and dilatation/aneurysm of the ascending aorta Pan etal., 2017

from patients with acute
Stanford type A dissection
and a tricuspid aortic valve
(TAV);

n =6, ascending aortic tissue
from patients with dilatation/

with BAV are characterized by loss of DNA methylation at non-CpG
sites and by distinct DNA methylation profiles at CpG sites.

In aortic dilatation/aneurysm with BAV, EZH2 targets (histone-lysine
N-methyltransferase EZH2) are predominantly hypermethylated.
Aortic dissection is characterized by smooth muscle cell dedifferen-
tiation, as well as by increased expression of the RARA gene (retinoic

aneurysm (d > 4.5 cm) and
bicuspid aortic valve (BAV);
n =6, ascending aortic tissue
from healthy organ donors

ces in DNA methylation level between the compared tissues,
as determined by the |AP| value, were characterized in detail.

Identification of DMS in ascending aortic pathology with
adjustment for cell composition was performed using the
HEpiDISH algorithm for deconvolution of DNA methylation
profiles (Hierarchical Epigenetic Dissection of Intra-Sample-
Heterogeneity; Zheng et al., 2019), as well as a reference
panel previously developed by our group and adapted for
blood vessel tissues. This reference panel includes a set
of CpG sites with methylation specific to endothelial cells
(datasets GSE84395, GSE122126, GSE82234, GSE40699
from the GEO repository), fibroblasts (GSE40699), smooth
muscle cells (SMCs) (GSE40699, GSE113061), immune cells
(GSE35069), and the data ENCSR420WUN from the study
ENCODE (Markov et al., 2020).

Functional annotation of the identified DMGs was per-
formed using the gene expression database for aortic arch
tissues (GTEx Portal; https://gtexportal.org), single-cell tran-
scriptomic data from studies on ascending aortic aneurysm
(PlaqView; https://plaqviewv2.pods.uvarc.io), gene expression
data for ascending aortic aneurysm publicly available in the
Gene Expression Omnibus database (GSE83675, GSE61128,
GSE5180), as well as data from the scientific literature (Kim
et al., 2010; Doppler et al., 2023; Huang M. et al., 2023).

We performed a comparative analysis between the set of
DMGs and genes associated with coronary artery disease
(CAD), myocardial infarction (MI), and bicuspid aortic valve
(BAV) based on genome-wide association studies (GWAS)
available in the GWAS Catalog database (https://www.ebi.
ac.uk/gwas), as well as genes implicated in hereditary and
syndromic forms of thoracic aortic aneurysm (Elbitar et al.,
2021; Li Y. et al., 2021).

acid receptor alpha) associated with DNA hypomethylation

Results
Analysis of CpG site methylation profiles in aortic samples
within the integrated dataset revealed that autopsy arterial
samples (GSE50192) distinctly separate from arterial tis-
sues collected during surgical treatment (GSE202047 and
GSES84274) (Fig. 1).

Therefore, only the data from GSE202047 and GSE84274
were combined, including all samples. The data obtained from
study GSE50192 were not analyzed further.

Identification of differentially methylated DNA sites

in ascending aortic tissues: dilatation/aneurysm

with valve anomaly and thoracic aortic dissection
compared to intact aortic tissue

Comparative analysis of DNA methylation levels between tis-
sues of TAA with BAV and IAA revealed 57 DMS (14 DMGs).
Among all DMS, 22 were localized in CpG shores and 14 in
CpG islands (Table 2; sheet “TAA with BAV_IAA” in the
Supplementary Materials)!. The majority of DMS (84.2 %)
were hypermethylated in TAA with BAV tissues relative to
IAA.

Within the nucleotide sequences of annotated genes, 23 CpG
sites were identified, eight of which were localized in promo-
ters. Among the 23 CpG sites located within the sequences of
known genes, the hypomethylated sites included those in the
DIP2C (AR =-0.29), TMEM132C (AR =-0.29; Ap =-0.25),
CD82 (AB=-0.23), and ZFPM1 (Ap=-0.22) genes, with the
CD82 CpG site (cg01889574) being located in the promoter.
All of these hypomethylated DMS/DMGs, with the exception
of ZFPM1 (cg06099697), were among the top 10 sites with

' Supplementary Materials are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gonchar_Engl_30_6.xlsx
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Fig. 1. Distribution of the analyzed samples in the space of the first two principal components according to the
methylation level of CpG sites presented in GSE50192, GSE202047, and GSE84274.

Table 2. Characteristics of differentially methylated CpG sites/genes in the compared groups

Compared tissues Number of DMS/DMGs DMS localization (a/b/c/d/f)
TAA with BAV (n =6) / IAA (n=10) Total 57/14 8/0/14/22/4
Hyper 48 (84.2 %)/10 7/0/12/21/2
Hypo 9 (15.8 %)/4 1/0/2/1/2
TAAD (n=16)/IAA (n=10) Total 224/99 38/8/34/37/19
Hyper 110 (49.1 %)/41 16/4/23/14/4
Hypo 114 (50.9 %)/58 22/4/11/19/15
TAA with BAV (n =6) / TAAD (n = 16) Total 15/8 2/0/4/4/1
Hyper 3 (20 %)/1 0/0/1/1/0
Hypo 12 (80 %)/7 2/0/3/3/1

Note. BAV - bicuspid aortic valve, IAA - intact ascending aorta, TAA - thoracic aortic dilatation/aneurysm, TAAD - thoracic aortic aneurysm and dis-
section; DMS localization: a — promoter (TSS, 5-UTR, 1st exon); b - 3'-UTR; c - CpG island; d - CpG shore (less than 2 kb from a CpG island); f - CpG shelf

(2-4 kb from a CpG island).

the greatest differences in DNA methylation levels between
the compared tissues (sheet “TAA with BAV_IAA” in the
Supplementary Materials).

The remaining DMGs are characterized by the presence
of CpG sites hypermethylated in TAA with BAV, with two
DMS identified in each of the ISL/ and KCNN2 genes, and
six DMS in the TBX5 gene (sheet “TAA with BAV_TAA” in
the Supplementary Materials). Among the top CpG sites with
increased methylation levels in diseased aortic tissue were
ISL1 (AB =0.32; AB = 0.25), SNX25 (Ap = 0.31), and TBXS
(AP =0.26; Ap =0.26; AR = 0.25). Site cg12836958 and two
sites, cg23820885 and cg09042277, are located in the promo-
ters of the SNX25 and TBX5 genes, respectively (sheet “TAA
with BAV_TAA” in the Supplementary Materials).

Comparison of DNA methylation levels between ascen-
ding aortic tissues with dissection (TAAD) and TAA revealed
224 DMS (99 DMGs). Among all DMS, 37 were localized in
CpG shores and 34 in CpG islands (Table 2; sheet “TAAD _

TAA” in the Supplementary Materials). 130 CpG sites were
identified within the nucleotide sequences of 99 genes, among
them 38 CpG sites were localized in promoters. Hypermet-
hylated DMS in TAAD samples accounted for 49.1 % of all
DMS. Among the top 10 CpG sites, only those in the ADARB2
(AB =0.37; Ap = 0.35) and TTLLS (AP = 0.28) genes were
hypermethylated. Two hypomethylated sites, cg07162000
(AB=-0.24) and cg17861863 (AP =-0.23), were also identi-
fied in the ADARB2 gene.

Among the top 10 CpG sites, four sites of the 7BX/ gene
(AB=-0.34t0 —0.29), located within a CpG island, as well as
sites of the FLJ42709 (NR2F1-AS1) (Ap=-0.32), COL21A1
(AR =-0.29), and MAP3KS5 (AP =—0.29) genes, were hypo-
methylated in TAAD samples (Table 2; sheet “TAAD IAA”
in the Supplementary Materials).

Comparison of DNA methylation levels between TAA with
BAV and TAAD tissues revealed 15 DMS (8 DMGs). Among
all DMS, four were localized in CpG shores and five in CpG
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islands. In the CYP2W1 and PLEKHF I genes, two CpG sites
(cg09414673 and cgl5561501, respectively) are located in
the promoter (Table 2; sheet “TAA with BAV and TAAD”
in the Supplementary Materials). Fifteen (80 %) of all DMS
were hypomethylated in diseased aortic tissues from patients
with TAA and BAV relative to aortic dissection (Table 2;
sheet “TAA with BAV and TAAD” in the Supplementary
Materials).

Among the CpG sites located within known genes, the great-
est differences in methylation levels between the compared
tissues were observed for sites hypomethylated in TAA with
BAV tissues, specifically those in the DIP2C (Ap=-0.27) and
NFIX (Ap=-0.27; AR =-0.24) genes. Two sites, cg15561501
(PLEKHFI)and cg09414673 (CYP2W1), located in gene pro-
moters, were also hypomethylated in TAA with BAV tissues
(AB =-0.21 each; sheet “TAA with BAV and TAAD” in the
Supplementary Materials). A DMS in the SLC/A43 gene was
hypermethylated in diseased aortic tissues from patients with
TAA and BAV (Ap =0.21).

Reconstruction of the cellular composition of ascending
aortic tissues in dilatation/aneurysm with valve anomaly,
aortic dissection, and intact aortic tissue

Since tissue cellular composition is a significant factor for de-
termining DMS (Houseman et al., 2015, 2016), bioinformatic
deconvolution of the cellular composition of aortic tissues was
also performed during data analysis (Fig. 2).

Application of the DNA methylation profile deconvolu-
tion algorithm to predict the proportions of expected cell
types in ascending aortic tissues revealed that smooth muscle
cells (SMCs) (33.7-88.7 %) and the leukocyte component
(6.7-51.3 %) constitute a substantial proportion of cells, while
vascular endothelial cells (ECs) are present to a lesser extent
(4.2-21.2 %), and fibroblasts were not detected by the algo-
rithm. Among leukocytes, monocytes account for a significant
fraction (1.4-27.8 %).

The proportion of immune cells in IAA does not exceed
15 % (10.7 % on average). In TAA with BAV, this value ranges
from 6 to 16 % (11.6 % on average). In TAAD, immune cell
infiltration into the vascular wall ranges from 9 to 51 %, with
a mean of 19.6 %, which is significantly higher than that in
the intact aorta (p = 0.003) (Fig. 2).

Identification of DMS and their host genes in ascending
aortic pathology with adjustment for cell composition
After adjusting for cell composition, the list of CpG sites hy-
pomethylated in TAA with BAV samples compared to [AA re-
tained only site cg26561082 of the DIP2C gene (AP =-0.29),
located in a CpG shore region (Table 3).

Comparison of DNA methylation levels with adjustment for
cell composition between the TAAD and IAA groups revealed
no significant differences.

Comparison of DNA methylation levels between TAA
with BAV and TAAD after adjustment for cell composition
revealed 12 DMS, of which two were hypermethylated and
ten were hypomethylated in the aorta with dilatation/aneurysm
(Table 3). Seven differentially methylated genes (LMO4, NFIX,

DNA methylation
in ascending aortic aneurysm and dissection
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Fig. 2. Reconstruction of the cellular composition of the ascend-
ing aorta under normal and pathological conditions using the
HEpiDISH algorithm and the developed methylome reference
panel for vascular cells.

a - distribution of cell types in ascending aortic tissues in the studied
groups (the vertical axis indicates the sample number within each group).
EC - endothelial cells, SMC - smooth muscle cells, B - B lymphocytes,
NK - natural killer cells, T - T lymphocytes, Mon - monocytes, Neut —
neutrophils, Eos - eosinophils; b - proportion of immune cells in the
studied sample groups according to the results of cellular composition
assessment.

CYP2WI1, ClOorf4l (ZNF503-AS2), PLEKHFI1, DIP2C,
NKDI) contained hypomethylated CpG sites in TAA with
BAV relative to aortic dissection (Table 3).

Furthermore, three CpG sites were located in intergenic
regions: ¢g02060919 (PCDH7/ARAP2) was hypomethylated
in the TAA with BAV group compared to TAAD, while sites
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Table 3. Differentially methylated CpG sites between the studied groups after adjustment for cell composition

CpG-site, genome coordinates
(GRCh37/hg19)

Localization of the CpG site relative
to the nearest CpG island

€g26561082, chr10:410363
€g22824635, chr19:13112283
cg06744585, chr19:13135808
cg01393939, chr1:87803705
cg10642548, chr10:77165750
¢g06262069, chr10:76835911
¢g02015823, chr16:49142490
cg15561501, chr19:30160603
cg09414673, chr7:1022797
g02060919, chr4:32932085 No
cg16945186, chr12:115103960
€g26343001, chr12:115104274

chr10:409201-409523/CpG-shore, no
chr19:13112170-13112809/CpG-island, no
chr19:13135317-13136169/CpG-island, no
chr1:87800835-87801252/CpG-shelf, no
chr10:77155128-77169600/CpG-island, no
chr10:77155128-77169600/CpG-island, no
chr16:50583175-50583465/CpG-shore, no
chr19:30156038-30156795/CpG-shelf, 5'UTR
chr7:1024021-1024233/CpG-shore, TSS

chr12:115102687-115103982/CpG-island, no
chr12:115104848-115105548/CpG-shore, no

ABTAA ABTAA Gene

with BAV/  with BAV/

IAA TAAD

-0.29 -0.27 DIP2C

-0.17 -0.27 NFIX

-0.14 -0.24

-0.18 -0.23 LMO4

-0.23% -0.22 C10orf41 (ZNF503-AS2)

-0.21* -0.22

-0.05 -0.22 NKD1

-0.07 -0.21 PLEKHF1

-0.16 -0.21 cypP2wi

-0.072 -0.24 PCDH7/ARAP2 intergenic
0.26 0.24 TBX5/TBX3 intergenic
0.25 0.21 TBX3/MED13L intergenic

Note. Values of AR for CpG sites meeting the DMS criteria (FDR < 0.05 and |AB| = 0.2) are shown in bold; * AR for CpG sites with FDR > 0.05;

TSS, 5'-UTR - promoter.

cg16945186 (TBX5/TBX3) and ¢g26343001 (TBX3/MED13L)
were hypermethylated in ascending aortic dilatation/aneurysm
relative to both aortic dissection and intact aortic tissue.

Thus, after adjustment for cell composition, TAA with BAV
compared to both IAA and TAAD shows decreased methyla-
tion levels of the majority of identified DMGs. These include
genes encoding functionally active molecules (transcription
factors DIP2C, LMO4, NFLX; IncRNA Cl10orf41 (ZNF503-
AS2)), an inhibitor of the Wnt signaling pathway (NKDI),
as well as genes whose protein products mediate apoptosis
and autophagy (PLEKHFI), focal adhesion and intercellular
interactions (PCDH?7, ARAP?2), or belong to the cytochrome
P450 family (CYP2W1).

Elevated methylation levels were observed for intergenic
CpG sites, which likely influence the functional activity of
the transcription factor genes 7BX3 and 7BX5, as well as the
MEDI13L gene, whose protein product belongs to the mediator
complex family (MED), a complex that plays a key role in the
transcription of numerous eukaryotic genes.

Functional annotation of DMGs using databases
and published studies
Analysis of expression of the DMGs identified after cell
composition adjustment in aortic arch tissues according to
the GTEx Portal data showed that, among the aforemen-
tioned genes, NFIX (131.7 TPM — transcripts per million) and
PCDH?7 (65.4 TPM) exhibited the highest expression levels.
The genes MED13L, LMO4, DIP2C, PLEKHF 1, and NKD1
were expressed at moderate levels (32.3; 29.6; 28.9; 27.1; and
16.5, respectively), whereas C10orf41 (ZNF503-AS2), TBX3,
ARAP2, TBX5, and CYP2W1 showed almost no expression in
the aortic arch (0.06-3.9 TPM).

Analysis of gene expression data for ascending aortic aneu-
rysm in patients with BAV and TAV, available from public

repositories (GSE5180, GSE83675, GSE61128 from the GEO
repository) and scientific publications (Kim et al., 2010; Dop-
pleretal., 2023), led to the conclusion that the DMGs identified
in the present study do not significantly alter their functional
activity either in the diseased aorta relative to intact tissues,
or in dilated aortic tissues from patients with different aortic
valve anatomy.

According to data from the PlaqView resource, in aortic
tissue from 11 individuals, including eight patients with
ascending aortic aneurysm and three healthy individuals
(LiY. et al., 2020), the NFIX and LMO4 genes are expressed
in a substantial number of SMCs and fibroblasts, with high
expression levels for NFIX and approximately half that for
LMO4 (Fig. 3). Functional activity of the PCDH7 gene was
detected at high levels in a large percentage of SMCs and, to
a lesser extent, in fibroblasts. The DIP2C gene is expressed at
moderate levels, but in a small number of SMCs, fibroblasts,
and mast cells. ARAP2 activity was detected in T, B, and
NK cells. The MED13L gene is expressed in a wide range of
cells at moderate levels. The remaining DMGs are expressed
in no more than 20 % of cells in ascending aortic tissues
(Fig. 3).

Comparative analysis of the DMGs with lists of genes as-
sociated with coronary artery disease (CAD), thoracic aortic
aneurysm based on GWAS results, bicuspid aortic valve, or
genes implicated in hereditary aortic aneurysms revealed that
1s543659530 in the PCDH?7 gene, encoding protocadherin 7, is
associated with CAD in patients with type 2 diabetes mellitus
(T2DM) (Song et al., 2021), and rs61937394 in the MED13L
gene, whose protein product belongs to the mediator complex
involved in transcription regulation, is associated with the
development of ascending aortic aneurysm (Pirruccello et
al., 2022). The remaining DMGs were not present in any of
these lists.
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Fig. 3. Cell types and mean relative expression levels of the DMGs
identified in the present study according to the PlagView re-
source, in a single-cell dataset of the ascending aorta from 11 in-
dividuals, including eight patients with ascending aortic aneu-
rysm and three healthy individuals (Li Y. et al., 2020).

DMG - differentially methylated genes. SMC - smooth muscle cells;
NK - natural killer cells; Mg — macrophages; FB - fibroblasts; EC — endo-
thelial cells.

Discussion

The use of a DNA methylation profile deconvolution algorithm
and cellular composition assessment with a customized
reference panel for vascular tissues allowed us to conclude that
smooth muscle cells and immune cells constitute a substantial
proportion of cells in the ascending aorta. The degree of
immune cell infiltration into the vascular wall in ascending
aortic dissection significantly exceeds that observed in intact
vascular tissues.

Sun Pan et al. (2017) also performed adjustment for cell
composition, albeit using a different algorithm (Houseman
CP). The authors observed a decrease in the mean number of
SMCs and an increase in the number of ECs in aortic dissec-
tion compared to normal aorta and dilated aorta/aneurysm with
BAV (Panetal., 2017). In the present study, the mean numbers
of SMCs and ECs did not differ between groups, whereas
immune cell infiltration was higher in aortic dissection. This
finding may indicate a role of the inflammatory infiltrate in
disrupting the integrity of the aortic wall.

It should also be noted that, according to the deconvolution
algorithm results, fibroblasts were not detected in the studied
samples, despite their expected abundance based on generally
accepted knowledge of aortic wall structure.

DNA methylation
in ascending aortic aneurysm and dissection

Numerous studies employing transcriptome and epigenome
analysis technologies in single cells from human artery sam-
ples and animal models have demonstrated that SMCs possess
extensive phenotypic plasticity and, together with fibroblasts
and pericytes, typically constitute a single supercluster of cells
originating from mesenchymal stem cells (Mosquera et al.,
2023; Zhao et al., 2025).

Thus, we believe that the “SMC component” in the decon-
volution results may represent a mixture of different cell types
(with the exception of pericytes) that are similar in their gene
expression profiles and, apparently, DNA methylation patterns,
including a spectrum of differentiated and modulated SMCs,
as well as fibroblasts.

The re-analysis of DNA methylation data in aortic tissues re-
vealed that dilatation/aneurysm with BAV and ascending aortic
dissection exhibit distinct DN A methylation statuses relative to
intact aortic tissue, as these phenotypes differ from each other
both in the number and in the spectrum of DMGs. However,
adjustment for cell composition eliminates the majority of
DMS, leaving only one CpG site in the DIP2C gene and two
sites in the intergenic regions 7BX5/TBX3 and TBX3/MED13L
when comparing aortic dilatation/aneurysm with BAV and
intact tissue. Comparison between dilatation/aneurysm and
aortic dissection revealed ten differentially methylated CpG
sites in the genes DIP2C, LMO4, NFIX, C10orf41 (ZNF503-
AS2), PLEKHFI, NKDI1, CYP2W1, PCDH7/ARAP2, TBX5/
TBX3, and TBX3/MEDI3L.

The obtained results likely reflect differences in DNA
methylation patterns associated with sample cellular composi-
tion variability to a greater extent than significant epigenetic
differences between diseased and intact aortic tissues. This
is supported by earlier studies of gene expression conducted
on different tissue types (intima-media and adventitia of the
aorta, as well as intima-media of the internal thoracic artery),
which demonstrated that between 22.5 and 52 % of all genes
are differentially expressed in pairwise tissue comparisons
(Folkersen et al., 2011).

Furthermore, the Gene Expression Omnibus data used for
the re-analysis did not specify the aortic valve morphology in
patients with dissection (GSE202047), or indicated a tricuspid
aortic valve (GSE84274), as was also the case for healthy
donors. In this context, the DMGs identified between the
compared groups (TAA with BAV/IAA and TAA with BAV/
TAAD), even after adjustment for cell composition, may reflect
DNA methylation features of aortic tissues determined by
aortic valve morphology rather than by aortic dilatation per se.
This is indirectly supported by the observation that the largest
number of DMGs, obtained when comparing groups with a
tricuspid valve (TAAD/IAA), does not reflect differences in
DNA methylation patterns between diseased and intact aortic
tissue with the same aortic valve morphology, since these
differences disappear after adjustment for cell composition.

DNA methylation analysis of aortic tissues conducted by
other research groups has shown that, consistent with the
present study, hypomethylated regions of the DIP2C, LMO4,
NFIX, NKDI, and CYP2W1 genes are detected in patients
with BAV, both in aneurysmal and in intact ascending aortic
tissues (Bjorck et al., 2018). Moreover, significantly more
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hypomethylated regions are observed in ascending aortic tis-
sues with bicuspid compared to tricuspid aortic valve, which is
accompanied by a more active transcriptional profile in aortic
tissues with BAV (Bjorck et al., 2018). At the same time, in
atherosclerotic plaque of the aorta compared to intact aortic
tissue from the same donors (where aortic valve morphology
was not specified), hypermethylated CpG sites were identi-
fied in the DIP2C, NFIX, NKD1, and ARAP2 genes (Zaina et
al., 2014).

Differences in aortic valve morphology also result in altered
ascending aortic function, which are largely determined by
the asymmetric distribution of blood flow velocity by BAYV,
contributing to a higher frequency of ascending aortic patholo-
gies (Viscardi et al., 2010). Hemodynamic disturbances are the
primary factor leading to alterations in the structural organiza-
tion of the vascular tissue and in genomic functioning, result-
ing in the formation of distinct patterns of expressed genes,
microRNAs, and proteins in patients with BAV and TAYV,
which however drive the development of the same phenotype
(Folkersen et al., 2011; Kjellgvist et al., 2013; Gallo et al.,
2018; Freiholtz et al., 2023). Differences in gene expression
profiles between BAV and TAV groups in ascending aortic
aneurysm have been identified both in ascending aortic tis-
sues and in individual cell types, but the lists of differentially
expressed genes do not include the DMGs identified in the
present study (Lei et al., 2022; Doppler et al., 2023; Huang M.
etal., 2023).

Genetic factors play an important role in the etiology of
BAYV, with heritability estimates ranging from 47 to 89 %
(Gehlen et al., 2023). Association studies, GWAS, and analyses
of rare clinically significant variants have led to the identifica-
tion of more than forty genes associated with BAV develop-
ment (Gago-Diaz et al., 2017; Chen S. et al., 2022; Gehlen et
al., 2023; Carlisle et al., 2024; Sticchi et al., 2025). However,
the genes identified in the present study are not among those
associated with BAV development. Nevertheless, evidence
suggests an association between the DMGs identified in the
present study and cardiovascular diseases (CVD). For instance,
the DIP2C gene is involved in transcription factor binding,
and its deficiency leads to the development of congenital heart
defects (Xia et al., 2025).

The NFIX and LMO4 genes encode transcription factors.
Clinically significant variants of the NFIX gene are associated
with thoracic aortic aneurysm and dissection in Malan syn-
drome (Oshima et al., 2017; Chevarin et al., 2020), whereas
LMO4 is overexpressed in regions of turbulent blood flow,
including the carotid arteries, the lesser curvature of the aortic
arch, and the coronary arteries, suggesting a potential role for
this gene in mechanosensitivity and pro-atherogenic response
(Nietal., 2010). The Ci0orf41 (ZNF503-4S2) gene encodes
a long non-coding RNA (IncRNA). Increased methylation
levels of the ZNF503-AS2 gene were detected in the plasma
of patients with myocardial infarction following percutane-
ous coronary intervention compared to healthy donors (Ren
et al., 2022).

PLEKHFI is a lysosome-associated protein that induces
apoptosis and autophagy. It is known that autophagy is closely
associated with the onset and progression of atherosclerosis,

2026
30-6

MetunuposaHue [IHK npu aHespusme
1 paccioeHnmn BOCXoadALen aopTbl

myocardial ischemia/reperfusion, heart failure, and aortopa-
thy in combination with BAV (Forte et al., 2019; Jiang B. et
al., 2023). PLEKHF1 is one of eight genes associated with
overall survival in dilated cardiomyopathy, and its expression
is reduced in myocardial tissues of patients compared to the
control group (Zhang et al., 2022). Overall, the PLEKHF']
gene is considered a potential biomarker for the development
of CAD in patients with T2DM and cardiomyopathy (Huang Q.
et al., 2020; Zhang et al., 2022).

The protein product of the NKDI gene is an inhibitor of
the Wnt signaling pathway, which is essential for the genera-
tion of cardiac progenitor cells, neural crest cell migration
and differentiation, and the formation of the outflow tract and
heart valves (Weerackoon et al., 2021). Dysregulation of the
Whnt signaling pathway is one of the factors influencing the
development of cardiovascular diseases, including structu-
ral abnormalities of the aorta, which is directly associ-
ated with a predisposition to aneurysms (Pozo-Vilumbrales
et al., 2025).

Variants of the transcription factor gene 7BX5, which is es-
sential for the formation of the atrial and ventricular septa and
the cardiac conduction system, are associated with the devel-
opment of congenital heart defects, Holt—-Oram and Brugada
syndromes, atrial fibrillation, acute myocardial infarction, and
BAV (Steimle, Moskowitz, 2017; Wang F. etal., 2017; Wang S.
etal.,2019; Jiang W.F. et al., 2020). TBX3 is also a transcrip-
tion factor important for the differentiation of the sinoatrial and
atrioventricular nodes. Variants of the 7BX3 gene are associ-
ated with cardiac conduction abnormalities, the development
of atrioventricular block, hypertrophic cardiomyopathy, atrial
fibrillation, and heart failure (Lakda et al., 2025).

ARAP?2 is a protein that activates the Arf6 GTPase and is
involved in the regulation of focal adhesion, remodeling of
actin fibers, and integrin recycling in vascular cells (Vitali
et al., 2019). Altered ARAP2 gene activity in the aorta in
mouse models (Eln~~ line) reflects modulation of the cel-
lular cytoskeleton and intercellular interactions in the aortic
vascular wall under conditions of severe elastic fiber defects
(Staiculescu et al., 2018). In humans, the single nucleotide
variant rs116215256 of the ARAP2 gene is associated with
cardiac troponin I levels, which is known to be a regulator of
myocardial contraction (Yang et al., 2021).

The PCDH7 gene encodes protocadherin 7, a membrane
protein involved in cell recognition and cell—cell adhesion. The
cadherin family plays a key role in morphogenesis as well as
in the development of various pathological conditions, includ-
ing cardiovascular diseases such as dilated cardiomyopathy,
atherosclerosis, and restenosis, which involve significant
remodeling of tissue architecture leading to clinical manifesta-
tions of disease (Joshi et al., 2024).

The MEDI13L gene encodes one of the subunits of the
large mediator complex, which is involved in regulating the
transcriptional activity of genes in various signaling pathways
during early development, including heart development (Henry
et al., 2025). Pathogenic variants in the MED13L gene have
been associated with transposition of the great arteries, coarcta-
tion of the aorta, and other cardiovascular diseases (Schiano,
Napoli, 2025).
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Thus, the genes identified in the present study play impor-
tant roles in the development of the cardiovascular system,
and disruption of their function may lead to the development
of cardiovascular diseases. The association of these genes
with aortic dilatation/aneurysm in patients with bicuspid
aortic valve through alterations in their epigenetic regulation
in diseased aortic tissues is reported for the first time in the
present study.

Conclusion

Assessment of cellular composition based on DNA methylation
profiles in aortic tissue samples allows us to evaluate the pre-
sence and extent of inflammation, as determined by the degree
of immune cell infiltration into the arterial wall. This approach
also characterizes the role of the inflammatory infiltrate in
disrupting aortic wall integrity, as well as delineates genes
that reflect differences associated with the studied phenotypes
rather than sample cellular heterogeneity.

The genes NFIX, PCDH7, MED13L, LMO4, DIP2C,
PLEKHF1, NKD1, C10orf41 (ZNF503-AS2), ARAP2, TBX3,
and TBX5 may be considered novel candidate genes for the
development of aortic dilatation/aneurysm in patients with
bicuspid aortic valve. Particular attention should be paid to
the genes NFIX, LMO4, DIP2C, Cl0Oorf41 (ZNF503-4S2),
MEDI3L, TBX3, and TBX5, which encode transcription fac-
tors or regulators of DNA transcriptional activity, as well as
the gene NKD1, an inhibitor of the Wnt signaling pathway.

Furthermore, the obtained data once again underscore the
need for a rigorous approach to forming comparison groups
with a clear and complete description of the studied phenotype,
as well as for conducting studies at the single-cell level.
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A clinical case of X-linked hypohidrotic ectodermal dysplasia
caused by an Xq13.1 duplication affecting the EDA gene
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Abstract. X-linked hypohidrotic ectodermal dysplasia (XLHED; Christ-Siemens-Touraine syndrome, ICD-10: Q82.4) is
the most common type of ectodermal dysplasia, caused by genetic disorders of ectodermal derivatives. The condition
significantly impacts patients’ quality of life, presenting with a classic triad of hypohidrosis, hypotrichosis and hypodontia,
which creates a risk of impaired thermoregulation and necessitates complex dental rehabilitation. The molecular basis
of the disease lies in alterations of the EDA gene, which encodes ectodysplasin A. This protein belongs to the tumor
necrosis factor (TNF) family and plays a critical signaling role in ectodermal-mesenchymal interactions during embryonic
development. The present case report describes a boy with an XLHED phenotype caused by a previously unreported
structural rearrangement. Whole-genome sequencing (WGS) identified a ~397.3 kb microduplication at the Xq13.1
locus directly involving the EDA gene. Comprehensive bioinformatic analysis ruled out additional pathogenic or likely
pathogenic variants in other genes that could account for the patient’s phenotype. The Xq13.1 microduplication
was confirmed in both the proband and his mother using quantitative real-time PCR (qPCR). Androgen receptor (AR)
gene methylation analysis in the mother revealed a random X-chromosome inactivation (74/26 %), explaining her
asymptomatic carrier status. The proband’s clinical manifestations were also compared to those of literature-reported
patients with overlapping genomic rearrangements. Based on international and Russian guidelines for the interpretation
of massively parallel sequencing data, the identified variant was classified as pathogenic. Identification of this structural
rearrangement expands the known mutational spectrum of the EDA gene. Establishing a precise molecular genetic
diagnosis in this family is critical not only for disease verification but also for optimizing patient management through a
multidisciplinary approach. Furthermore, it enables comprehensive genetic counseling, identification of female carriers
among relatives and the development of timely primary and secondary prevention measures for the disease in this family.
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next-generation sequencing (NGS)
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MKB-10: Q82.4) npencTtaBnaeT coboi Hanbonee pacnpocTpaHeHHy popmy SKToaepmManbHON AMCMNa3um, BbI3BaHHON
HacneACTBEHHbIMY HaPYLLIEHUAMY Pa3BUTWA MPOU3BOAHBIX SKTOAEPMbI. 3a6oneBaHme CyLeCTBEHHO BMAET Ha KauyeCTBO
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Clinical case of X-linked
hypohidrotic ectodermal dysplasia

KM3HU NaLMEHTOB, NPOABNAACH KNlacCMYeCKoM TPragon CMMNTOMOB: TMMOrMAPO30M, TMMOTPUXO030M U TMMOAOHTUEN, UTO
CO3/aeT PUCKN HapyLLEHUA TePMOPEerynaLum 1 TpebyeT CNOXHOW CTOMaToNornyeckon peabunutaummn. MonekynapHoi
OCHOBOW MaToONOrMK CRy»aT HapylleHna B reHe EDA, OTBETCTBEHHOM 3a CUHTe3 3KToAMCMNa3uHa-A. [aHHbin 6enok
NPVHaANEXUT K cemenctBy dakTopa Hekpo3sa onyxonn (TNF) 1 urpaet KpuTMYeCKylo CUrHasbHylo ponb B mpoLecce
JKTOAePMasibHO-Me3eHXMMalbHbIX B3aVIMOAENCTBUIA BO BpPeMs 3MOPMOHaNbHOrO pas3Butus. B HacToswen pabote
ONUCaH KNMHMYECKNA Cllyyail manbumka ¢ GeHOTMNOM X-CLenneHHON rMnornapoTMYeckon SKTogepManbHOM ancnna-
31K, 06YCNOBNEHHDBI paHee He OMWUCAHHOW CTPYKTYPHOW NepecTpoiikoin. MeTogomM NOIHOFrEHOMHOTO CEKBEHMPOBaHNWA
(WGS) 6bina BblsiBNeHa MUKpoaynivKauma nokyca Xq13.1 pasmepom npubnusutenbHo 397.3 K6, HenocpeacTBEHHO
3aTparuBatowwan reH EDA. KomnnekcHbli 6ronHopmaTMyecKnin aHanm3 nogTBepAun OTCYTCTBME AOMONHUTENbHbIX
NaToreHHbIX UM BEPOATHO NaTOreHHbIX BapUAHTOB B APYTX reHax, KoTopble Morv obycnoBnmBaTb GeHOTVN NaumeHTa.
Mukpogynnukauva Xq13.1 noaTBepxpeHa y npobaHha M ero mMatepyi METOAOM KOJIMYECTBEHHOW MoNMmepasHomn
LEeMHOM peakunn B pekKume peanbHOro BpemMeHn. AHanm3 MeTunupoBaHuA reHa AR nMpofaeMoHCTpUpOoBan y matepu
PaBHOBEPOATHYIO WHAKTMBaUMIO X-XPOMOCOMbI (74/26 %), uTo O0ODBACHAET ee 6GECCMMNTOMHOE HOCUTENbCTBO.
MpoBefeHO cpaBHEHME KNVHNYECKNX NPOABNEHN NpobaHaa C ONMCcaHHbIMU B NiUTepaType nauneHTamu, MeLnumMm
651M3KMe No KOOpAMHaTaM CTPYKTYpHble NepecTporikin. Ha 0CHOBaHMM MeXAyHapOAHbIX U POCCUINCKMX PYKOBOLCTB MO
VHTeprpeTauumy AaHHbIX MacCOBOrO MapasseslbHOro CeKBEHUPOBAHUA OOHaPYXXEHHbI BapuaHT KnaccuduumpoBaH
KaK naToreHHbin. MipeHTndUKauma 3Tor CTPYKTYPHON NepecTponKy paclunMpAeT N3BECTHbIA MyTaLMOHHbIN CNEKTP reHa
EDA. YTOUHeHre MOoneKynApHO-reHeTMYeCKOro AnarHo3a B ONMCaHHON CEMbe MEeT KPUTNYECKOE 3HaUYeHMe He TONbKO
ana BepuduKaumMm HO30MOMMK, HO U ANA KOPPEeKUUM TaKTMKU BEAEHUA NauMeHTa, BKUYas MeXAVNCUMNINHAPHLIN
noaxof K neyeHuto. Kpome Toro, 3To No3BonAeT NPOBECTV KayeCTBEHHOE MeANKO-TeHeTMYeCKoe KOHCYNbTMpOBaHUe,
BbIABUTb HOCUTENbCTBO Y POACTBEHHMKOB XKEHCKOTrO Nnona 1 pa3paboTaTb 3dPeKTUBHbIE MepPbl NEPBUYHOW 1 BTOPUYHON
npodunakTMKn 3aboneBaHNA B faHHON CeMbe.

KnioueBble cnoBa: sKkTofepManbHasa AUCNA3na; rTMNnorMapoTnyeckas gucnnasus; cuHigpom Kpncrta—CnumeHca-TypeHa;

EDA; Bapuauun yncna konui yyactkos [IHK (CNV); maccoBoe napannenbHoe cekBeHnpoBaHue (MIMC)

Introduction

Ectodermal dysplasia is a genetically and clinically heteroge-
neous group of disorders characterized by defects in two or
more ectodermal derivatives, including sweat glands, hair, and
teeth (Visinoni et al., 2009). Hypohidrotic ectodermal dyspla-
sia is a subgroup of ectodermal dysplasias, whose characteristic
clinical feature is reduced sweat gland function, leading to
impaired thermoregulation (Anbouba et al., 2020; Wohlfart et
al., 2020). Pathogenic variants in four genes account for ap-
proximately 90 % of hypohidrotic ectodermal dysplasia cases:
EDA (X-linked forms), EDAR and EDARADD (responsible
for both autosomal dominant and autosomal recessive forms),
and WNTI0A (autosomal recessive forms) (Cluzeau et al.,
2011).

X-linked hypohidrotic ectodermal dysplasia (Christ-Sie-
mens—Touraine syndrome, XLHED) (OMIM: #305100) is a
hereditary disorder affecting structures of ectodermal origin,
such as hair, teeth, nails, and sweat glands. The disease is
caused by pathogenic variants in the EDA gene, responsible
for the synthesis of the protein ectodysplasin A. This protein
belongs to the tumor necrosis factor (TNF) family of ligands
and plays an important role in the formation of ectoderm-
derived structures during embryogenesis (Kere et al., 1996;
Mikkola, Thesleff, 2003). According to the literature, X-linked
hypohidrotic ectodermal dysplasia is the most common form
of hypohidrotic ectodermal dysplasia worldwide (Lamartine,
2003). The prevalence of this disease is estimated to range
from 1 to 22 per 100,000 individuals (Cafiueto et al., 2011;
Nguyen-Nielsen et al., 2013). The clinical presentation of
this disease involves various combinations of the following
features: hypohidrosis, hypotrichosis, and hypodontia (Itin,
Fistarol, 2004; Bagdey et al., 2022). This paper presents a
clinical case involving an Xql3.1 duplication not described
hitherto.

Materials and methods

A family with a suspected case of ectodermal dysplasia in the
son was enrolled in this study. The research was conducted
in compliance with ethical standards as outlined in the World
Medical Association’s Declaration of Helsinki. Written in-
formed consent was obtained from all participating family
members. The study protocol was approved by the Biomedi-
cal Ethics Committee of the Research Institute of Medical
Genetics, Tomsk National Research Medical Center (Protocol
No. 10, dated January 20, 2021).

Peripheral blood samples were collected from the patient
and his parents into EDTA-containing tubes for molecular
genetic analysis. Genomic DNA was extracted from whole
blood using the standard phenol-chloroform method.

Whole-genome sequencing of the proband was performed
within the collaborative research program with the National
Genetic Initiative “100,000+Me” at Biotech Campus Company.
Whole-genome sequencing was carried out on DNBSEQ-T7
platforms (MGI) using the MGIEasy FS PCR-Free Library
Prep Set (MGI) for library preparation, producing 2 x 150 bp
paired-end reads. The bioinformatics pipeline included
adapter trimming and quality filtering of raw data, followed
by alignment of reads to the GRCh38 reference genome using
BWA-MEM v0.7.17 (http://bio-bwa.sourceforge.net/). Dupli-
cate reads were marked using GATK MarkDuplicates v4.3.0.0
(McKenna et al., 2010). Single nucleotide variants and small
indels were called using Deep Variant v4.0.0. For each sample,
the fraction of reads with a quality score of at least Q30 was
>90 % of the total reads obtained by sequencing.

Variant annotation was performed using Annovar (Wang
et al., 2010). The clinical relevance of identified variants was
assessed using the OMIM (http://www.omim.org/), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), gnomAD v4.1.0
exomes (https://gnomad.broadinstitute.org/), HPO (https://

950 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 6


http://bio-bwa.sourceforge.net/
http://www.omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://gnomad.broadinstitute.org/
https://hpo.jax.org/

B.W. CrenaHeHKo, V.. XancaHoBa, E.A. DoHoBa ...
IH. CenToBa, A.C. MoHaxoBa, H.A. CkpabunH

hpo.jax.org/), and Decipher (https://www.deciphergenomics.
org/) databases, as well as data from the scientific literature.

To validate the Xql3.1 microduplication, quantitative
real-time PCR was performed on DNA from the proband
and his parents using the following primer pairs (Syntol,
Russia): targeting exon 2 of the EDA gene (F: 5'-TGGCT
ATGACTGAGTGGGGT-3"; R: 5-GCTTCTTTTATTGC
GGCGAAC-3") and targeting intron 1 of the EDA gene
(F: 5'-GTGGGATGTTGGAGGAACT-3"; R: 5-TGCGAAC
TTTGGTGAAGAAGC-3").

Primers were designed using the Primer-BLAST resource
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Selected
primer sequences were tested for the formation of hairpins,
self- and heterodimers using the OligoAnalyzer tool (https://
eu.idtdna.com/calc/analyzer).

The X-chromosome inactivation status was determined by
amplifying a highly polymorphic CAG repeat in the first exon
of the androgen receptor gene (4R, Xql2) after DNA hydro-
lysis with the methylation-sensitive restriction endonuclease
Hpall. PCR products were separated using fragment analysis.
An inactivation skewing of less than 80 % was considered
a random pattern of X-chromosome inactivation, whereas
a skewing of more than 80 % was regarded as indicative of
skewed (asymmetric) X-chromosome inactivation (sXCI)
(Allen et al., 1992).

Results
Clinical case report. The proband, a 14-year-old male, was
examined at the Genetic Clinic of the Research Institute of
Medical Genetics, Tomsk National Research Medical Center,
due to suspected anhidrotic ectodermal dysplasia. His medical
history was significant for congenital absence of sweating and
impaired thermoregulation. At the age of two months, he was
diagnosed with atopic dermatitis and subsequently followed
up for this condition, which was characterized by recurrent
episodes of acute allergic manifestations, including atopic
dermatitis and urticaria, requiring numerous hospitalizations
in early childhood. His primary dentition erupted at 8 months
of age and was notable for conical (awl-shaped) teeth.

The initial diagnosis of Christ—Siemens—Touraine syndrome
with an X-linked recessive inheritance pattern was established
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at the age of 1 year and 5 months following a consultation
by a clinical geneticist, based on the characteristic clinical
presentation.

At the age of 2 years, the patient developed phimosis with
the formation of synechiae. At 6 years, the proband was
admitted to a surgical hospital with a diagnosis of acute bala-
noposthitis and preputial synechiae. From the age of 7 years,
he has been followed up by a neurologist for an obsessive-
compulsive disorder and a localized motor tic involving the
periorbital musculature.

During a follow-up examination by a clinical geneticist at
the age of 14, the following phenotypic features were noted:
hypodontia of the upper jaw with conical teeth, anodontia of
the lower jaw, hypotrichosis, periorbital hyperpigmentation,
and palmoplantar keratoderma. The patient was subsequently
referred for molecular genetic confirmation of the diagnosis.

Whole-genome sequencing identified a hemizygous
~397.3 kb duplication on chromosome X, spanning approxi-
mate coordinates chrX:69,620,777-70,018,072 and affecting
the disease-associated £DA gene (Fig. 1).

The Xq13.1 microduplication was confirmed in the proband
and his mother by quantitative real-time PCR (Fig. 2). Neither
of the proband’s parents exhibited any clinical manifestations
of the disease.

The proband’s parents showed no clinical manifestations of
the disease. Analysis of the X-chromosome inactivation status
in the proband’s mother demonstrated random X-chromosome
inactivation (74/26 %).

Discussion
The EDA gene spans 419 kb, comprises eight exons, and en-
codes ectodysplasin A, a signaling ligand of the tumor necrosis
factor (TNF) family, which plays a key role in the formation of
ectodermal structures during embryogenesis. The function of
ectodysplasin A is to transmit a positive signal supporting cell
survival, proliferation, and differentiation during epithelial-
mesenchymal interactions, particularly in the development of
hair follicles (Laurikkala et al., 2002).

According to the literature, hypohidrotic ectodermal dys-
plasia is frequently associated with atopic conditions, includ-
ing atopic dermatitis, allergic rhinitis, and bronchial asthma

(000008000090-ET00072792_ 4T CNV cariaerer)
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Fig. 1. Proband NGS sequencing (IGV browser).
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Comparison of clinical features of the proband with literature data

Clinical case of X-linked
hypohidrotic ectodermal dysplasia

Clinical feature

Skin changes

Superficial dry scaling skin at birth
Dry and often hypopigmented skin

Dermatitis resembling atopic skin disease

Impaired sweat gland function

Absence or reduction of sweating

Hyperthermia under warm condition

Abnormalities in hair follicles

Sparse, curly, and fair hair
Alopecia because of hypotrichosis or increased hair fragility

Eyebrows or eyelashes absent/sparse or malformed

Nail changes

Leukonychia

Dystrophic and malformed nails

Dental changes

Hypodontia or anodontia
Malformed teeth with cone- or pegshaped aspect

Prone to caries because of enamel defect
or salivary gland malfunction with xerostomia

Facial changes

Dysmorphic features

Numerous facial malformations

Proband Patient-12 Patient-2° Patient-3¢
+ N/A + +
+ N/A + +
+ N/A - -
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ N/A + +
+ N/A + +
+ N/A N/A +

Eye abnormalities

Corneal dysplasias
Cataract
Displaced or stenotic lacrimal puncta

Defective or decreased lacrimation

Note. Sources: 2 (Hayashi et al., 2013); b (Li et al., 2008); © (Al Marzougi et al., 2014); N/A - Not Assessed.

351
301 = EDAint1
254 W EDAex2
20
1.5¢
1.0F
0
Male Proband Mother Father
control

Fig. 2. Copy number analysis of the Xq13.1 region in the proband
and his parents. Results of real-time PCR assays targeting intron 1
and exon 2 of the EDA gene.

The X-axis represents the male control sample, proband, mother, and
father; the Y-axis shows the relative DNA copy number change.

952

(Stein, 2007). This association may be explained by impaired
barrier function of the skin and mucous membranes, leading
to xerosis (dry skin), as well as by thermoregulatory dysfun-
ction resulting from sweat gland abnormalities. Dysfunction of
bronchial glands has also been reported, which may predispose
individuals to recurrent respiratory infections and bronchitis. In
our clinical case, the patient showed signs of atopic dermatitis
from the first months of life, requiring medical management.

The clinical presentation in the proband is consistent with
the classical phenotype of X-linked hypohidrotic ectodermal
dysplasia (Itin, Fistarol, 2004). In addition, the clinical fea-
tures are similar to previously reported cases associated with
pathogenic copy number variations (CNVs) affecting the EDA
gene, including both deletions (Patient-1, Patient-2) and a
duplication (Patient-3) (see the Table).

According to the literature and genomic databases, three
cases of intragenic copy number variations (CNVs) have been
described to date: two microdeletions and one microduplica-
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Proband (our case)

Decipher Patient (Patient:289747)
_—_—_—

Patient-1 (Hayashi et al., 2013)

Patient-2 (Li et al., 2008)

Patient-3 (Al Marzougqi et al., 2014)

Fig. 3. Schematic scale-fitted representation of rearrangements in previously reported patients with duplications (blue
bars), deletions (red bars), and the proband within the EDA gene.

tion. All of these cases were reported in patients presenting
with a pronounced clinical picture consistent with the specific
disease phenotype.

In Patient-1 (Hayashi et al., 2013), a deletion was identified
and designated as NC_000023.11(NM_001399.5):¢.397-
1589 502+13848del. This rearrangement corresponds to an
intragenic deletion within the Xq13.1 region, spanning ge-
nomic coordinates chrX:69955438-69970980 and involving
exon 2 of the EDA gene. In Patient-2 (Li et al., 2008), a 22-bp
intragenic deletion was identified within exon 8 of the EDA
gene, resulting in a frameshift. In Patient-3 (Al Marzougqi et al.,
2014), an intragenic duplication of EDA exon 2 was reported.
In addition, a duplication with similar coordinates is registered
in the Decipher database (Patient:289747) and classified as
pathogenic (Fig. 3).

Structural variants with similar coordinates are not ob-
served in the population frequency databases gnomAD CNVs/
SVs v4.1.0.

According to the ACMG criteria established for the as-
sessment of CNV pathogenicity, this rearrangement is classi-
fied as pathogenic, receiving a score of 1.0 (criteria 1A, 2A,
3A) (Riggs et al., 2020). Based on the refined ACMG/AMP
criteria adapted for the evaluation of monogenic CNVs, this
rearrangement is also classified as pathogenic (PVS1, PM2,
PP4) (Brandt et al., 2020).

X-linked hypohidrotic ectodermal dysplasia is known to
exhibit incomplete penetrance in female carriers due to its
X-linked recessive inheritance pattern (Munoz et al., 1997,
Cambiaghi et al., 2000). The identified variant was inherited
from the mother, who is a heterozygous asymptomatic car-
rier. Clinical manifestations of X-linked recessive disorders
in women may be absent due to the heterozygous state of the
X chromosome and random X-chromosome inactivation (Vin-
centetal., 2001). However, if skewed X-chromosome inactiva-
tion is present, female carriers may exhibit clinical symptoms

when the homologue carrying the pathogenic variant remains
active. In this case, we found random X-chromosome inac-
tivation in the proband’s mother, which explains the absence
of clinical manifestations of the disease. This rearrangement
is assessed as pathogenic based on a combination of clinical
data, pathogenicity criteria, and literature reports.

An important aspect of the presented clinical case is the
utilization of whole-genome sequencing for the diagnosis
of this disease. Verifying an intragenic microduplication on
the X chromosome in a male patient using standard NGS ap-
proaches (such as targeted gene sequencing or whole-exome
sequencing) is extremely challenging. In a male, the hemi-
zygous state of the X chromosome, combined with a copy
number gain in a specific region, could be misinterpreted as
increased gene coverage, potentially leading to a false nega-
tive diagnosis. Furthermore, methods designed to determine
DNA copy number, such as MLPA, array CGH, or real-time
PCR, are not routinely used in the diagnosis of Christ—Sie-
mens—Touraine syndrome, because pathogenic variants are
represented by various single nucleotide variants (SNVs) in
up to 90 % of cases.

Conclusion

This report presents a clinical case of X-linked hypohi-
drotic ectodermal dysplasia caused by a previously unre-
ported ~397.3 kb duplication at Xql3.1, affecting the EDA
gene. The duplication breakpoints map to approximately
chrX:69,620,777-70,018,072. The diagnosis was established
based on the characteristic clinical presentation. Molecular
genetic confirmation allowed us to clarify the etiology and
identify carrier status in the asymptomatic mother with random
X-chromosome inactivation. This finding enables preconcep-
tion and prenatal diagnostic options for future pregnancies
in this family, given the potential for transmission by female
carriers.
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Abstract. During the late Roman period, the military and political conditions in Eastern Europe declined both along the
frontier between the Roman Empire and Barbaricum and within those territories. The Chernyakhov culture played an
important role in the dynamics of these events. According to historical and archaeological evidence, this society was
formed by Germanic tribes that had moved into the region from northwestern Europe, as well as a nomadic population
of the steppes. The Chernyakhov culture’s funerary traditions included the placement of weapons, most likely solely
in the graves of military nobles. In this context, human remains from these burials serve as a unique resource for
archaeogenetic studies, enabling insights into the genetic origins of the military aristocracy within the Chernyakhov
culture. In this paper, we present the results of a whole-genome analysis of a member of the military elite from a status
burial of the Chernyakhov culture at the Dal'niy (Vydrin) burial ground, located on the northern border of the Chernya-
khov culture area. According to archaeological data and previous anthropological analysis, the buried individual
belonged to the military nobility of the late Chernyakhov culture, which lasted from the fourth to fifth centuries AD.
The whole-genome sequences of this individual were generated by large-scale parallel sequencing. The individual was
shown to be male. Analysis of haplogroup markers indicated the European origin of maternal and paternal lineages. The
examination of autosomal markers clearly indicated a genetic link between this individual, associated with the warrior
class of the Chernyakhov culture, and members of nomadic steppe groups, specifically the Scythians, Sarmatians, and
Avars. The results contribute to our understanding of the complex picture of interethnic contacts that created the basis
for the formation of the polyethnic Chernyakhov culture.
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Genetic analysis of a representative of the Chernyakhov culture
from the Dal’niy burial ground

AHHOTauuA. B Mo3gHepyMCKMIA Mepuog Ha Tepputopun BocTouHoli EBpomnbl mpoucxogut oboCTpeHue BOeHHO-
NONNTAYECKON OOCTaHOBKM Kak Ha rpaHuue Puma (Pumckon umnepun) n bapbapukyma, Tak U BHYTPU HUX.
3HauunTeNbHYI0 PONb B AMHAMMKe 3TVX MPOLECCOB Mrpana YepHAXOBCKas KysbTypHas OO6LHOCTb, popMmpoBaHue
KOTOPO, COrMacHO NCTOPMKO-apXeoornyecknm JaHHbIM, MPOUCXOAMIIO MPU aKTVBHOM Y4acTUN repMaHCKUX NaemMeH,
NPOABUHYBLUNXCA B 3TOT pernoH ¢ CeBepo-3anaga EBponbl, NpUYepHOMOPCKOro OCeAnoro u OT4yacTu CTENHOro
KoueBOro HaceneHus. Morpe6anbHblii 06PAL YEPHAXOBCKOW KySbTypbl MpeAnonaraeT KpaliHe peakoe nomelleHne
OpYXKs, NPeANONOXNTENbHO, TOJIbKO B MOTUSIbl MpeAcTaBUTENe BOVMHCKOW 3HaTW. B CBA3M C YeM aHTpOononornyeckni
mMaTepuan u3 nofobHbIX MorpebeHnn ABNAETCA LEeHHbIM OOBEKTOM [1A apXeoreHeTUYeCcKnX WCCefoBaHuin,
NO3BONAOLMM MOHATb FeHETNYECKOe NPOUCXOXKAEHVE NPeacTaBUTeNiell BOMHCKOWM SNNTbl YePHAXOBCKOTO obLiecTBa.
B nmaHHol paboTe Mbl BnepBble MpeAcTaBAAeM pe3ysbTaTbl MOSIHOFEHOMHOTO aHanv3a MpeAcTaBUTeNIA BOMHCKOMN
3Tl U3 CTaTYCHOTO 3aXOPOHEHNA YEPHAXOBCKOWM KyNbTypbl Ha MoruibHuKe JanbHuin (BblAprH), pacnonoxeHHoro
Ha CeBepHOW rpaHuLe apeana YepHAXOBCKOM KynbTypbl. COBOKYNHOCTb apXeonormyecknx AaHHbIX 1 NpoBefeHHOro
paHee aHTPOMONOrMYECKOrO aHaN3a YKa3blBaeT Ha TO, UTO MOrPebeHHbIN NHAMBUA NPUHAANEXaN K BOMHCKON 3HaTU
nepuopa no3fHeYepHAXOBCKON KyNbTypbl, KOTOPbIN AatnpyeTca KoHUoMm IV B. H.3. C ncnonb3oBaHnem MacwtabHoro
napanfienbHOro CeKBeHWPOBaHWA Obinv onpepeneHbl MOSHOTEHOMHbIE MOC/eA0BaTeNIbHOCTA 3TOr0  MHAMBUAA.
Moka3zaHa NpUHaANeXHOCTb MHAMBMAA K MYXXCKOMY nony. AHann3 ofHOPOANTENbCKMX MapKepOB CBUAETENbCTBYET O
€BPOMenckom NMPOUCXOKAEHUM MAaTEPUMHCKOW 1 OTLIOBCKOM JIMHNIN UCCNIeOBaHHOIO My>UMHbl. Ha ocHoBe aHanu3a
ayTOCOMHbIX MapKepOB Mbl BepBble MPOAEMOHCTPMPOBASIN FrEHETNYECKYIO CBA3b 3TOro UHANBMAA, NPeACTaBNAOLLErO
BOMHCKOE COC/TOBUE YEPHAXOBCKOMN KyNbTypbl, C MPeACTaBUTENIAMU KOUEBbIX CTEMHbIX FPYNM: CKNPOB, CapMaToB 1 aBap.
MonyyeHHble pe3ynbTaTbl BHOCAT BKaZ B MOHVMaHME COXHOW KapTWHbI MEXITHUUYECKUX KOHTAKTOB, JIEXaBLUMX B
ocHoBe GOPMMPOBaHNA HaceneHWA NONSTHUYHOW YEPHAXOBCKOW OOLHOCT.

KnioueBble crnoBa: YepHAXOBCKaA KyNbTypa; No3aHepumckoe Bpems; ApeBHAA [IHK; KoueBHMKY; apxeoreHeTrKa

Introduction

During the Late Roman period (the 2nd—5th centuries AD),
significant transformations occurred on the frontiers between
Europe and the Great Steppe. This era witnessed large-scale
migrations, military-political crises, and the formation of
new cultural communities within the vast territories of Bar-
baricum, situated outside the borders of the Roman Empire
(Heather, 2011). One of the most prominent among them was
the Chernyakhov cultural-historical complex (or Santana de
Mures—Chernyakhov complex, mid-3rd to early 5th century
AD), which spanned extensive areas from the Lower Danube
to the Seversky Donets and the Kursk region. Archaeologi-
cal research confirms that the Chernyakhov culture emerged
as a result of a complex polyethnic process involving the
migration of Germanic tribes from Northwestern Europe and
their interaction with the local populations inhabiting the for-
est and forest-steppe zones (Terpilovsky, 2000; Oblomskiy,
2002; Radyush, 2018, 2023). Anthropological data further
indicate the possible existence of a genetic link between the
Chernyakhov culture and populations from the steppe regions,
specifically groups belonging to the Scythian—Sarmatian
cultural circle (Scythians, Sarmatians, and Alans) (Rudich,
2006, 2010).

Despite the relative homogeneity of material culture, the
funerary ritual practiced by the Chernyakhov society pro-
vides clear evidence of social hierarchy. Burials containing
weapons are extremely rare and, according to the consensus
view in archaeology, are attributed to representatives of the
military aristocracy (Radyush, 2012, 2019; Radyush, Vasil’ev,
2022). Consequently, the anthropological remains recov-
ered from such burials constitute a unique data source for
investigating the genetic profile and biological origins of the
Chernyakhov military elite, who played a pivotal role in the

military-political processes that characterized the Migration
Period.

In 2021, archaeological excavations at the Chernyakhov
burial site of Dal’niy (Vydrin) in the upper Sudzha River basin
(the Kursk region) revealed a of a male aged 3540 that was
unique in the richness of its grave goods (Radyush, Vasil’ev,
2022; Radyush et al., 2025). The burial, dating back to the late
4th century, contained a significant collection of high-quality
grave goods, including a large number of refined ceramic
vessels, such as a massive black-polished vase, a jug, a glass
goblet, belt buckles, and a fibula. A blade approximately 40 cm
in length was recovered near the head of the deceased. The
exceptional preservation of organic materials made it possible
to establish that the weapon was in a wooden scabbard and
was made of Damascus steel. Consistent with Chernyakhov
funerary traditions, the individual was identified as a member
of the military elite. This classification is further supported by
anthropological analysis, which revealed a complex of physical
characteristics typical of an experienced horseman who was
regularly subjected to physical and military loads (Radyush
et al., 2025). This burial is unparalleled among Chernyakhov
sites on the left bank of the Dnieper, and its location in close
proximity to the so-called “Knyazhye” burial near the village
of Bolshoy Kamenets in the Kursk region further emphasises
the high social status of the deceased male (Radyush, Vasil’ev,
2022).

Although historical scholarship traditionally recognizes the
polyethnic nature of the Chernyakhov culture, the origin of
its military elite, particularly in the peripheral the Left Bank
Dnieper region, remains a subject of ongoing debate. Archaco-
genetic research provides a powerful tool to test historical
and archaeological hypotheses through the genetic analysis
of individual human remains.
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Within the framework of this study, we present for the first
time the results of a whole-genome analysis of a Chernyakhov
military aristocrat, excavated from a grave at the Dal’niy
(Vydrin) burial ground in the Bolshesoldatsky District of the
Kursk region.

Materials and methods

Ancient DNA (aDNA) was extracted at Sirius University in
special laboratories designed to work with ancient materials.
The molecular genetic work was conducted in accordance
with previously developed methods (Gansauge, Meyer,
2013; Andreeva et al., 2022). Bone powder obtained from
the tooth root of an individual from burial 12 at the Dal’niy
burial ground (Vydrin) was used as an aDNA source. For this
sample (hereinafter referred to as Dch08), two genomic librar-
ies were prepared: one from native DNA and one from DNA
treated with the PreCR Repair Mix (NEB) enzymes to repair
postmortem modifications (Mouttham et al., 2015). Sequenc-
ing was performed using the Illumina MiSeq and Illumina
NovaSeq 6000 platforms, generating single-end reads with a
read length of 56 bp.

The initial data obtained from sequencing were analyzed
using a bioinformatics pipeline, which included the follow-
ing programs: FastQC, AdapterRemoval v2, mapDamage v2,
BWA, SAMtools, BCFtools, BEDTools, and BamUtil (Li et al.,
2009; Schubert et al., 2012, 2016; Jonsson et al., 2013; Picard
Tools — By Broad Institute, 2019; Danecek et al., 2021). The
trimmed reads were mapped to the reference sequence of the
human mitochondrial genome (mtDNA, NC 012920.1) and
to the human reference genome (GRCh37 assembly). The
degree of contamination in the analyzed DNA was evaluated
using two approaches: calculating mitochondrial genome
heterozygosity via the Schmutzi program (Renaud et al.,
2015) and examining X-chromosome polymorphisms using
the ANGSD (Rasmussen et al., 2011). The genetic sex was
determined for the studied individual using the karyo RxRy
program (Anastasiadou et al., 2024).

The mitochondrial genome sequence was reconstructed
from a BAM file. The haplogroup was determined using
HaploGrep 3 (Phylotree build 17), as described by S. Schon-
herr et al. (2023). The outcome was verified using YFull
MTree 1.02 (YFull, 2025). We conducted a phylogeographic
analysis using sequences from modern and ancient samples.
The sequences were retrieved from the NCBI databases and
selected via BLAST with 100 % query cover and 99.95 %
identity. We also used the AmtDB dataset (Ehler et al., 2019).
The phylogenetic tree was created using the mtPhyl program
(Eltsov, Volodko, 2016), excluding highly variable sites.

The yhaplo program (Poznik et al, 2016) was used to de-
termine the Y-chromosome haplogroup. To confirm the result,
the identified single-nucleotide variants (SNVs) were cross-
checked with the ISOGG Y-DNA Haplogroup Tree 2019-2020
data (International Society..., 2024, https://isogg.org/tree/
index.html) and YFull YTree v.11.01.00 (YFull, 2025).
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We generated a set of pseudohaploid genotypes for the
1240K panel for population genetic analyses (Mathieson et
al., 2015). Genotype calling was performed using SAMtools
mpileup and the --randomHaploid option from the pileupCaller
package (Schiffels, 2025). Our dataset included individuals
from the AADR (Allen Ancient DNA Resource) database
dating from 6050 BC to 1326 AD. We restricted the analysis
to genotypes derived from whole-genome sequencing data. In
addition, we incorporated individuals from the Chernyakhov
culture and those associated with the Scythian—Sarmatian
groups (Andreeva et al., 2025; Saag et al., 2025; Schiitz et al.,
2025). Related individuals, as well as samples with fewer than
10,000 marker genotypes, were excluded from the analysis.

To perform a principal component analysis (PCA), we
combined the selected ancient samples with modern sam-
ples from the Human Origins (HO) panel, which contains
approximately 600,000 genetic markers (Lazaridis et al.,
2014). Transitions, variants with a low minor allele frequency
(--maf 0.01), and variants with a high percentage of missing
genotypes (--geno 0.95), were excluded from the resultant file.
Principal components were computed using the smartpca mod-
ule in EIGENSOFT v.6.1.4 (Patterson et al., 2006). Ancient
samples were then projected onto the principal component
space defined by modern populations for visualization on the
PCA plot.

To prepare the dataset for ADMIXTURE analysis, we
supplemented it with reference populations that maximized
genetic components. The transition variants, SNPs with low
minor allele frequency, and those in linkage disequilibrium
were pruned using the --indep-pairwise 200 5 0.5 option in
PLINK v1.9 (Chang et al., 2015). To determine the optimal
number of genetic components (K), we performed 10 inde-
pendent ADMIXTURE runs for each K value ranging from 2
to 20, with cross-validation error estimation (--cv) enabled.
The K value corresponding to the lowest cross-validation error
was chosen as optimal.

Results and discussion

DNA sequencing from bone powder and subsequent mapping
against reference genomes yielded an average nuclear genome
coverage of approximately 1x and an average mitochondrial
DNA (mtDNA) coverage exceeding 100x (see the Table). An
elevated frequency of cytosine-to-thymine (C-to-T) transitions
was observed at the ends of molecules, confirming the authen-
ticity of the ancient DNA (aDNA) (Fig. 1). The individual’s
genetic sex was determined to be male (XY), with an estimated
contamination level below 4 %.

The mitochondrial sequence belongs to haplogroup USal
and harbors additional variants at positions 12,811 and 8,610.
Based on these variants, the individual clusters with a Bronze
Age individual from the Late Minoan necropolis of Armenoi
(Crete, Greece, 1370-1340 BC) (Lazaridis et al., 2017) as well
as with modern individuals from Spain and Italy (Fig. 2). No-
tably, the mitochondrial genome of sample Dch08 represents
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Summary statistics for the genomic data obtained from the Dch08 sample

Total reads The proportion of reads Mean genome Mean coverage of the human mtDNA X-chromosome
mapped to the human coverage mitochondrial genome contamination level contamination level
genome (GRCh37) (GRCh37) (NC_012920) (Schmutzi) (ANGSD)

241112513 4131% x0.9 x118.1 4% 0.42 %

0301 r

a b
0.25F 3
0.20F -

Frequency
o
&

Fig. 1. Profile of C—T substitutions (red curve) in reads mapped onto the human reference genome GRCh37.

a-genomic library prepared from untreated DNA; b — genomic library prepared from repaired DNA.

15218
16399
U5a1
12811
10490 8610
MN687110.1
Italy, Umbria
200 3591 4732 9278
6098 16355 16234 11101
16207 14110
| PQ825700.1 14395
Dch08 119123 Italy, Sicily |
Russia, Kursk region, Greece, Crete, Armenoi, MZ921036.1
Chernyakhov culture, Minoan culture, Spain

late IV-early V centuries AD 1370-1340 BCE

Fig. 2. A fragment of the phylogenetic tree for haplogroup U5a1.

The numbers indicate the positions of single-nucleotide substitutions. The geographical/ethnic origins of each sample are indicated, as
well as the dating information for ancient samples. The test sample Dch08 is highlighted in red, and ancient samples are shown in italics.

a unique lineage within haplogroup U5al, distinguished by
specific variants at positions 200, 6,098, and 16,207 that are
absent in both ancient and modern representatives of this clade.

According to YFull data, haplogroup U5al diverged ap-
proximately 15.4 thousand years ago and has been identified
in Mesolithic populations of Northern and Eastern Europe

(Skoglund et al., 2014; Mathieson et al., 2015, 2018; Giinther
et al., 2018; Allentoft et al., 2024), in Late Neolithic Corded
Ware and Bell Beaker cultures (Linderholm et al., 2020), in
Bronze Age cultures including Srubnaya (Krzewinska et al.,
2018; Mathieson et al., 2018) and Minoan (Lazaridis et al.,
2017), in Iron Age individuals from Italy (Emery et al., 2018)
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Fig. 3. The results of ADMIXTURE (a) and PCA (b) analyses for the individual under study from the Dal'niy (Vydrin) burial ground and

previously published ancient individuals.

Ancient group names follow the AADR database (Mallick et al., 2024) and the publications (Andreeva et al.,, 2025; Saag et al., 2025): NF (Neolithic
Farmers) — Austria_N_LBK.SG, Turkey_Marmara_Barcin_N.SG, Germany_Saxony_LBK_N.SG; ANA (Ancient North Asian) - Mongolia_Xiongnu.SG,
Russia_DevilsCave_N.SG; HG (Hunter-gatherers) — Italy_Epigravettian.SG, Russia_Mesolithic_Veretye.SG.

and Poland (Stolarek et al., 2023), and in Sarmatians from
Kazakhstan (Damgaard et al., 2018). Currently, this lineage
occurs in Italy, Spain, and Russia (in particular, in certain
populations of the North Caucasus), which indicates its wide
distribution in Western Eurasia.

The Y-chromosome haplotype of individual Dch08 belongs
to haplogroup R1alalbl (R1a-Z283). No derived markers de-
fining downstream subclades were detected. This lineage dates
to approximately 5—6 thousand years ago, and its wide distribu-
tion in Europe is associated with the expansion of bearers of
the Corded Ware culture (Haak et al., 2008; Underhill et al.,
2010; Saag et al., 2019). The earliest samples associated with
this culture and carrying the ancestral haplogroup R1a were
found at the Eulau burial ground (Eastern Germany, ~2600 BC)
and in Estonia (2702 BC) (Haak et al., 2008; Saag et al., 2019).

In a later period, including the Early Middle Ages, carriers of
haplogroup R1a-Z283 were identified in Scandinavia and other
European regions (McColl et al., 2024).

According to the FamilyTreeDNA database (https://www.
familytreedna.com/public/y-dna-haplotree/R), this subclade is
most widespread in modern European populations, predomi-
nantly in Poland (14.37 %), Sweden (11.62 %), and Russia
(10.72 %). This result indicates the genetic continuity of the
Dch08 sample along the paternal line from populations that
formed in Europe during the Late Neolithic.

PCA and ADMIXTURE analyses of the Dch08 sample
show a genetic profile distinct from those of previously studied
Chernyakhov individuals from the Legedzine, Shyshaky, Zo-
lochiv, and Komariv-1 sites (Jarve et al., 2019; Saag et al.,
2025) (Fig. 3). On the PCA plot, the individual Dch08 under
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Fig. 4. PCA (a) and ADMIXTURE (b) results for the individual from the Dal'niy (Vydrin) burial ground and previously published Avar-pe-

riod individuals from Hungary.
For group designations, see Figure 3.

study falls into the cluster of Early Iron Age nomads (Scythians
and Sarmatians) and also demonstrates similarity with them
according to the ADMIXTURE analysis results. Previous
analyses of archaeological materials from Chernyakhov sites,
as well as craniological analysis of its representatives, indi-
cate the likely presence in this cultural community of a small
fraction of individuals genetically linked to populations of the
Scythian—Sarmatian groups, in the eastern and southern parts
of the area (Lower Dnieper, Northern Pontic steppe regions)
(Rudich, 2010, 2014; Radyush, 2023).

Our results support these hypotheses. Notably, unlike all
previously published Chernyakhov culture individuals, the
Dch08 individual carries Asian-related ancestry components
(ANA) that are consistently present in the Early Iron Age
nomadic populations. Importantly, similar genetic profiles
have also been observed in Avar-period individuals from
Hungary (6th-—9th centuries AD) (Fig. 4), whose ancestry has
been attributed to Scythian—Sarmatian sources (Maroti et al.,
2022).

Historical and archaeological data suggest that migrants
from Northern Europe, represented by the tribes of the Goths
and the related Gepids and Heruli, as well as possibly other
East Germanic groups, contributed to the formation of the
Chernyakhov cultural community (Sedov, 1979; Magome-
dov, 2001; Shchukin, 2005). However, our analysis did not
reveal any genetic similarity between Dch08 and any of
these candidate groups for which whole-genome data were
available at the time of this study. Specifically, no genetic
link was found with individuals associated with the Wielbark
culture (Stolarek et al., 2023; Antonio et al., 2024), the Lom-
bards (Amorim et al., 2018), or the Gepids (Veeramabh et al.,
2018) (Fig. 3). The combination of uniparental inheritance
markers of Western Eurasian origin (Y: R1a-Z283; mtDNA:
U5al) and an autosomal profile more characteristic of re-
presentatives of nomadic groups (Scythians, Sarmatians, and
Avars) indicates the possible origin of individual DchO8
from a population that experienced genetic influence from
nomads.
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Conclusion

Our results demonstrate the first direct genetic link between a
member of the Chernyakhov warrior elite and early 1st-mil-
lennium AD steppe nomads, revealed through whole-genome
sequencing of an individual from the Dal’niy (Vydrin) burial
ground. The evolution of weaponry among Eastern European
forest-steppe tribes, including Chernyakhov groups, was pre-
dominantly shaped by Central European and Roman cultural
horizons, whereas steppe nomadic influence was initially mar-
ginal. However, during the terminal phase of the Chernya-
khov culture documented at the Dal’niy (Vydrin) site, inter-
action with steppe groups accelerated (Radyush, 2023). This
shift is explicitly supported by the steppe-derived ancestry
components identified in this late-period individual’s genomic
profile.

Ultimately, this study expands the empirical source base
for reconstructing the mechanisms of ethnogenesis and social
stratification in Eastern Europe during the pre-Hunnic and
Hunnic periods, highlighting the value of integrating paleo-
genetic, archaeological, and historical records.
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UAV-based disease detection in strawberry
by multispectral image segmentation invoking deep learning

A.E. Cheshkova| (%), V.S. Riksen () 3, O.V. Elkin
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Abstract. Accurate and timely diagnosis of strawberry diseases is crucial for minimizing crop loss and reducing the
cost of plant treatment. The use of unmanned aerial vehicles (UAVs) equipped with multispectral cameras opens up
new possibilities for noninvasive plant health monitoring. The objective of this research is to explore the feasibility of
detecting diseases in strawberries through multispectral imagery obtained from UAVs combined with deep learning
techniques. Leaf spot disease, caused by Ramularia tulasnei Sacc., was chosen as a case study. A DJI Phantom 4
Multispectral quadcopter was used to survey an experimental plot (37x22 m) from an altitude of 3 m, achieving
a resolution of 2.2 mm per pixel. Preprocessing of the acquired data involved orthomosaic building using Agisoft
Metashape Pro and manual region-of-interest (ROI) extraction in ENVI 5.2. A dataset comprising 360 multispectral
images, each of size 64 x 64 x 5 (with spectral bands at 450, 560, 650, 730, and 840 nm), was created and separated into
three classes: healthy plants, diseased plants, and soil. Using this dataset, a U-Net-based model - supplemented with
the attention gate, squeeze-and-excitation, and residual connections modules — was trained. Additionally, to assess the
contribution of multispectral channels, another U-Net model was trained on RGB images, as well as a classic Random
Forest model based on 40 GLCM texture features. The U-Net model trained on multispectral data achieved an overall
classification accuracy of 96.04 %, which is significantly higher than the performance of Random Forest (76.64 %) and
the U-Net on RGB images (94.14 %). The resulting disease distribution maps enable site-specific fungicide application.
The proposed approach confirmed the effectiveness of deep learning for diagnosing leaf spot disease in strawberries.
Future research will focus on expanding the dataset (different cultivars and disease stages), testing more advanced
segmentation architectures, and scaling the method to commercial plantations.

Key words: strawberry; leaf spot disease; UAV; multispectral imaging; deep learning; U-Net; semantic segmentation;
precision agriculture
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Ob6Hapy>keHMe 60/ie3Hel 3eMJITHUKN CaJoBOJi ¢ IIOMOIlbIo BIT/TA
Ha OCHOBE CerMeHTall MY/IbTUCIIEKTPATIbHbBIX 1300pasKeHU
MeTOIaMU I'TyOOKOro MallITHHOT'O OOVUeHUs

, B.C. Pukcen , O.B. EAkuH

Cnbmpckmnii depepanbHbIii HayUYHbIN LLEHTP arpobrnoTtexHonorunii Poccuiickon akagemmm Hayk, p. n. KpacHoobck, HoBocnbupckas obnactb, Poccua
@ riksenvs@sfsca.ru

AHHoTaumA. ToyHasa U CBOeBpPeMeHHasa [AMarHoCTMKa GonesHel 3eMAAHMKU CafloOBOW ABMAETCA BaKHOW 3afauen,
Nno3BonALEN MVHUMW3MPOBaTb MOTEPU ypoxaa M CHU3MTb 3aTpaTbl Ha 06paboTKy pacTeHui. Vicnonb3oBaHue
6ecnunoTHbIX NeTaTenbHbIX annapatos (BIMJTA) ¢ MynbTUCNEeKTPaNbHbIMY KamepaMun OTKPbIBaeT HOBble BO3MOXXHOCTM
[ONA HEVHBA3VMBHOIO MOHUTOPVIHIA COCTOAHUA pacTeHui. Llenb HacTosAwWwero nccnefoBaHna — aHanu3 BO3MOXKHOCTU
BbIABNEHNA 3aboneBaHWin 3eMNIAHUKU CafloBON (Ha npumepe 6enoli NATHWCTOCTW, BO3bGyauTens Ramularia
tulasnei Sacc.) o MynbTUCNEKTPaNbHbIM M306paXKeHMAM, nonydyeHHbIM ¢ BINJ1A, ¢ ncnonb3oBaHmem MeToaoB rny6o-
KOro MaluMHHOro obyyeHunsa. CbemKa OMbITHOro yyacTka (37 X22 m) nposogunach kBagpokontepom DJI Phantom 4
Multispectral Ha BbicoTe 3 M (pa3pelleHne 2.2 MMm/NuKcenb). MonyyeHHble JaHHble MPOWAN NpeABapUTENbHYO
06paboTKy, BKMoYasa MocTpoeHue optodoTonnaHa B nporpamme Agisoft Metashape Pro n pyuHoe BbigeneHue
o6nactein untepeca (ROI) B ENVI 5.2. CoopmupoBaH Habop 13 360 MynbTUCNEKTPabHbIX M3006paXXeHUI pa3mepom
64 x64 x5 (kaHanbl 450, 560, 650, 730, 840 HM) C Tpema K/lacCamu: 300POBble pPacTeHus, 60MbHbIE PAacTEHUA 1 NMOYBa.
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O6Hapy»keHne 6onesHen 3eMNAHNKN
no My/nbTUCNEKTPanbHbIM CHUMKam ¢ BIJ1A

Ha paHHOM Habope 6bina obyyeHa mopenb apxuTtekTypbl U-Net (c mogynamm attention gate, squeeze-and-excitation
un residual connections). JonosHUTENbHO ANA OLEHKM BKMaAa My/bTUCNEKTPanbHbIX KaHanos obyueHbl U-Net mogenb
Ha RGB-1306paeHunsx, a TakKe knaccmyeckasa mogenb Random Forest Ha ocHoBe 40 TeKcTypHbIX Npu3Hakos GLCM.
Mopgenb U-Net, o6yuyeHHasa Ha MynibTUCNEKTPabHbIX AaHHbIX, AOCTMIA 00Lel TOUHOCTU Knaccudpukaumm 96.04 %, uto
CyLIeCTBEHHO Bblile noka3satenent Random Forest (76.64 %) n U-Net Ha RGB-n3obpaxeHusx (94.14 %). MonyyeHHble
KapTbl pacnpocTpaHeHns 60e3HM NO3BOMAT NPOBOAUTL TOYEUHOEe MpUMeHeHUe GYHrMUMAoB. MpeanoXKeHHbI
noaxop nonresepaun 3¢odeKTUBHOCTL FNyOOKOro obydyeHUa AfA AUArHOCTUKM 6efloil MATHUCTOCTW 3eMAAHUKU.
[JanbHelwmne nccnepgoBaHua 6yayT HanpasfieHbl Ha pacluMpeHme Habopa AaHHbIX (pa3Hble copTa 1 cTagmmn 6ones-
Hen), anpobaumio 6onee COBPEMEHHbIX apXUTEKTYP CerMeHTaLuMmn 1 MacltabupoBaHe MeTofa Ha NPOMbILLIEHHbIe

nnaHTayumn.

KnioueBble cnoBa: 3eMnsHVKa cafjoBas; 6enaa naTHUCTOCTb; BIJTA; MynbTucnekTpanbHas CbeMKa; rnybokoe obyye-
Hue; U-Net; cemaHTnyecKan cermeHTauuma; TOYHOe 3emsiegenne

Introduction

Crop health monitoring using unmanned aerial vehicles
(UAVs) is a key technology in modern precision agricul-
ture (Radoglou-Grammatikis et al., 2020). The potential of
UAUVs has been demonstrated in a number of applications,
such as plant stress detection, field mapping, biomass
estimation, weed control, and plant population counting
(Toscano et al., 2024). High efficiency, stability, accuracy,
and productivity are the advantages of UAVs, enabling
farmers and experts to make more informed and timely
management decisions (Phang et al., 2023).

The use of various types of sensors mounted on UAVs
allows farmers to monitor multiple aspects of plant con-
dition.

For example, RGB and near-infrared images enable
evaluation of organ and whole-plant morphology, growth
dynamics, biomass accumulation, yield traits, and pest/
disease severity (Cheshkova, 2022; Zahir et al., 2022).
Chlorophyll fluorescence imaging helps the assessment
of plant bioenergetic status and genetic stress tolerance
(Moustakas et al., 2021). Thermal infrared imaging is
used to measure plant temperature, water status, and insect
damage (Hou etal., 2022). Laser scanning and 3D imaging
are applied to determine seed morphology, leaf orientation,
canopy structure, root architecture, and linear plant dimen-
sions (Jin et al., 2021).

One of the important and common tasks in field moni-
toring is the detection of plant diseases in images acquired
by UAVs (Neupane, Baysal-Gurel, 2021). Among UAV-
mounted sensors, multispectral cameras are the primary tool
for disease identification. The spectral data from these ca-
meras enable the computation of various vegetation indices
(VIs) that reflect the biophysical and biochemical properties
of plants affected by stress (Candiago et al., 2015). Vegeta-
tion indices allow quantitation of these changes and are an
important factor for identifying crop diseases (Mahlein et
al., 2013).

Use of multispectral data goes beyond just calculating
spectral indices. A more powerful and precise way to ana-
lyze images is through machine learning. These techniques
can be broadly split into two categories.
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In traditional machine learning methods (e.g., SVM,
Random Forest, KNN), an expert manually creates and
selects features from raw data (Behmann et al., 2015; Singh
etal., 2016). The quality of the model is strongly dependent
on the quality of these features. Despite their advantages,
these algorithms can only be applied to tabular data, which
limits their utility for detecting plant diseases in images or
videos (Benos et al., 2021).

Deep learning methods (U-Net, SegNet, ResNet), in
contrast, perform automatic feature extraction. The neural
network learns feature hierarchies directly from raw data
without manual intervention (Mudarisov, Miftakhov, 2024;
Sajitha et al., 2024). These methods can process images and
videos to detect and classify plant disease symptoms (Loey
et al., 2020; Nagaraju, Chawla, 2020; Abade et al., 2021).

The main tasks in machine-learning-based image analysis
are segmentation, classification, and detection (Saleem et
al., 2019; Ding et al., 2024).

Detecting plant stress from UAV imagery is a semantic
segmentation problem: each pixel is labeled as soil, healthy
plant, or diseased plant, resulting in a field-wide map of
disease spread.

Among berry crops, strawberry (Fragaria * ananassa)
holds the leading position in global production and con-
sumption, accounting for over 70 % of the world’s berry
production (Ozherelev et al., 2019). Precise, rapid, and
noninvasive detection of diseases and abiotic stress in
strawberries is essential for commercial production, enabl-
ing reduced crop losses and lower plant management costs
(Zheng et al., 2021).

The aim of this study is to analyze the feasibility of
detecting diseases in strawberries (Fragaria * ananassa)
using multispectral images acquired by UAVs and deep
learning methods.

Materials and methods

Plant material. The research was carried out on strawberry
plants growing in an experimental plot of the Siberian Fe-
deral Research Center of Agro-BioTechnologies, Russian
Academy of Sciences (Krasnoobsk, Novosibirsk region,
Russia). The 37 x22 m plot contained three-year-old
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cv. Festivalnaya plants planted in 50-cm wide rows spaced
70 cm apart. At the time of imaging, most plants were af-
fected by leaf spot disease (caused by Ramularia tulasnei
Sacc.) Through visual inspection, 80 healthy plants and
80 plants with visible leaf lesions were selected. The
selected plants were tagged with pink and blue labels,
respectively (Fig. 1).

Image acquisition. A DJI Phantom 4 Multispectral
quadcopter (SZ DJI Technology Co., Ltd., Shenzhen,
China) was used for image acquisition. Its camera has one
RGB (visible light) sensor and five monochrome sensors
(blue, green, red, red edge, near-infrared) at wavelengths
of 450, 560, 650, 730, and 840 nm, respectively.

The flight took place on July 15,2025, under cloudy skies
at an altitude of 3 m, yielding a resolution of 2.2 mm/pixel.
The mission produced 2,170 images with 75 % forward
overlap and 60 % side overlap.

Image preprocessing and dataset generation. Mono-
chrome multispectral cameras capture each spectral band
using a separate sensor at different points in time. Due to
drone movement and vibrations, these channels are not
pixel-aligned in the raw frames. Prior to model training,
it is necessary to bind all spectral channels to a common
coordinate system and create a multispectral raster in
which each pixel contains all the required wavelengths.
This step is mandatory for a neural network being able to

UAV-based disease detection in strawberry
using multispectral images

correctly extract spectral features; otherwise, pixels from
different channels would correspond to different points on
the ground.

The first step in processing the images acquired by the
five monochrome PM4 cameras was to construct a unified
multispectral image (orthomosaic) of the experimental
plot. For this purpose, the Agisoft Metashape Pro soft-
ware (Agisoft LLC, Russia) was used. The final ortho-
mosaic was output as a GeoTIFF file with a resolution of
15,000 x 20,000 x5 pixels and a size of 2.9 GB.

The second step was image labeling. Axis-aligned rectan-
gular regions of interest (ROIs) of 64 x 64 x 5 pixels in size
were manually drawn on the resulting orthomosaic. These
ROIs contained tagged diseased plants, tagged healthy
plants, and soil areas (the tags themselves were not included
in the ROIs). Each ROI was saved as a separate image file
(Fig. 2). ROI extraction and image generation were carried
out in ENVI 5.2 (ITT Visual Information Solutions).

A dataset of 360 multispectral images (120 per class) was
generated in this way: 240 for training, 60 for validation,
and 60 for testing.

To enable model accuracy comparisons, a second, RGB-
based, dataset was prepared. Here, ROIs were drawn direct-
ly on raw PM4 RGB camera images, without orthomosaic
generation. The RGB dataset also comprised 360 images
of size 64 x 64 x 3.

Fig. 2. ROl extraction: a - strawberry plants affected by leaf spot disease; b — healthy plants; ¢ - soil.
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For comparison with classical machine learning, an addi-
tional tabular dataset was created as follows. For each train-
ing multispectral image (64 x 64 x5), eight GLCM-based
texture features (mean, variance, homogeneity, contrast,
dissimilarity, entropy, second moment, and correlation)
were computed pixel-wise per channel (Li et al., 2019;
Guo etal.,2021; Zhou et al., 2022) using a sliding window
of (3x3) px.

For pixels whose local neighborhood extended beyond
the image boundaries, the texture feature values were set
to NA (not available). The relative distance measured in
pixels (d) in the GLCM was set to 1 (d = 1). Matrices
were computed for four directions (® = 0°, 45°, 90°,
135°), and the feature values were averaged across these
directions. Each image yielded a table with 4,096 rows
(64 x64), 40 feature columns (8 features x5 bands), and
a class column (healthy, diseased, soil). From each table,
1,000 pixels were randomly sampled. The final training set
had 240,000 rows (80,000 per class), with validation and
test sets of 60,000 rows each.

Modeling and data analysis methods. All calculations
and data analysis were performed in R environment using
the torch, geodl, randomForest, and terra packages.

Two machine learning models were considered in this
study: the U-Net deep learning model (Ronneberger et al.,
2015) and the classical Random Forest model (Breiman
et al., 2001).

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

The U-Net convolutional neural network is one of the
most popular architectures for solving semantic segmen-
tation tasks (Kerkech et al., 2020; Zhang T. et al., 2021).
The U-shaped architecture of the network, consisting of
a downsizing path (encoder) for capturing context and a
symmetrically upsizing path (decoder) for precise local-
ization, along with skip connections between the encoder
and decoder, enables the network to combine high-level
features with detailed spatial information. This method
produces highly accurate segmentation maps even when
training data are limited.

We used the U-Net architecture shown in Figure 3,
implemented in the geodl package (Maxwell et al., 2024).
This architecture can accept a variable number of input
predictor variables, making it suitable for both RGB and
multispectral images. The architecture comprises four
encoding blocks, one bottleneck block, and four decoding
blocks. The number of output feature maps was set to (16,
32, 64, 128) in the encoding blocks and (128, 64,32, 16) in
the decoding blocks. Rectified linear unit (ReLU) activation
functions were implemented throughout the architecture to
incorporate nonlinearity, and batch normalization was used
to combat gradient issues and aid in convergence.

In the encoder, the size of the array in the spatial di-
mensions is reduced by half following each block using
2 x2 max pooling with a stride of 2. In the decoder, 2D
transpose convolution is used to double the spatial resolu-
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tion of the feature maps provided from the prior block,
also using a stride of 2. The final class logits are predicted
using 1 x 1 2D convolution. Attention gate, squeeze-and-
excitation, and residual connection modules were added to
the main blocks of the U-Net architecture.

The classical Random Forest model, which is based on
an ensemble of decision trees, is also frequently applied to
remote sensing tasks, including the detection and classifica-
tion of plant diseases (Lan et al., 2020; Liao et al., 2022;
Zhang S. et al., 2022). In our previous work, we found
that for detecting strawberry diseases from multispectral
images using Random Forest, texture features perform best
as predictors (Cheshkova, Riksen, 2025).

Model performance metrics. Segmentation quality
was evaluated using standard per-class metrics: Accuracy,
Precision, Recall, F1-score u IoU. Their calculation is based
on the elements of the confusion matrix: TP (true positive)
is the number of pixels belonging to the class under con-
sideration that were correctly assigned to this class by the
model; TN (true negative) is the number of pixels belonging
to all other classes that were correctly not assigned to the
class under consideration; FP (false positive) is the number
of pixels from other classes that were incorrectly assigned to
the class under consideration; and FN (false negative) is the
number of pixels belonging to the class under consideration
that were incorrectly assigned to other classes.

Accuracy (the proportion of correct classifications)
represents the proportion of all pixels that were classified
correctly when evaluating a particular class using a one-
vs-rest scheme. It accounts for both the pixels of the class
under consideration that were correctly identified and the
pixels correctly assigned to all other classes. The closer the
Accuracy value is to 1 (100 %), the higher the classifica-
tion accuracy.

Accuracy = TP+ TN
TP+ TN+ FP+FN’

Precision indicates the proportion of pixels assigned by
the model to the class under consideration that actually
belong to that class. A high Precision value corresponds to
a low number of false-positive classifications.

TP

Precision = m .

Recall (sensitivity) characterizes the proportion of pixels
belonging to the class under consideration that were cor-
rectly identified by the model among all pixels actually
belonging to that class. A high Recall value indicates a low
number of false-negative results, i. e., few missed pixels of
the class under consideration.

Recall = L.
TP + FN

The F1-score is the harmonic mean of Precision and Re-
call and is used to assess these two metrics jointly. A high
Fl-score can only be achieved when both Precision and

UAV-based disease detection in strawberry
using multispectral images

Recall are high; therefore, this metric accounts for both
false-positive and false-negative errors.

2TP

Pl seore =3P+ FN + FP'

IoU (Intersection over Union) characterizes the degree
of overlap between the class mask predicted by the model
and the reference mask. The numerator represents the area
of intersection between the predicted and reference masks,
while the denominator represents the area of their union.
An IoU value close to 1 indicates a high degree of spatial
agreement between the predicted segmentation and the
reference annotation.

___ 1w
TP + FN +FP’

Overall Accuracy (OA) evaluates classification perfor-
mance across all classes simultaneously and is defined as the
ratio of the total number of correctly classified pixels from
all classes to the total number of pixels. Unlike Accuracy,
which is calculated separately for each class, Overall Ac-
curacy provides a single summary measure of multiclass
image classification performance.

ToU

Results

Model training and validation

U-Net models were trained using the Adam optimizer and
CrossEntropyLoss. The training involved Z-score normal-
ization and data augmentation (horizontal/vertical flip with
0.5 probability, random rotation by 0°, 90°, 180°, or 270°).
Models were run for 50 epochs with an initial learning rate
of 0.001.

Two training datasets were compared: multispectral and
RGB images. Figures 4 and 5 illustrate the U-Net training
dynamics for each dataset.

The Random Forest model was trained with the follow-
ing hyperparameters: number of trees = 500, minimum
terminal node size = 1, and number of candidate variables
per split = 6.

The trained models were evaluated on the test sets.
Tables 1-3 summarize the quality metrics.

The overall classification accuracy of the U-Net model
trained on multispectral imagery reached 96.04 %. A slight-
ly lower accuracy was observed for the U-Net model trained
on RGB imagery — 94.14 %. In contrast, the Random Forest
model performed considerably worse at 76.64 %.

The trained models were then applied to segment the
images and produce disease distribution maps for the ex-
perimental strawberry plot (Fig. 6).

Discussion

This study evaluated the feasibility of detecting diseases in
strawberries (with leaf spot as an example) from UAV-ac-
quired multispectral imagery using the U-Net deep learning
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Table 1. Performance metrics of the U-Net model trained on multispectral images

Class/metric Accuracy Precision Recall F1 loU

Soil 0.9996 0.9994 0.9994 0.9994 0.9989
Diseased 0.9603 0.9370 0.9445 0.9408 0.8882
Healthy 0.9607 0.9446 0.9370 0.9408 0.8883
Average 0.9735 0.9603 0.9603 0.9603 0.9251

Overall Accuracy - 96.04 %.

Table 2. Performance metrics of the U-Net model trained on RGB images
Class/metric Accuracy Precision Recall F1 loU
Soil 1 1 1 1 1
Diseased 0.9414 0.9211 0.9015 0.9112 0.8370
Healthy 0.9414 0.9036 0.9228 0.9131 0.8401
Average 0.9609 0.9416 0.9414 0.9414 0.8923

Overall Accuracy - 94.14 %.

Table 3. Performance metrics of the Random Forest model trained on texture features of multispectral images
Class/metric Accuracy Precision Recall F1 loU
Soil 0.9563 0.9174 0.9549 0.9358 0.8794
Diseased 0.7968 0.7364 0.6078 0.6660 0.4992
Healthy 0.7798 0.6496 0.7365 0.6903 0.5271
Average 0.8443 0.7678 0.7664 0.7641 0.6352

Overall Accuracy - 76.64 %.
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Fig. 6. Image segmentation results from the trained models.
Green - healthy plants, red — diseased plants, white - soil.

architecture and the traditional Random Forest method. The
results obtained demonstrated that the U-Net model trained
on multispectral data (five channels at 450, 560, 650, 730,
and 840 nm) achieved an overall classification accuracy
01 96.04 %, surpassing the accuracy of the Random Forest
model (76.64 %) as well as that of the U-Net model trained
solely on RGB images (94.14 %).

The accuracy achieved by our U-Net model (96.04 %)
is comparable to, or exceeds, the results reported in other
studies on crop disease detection using UAVs and deep
learning. For instance, J. Su et al. (2020) and T. Zhang et
al. (2021) achieved accuracies of 91 and 97 %, respec-
tively, in detecting yellow rust in wheat using modified
U-Net architectures. M. Kerkech et al. (2020) achieved
85-94 9% accuracy with SegNet, DeepLabv3+, and PSPNet
for grapevine diseases. Thus, our model lies at the upper
end of this range, confirming the suitability of U-Net for
phytopathological tasks in strawberry cultivation.

The multispectral U-Net outperformed the RGB ver-
sion (96.04 vs. 94.14 %) because the additional red-edge
(730 nm) and near-infrared (840 nm) bands are sensitive to
changes in chlorophyll, mesophyll structure, and leaf water
content — changes that occur during early fungal infection
before visible spots appear. This inference agrees with
A.-K. Mahlein et al. (2013) and S. Candiago et al. (2015),
who emphasized the value of nonvisible spectral bands for
early stress detection.

The Random Forest model, built on 40 GLCM texture
features, achieved only 76.64 % accuracy. This is much
lower than what other researchers have achieved with
Random Forest for plant diseases: 90 % for eucalyptus
disease (Liao et al., 2022) and 97 % for banana Fusarium

UAV-based disease detection in strawberry
using multispectral images

Random Forest
(multispectral)

- &

U-Net (RGB)

wilt (Zhang S. et al., 2022). We attribute this to the specific
symptomatology of leaf spot in strawberries: the disease
produces small (1-5 mm) necrotic lesions on leaves that
do not lead to a global change in the color or texture of the
entire leaf. By contrast, banana Fusarium wilt and eucalyp-
tus disease cause massive discoloration of whole leaves,
obvious from GLCM features at the pixel-neighborhood
level. GLCM features calculated for a local window (in our
case, around each pixel) proved insufficiently sensitive to
small-scale, scattered lesions.

These results clearly show that deep learning with mul-
tispectral UAV images is effective for detecting strawberry
white leaf spot. U-Net outperformed both Random Forest
and RGB-only models, confirming the value of nonvisible
spectral bands and automatic feature extraction architec-
tures.

Suggested future research directions:

* enlarge the dataset with more varieties, disease stages,
and other strawberry diseases;

» compare U-Net with newer segmentation models (Swin-
UNet, TransUNet, Mask2Former) for gauge accuracy
gains;

* explore transfer learning using pretrained models (Plant-
CLEF, Agrivision) to reduce labeled data requirements;

* use multispectral time series (every 3—5 days) for early
detection before visible symptoms appear.

Conclusion

The study confirmed the feasibility of automated detec-
tion of leaf spot in garden strawberries using multispectral
UAV imagery. The deep learning U-Net model achieved
an overall classification accuracy of 96.04 %, significantly
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surpassing the performance of the Random Forest model
(76.64 %) and the U-Net model trained solely on RGB
images (94.14 %). This demonstrates that the U-Net archi-
tecture equipped with attention mechanisms and residual
connections, together with the use of the near-infrared
(840 nm) and red-edge (730 nm) channels, is essential for
diagnosing diseases with scattered small lesions, where
traditional texture features fail.

The practical significance of this work lies in the ability
to generate detailed infection distribution maps for targeted
fungicide application.
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Abstract. Sorrel (Rumex spp.) belongs to Polygonaceae. It is distributed worldwide and used as vegetable crop and
medicinal plant, so considerable research has been dedicated to its cultivation. Forty-four accessions from the Institut fur
Pflanzengenetik und Kulturpflanzenforschung (IPK), Germany, and ten genotypes collected from some areas of Iran were
grown in two separate trials. The trials followed a completely randomized scheme with three replicates in a greenhouse
environment. Seven traits were assessed: leaf length, blade length, lamina area, number of veins, petiole diameter, number
of leaves, and dry leaf weight. The genotype X trait interaction (GTI) biplot model accounted for 77 and 78 % of the observed
variability in the first and second trials, respectively. A nonagon and a heptagon were identified in trials, respectively, while
genotypes 16 and 23 showed high mean values of dry leaf weight in the first and second trials, respectively. Genotypes 44 and
50 were identified as perfect genotypes, highly promising for sorrel genetic improvement programs, especially with regard
to leaf yield. As for discriminative capacity, as well as typical potential, lamina area and petiole diameter best demonstrated
differences among genotypes as perfect traits in both trials. There was a moderate positive correlation between dry leaf
weight and lamina area across both trials (r = 0.57 for the first trial and r = 0.49 for the second trial). Therefore, lamina area
can be considered an informative trait for constructing a selection index to improve leaf yield, along with dry leaf weight.
The results demonstrate that lamina area and petiole diameter are key traits for selecting high-yielding sorrel genotypes, and
the GTI biplot provides a practical visual approach to identify superior genotypes, facilitating efficient selection in breeding.
Such a strategy can be recommended for future studies to describe prognostic and meticulous selection methods in order to
recognize best traits for the breeding of sorrel and other vegetable crops.
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Bu3yanbHBIN aHa/IN3 FreHOTUIIOB I1iaBesist (Rumex spp.)
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AHHoTauus. LLaeenb (Rumex spp.) oTHocuTCA K cemeiicTBy Polygonaceae, pacnpocTpaHeH no Bcemy MUpy 1 MCMOMb3yeTcs
KaK OBOLUHAA KynbTypa 1 nekapcTBEHHOEe pacTeHue, MO3TOMY ero KynbTVBMPOBaHVEe CTano NpeamMmeToM MHOMOUNCIEHHbIX
nccnefoBaHnii. B ABYX OTAENbHbIX 3KCNepuMeHTax Obliv BbipaleHbl 44 obpasua u3 VHCTUTYTa reHeTUKn pacTeHuin 1
nccnefoBaHnii CenbcKoXo3ANCTBEHHbIX KynbTyp (IPK, fepmaHua) n 10 reHOTMNOB, CO6paHHbIX B pa3HbIX palioHax MpaHa.
DKCNeprMeHTbl NPOBOAMINCH B TEMIMYHBIX YCIOBMAX MO MOMHOCTbIO PaHAOMU3MPOBAHHON CXeMe B TpexX NMOBTOPEHUAX,
B XOAe KOTOPbIX OLEHMBANNCb CeMb MPU3HAKOB: ANMHA JINCTA, AJIHA NUCTOBOWM NNACTUHKYW, NNowaab JIMCTOBON
NAACTUHKKM, KONMYECTBO XWUIOK, ANaMeTp yepeLlKa, KonnMyecTBo NNCTbeB U cyxad macca nmcta. OueHka B3aumMopemncTeuma
reHotina u npusHaka (GTI) meTopgom 6unnoT-aHanusa obbAcHUNa 77 n 78 % HabnogaeMor M3MeHUYBOCTU B MePBOM
1N BTOPOM 3KCMEPUMEHTaX COOTBETCTBEHHO. B XoAe mcmbiTaHU 6biny BbiSBNEHbl ABa TWMa PacrnofioKeHNA reHOTUMOB:
HOHaroHasibHoe B MepPBOM W renTaroHasbHOe BO BTOPOM WCMbITaHWW, MPW 3TOM reHoTunbl 16 1 23 nokasanu BblCOKne
cpedHve 3HauYeHnA CYyxOWM MacCbl IMCTbEB B MEPBOM M BTOPOM WCMbITAHUAX COOTBETCTBEHHO. [eHoTUNbl 44 1 50 6binn
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Visual analysis of sorrel (Rumex spp.) genotypes
by the biplot method using morphological characters

onpefeneHbl Kak npaeanbHble, MMelOLWMe pellalolee 3HayeHne AfA NPOrpaMMbl FEHETUUYECKOro YNYULIEHUA LWaBens,
0COBEHHO C TOUKU 3PeHWst YPOXKAMHOCTM IMCTbeB. YTO KacaeTcs ANCKPUMIMHALMOHHOWM CMOCOBHOCTY, a TakKe TUMNYHOTO
noTeHumana, niowaab AMCTOBON NAACTUHKA 1 AXAMETP YepeLlka NMo3BOAUIN BbIIBUTb Pasnumna MeXay reHoTUnamMm Kak
npeanbHbIMU MPU3HAKaMy B 060UX NCMbITaHUAX. Mexay Cyxoii Maccoi IMCTbEB U MIOLAAbIo IMCTOBOW MIACTUHKN B 060MX
JKCMeprMeHTax Habnoganacb yMepeHHas nonoxuTenbHan koppenauus (r = 0.57 gna nepBoro sKkcnepumenTa, r = 0.49 ana
BTOPOro 3KCMepumeHTa). Takium o6pa3om, nowajib IMCTOBOW NMACTUHKMA MOXHO CUMTaTb MHGOPMATVBHbBIM MPU3HAKOM
INA NOCTPOEHUA MHAEKCa OoTOopa C LeNiblo MOBbIWEHWS YPOXAaNHOCTM JIMCTbEB, HapALdy C CyXOW Maccol. PesynbtaTbl
MoKa3blBaloT, YTO MJIOLWAZb NIMCTOBON MNACTUHKA W AVAMETP Yepellka ABMAITCA KMOUYeBbIMY NMpri3Hakammn nA oTbopa
BbICOKOYPOXKalHbIX FeHOTMMOB LWaBens, a 6unnot-meTtoq oueHkn GTl NpefaocTaBaseT NPaKTUYHbIA BU3yanbHbIA MOAXOA
O BbIAIBNIEHUA JTyYLUVX reHOTUMOB, CNocobcTByA 3dPeKTBHOMY OT6OPY B cenekumu. MofobHas cTpaTerus MoxeT 6biTb
pekomeHAOBaHa B OyayLMX UCCNEefOBaHMAX ANA ONMCaHNA NPOFHOCTUYECKMX U TLATeNbHbIX METOLOB O0TOOpa, KOTopble
NMOMOTyT OnpefenuTb UeanbHble MPU3HaKKN ANS CENEKLUN WaBeNs 1 APYrX OBOLHbIX KYSIbTyp.

KnioueBble croBa: cyxas Macca NMCTbeB; ANCKPUMMNHALMOHHAsA CNOCOOHOCTb; UAeanbHbli FEHOTUM; TUMUYHBIV NOTEHLMan

Introduction

One of the ways to evaluate genetic diversity is the examina-
tion of morphological traits, which is relatively simple and
inexpensive, so it is used to analyze genetic diversity in differ-
ent crops. There are about 200 species of sorrel (Rumex spp.)
around the world, and some of them are known as edible
vegetables or traditionally used for medicinal purposes. The
genus Rumex belongs to the Polygonaceae family, whose
species are scattered all over the world. Many sorrel species
have high economic value. They are used as both vegetables
and medicinal plants, where roots, leaves, seeds, and herbal
extract are generally utilized. Sorrel leaves are used as food in
some areas (Li et al., 2022). Rumex rugosus Campd. is a stable
plant, which has a branched stem and relatively small leaves.
Its rapid spread in nature is due to the fact that buds appear on
its underground and creeping stems. Rumex patientia L. is a
perennial plant with very large, long, heart-shaped leaves with
wavy edges and its root contains anthraquinone glucosides and
tannin, whereas Rumex alpinus L. is a large and stable plant
with a thick, heart-shaped leaves. Its raw leaves are eaten like
spinach in salads, and while its petiole is used like asparagus
(Vasas et al., 2015). Rumex pulcher L. is a biennial plant with
leaves with a noticeable depression near the wide base, so
the leaf has a velvet-like appearance. In the context of herbal
medicine, its root has an appetizing effect. Rumex sculatus L.
has relatively woody stems with thick bushes, and it is usually
found on old walls, stony ground, ditches and similar places
(Bourang et al., 2023). Rumex pseudonatronatus Murb. is a
perennial herb native to Europe and Asia, often branching
above the middle. It grows in wet and disturbed locations along
lake shores, roadsides, fields, meadows. Rumex obtusifolius L.
is a perennial herb up of 40 to 150 cm in height. It has large
oval leaves, which can be eaten as salad or cooked like spinach
(Mohebodini et al., 2020). Rumex kerneri Borbas is native to
Europe and has been observed in some areas as an introduced
species and roadside weed. It produces a slender erect stem
from a thick taproot (Mohebodini et al., 2020).

The species of sorrel are rich in ascorbic acid and secondary
metabolites: oxalic acid, phenolic acids, flavonoid compounds,
phenolic compounds, anthraquinone, naphthalene, sterols and
triterpenes, etc. (Vasas et al., 2015). The important anthra-
quinone emodin is produced in many species of this genus in
their roots, seeds, leaves, stems, and flowers (Li et al., 2022).
Therefore, it is important to identify and choose a suitable spe-

cies or modify and introduce a variety of this valuable plant.
In plant breeding, the first step is to select the most suitable
individuals, so it is necessary first to collect and evaluate the
genetic material and then apply proper breeding methods
to it. Due to the importance of this plant, studies have been
conducted in various fields to investigate its genetic diversity.
While previous studies have examined the fruit morphology
of sorrel species (Shahla et al., 2014), these traits alone are
insufficient to distinguish taxa due to overlapping characteris-
tics. Therefore, our study focuses on leaf morphological traits
critical for evaluating the leaf yield potential and for select-
ing superior genotypes in breeding programs. The genetic
variation of some genotypes of five Rumex species has been
assessed using morphological traits, and the highest variation
coefficients have been found in fresh and dry yield of leaves
and in leaf number (Bourang et al., 2023). Also, the contents
of phenols and antioxidants are higher in R. crispus than in
other species, whereas R. tuberosus shows lower amounts in
the measured morphologic and chemical characteristics in
comparison to other species examined.

One of the most effective ways to assess genetic diversity
involves the analysis of morphological traits, which is simple,
cost-effective, and informative for plant breeding programs.
Sorrel (Rumex spp.) comprises about 200 species worldwide,
some of which are cultivated as leafy vegetables or used for
medicinal purposes. Despite its economic and nutritional
importance, there is limited knowledge regarding the morpho-
logical diversity of sorrel genotypes, particularly in relation
to leaf yield performance. Identifying superior genotypes and
key traits is crucial for improving leaf production and guiding
breeding programs.

The objectives of this study were to: (1) evaluate genetic
variation among 54 sorrel genotypes from international and
local collections using leaf morphological traits, (2) assess
genotype X trait interactions using the GTI biplot method,
(3) identify best genotypes for leaf yield, and (4) determine
the most informative traits for discriminating genotypes. This
knowledge is essential for selecting promising genotypes and
traits to enhance leaf yield in sorrel breeding programs under
greenhouse conditions. This study aims to provide practical
guidance for sorrel breeding by identifying superior genotypes
and key morphological traits, thereby enabling breeders to
make informed decisions and accelerate the development of
high-yielding cultivars.
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BusyanbHbIli aHanun3 reHOTMNOB Wasens (Rumex spp.) 6unnot-
METOLOM C MCMONb30BaHeM MOPGONOrMyecKmnx Npr3HaKkos

Table 1. Codes and species types of sorrel genotypes (The first ten were collected in Iran,
and the other were obtained from Genbank of the Leibniz Institute of Plant Genetics and Crop Plant Research, Germany)

2026
30-6

Code  Species Origin

1 Rumex spp. Kashmar
2 Rumex spp. Marand

3 Rumex spp. Ardabil

4 Rumex spp. Hour

5 Rumex spp. Nier

6 Rumex spp. Namin

7 Rumex spp. Khalkhal
8 Rumex spp. Dezfol

9 Rumex spp. Ahwaz

10 Rumex spp. Shiraz

11 R. rugosus Campd. Germany
12 R. rugosus Campd. Unknown
13 R. rugosus Campd. Germany
14 R. rugosus Campd. Tajikistan
15 R. rugosus Campd. Slovakia
16 R. rugosus Campd. GDR

17 R. rugosus Campd.

18 R. rugosus Campd. Kazakhstan
19 R. rugosus Campd. Ukraine
20 R. rugosus Campd. Tajikistan
21 R. rugosus Campd. USSR

22 R. rugosus Campd. Germany
23 R. rugosus Campd. Unknown
24 R. rugosus Campd.

25 R. rugosus Campd.

26 R. rugosus Campd.

27 R. rugosus Campd.

Code Species Origin

28 R. rugosus Campd. Hungary
29 R. patientia L. DPRK

30 R. rugosus Campd. Russian Federation
31 R. pulcher L. Unknown
32 R. rugosus Campd.

33 R. patientia L. Germany
34 R. alpinus L. Poland
35 R. rugosus Campd. Unknown
36 R. patientia L. Pakistan
37 R. rugosus Campd. Unknown
38 R. rugosus Campd.

39 R. rugosus Campd.

40 R. pseudonatronatus Murb.  Russian Federation
41 R. rugosus Campd. Unknown
42 R. scutatus L. Germany
43 R. rugosus Campd. Unknown
44 R. obtusifolius L.

45 R. kerneri Borbas Albania
46 R. patientia L. Unknown
47 R. patientia L.

48 R. patientia L. Georgia
49 R. obtusifolius L. Unknown
50 R. obtusifolius L. Romania
51 R. patientia L. Unknown
52 R.alpinus L. Italy

53 R. alpinus L. Georgia
54 R. patientia L. Unknown

Note. GDR, German Democratic Republic; USSR, Union of Soviet Socialist Republics; DPRK, Democratic People’s Republic of Korea.

Materials and methods

Trials, plant materials and traits. Two independent trials
were performed to discover the interrelationships between leaf
dry yield and some morphologic traits in 54 sorrel genotypes
(Table 1), which had been acquired from the Institut fiir Pflan-
zengenetik und Kulturpflanzenforschung (IPK), Germany,
or collected from some regions of Iran; as the latter could
not be reliably identified to species, they are referred to as
Rumex spp.

The study was centered on genotype X trait interactions, and
all accessions, regardless of species, were included to capture
the phenotypic diversity relevant to leaf yield improvement.
These species were R. alpinus, R. kerneri, R. obtusifolius,
R. patientia, R. pseudonatronatus, R. pulcher, R. rugosus,
R. scutatus, and Rumex spp. Seeds of each genotype were sown
individually in 30-cm diameter pots, one plant per pot. The
experiment was arranged in a completely randomized design
with three replications. Each genotype was represented by
three plants per replication, providing sufficient replication for
reliable estimation of morphological traits and leaf dry weight.

BMONHOOPMATUKA N CUCTEMHAA BUONIOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

Plants were grown under greenhouse conditions witha 12/12 h
day/night schedule at 25/15 °C, using a 1:2:1 mixture of loamy
soil, sand, and organic fertilizer. Irrigation and weeding were
performed regularly throughout the growth period.

The morphologic traits were estimated as recommended by
Mohebodini et al. (2020): leaf length (LL), blade length (BL),
lamina area (LA), number of veins (NV), petiole diame-
ter (PD), number of leaves (NL), and leaf dry weight (DW)
with the use of a laboratory caliper, leaf area meter device, and
lab scales. Leaf dry weight (DW) was measured by harvesting
all leaves from each plant at the end of the growth period. The
leaves were then oven-dried at 70 °C until complete desiccation
and weighed. Focusing on leaf dry weight allows breeders to
select genotypes that maximize the most valuable component
for consumption and breeding purposes. Although leaf dry
weight was the primary trait of interest, additional morpho-
logical traits were measured as component traits contributing
to leaf biomass. Separate analyses were performed for each
trial to account for minor differences in greenhouse conditions
that might influence trait manifestation.
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Statistical data analysis. The normality of the measured
traits was assessed using the Anderson—Darling test. All traits
in both trials showed no significant deviation from normality
(p>0.05), confirming that the data were suitable for correla-
tion analysis and subsequent GTI biplot modeling. Simple
correlation coefficients between the traits were calculated using
IBM-SPSS 25.0 (IBM-SPSS, Chicago, USA). For obtaining
deeper insights into the interrelationships between traits and
identifying those with the greatest impact on yield perfor-
mance, the genotype x trait interaction (GTI) biplot model in
the principal component analysis (PCA) layout was employed
(Yan, Frégeau-Reid, 2018). The fitted model was generated
with the GGEbiplot application, following the equation (Xu
etal., 2017):

&~ _ ix o, B + 0
SDj = n %in Pjn ij>
where g;; is the performance of genotype i for trait j, t; is the
means of all g;s in trait j, SD; is the standard error for trait /,
M, is the eigenvalue for PCAn, a;, and B;, are the amounts
for genotype i and trait j in PCAn, respectively, and 0;; is the
magnitude of model residuals.

To obtain symmetrical values of genotypes and traits in the
biplot, the eigenvalues (A) of the principal components were
adjusted using a scaling procedure to balance genotype and
trait scores, enabling a clear graphical representation of the
relationships among genotypes, traits, and their interactions.
The transformed dataset was processed to enable clear graphi-
cal interpretation of GTI. Data were centered by trait mean
(centering), scaled to make trait variations comparable (scal-
ing), and analyzed using singular value decomposition (SVD)
to obtain principal components. The scores for genotypes and
traits were adjusted to produce a symmetric biplot, allowing
accurate visualization of relationships among genotypes, traits,
and their interactions. In the polygon and vector-view plots,
circles represent ideal or reference points; the perfect genotype
or perfect trait, derived from maximum observed trait values.
Orange and green lines indicate the directions and magnitudes
of trait vectors, connecting each genotype or trait to the origin
for visualizing relationships and correlations. Genotypes or
traits closest to these circles are considered optimal or most
informative, respectively.

Results and discussion

Model fitting

The PC1 and PC2 of the fitted GTI biplot model accounted for
60 to 17 % of the variation in the first trial and 60 to 18 % of
the variation in the second trial within the datasets on sorrel
(Fig. 1), indicating a substantial proportion of variation that
demonstrated relationships among traits. Vectors were gener-
ated from the origin to the traits to explore such associations
and to ease the explanations of interactions among traits (Yan,
2024). This fitted model pointed to the existence of the ad-
ditive and crossover types of interaction, recommending that
the rating of genotype in measured traits be altered. This is
consistent with reports by Sabaghnia et al. (2015) on spinach
and Sabaghnia et al. (2023) on garden cress, which emphasizes
the complication of genotype selection without regarding

Visual analysis of sorrel (Rumex spp.) genotypes
by the biplot method using morphological characters
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Fig. 1. The vector diagram showing relationships among traits of
sorrel in (upper panel) the first trial and (lower panel) the second
trial.

GTTL. In this research, the fitted biplot model, as suggested by
Xu et al. (2017), proved to be successful for surveying and
envisaging genotypes by trait associations. The fitted biplot
model explained a remarkable magnitude of variation, with
trait correlations revealed by the cosines of vectors.

Vector-view analysis

According to Figure 1, outstanding relationships included:
(1) positive correlations among leaf length (LL), blade
length (BL), petiole diameter (PD) and number of veins (NV);
cosine 0° = +1; (ii) negative correlations of number of
leaves (NL) with LL, BL, PD, and NV; cosine 180° = —1;
(iii) near-zero association between leaf dry weight (DW) and
number of leaves (NL); cosine 90° = 0; and (iv) near-zero as-
sociation of leaf DW with LL, BL, PD and NV in the first trial.
Also, outstanding relationships in the second trial included:
(1) positive correlations between leaf length (LL) and blade
length (BL); (ii) positive correlations between lamina area
(LA) and petiole diameter (PD); (iii) negative correlations
between number of leaves (NL) and number of veins (NV);
(iv) near-zero association between leaf dry weight (DW) and
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Table 2. Correlations among traits of sorrels for (up diagonal) the first and (down diagonal) the second trial

BL LA PD

BL 0.70 0.59
LA 0.64 0.74
PD 0.70 0.57

NV 0.79 0.49 0.53
NL -0.47 -0.72 -0.43
LL 0.81 0.61 0.76
DW -0.19 0.49 -0.15

NV NL LL DW
0.84 -0.42 0.83 0.20
0.52 -0.56 0.68 0.57
0.44 -0.47 0.68 0.33
-0.49 0.70 0.01
-0.58 -0.52 0.01
0.66 -0.58 0.27
-0.27 0.30 -0.28

Note. Significant magnitudes of correlation p < 0.05 and p < 0.01 (with degrees of freedom = 52) are 0.27 and 0.35, respectively.

number of leaves (NL); and (v) near-zero association between
leaf dry weight (DW) and number of veins (NV). This agrees
with findings by Mohebodini et al. (2020), who have shown
positive correlations among leaf properties like leaf area and
leaf length, as well as petiole diameter and number of veins,
in various species of Rumex.

However, there was a moderate positive association between
leaf dry weight (DW) with lamina area (LA) across both trials
(Fig. 1), so lamina area should be considered in the determi-
nation of the selection index in sorrel breeding programs.
Generally, the fitted biplot model provided an obvious visual
indication of trait relations in sorrel, in agreement with the
report by Bourang et al. (2023), who have found positive
correlations between leaf dry weight and lamina area in some
sorrel species. It should be noted that while the biplot method
illustrates trait associations according to the structure of the
dataset, correlation coefficients (Table 2) measure the direct
interrelationship of traits and may not always directly align
with the biplot results.

Polygon-view analysis

Figure 2 demonstrates how the GTI biplot model illustrates
genotypes and their comparison with regard to certain traits
and detects those superior in specific sections, identifying
them as candidates for using in breeding programs or releas-
ing as commercial cultivars. A nonagon was identified in the
first trial (Fig. 2), while the perpendicular lines to its sides
ease comparison of the vertex genotypes. However, only four
vertex genotypes showed the highest values of some traits;
genotype 49 had the largest averages for leaf length (LL),
blade length (BL), number of veins (NV) and petiole diam-
eter (PD); genotype 44 showed the largest lamina area (LA);
genotype 39 demonstrated the greatest number of leaves (NL);
and genotype 16 was superior in mean leaf dry weight (DW)
in the first trial. Conversely, five vertex genotypes (5, 19, 30,
41, and 46) did not show superior performance in any of the
measured traits in the first trial.

In the second trial, a heptagon was detected (Fig. 2), while
only four vertex genotypes indicated the highest values for
measured traits: genotype 49 had the large averages for leaf
length (LL), blade length (BL), lamina area (LA) and petiole
diameter (PD); genotype 41 showed a large number of leaves
(NL); genotype 23 had a large leaf dry weight (DW); and
genotype 8 showed a high mean for number of veins (NV)
in the second trial. In contrast, three vertex genotypes (9, 30,
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Fig. 2. The nonagon (upper panel) and the heptagon (lower
panel) showing relationships among traits and genotypes of sor-
rel in the first and second trials, respectively.

and 38) did not manifest the most favorable performance in
any of the traits in the second trial.

The benefits of the applied GTI biplot model are similar to
those reported in other vegetable and field crops like quince
(Rahimi et al., 2019) and safflower (Ebrahimi et al., 2023),
showing that the method used in our study should be successful
in extraction of useful outputs. The differing polygon shapes
observed in the two trials — nonagon in the first and heptagon

977



N. Sabaghnia, M. Mohebodini, M. Janmohammadi
M. Erfani, K. Farmanpour-Kalalagh

in the second — reflect the number of genotypes that were
extreme for one or more traits in each trial. These differences
likely result from minor variations in greenhouse conditions,
which affected genotype performance and trait expression.
This observation emphasizes that genotypes may respond
differently to environmental conditions, even in controlled
trials, and highlights the importance of multi-trial evaluation
for reliable selection of superior genotypes.

Perfect genotype position

Figure 3 indicates the position of a perfect genotype, and the
genotypes closest to this position are considered the best, so
genotypes 44 and 50, followed by genotypes 47,49, 53 and 54,
were the closest to this position, indicating their superior
performance in the first trial. Genotypes 39 and 41, although
positioned farthest from the perfect genotype in the biplot,
had the greatest number of leaves. However, this resulted in
lower aggregate scores when considering multiple traits si-
multaneously. Hence, these genotypes can still be valuable in
breeding programs, particularly for increasing leaf number in
combination with traits such as lamina area and leaf dry weight.

Similarly, in the second trial, genotypes 44, 49, 50, 53
and 54 were close to the perfect genotype (Fig. 3), showing
their favorable performance, while genotypes 39 and 41 were
located farthest from this position, regarding them less favor-
able in the second trial. These identified perfect genotypes are
crucial for a sorrel genetic improvement program, especially
since leaf yield performance and yield components often
show low correlations in many vegetable crops (Shukla et al.,
2016); thus, the employment of graphic multivariate models is
vital for determining perfect genotypes and enhancing sorrel
breeding strategies.

While leaf dry weight is the ultimate trait of interest for
sorrel breeding, component traits such as lamina area, petiole
diameter, and number of veins provide valuable information
on leaf structure, expansion, and resource allocation. In some
cases, genotypes with a large number of small leaves showed
lower dry weight, reflecting the natural compromise between
leaf size and leaf number. The GTI biplot enables simultancous
evaluation of multiple traits, capturing both additive and cross-
over interactions, and helps in the identification of genotypes
with balanced performance across all important leaf character-
istics. Although dry weight can be used alone for selection, the
multivariate approach provides a more comprehensive assess-
ment for breeding programs. Minor differences in greenhouse
conditions between the two trials, such as temperature and light
intensity, influenced trait expression, which justifies separate
trial analyses. The observed differences in vertex genotypes
across trials highlight genotype sensitivity to environmental
variation and emphasize the importance of multi-trial evalu-
ation to identify stable high-performing genotypes.

Perfect trait position

The discriminative capacity for a trait is the magnitude of the
standard deviation that marks genotypes as different and can
be shown by a perfect trait with such a hypothetical position
(Fig. 4) that traits closer to this position have better discrimina-
tive capacities and farther traits are inferior in discriminative

Visual analysis of sorrel (Rumex spp.) genotypes
by the biplot method using morphological characters
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Fig. 3. The perfect genotype diagram showing the positions of
sorrel genotypes in (upper panel) the first trial and (lower panel)
the second trial.

capacity. Based on the perfect trait biplot of the first trial, the
following (in the descending order) traits were identified as
most discriminative: lamina area (LA) followed by petiole
diameter (PD), blade length (BL), leaf length (LL), and number
of veins (NV). In contrast, traits such as number of leaves (NL)
and leaf dry weight (DW) had low discriminative potentials
in the first trial (Fig. 4); thus, they are not advised for future
studies for distinguishing differences among sorrel genotypes.

According to the perfect trait biplot of the second trial,
lamina area (LA) and petiole diameter (PD), followed by blade
length (BL) and leaf length (LL), were found to possess best
discriminative capacities. Also, number of veins (NV) and leaf
dry weight (DW) have a discriminative potential above aver-
age, indicating that they are effective in differentiating among
sorrel genotypes in the second trial (Fig. 4). Finally, number of
leaves (NL) had a low discriminative potential in the second
trial, and it is not recommended for future investigations for
revealing differences among sorrel genotypes.

The typical potential of a trait, showing its symbolic impor-
tance, is characterized by the angle between the trait’s vector
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Fig. 4.The perfect trait diagram showing position of the measured
traits of sorrel in (upper panel) the first trial and (lower panel) the
second trial.

and the axis of the average trait, smaller angles denoting
greater typical potentials. Therefore, the traits with the smallest
angles, such as lamina area (LA) and petiole diameter (PD),
exhibit higher typical potential across both trials, while leaf
dry weight (DW) had a larger angle with the axis, reflecting
its lower typical potential in both trials.

Analysis of leaf dry weight

Figure 5 shows leaf dry weight (DW) along the horizontal
axis, with distances from the axis reflecting variability among
genotypes relative to the mean. Although accessions with the
highest DW can be directly seen in Figure 2, Figure 5 high-
lights both mean performance and stability, assisting breeders
in selecting genotypes with high and consistent leaf yield for
further evaluation. Genotypes 16 and 46 were the most desir-
able for DW performance in the first trial, while genotypes 5
and 30 were the least favorable ones (Fig. 5). Genotypes with
above-average performance of DW are situated above the
average axis. The distance of genotypes from the horizontal
axis serves as an index of standard deviation, and smaller
distances indicate lower variability, so they are preferred for
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Fig. 5. Examination of leaf dry weight (DW) across sorrel geno-
types in (upper panel) the first trial and (lower panel) the second
trial.

selection. Consequently, genotype 16 was recommended due
to its low variability in comparison to genotype 30 in the first
trial. In contrast, some genotypes located farther from the
horizontal axis, such as 44 and 50, exhibit high variabilities
and are considered less desirable.

In the second trial, genotypes 23 and 28 were the most desir-
able for DW performance, while genotypes 9 and 30 were the
least favorable ones (Fig. 5). The effectiveness of using this
option for identifying favorable genotypes for target traits has
been demonstrated in studies on sweet corn (Stansluos et al.,
2023) and safflower (Ebrahimi et al., 2023).

Sorrel genotype evaluation is crucial for preventing erosion
in plant materials and effectively managing genetic improve-
ment tasks. This study revealed substantial variation in leaf
morphological traits among the 54 sorrel genotypes. While
taxonomic identification was not available for all accessions,
the observed phenotypic diversity provides useful informa-
tion for selecting superior genotypes and identifying traits
for breeding programs. These results should be interpreted as
intrasample variation rather than interspecific diversity.
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The GTI biplot model revealed a relatively high level of
variation (77 and 78 % for the first and second trials, respec-
tively) and confirmed the presence of both simple and complex
interactions among the genotypes and traits. Similar interaction
patterns have been documented in other vegetable crops, such
as spinach (Sabaghnia et al., 2015) and green bean (de Oliveira
et al., 2018). These interactions resulted in varying rankings
of genotypes across traits, making it challenging to select the
most superior genotypes. Ignoring genotype X trait interactions
can complicate the selection process, because genetic differ-
ences among genotypes lead to varying performance across
traits. The GTT highlights these differences, enabling breeders
to select genotypes with consistently desirable trait profiles.

However, selection of high yielding genotypes needs geno-
types with large lamina area, and it is similar in this respect
to other leafy vegetable crops like spinach (Sabaghnia et al.,
2013), so breeding for high leaf'yield in sorrel should consider
multiple traits, including lamina area, leaf number, and leaf
dry weight (DW). Lamina area is particularly informative for
selection because it moderately correlates with DW and can
serve as a proxy at early steps of breeding. However, direct
measurement of DW and consideration of leaf number are
also important to ensure the development of high-yielding
cultivars.

The GTI biplot proved effective for visualizing complex
genotype X trait interactions, allowing breeders to identify
superior genotypes and key traits for leaf yield, because this
visual tool facilitates practical decision-making in breeding
programs, enabling the selection of genotypes with optimal
combinations of traits. While the present study focused on
morphological traits of leaves to assess genetic diversity and
leaf yield performance, we acknowledge that biochemical
characteristics such as oxalate content, antioxidant capacity,
and contents of other secondary metabolites are also important
for evaluating the nutritional and medicinal value of sorrel.
Integrating these biochemical traits in future studies could
provide a more comprehensive assessment of genotype per-
formance, allowing breeders to select genotypes that combine
high leaf'yield with superior nutritional or medicinal qualities.
Such combined morphological and biochemical evaluations
would further enhance the practical utility of the GTI biplot
method in sorrel breeding programs.

Conclusions

The study demonstrates the practical utility of the GTI biplot
for sorrel breeding. By identifying lamina area as a key trait
and highlighting superior genotypes such as 16, 23, 28, 46,
44, and 50, breeders can optimize breeding strategies and
efficiently raise high-yielding cultivars. The GTI biplot ex-
plained 77 and 78 % of the variation in the first and second
trials, respectively, demonstrating its utility for evaluating
multivariate morphological data. Lamina area and petiole
diameter were identified as the most discriminative and typi-
cal traits across both trials, providing key selection criteria

Visual analysis of sorrel (Rumex spp.) genotypes
by the biplot method using morphological characters

for leaf yield improvement. However, for breeding programs
aimed at industrial conditions, further evaluation in the field
is recommended to ensure stability and performance in those
target environments.
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