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Cold acclimation of tomato plants is associated  
with differential expression of genes of the SlLHC 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 I and II, 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 SlLHC 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 II) 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, II-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 SlLHC 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 NCED6). 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
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Аннотация. Растения томата (Solanum lycopersicum L.) чувствительны к воздействию холодового стресса, 
адаптационный ответ на который связан с клеточной осморегуляцией и снижением скорости фотосинтеза за 
счет нарушения работы антенн фотосистем I и II, включающих белки семейства Light-Harvesting Complex (LHC), 
связывающие хлорофиллы a/b и каротиноиды. В настоящей работе впервые проведен транскриптомный анализ 
дифференциальной экспрессии генов семейства SlLHC, генов биосинтеза каротиноидов и абсцизовой кислоты 
(АБК), а также генов ORANGE и STAY-GREEN, связанных с синтезом и деградацией хлорофиллов, в динамике 
двух циклов (I и II) «холодовой стресс (12 ч) – восстановление (60 ч)». Для анализа использован сорт томата 
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Cold acclimation of tomato is associated with SlLHC genes 
and carotenoid and chlorophyll metabolism

Отрадный. Показано, что за 12 ч до завершения периода восстановления второго цикла (II-48) в листьях растения 
значительно уменьшается количество хлорофиллов a/b и каротиноидов. Выявлено, что 12 ч холодового 
воздействия в обоих циклах (I-12, II-12) подавляют экспрессию большинства генов семейства LHC. В тех же 
точках обнаружено значимое повышение уровня транскриптов генов NSY, CCD-like, LeNCED1 и NCED6, связанных 
с синтезом АБК. Определены гены, профиль экспрессии которых различается между первичным и повторным 
циклами холодового воздействия. На основании этих данных составлен список генов-кандидатов в маркеры 
памяти растений о холодовом стрессе: десять генов семейства SlLHC (Cab-1A, Cab-1D, CAB12, CAB5-LOC101257186, 
SEP2, OHP2-LOC101259223, OHP1 и LIL3-2-LOC101247899) и пять генов, ассоциированных с синтезом АБК (VDE, 
CCD4, CCD-like, LeNCED1 и NCED6). Полученные результаты важны для определения и осмысления участия генов, 
связанных с фотосинтезом, в ответе на холодовой стресс и определении холодостойкости растений томата, и 
могут быть использованы в селекции холодостойких сортов.
Ключевые слова: Solanum lycopersicum L.; холодовой стресс; семейство белков LHC; хлорофилл a/b-связывающие 
белки; биосинтез каротиноидов; АБК; экспрессия генов

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 (Villagómez-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; Bäurle, 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 (β-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 SlOR and SlOR-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 A. thaliana (30, 32, or 34 genes), poplar 
Populus spp. (36 or 39), cotton Gossypium hirsutum L. (86), 
and apple Malus × 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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Fig.  1.  Schematic representation of two-cycle (I, II) exposure to cold stress with subsequent recovery on tomato plants of the 
cv. Otradnyi. 
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Lan et al., 2022; Meng et al., 2025). The transcript level of 
SlLHC 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 μM/(m2 ‧ 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 h at 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). 

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 et al., 2019; Bäurle, Trindade, 2020; Jacques et 
al., 2021; Aina et al., 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; 
Bäurle, 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 (II) cycles, leaf samples 
were collected from the experimental and control plants. In 
the recovery phase (60 h), a 48-h point (I-48 and II-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.

https://gossortrf.ru/registry/
https://gossortrf.ru/registry/
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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 a 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 a (Chla) =  
		  11.47×(A666 – A750) – 2×(A648 – A750),
Chlorophyll b (Chlb) =  
		  21.85×(A648 – A750) – 4.53×(A666 – A750),
Total carotenoids =  

          [1000×(A480 – A750) – 1.33×Chla – 23.93×Chlb]/202,
where A666, A648, A750 and A480 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 Illumina; 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, 

II-12) and the recovery period (I-48, II-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, II) 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, II-12); and 12 h before the 
end of the 60-hour recovery phase (I-48, II-48).

Tissue samples were used for chlorophyll a and b and total 
carotenoid content analysis. At point I-48, both in the control 
and the experimental group, the obtained values were signifi-
cantly lower than at the other three points (II-48, I-12, and 
II-12). The exception was carotenoids: their content at point 
I-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 (II-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). 
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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, II), measurements were taken at the end of stress exposure (I-12, II-12) and after 48 h of the recovery 
period (I-48, II-48). The value a–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 II-48 is additionally indicated by a red asterisk.
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List of genes analyzed in the study

Superfamily LHC

Solyc gene ID1 NCBI gene ID2 Annotation of the encoded protein (NCBI)

02g070940
02g070950
02g070970
02g071010
02g071030

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

02g070990 LOC101266182 CAB1B homolog, 100 %-cover, identity 99.25 %

02g070980 LOC104645884 Chlorophyll a/b-binding protein Cab-1A (Cab-1A)

02g071000 LOC104645883 Chlorophyll a/b-binding protein 1D (Cab-1D)

03g005760 LOC101267774 Chlorophyll a/bb-binding protein 1-like

03g005770 LOC101245729 Chlorophyll a/b-binding protein

03g005780 LOC108491835 Chlorophyll a/b-binding protein Cab-3C (Cab-3C)

12g006140 LOC543976 Chlorophyll a/b-binding protein 5, chloroplastic (CAB5)

07g063600 LOC101268123 Chlorophyll a/b-binding protein 13, chloroplastic-like

12g011450 LOC101243766 Chlorophyll a/b-binding protein 13, chloroplastic (CAB13)

09g014520 LOC101249002 Chlorophyll a/b-binding protein CP29.1, chloroplastic

06g063370 LOC101266527 Chlorophyll a/b-binding protein Cab9 (CAB9)

01g105030 LOC101256629 Chlorophyll a/b-binding protein CP24 10A, chloroplastic (CAB-10A)

04g082930
04g082920

LOC101246628 Chlorophyll a/b-binding protein 7, chloroplastic

01g105050 LOC101256131 Chlorophyll a/b-binding protein CP24 10B, chloroplastic-like (LHCP)

05g056050 LOC101253380 Chlorophyll a/b-binding protein 6A, chloroplastic

05g056070 LOC544310 Chlorophyll a/b-binding protein precursor (CAB6A)

10g006230 LOC101264376 Chlorophyll a/b-binding protein 7, chloroplastic-like (CAB7)

10g007690 LOC101253628 Type III chlorophyll a/b-binding protein (CAB-8)

12g011280 LOC101265617 Chlorophyll a/b-binding protein 8, chloroplastic-like

03g115900 LOC101268669 Chlorophyll a/b-binding protein CAB11 (CAB11)

06g069730 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)

11g042640 LOC101267576 Uncharacterized (CAB-like)

07g022900 LOC101257186 Photosystem I chlorophyll a/b-binding protein 5, chloroplastic

12g009200 LOC101252151 photosystem I chlorophyll a/b-binding protein 6, chloroplastic

09g082690 LOC101257109 Early light inducible protein (ELIP)

09g082700 LOC138337022 ELIP homolog 97 %-cover, identity 84.74 %

01g107660 LOC101252927 Stress enhanced protein 1-like protein

04g053130 LOC101250395 Stress enhanced protein 2, chloroplastic

12g056620 LOC101259223 Light-harvesting complex-like protein OHP2, chloroplastic

04g071930 LOC101253996 Light-harvesting complex-like protein OHP2, chloroplastic

03g094000 LOC101247899 Light-harvesting complex-like protein 3 isotype 2, chloroplastic

08g007180 LOC101260362 Light-harvesting complex-like protein 3 isotype 1, chloroplastic

08g077880 LOC101248227 Light-harvesting complex-like protein 3 isotype 2, chloroplastic

09g011010 LOC101262449 Light-harvesting complex-like protein OHP1, chloroplastic

05g018650 LOC101247019 Ferrochelatase-2, chloroplastic

10g084140 LOC101248153 Ferrochelatase-2, chloroplastic

08g065480 LOC101263738 Ferrochelatase-2, chloroplastic

06g060340 LOC101260830 Photosystem II 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  
(ElShamey et al., 2025)Phytoene synthase 2, chloroplastic (PSY2) LOC543964

Phytoene synthase 3 LOC101267734

Phytoene desaturase (pds) LOC544073

15-cis-phytoene desaturase, chloroplastic/chromoplastic LOC101244544

Prolycopene isomerase, chloroplastic (CRTISO) LOC101267857

15-cis-ζ-carotene isomerase (Z-ISO) LOC101253762

ζ-carotene desaturase (zds) LOC543629

Lycopene-ε-cyclase (CrtL-e-1) LOC544129

Lycopene-β-cyclase, chloroplastic LOC101267662

Lycopene-β-cyclase (LCY1) LOC544104

Lycopene-β-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   
(ElShamey et al., 2025)Carotenoid cleavage dioxygenase 4, chloroplastic LOC101250535

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

NCED2 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, 
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)

Protein ORANGE-LIKE, chloroplastic LOC101247247

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 
catabolism enzymes  (Pietrzykowska et al., 2014)Protein STAY-GREEN homolog, chloroplastic-like LOC101258237

Senescence-inducible chloroplast stay-green protein 1 (SGR1) LOC778212

1 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).
2  SLM_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/).

https://www.solgenomics.net/organism/Solanum_lycopersicum/genome
https://www.solgenomics.net/organism/Solanum_lycopersicum/genome
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_036512215.1/
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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, II) of  “cold stress – recovery”, constructed using our transcriptome data for points I-12, 
II-12 (end of stress) and I-48, II-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).
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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, II-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, II-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, II) of  “cold stress – recovery”.
Constructed using the transcriptome data obtained for points I-12, II-12 (end of stress) and I-48, II-48 (recovery period). 
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the exception of an increased level of Cab-1D, CAB12 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, II-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, II-48; except for the induction of OHP1 in 
I-48). The remaining genes showed no significant changes in 
expression across the two stress – recovery cycles, with the 
exception of SEP2 (upregulation, II-12) and one of LIL3-2-
LOC101247899 (upregulation, II-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; Bäurle, Trindade, 2020; Jacques et al., 2021). Given 
this, the Cab-1A, Cab-1D, CAB12, CAB5-LOC101257186, 

ELIP, SEP2, OHP2-LOC101259223, OHP1 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 
(PSY1–3), one of the two PDS-LOC544073, CRTISO, Z-ISO, 
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, II-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, II-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, II-12) and returned to control levels after the recovery 
period (I-48, II-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 LeCCD1A 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 II-48, respectively. The transcript levels of 
the LeCCD1B and NCED2 genes significantly decreased and 
increased, respectively, after stress (I-12, II-12). The CCD-like 
and LeNCED1 genes had transcript levels significantly higher 
than the control, except at points I-48 and II-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 (SGR1) had 
an increased level at the same points (I-12, II-12) (Fig. 4).

Given the definition of a stress memory marker (Friedrich 
et al., 2019; Bäurle, Trindade, 2020; Jacques et al., 2021), the 
following genes may be considered candidates: VDE, CCD4, 
CCD-like, LeNCED1, and NCED6 (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 (ElShamey 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).

Having selected the cold-resistant cv. Otradnyi for the study, 
we carried out two consecutive “cold stress – recovery” cycles 
(I, II), 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 
et al., 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, 
II-12) and during the recovery phase (I-48, II-48) showed that 
the amounts of all analyzed pigments decreased significantly at 
the end of the second cycle (II-48) (Fig. 2). This may suggest 
a more 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, II-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 SGR1 gene (Fig. 4), involved in chlorophyll degradation 
(Pietrzykowska et al., 2014), and a decrease in the expression 
of the 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 I-12 and II-12 leaves may suggest increased ABA produc-
tion (ElShamey et al., 2025), associated with stomatal closure 
in response to cold stress (Sreenivasulu et al., 2012; Agurla 
et al., 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 SlLhcb1.11 (LOC108491835) gene transcripts 
decreases and SlELIP1 (LOC101257109) increases (Meng 
et al., 2025), which is completely consistent with our results 
(Fig. 3). Silencing of SlLhcb1.11 or SlELIP1 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 SlELIP1 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 SlELIP1, a number of genes 
correspond to the stress memory marker definition (Friedrich 
et al., 2019; Bäurle, Trindade, 2020; Jacques et al., 2021): 
Cab-1A, Cab-1D, CAB12, CAB5-LOC101257186, SEP2, 
OHP2-LOC101259223, OHP1 and LIL3-2-LOC101247899, 
VDE, CCD4, CCD-like, LeNCED1 and NCED6 (Fig. 3 and 4). 

Conclusion
Overall, in this study, we performed the first transcriptome 
analysis of the differential expression of SlLHC 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 
(II-48) and a decrease in the transcript levels of most LHC 
family genes at the end of each chilling stage (I-12, II-12). At 
points I-12 and II-12, an increase in the expression of the NSY, 
CCD-like, LeNCED1, and NCED6 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 SlLHC genes and five genes associated with ABA  
synthesis.
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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 Lr51 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 
recipient and 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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Аннотация. Одним из эффективных генов устойчивости к возбудителю листовой ржавчины (Puccinia 
triticina) у мягкой пшеницы (T. aestivum L.) является ген Lr51, интродуцированный в геном мягкой пшеницы 
от Aegilops speltoides Tausch в составе транслокации T1BS.1BL-1S#F7L-1BL. Однако этот ген редко используют в 
практической селекции из-за опасения негативного влияния чужеродной транслокации на агрономические 
важные признаки. В данной работе представлены результаты пребридинговых исследований яровых линий 
мягкой пшеницы Л6 и Л7, несущих T1BS.1BL-1S#F7L-1BL транслокацию, по сравнению с сортом-реципиентом 
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Саратовская 68 и сортом-стандартом Саратовская 76 по комплексу селекционно значимых признаков. 
Наличие гена Lr51 в генотипе линий  Л6 и Л7 подтверждено ПЦР-анализом с использованием маркеров 
S30- 13L и AGA7-759R. Фитопатологическая оценка линий Л6 и Л7 в условиях искусственного и естественного 
инфекционного фона к локальной популяции листовой ржавчины, распространенной в Саратовской области, 
показала их высокий уровень устойчивости в сравнении с сортом-реципиентом. По оценке цитологической 
стабильности линий, мейотический индекс составляет 98.2 и 99.7 у линий Л6 и Л7 соответственно. Наличие 
транслокации у Л6 и Л7 не влияло значимо на высоту растений и устойчивость к полеганию. У линий-аналогов 
продолжительность периода всходы–колошение оказалась на уровне сорта-реципиента и сорта-стандарта. 
По продуктивности зерна линии  Л6 и Л7 также не отличались достоверно от сортов Саратовская 68 и 
Саратовская 76, по данным полевых испытаний за период 2023–2025 гг. Анализ структуры продуктивности 
главного колоса у линий Л6 и Л7 выявил отсутствие различий с сортом-реципиентом по всем показателям. 
По сравнению с сортом Саратовская 76 были достоверные различия в пользу линий-аналогов по плотности 
колоса, а у Л7 также по весу зерна с колоса и озерненности колоска. Наличие транслокации Т1BS.1BL-1S#F7L-
1BL у Л6 и Л7 незначимо повлияло на содержание белка, а также на качество муки и хлеба. Однако обе линии 
уступали сорту-реципиенту по таким признакам, как объем и пористость хлеба. Линии Л6 и Л7 уступали сорту 
Саратовская 76 по упругости, отношению упругости к растяжимости, объему хлеба, но превзошли по силе 
муки. В целом, с учетом цитологической стабильности и комплексу селекционно ценных показателей, влияние 
Т1BS.1BL-1S#F7L-1BL транслокации в генотипе сорта Саратовская 68 оценивается как нейтральное, а линии Л6 
и Л7 имеют селекционную значимость по устойчивости к листовой ржавчине.
Ключевые слова: яровая мягкая пшеница; линии-аналоги сорта Саратовская 68; Т1BS.1BL-1S#F7L-1BL транс-
локация; устойчивость к листовой ржавчине; влияние на продуктивность и качество зерна

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 (McIntosh, 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 Sr31, three cultivars by 

a combination of Sr31+Sr57 and one cultivar Sr31+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 leaf rust (Lr28, Lr35, Lr36, Lr47, Lr51, Lr66), 
three to stem rust (Sr32, Sr39, Sr47) and three to powdery 
mildew (Pm12, Pm32, Pm53) (grainsgenes.org/GG3/wgc, 
accessed February 11, 2026). I.G. Adonina et al. (2012) iden­
tified the T5BS.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 Lr51 
(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 
1BL 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 Lr51 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 Lr51 with 
Lr genes have been obtained: Lr10, 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 Lr51 are unclear. It is hypothesized 
that this translocation may negatively affect for agronomically 
valuable traits and reduce grain productivity overall (Helguera 
et al., 2005). However, there is no data on prebreeding studies 
of the T1BS.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 Lr10 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 T1BS.1BL-1S#F7L-1BL with the gene Lr51. 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 I 
and II, anaphase I and II, telophase I and II, 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. 

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 Lr19 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 5ʹ-GCATCAACAAGATATTCGTTATGACC-3ʹ 
and AGA7-759R 5ʹ-TGGCTGCTCAGAAAACTGGACC- 3ʹ 
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 PstI (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 m2 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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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 
of 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 2023–2025, 
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 1. Hydrothermal coefficients for the Saratov meteorological station (Federal Center of Agriculture Research  
of the South-East Region) for 2023–2025

Saratov meteorological station  
(FCAR of the South-East Region)

2023 2024 2025

V VI VІІ VIII IV V VI VII V VI VІІ

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, VІІ – July, VIII – August.

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.

https://all-pribors.ru/companies/firma-foss-analytical-a-s-daniya-941
http://www.agrometeo.online/articles/gtk.htm
http://www.agrometeo.online/articles/gtk.htm
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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 T1BS.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 

Electrophoregram of amplification and restriction products using primers S30-13L and AGA7-759R, diagnosing the Lr51 
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 Lr51 (1) and in lines-analogous L6 (3), L7 (5). Tracks 2, 4, 6 are restriction products of PstI amplicons, respectively, F7-3 
Lr51, L6 and L7. Track 7 is the recipient Saratovskaya 68. Track 8 is the restriction product of the PstI amplicon of the recipient 
Saratovskaya 68.

M 1 2 3 4 5 6 7 8 M

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,
line

Germination–heading period, days Plant height, cm Lodging resistance, points

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 75.5 99.0 3.6 4.1 4.2

L7 47 41 45 91.2 73.0 104.0 3.0 4.0 4.2

LSD0.5* 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 4.3 4.0

LSD0.5** 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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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. 
1BL-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 

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 Grain yield, t/ha

2023 2024 2025 average 2023 2024 2025 average

Saratovskaya 68 36.1 32.7 35.5 34.8 3.142 2.238 3.551 2.977

L6 37.0 36.3 34.6 36.0 2.990 2.713 3.250 2.984

L7 37.8 33.6 32.1 34.5 3.244 2.596 3.427 3.022

LSD0.5* NS    3.1    3.0 NS NS NS NS NS 

Saratovskaya 76 38.6 35.4 35.9 36.6 2.776 2.042 3.492 2.770

LSD0.5** NS NS    3.0 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,  
mm

Number Spike density Grain weight  
per spike, g

Grains for one 
spikelet, pcsspikelets, pcs grains per spike, 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 2.46

НСР0.5* NS NS NS NS NS NS 

Saratovskaya76 91.37 16.60 40.30 1.70 1.42 2.40

LSD0.5** 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

LSD0.5* NS NS NS NS NS NS

Saratovskaya 76 91.37 16.60 40.3 1.70 1.42 2.40

LSD0.5** NS NS NS 0.076 0.252 0.152

L6 and L7

L6 81.53 16.43 40.4 1.90 1.50 2.46

L7 85.63 17.27 44.67 1.90 1.73 2.58

LSD0.5 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 (**).
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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 
of the 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, 2S, 3S, 5S, 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, Sr32, Sr39, 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 

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,
line

Protein  
content, 
%

Gluten Alveograph Bread evaluation indices

% IDK 3, 
units  
of device

dough 
elasticity P, 
mm

ratio of dough 
elasticity to 
extensibility P/L

flour strength W, 
unit of alveograph

loaf volume V, 
mL

porosity, 
point

crumb 
color

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 4.3

LSD0.5* NS NS NS    9.1 NS NS    94 0.5 –

Saratovskaya 76 16.3 31.1 73.9 98.0 1.57 270 707 4.5 white

LSD0.5** NS NS    6.1 10.1 0.6    35    96 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 (**).
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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 Ae.  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-
1S#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 T1BS.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. 
1BL-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, 

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 T1BS.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 T1BS.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
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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.
Key words: non-alcoholic fatty liver disease (NAFLD); steatosis; FGF21; diet; obesity; sex differences; liver
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Способность FGF21 снижать выраженность признаков 
неалкогольной жировой болезни печени у мышей  
зависит от пола и диеты
Н.Ю. Балыбина  , Е.Н. Макарова , Т.В. Яковлева , А.Ю. Казанцева , Н.М. Бажан 

Федеральный исследовательский центр Институт цитологии и генетики Сибирского отделения Российской академии наук, Новосибирск, Россия
 n.yu.balybina@gmail.com

Аннотация. Потребление высококалорийной пищи вызывает развитие ожирения и неалкогольной жировой 
болезни печени (НАЖБП). Патогенез НАЖБП зависит от состава диеты. Введение фактора роста фибробластов 21 
(FGF21) ожиревшим мышам улучшает метаболизм и состояние печени, однако зависимость этого эффекта от пола 
и состава диеты еще не изучена. Цель нашего исследования – изучить влияние пола на состояние печени у мышей 
с алиментарным ожирением, вызванным диетами разного состава, и на способность FGF21 благотворно влиять 
на метаболическую функцию печени. Ожирение индуцировали у самцов и самок мышей C57BL/6J высокожирной 
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диетой (ВЖД) или диетой кафетерия (ДК). После развития ожирения мышам вводили FGF21 (1 мг/кг, 7 дней) и 
оценивали морфофункциональное состояние печени и экспрессию генов, участвующих в процессах метаболизма 
жиров и углеводов, воспаления, фиброза и апоптоза в ткани печени. При содержании на ВЖД стеатоз печени у 
самок был менее выражен, чем у самцов. FGF21 не влиял на площадь липидных капель у особей обоих полов, 
но оказывал зависящее от пола влияние на экспрессию генов: у самок снижал экспрессию генов гликолиза и 
липогенеза, препятствуя отложению липидов, а у самцов – генов воспаления, апоптоза и фиброза, предотвращая 
переход стеатоза в стеатогепатит (воспаление печени). При содержании на ДК у мышей обоих полов развивался 
выраженный стеатоз. FGF21 снижал содержание липидов в печени независимо от пола. Однако только у самок 
FGF21 снижал экспрессию гена Cidec, участвующего в образовании липидных капель, и повышал количество 
апоптозных телец. У самцов эффект FGF21 на накопление липидов в печени, по-видимому, опосредован 
действием на другие ткани: жировую, мышечную и т. д. Таким образом, у мышей с ожирением половые различия 
в степени выраженности стеатоза печени зависели от типа диеты и проявлялись только на фоне ВЖД. Введение 
FGF21 приводило к уменьшению общей площади липидных капель в печени у мышей обоих полов только на фоне 
выраженного стеатоза, вызванного содержанием на ДК. Влияние FGF21 на экспрессию генов в печени зависело от 
пола как на фоне высокожирной диеты, так и на фоне диеты кафетерия.
Ключевые слова: неалкогольная жировая болезнь печени (НАЖБП); стеатоз; FGF21; диета; ожирение; половые 
различия; печень

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 
et al., 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, Pgc1a, 
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.
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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 Spezialdiäten GmbH, pro-
tein 19 %, fat 3.3 %), high‑fat diet pellets in which 60 % of 
calories come from fat (D12492, Ssniff Spezialdiäten 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 g).

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 at a 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.

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. В‑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 et al., 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 (n = 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 
et al., 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: TaqMan 
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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, ×400. 1 – large lipid droplets, 2 – medium lipid droplets, 3 – small lipid droplets, 4 – macrophages, 
5 – apoptotic bodies. 

Gene Expression Assay for the mouse genes Beta‑actin, Actb,  
Mm00607939_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_m1; 
Phosphoenolpyruvate carboxykinase 1, Pck1, Mm01247058_
m1); FGF21 system (Fibroblast growth factor  21, Fgf21, 
Mm00840165_g1; Klotho beta, Klb, Mm00473122_m); 
lipid oxidation (Peroxisome proliferator activated receptor 
alpha, Ppara, Mm0040939_m1; Carnitine palmitoyltransfer-
ase 1a, Cpt1a, Mm01231183_m1; Peroxisome proliferative 
activated receptor, gamma, coactivator 1 alpha, Ppargc1a, 
Mm01208835_m1); lipid synthesis (Fatty acid synthase, 
Fasn, Mm00662319_m1; Acetyl‑coenzyme A carboxylase 
alpha, Acca, Mm01304285_m1; Acetyl‑coenzyme A car
boxylase beta, Accb, Mm01204683_m1; Cell death‑inducing 
DFFA‑like effector c, Cidec, Mm00617672_m1); inflammation 
and fibrosis (Tissue inhibitor of metalloproteinase 1, Timp1, 
Mm01341361_m1; Transforming growth factor, beta 1, Tgfb1, 
Mm01178820_m1; CD68 antigen, Cd68, Mm03047343_m1; 
Tumor necrosis factor a, Tnfa, Mm00443258_m1; Interleu-
kin 1 beta, Il1b, Mm00434228_m1; Nuclear factor, erythroid 
derived 2, like 2, Nfe2l2, Mm00477784_m1; Chemokine (C‑C 
motif) ligand 3, Ccl3, Mm00441259_g1); apoptosis (BCL2, 
apoptosis regulator, Bcl2, Hs04986394_s1; BCL2‑antagonist/
killer 1, Bak1, Mm00432045_m1); growth factor (Insulin‑like 
growth factor 1, Igf1, Mm00439560_m1). 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 (2−ΔΔCt).

Statistical analysis. To analyze the effect of FGF21 on lipid 
accumulation in the liver, two‑way ANOVA with the factors 

“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  1a 
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. 1b). 
Relative liver weight was lower in females than in males (ef-
fect of the factor “Sex”, F(1.20) = 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(1.20) = 7.45, p < 0.05) and 
the area of medium‑sized (F(1.20) = 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, c, e). However, the number 
of macrophages (effect of “Sex”, F(1.20) = 39.07, p < 0.001; 
Newman–Keuls post‑hoc test, p < 0.05) and the number of 
apoptotic bodies (effect of “Sex”, F(1.20)  =  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).
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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(1.20) = 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, n♀ = 5, N♂ = 7), Acca (p < 0.01, 
U = 0.00, n♀ = 5, N♂ = 7) and Ppara ( p < 0.05, U = 4.00, 
n♀ = 5, N♂ = 7) were higher than in males. FGF21 admini
stration reduced the expression of Gck (p < 0.05, U = 3.00, 
n = 5 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, n♀ = 5, N♂ = 7) and Nfe2l2 ( p < 0.05, 
U = 2.00, n♀ = 5, N♂ = 7) were higher in females than in 
males. FGF21 administration reduced the expression of Tgfb1 
( p < 0.05, U = 6.50, n = 7 for both groups), Nfe2l2 ( p < 0.05, 
U = 9.00, n = 7 for both groups), Bak1 ( p < 0.05, U = 2.00, 
n = 7 for both groups) and Igf1 ( 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(1.14) = 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(1.14) = 4.94, p < 0.05) and total lipid droplet area 
in both males and females (effect of “EG”, F(1.14)  =  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. 6c–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. 5. Representative images. Lipid accumulation in the liver of 
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Hematoxylin and eosin staining, ×400.

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. 

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 

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 
et al., 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. 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 Fgf21 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 Tnfa 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 Il1b, Tnfa and 
Il6, 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 Tnfa 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, Gck) 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 Igf1 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 Bak1 (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 Tgfb1, 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: 

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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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 
et al., 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).

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 Fgf21 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.
Key words: selection; behavior; fox; aggressiveness; stress; glucose; tolerance; cortisol; correlation
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Влияние отбора по поведению на уровень глюкозы в крови  
у серебристо-черных лисиц после рестрикционного стресса
Р.Г. Гулевич  , С.Г. Шихевич , Д.В. Шепелева, А.В. Харламова 
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Аннотация. Известно, что отбор серебристо-черных лисиц по отношению к человеку влияет на гипоталамо-
гипофизарно-надпочечниковую (ГГН) и симпатическую нервную системы, которые, в свою очередь, участвуют 
в регуляции углеводного обмена при стрессе. Наряду с этим показано влияние генетических факторов на 
углеводный обмен и толерантность к глюкозе. Оставалось неизвестным, влияет ли отбор по отношению к человеку 
на уровень глюкозы в крови у серебристо-черных лисиц. В данной работе исследовали базальный уровень 
глюкозы в крови у ручных, агрессивных и неселекционированных самцов и самок серебристо-черных лисиц, 
а также уровень глюкозы после рестрикционного стресса у самок. Полученные результаты свидетельствуют о 
достоверно более низком базальном уровне глюкозы в крови у ручных лисиц по сравнению с агрессивными и 
неселекционированными животными, независимо от пола. Кроме того, у неселекционированных самцов этот 

doi 10.18699/vjgb-26-89

© Gulevich R.G., Shikhevich S.G., Shepeleva D.V., Kharlamova A.V., 2026

Vavilovskii Zhurnal Genetiki i Selektsii
Vavilov Journal of Genetics and Breeding. 2026;30(6):875-882

This work is licensed under a Creative Commons Attribution 4.0 License

PHYSIOLOGICAL GENETICS
 Original article

https://orcid.org/0000-0002-4666-1125
https://orcid.org/0009-0008-6580-994X
https://orcid.org/0000-0002-9974-4004
https://orcid.org/0000-0002-4666-1125
https://orcid.org/0009-0008-6580-994X
https://orcid.org/0000-0002-9974-4004


R.G. Gulevich, S.G. Shikhevich 
D.V. Shepeleva, A.V. Kharlamova

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

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

показатель был ниже по сравнению с агрессивными животными. У агрессивных лисиц найдены половые различия 
по базальному уровню глюкозы в крови: у самцов этот показатель выше, чем у самок. В течение всего исследуемого 
периода после стресса (через 10 мин и 2 ч) уровень глюкозы в крови у агрессивных самок оставался повышенным 
по сравнению с ручными. Спустя 2 ч после стресса только у агрессивных самок отмечали более высокий уровень 
глюкозы по сравнению с исходным уровнем. В суммарной выборке самок лисиц, независимо от поведения до 
и после стресса, найдена отрицательная корреляция между уровнем глюкозы в крови и баллом поведения, 
которым оценивали реакцию на человека. Для сравнения скорости поглощения глюкозы из общего кровотока 
у самок серебристо-черных лисиц, селекционируемых по поведению, проводили глюкозотолерантный тест 
(ГТТ). В целом, судя по показателям площади под кривыми ГТТ, отбор по поведению не влиял на толерантность к  
глюкозе, вместе с тем у агрессивных самок, в отличие от ручных и неселекционированных, в начале теста отмечали 
более продолжительный период повышенного уровня глюкозы в крови. Таким образом, отбор по поведению 
влияет на уровень глюкозы в крови у серебристо-черных лисиц независимо от пола в состоянии покоя, а у самок – 
и после стресса.
Ключевые слова: отбор; поведение; лисицы; агрессивность; стресс; глюкоза; глюкозотолерантность; кортизол; 
корреляция

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 C57Bl/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 
et al., 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 (Muráni et al., 2010). A considerable 
association between single-nucleotide polymorphism 
g.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 

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

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 naïve 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 naïve 
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 t-test, and foxes from different groups were 
compared by Student’s independent t-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 (F2.60 = 16.07, p < 0.001), the sex factor did not 
(F1.60 = 1.64, p > 0.05), and their interaction was signifi-
cant (F2.60 = 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 
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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; ^^^ p < 0.001 compared to corresponding males according to 
two-way ANOVA followed by post-hoc Fisher’s LSD test.

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; ^^ 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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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 
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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 

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  
(n = 24)

Before stress After 10-min stress Two hours after stress

–0.56* –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. 
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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. 
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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), 
I.N. 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). 

A lowered 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-

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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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 >25×) 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/Icgn 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 Fat1 enhancer and Gsta6 promoter, alongside missense substitutions in Cic, Akap6, 
and Nqo2, 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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Аннотация. Возраст – основной фактор риска ассоциированных со старением заболеваний, раннее 
развитие которых лежит в основе преждевременного старения, а более позднее – обеспечивает долголетие. 
Неблагоприятные генетические варианты способствуют преждевременному старению и его множественным 
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проявлениям – увеличению числа коморбидных состояний. Установление предпосылок преждевременного 
старения и разработка подходов к его профилактике – основной резерв увеличения здорового периода 
жизни людей, что обусловливает необходимость в фундаментальных исследованиях на моделях животных. 
Нами проведено полногеномное секвенирование (с глубиной покрытия >25×) крыс линии OXYS – модели 
преждевременного старения, которое сопровождается ранним развитием комплекса гериатрических 
заболеваний: катаракты, ретинопатии, аналогичной возрастной макулярной дегенерации (ВМД), признаков 
болезни Альцгеймера (БА), остеопороза, саркопении и гипертрофической кардиомиопатии (контроль – 
родительская линия крыс Wistar/ Icgn). Поиск однонуклеотидных вариантов, инсерций-делеций (инделов) и 
вариаций числа копий геномных регионов (CNV) и сравнительный геномный анализ выявили генетические 
варианты, уникальные для крыс OXYS и не встречающиеся среди других линий крыс. Обнаружены: крупная 
делеция в энхансере гена Fat1; делеции в промоторных регионах генов Abcf1 и Gsta6; а также миссенс-варианты 
в генах Cic, Akap6, Nqo2, Cerkl, Bfsp1 и Cmya5, приводящие к аминокислотным заменам в высококонсерватив
ных  регионах белков. Проведенный биоинформатический анализ показал, что данные варианты, вероятно, 
вносят вклад в развитие ключевых проявлений преждевременного старения у линии крыс OXYS. А именно: 
делеции в энхансере Fat1 и промоторе Gsta6, а также миссенс-замены в Cic, Akap6 и Nqo2 могут способствовать 
ранней нейродегенерации и когнитивному дефициту, нарушая нейрогенез, снижая выживаемость нейронов и 
их антиоксидантную защиту; делеция в промоторной области Abcf1 и миссенс-варианты в Cerkl могут приводить 
к возникновению признаков ВМД, нарушая гомеостаз сетчатки и ослабляя защиту фоторецепторов и клеток 
пигментного эпителия сетчатки (РПЭ) от окислительного стресса и апоптоза соответственно, а миссенс-замена 
в Bfsp1 – к раннему развитию катаракты через снижение стабильности промежуточных филаментов хрусталика. 
Миссенс-варианты в Cmya5 и Akap6 могут способствовать развитию саркопении и кардиомиопатии: замена в 
Cmya5 – за счет дестабилизации миофибрилл в кардиомиоцитах и скелетных мышцах, а замена в Akap6 – за счет 
нарушения регенерации скелетных мышц и структурной организации кардиомиоцитов.
Ключевые слова: преждевременное старение; возраст-ассоциированные заболевания; линия крыс OXYS; пол
ногеномное секвенирование; генетические варианты; вариации числа копий геномных регионов

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 OXYS 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, OXYS rats spontaneously develop cataracts, hypertrophic 

cardiomyopathy, sarcopenia, osteoporosis, and a retinopathy 
similar to human age-related macular degeneration (Kolosova 
et al., 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, Psen1, 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 OXYS 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 
et al., 2023), is considered the most likely cause of premature 
aging in OXYS rats. The link between mitochondrial dysfunc-
tion and premature aging in OXYS 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 OXYS 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 × 36 × 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 × 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) 

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 10×, 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)1, 
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).

CNV detection, annotation and selection. CNV detection 
was performed using CNVpytor v1.3.1 with a 100-bp bin size 
as recommended for 20–30× 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 32.36× for OXYS and 28.88× for Wistar/Icgn rats. A total 
1 Tables S1–S5, Figures S1–S25 and List S1 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Petrova_Engl_30_6.pdf

https://vavilov.elpub.ru/jour/manager/files/Suppl_Petrova_Engl_30_6.pdf
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Fig.  2. Principal component analysis (PCA) performed using 
PLINK  v1.9 based on the genotypes of OXYS (red circles) and 
Wistar/Icgn (blue circles) 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 OXYS and Wistar/Icgn samples, as expected, 
form distinct clusters. Notably, the OXYS 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 OXYS rats 
were homozygous for the alternative allele (with a coverage 
depth of ≥10×), 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). 

Fig. 1. Bioinformatics pipeline for genome analysis of  Wistar/Icgn and OXYS 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 OXYS 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: Abca1, Apob, Cic, Nqo2, Akap6, Cmya5, 
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 Abca1 genes 
are involved in lipid metabolism. Abca1 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 Abca1 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 Abca1, which is enriched in hydrophobic amino 
acid residues (Fig. 3A 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. S4A). 
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. 3A). Furthermore, Abca1 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 Ta
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of chylomicrons produced by small intestinal cells. ApoB-100 
is involved in the synthesis and secretion of very-low-density 
lipoprotein (VLDL), the precursor of LDL required for the 
transport of endogenous triglycerides and cholesterol into 
the bloodstream (Davidson, Shelness, 2000). Furthermore, 
ApoB-100 serves as a ligand for LDL receptors on hepato-

cytes, mediating the uptake and clearance of ApoB-containing 
particles by the liver (Davidson, Shelness, 2000). The Apob 
gene has no paralogs. The identified amino acid substitu-
tion L3413F is located within the heparin-binding domain 
of ApoB-100, which mediates the binding of LDL particles 
to glycosaminoglycan-rich proteoglycans of the extracel-

Abca1  V695L

Nqo2  G124R

Cerkl  F448L  V449L

А

D

G

B

E

H

C

F

Apob  L3413F

Cic  C1412Y

Bfsp1  R276Q

Cmya5  R3671W

Akap6  R815W

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).
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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 Cmya5 
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 Cmya5, which 
mediates interactions with titin M-domains and stabilizes the 
sarcomere (Sarparanta, 2008; Sarparanta et al., 2010) (Fig. 3C 
and Fig. 4A). Arginine (R) at this position is highly conserved 

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 Cmya5 protein has three evolution-
arily ancient paralogs: Fsd1, 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 β-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. 4A).

Neurodegeneration and cognitive decline. The Nqo2 
gene encodes the flavin-dependent protein Nqo2, which is 
structurally homologous to Nqo1 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). Nqo2 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 

Cmya5  R3671W

Cmya5  WT

Nqo2  G124R

Nqo2  WTА B

Fig. 4. Protein structures predicted using AlphaFold 3 (Abramson et al., 2024). A – Cmya5 (wild-type, WT (3671R); 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).
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site at positions 127–129 (Fig. 4B). Nqo2 has two paralogs: a 
predicted gene, AABR07044714, which arose in rats, and the 
evolutionarily more ancient Nqo1, 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. 3E and Fig. S7). All analyzed orthologs possess a cysteine 
(C) residue at the homologous position (Fig. 3E 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). 

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, Sphk1, 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 Bfsp1 gene, which encodes a structural protein of 
lens intermediate filaments, the missense substitution leading 
to R276Q was identified within one of the α-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, Decr1, Mecr, Ptcd1, 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 OXYS 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 OXYS rat genomes affected coding regions, specifically 
the exons of the LOC100911093, Ybx1l1, Gsta6, and Mettl24 
genes (Table 2). The LOC100911093 and Ybx1l1 genes were 
found to be completely deleted (Fig. 5). LOC100911093 pre-
sumably encodes mitochondrial CCA-tRNA nucleotidyltrans-
ferase and has one paralog in rats, Trnt1, which shares 99.54 % 
sequence identity and performs the same function within 
both the cytoplasm and mitochondria. Ybx1l1 is predicted to 
bind nucleic acids and participate in the regulation of gene 
expression. Ybx1l1 has six paralogs, including Ybx1, which 
exhibits high sequence identity (94.48 %) to Ybx1l1. Its human 
ortholog, YBX1, is known to be involved in DNA repair under 
oxidative stress (Zheng et al., 2025). Both LOC100911093 and 
Ybx1l1 remain poorly characterized in rats, which hampers 
the assessment of the functional consequences of their loss. 
However, the presence of highly identical paralogs (Trnt1 
and Ybx1) suggests a potential for partial functional com- 
pensation.

The first exons of both the Gsta6 and Mettl24 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 

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. Mettl24 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 Cthrc1, 
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 Wistar 22 Wistar 37

1:170,720,408–170,722,750 2,342 LOC100911093 1/1 1/1 1/1 0/0 0/1 0/1

1:171,304,588–171,306,097 1,509 Ybx1l1 1/1 1/1 1/1 0/0 0/1 0/1

9:23,797,233–23,803,955 6,722 Gsta6 1/1 1/1 1/1 0/0 0/0 0/1

20:44,142,209–44,146,664 4,455 Mettl24 1/1 1/1 1/1 0/0 0/0 0/0

OXYS 17

OXYS 30

OXYS 34

Wistar 5

Wistar 22

Wistar 37

LOC100911093 Ybx1l1

Fig. 5. Deleted LOC100911093 and Ybx1l1 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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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). 
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OXYS 30

OXYS 34
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Wistar 22

Wistar 37

OXYS 17

OXYS 30

OXYS 34
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Wistar 22
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Gsta6
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Mettl24

Babam2

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, Mettl24, 
Fat1, and Babam2 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 Fat1 and 
Babam2 are located within introns and are likely to disrupt 
their active enhancers. The Fat1 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). 
Fat1 has seven paralogs, three of which also belong to the 
atypical cadherin family. The Babam2 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 1/1 1/1 1/1 0/0 0/0 0/1

20:44,142,209–44,146,664    4,455 Mettl24 1/1 1/1 1/1 0/0 0/0 0/0

16:47,224,153–47,236,087 11,934 Fat1 1/1 1/1 1/1 0/0 0/1 0/1

6:24,707,559–24,708,619    1,060 Babam2 1/1 1/1 1/1 0/0 0/0 0/0

20:2,800,714–2,802,114    1,400 Abcf1 1/1 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 
Abcf1 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 OXYS 
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 Nqo2 
genes may be associated with the early development of neu-
rodegenerative changes and cognitive decline in OXYS rats. 
A large deletion was identified in the noncoding region of the 
Fat1 gene, likely disrupting its active enhancer. In vertebrates, 
including rats, Fat1 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 Fat1 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., 
2020b). The spectrin repeats of AKAP6 are involved in binding 
to nuclear envelope proteins (nesprin-1α) 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 Nqo2 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). 
NQO2 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 NQO2 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 Nqo2 may contribute to the 
development of early neurodegenerative changes in the brain 
structures and retina of OXYS 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 Babam2 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 OXYS 
rats, the reduced expression of repair genes may exacerbate the 
consequences of oxidative damage in the brain. Importantly, 
the antiapoptotic function of BABAM2 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 
Babam2 in the hippocampus and prefrontal cortex – driven by 

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 Abcf1 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 Abcf1 
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 (García-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 Bfsp1 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). Bfsp1-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).

https://www.zotero.org/google-docs/?EPshw1
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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. 
AKAP6 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 Cmya5 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 (Öörni, Lorey, 2025). The L3413F substitution within this 
domain of ApoB in OXYS 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 Abca1 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 (>25×) per-
formed on three OXYS rats and three Wistar/Icgn control rats 

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 Fat1 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 Nqo2 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 Abcf1 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 Bfsp1 may impair intermediate filament assembly, 
leading to cataract development. Finally, the pathogenesis of 
cardiomyopathy and sarcopenia is likely linked to the missense 
variant within Cmya5, 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 I (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 IX). The results of our study can be taken into account in AD 
treatment.
Key words: Alzheimer’s disease; histone deacetylase; ceftriaxone; neuroprotection; amyloid metabolism; BDNF
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Эпигенетическая регуляция транскрипционной  
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Ceftriaxone modulates Bdnf transcript 6 levels  
and histone deacetylase 1 in Bdnf promoter IV

Аннотация. Гистоновые деацетилазы (HDAC) – это ферменты, обеспечивающие подавление транскрипции 
генов, а ингибиторы HDAC рассматриваются как потенциальные лекарственные средства для лечения болезни 
Альцгеймера (БА). Ранее мы обнаружили, что цефтриаксон, антибиотик с нейропротекторной активностью, 
повышает уровни мРНК генов Ide и Mme, кодирующих ферменты, которые участвуют в катаболизме амилоида-
бета, в миндалине мозга у крыс линии OXYS, модели спорадической БА. С другой стороны, нарушения 
нейротрофических факторов (в частности, BDNF) играют важную роль в патогенезе БА. Более того, HDAC класса I 
(HDAC1) участвуют в регуляции транскрипционной активности Bdnf. Целью данного исследования было оценить 
влияние цефтриаксона на обогащение HDAC1 в промоторах генов Mme, Ide и Bdnf в миндалине у крыс OXYS и 
на уровни мРНК Bdnf в миндалине крыс OXYS и Вистар. Для эпигенетического анализа и определения уровней 
мРНК Bdnf использовали хроматин-иммунопреципитацию и количественную ПЦР, соответственно. Не выявлено 
значимого обогащения HDAC1 или его изменений под действием цефтриаксона в промоторах Mme и Ide. В то 
же время цефтриаксон ослаблял связывание HDAC1 с промотором IV Bdnf. Это новый механизм регуляции 
транскрипции в головном мозге цефтриаксоном, который может быть задействован в его нейропротекторной 
активности. У 5-месячных крыс OXYS он, по-видимому, играет минорную роль, поскольку цефтриаксон не изменял 
уровни транскрипта 5 Bdnf, содержащего экзоны IV и IX. Мы также впервые продемонстрировали транскрипт-
специфическую регуляцию транскрипции Bdnf с помощью цефтриаксона. Цефтриаксон значительно повысил 
уровни транскрипта 6 Bdnf, содержащего экзоны VII, VIII и IX. Результаты исследования могут быть учтены при 
терапии БА. 
Ключевые слова: болезнь Альцгеймера; гистоновая деацетилаза; цефтриаксон; нейропротекция; метаболизм 
амилоида; BDNF

Abbreviations 
Aβ, amyloid-beta; 
AD, Alzheimer’s disease; 
AICD, APP intracellular domain; 
APP, amyloid precursor protein; 
BDNF, Brain-Derived Neurotrophic Factor; 
BDNF/Bdnf, gene for BDNF; 
CA, cornu Ammonis of the hippocampus; 
CEF, ceftriaxone; 
ChIP, chromatin immunoprecipitation; 
FP, forward primers; 
Gapdh, gene encoding glyceraldehyde 3-phosphate 

dehydrogenase; 
HDAC, histone deacetylase; 
Hprt1, gene encoding hypoxanthine  

phosphoribosyltransferase 1;
IDE, Insulin-degrading enzyme; 
IDE/Ide, gene for IDE; 
MME, membrane metalloendopeptidase; 
MME/Mme, gene for MME; NFκB, nuclear factor kappa B; 
NMDA receptor, N-methyl-D-aspartate receptor; 
qPCR, quantitative real-time PCR; 
RP, reverse primers; 
TSS, Transcription Start Site; 
tr.var., transcript variant

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 (Aβ) 
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 Aβ 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-SY5Y cells, the endopeptidase promoter 
interacts with HDAC1 and lacks typical histone acetylation 

marks, such as H4K16 and H4K8. In human HUVEC cells, 
15-fold enrichment of MME promoters in HDAC1 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 Aβ (Kurochkin et al., 2018). Enrichment of 
the IDE gene promoter in HDACs of class I (but not class III) 
was significantly reduced in the cell culture of neuron-like 
SH- SY5Y 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 dementia1. 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 Aβ load in the brains of mice 
with Aβ-induced AD-like pathology (Tikhonova et al., 2021). 
Moreover, CEF changes the transcriptional activity of genes 
encoding enzymes involved in the catabolism of Aβ. In OXYS 
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 
HDAC1 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 
(Du et al., 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 OXYS rats. On 

1 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).

the other hand, previous studies revealed that the modulation 
of the transcriptional activity of Bdnf was associated with 
alterations in HDAC1 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 OXYS 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 (40 × 60 × 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 Aβ 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 CO2 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 = 8), 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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PBS solution and immersed in 1 mL of lysis buffer (10 mM 
Tris-HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA, 1 % 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 
a power of  20 W in a volume of 1 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 HDAC1 (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 HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA, 1 % 
Triton X-100, 0.1 % deoxycholate, 1 mM PMSF). The second 
wash solution consisted of 10 mM Tris HCl, pH 8.0, 250 mM 
LiCl, 0.5 % Triton X-100, 0.5 % sodium deoxycholate, 1 mM 
EDTA. Sepharose beads were washed with 1 % SDS in 0.1 M 
NaHCO3.

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-HCl, 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 μL 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).

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 software2. For Bdnf, we studied promoter IV as 
previous studies revealed the involvement of  HDAC1 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 Method3. 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 (log210). For target and 
non-immune antibodies, the percentage of input was calculated 
as 100*2ΔCt, where ΔCt 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).

Table 1. Primers for the promoters of target genes

Gene symbol Sequence T1, °С T2, °С T3, °С

Mme (promoter I) F: 5’-GGACCTGAGAATGTGGGGA-3’
R: 5’-GGCTGCAGGAAGCTATGAAAA-3’ 60–64 84 87

Ide (promoter I) F: 5’-GAAATGTCCTTACTCCCCCA-3’
R: 5’-CACAAAGCGGTAGGTCCC-3’ 61–63 89 92.5

Bdnf (promoter IV) F: 5’-GATGAAAGGTTTGGCTTCTGTG-3’
R: 5’-TCGGTGAATGGGAAAGTGG-3’ 55 78 82.5

Note. T1: annealing temperature; T2: temperature at fluorescence signal acquisition; T3: product melting temperature.
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the rat Bdnf gene4 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 IV and IX 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 Browser5. 
The specific Bdnf primers for the analysis of mRNA levels of 
Bdnf-tr.var.5 and Bdnf-tr.var.6 as well as the reference genes 
Gapdh and Hprt1 were chosen using the Primer-BLAST 
online software6. 

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 I (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 1× 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.nlm.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 
(Hprt1 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 HDAC1, paired Student’s t test for dependent samples and 
Student’s t 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 
to be 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 
HDAC1 in the amygdala of OXYS rats. In the analysis of 
the promoter region of Mme gene, the enrichment values for 
the target antibody against HDAC1 did not differ from the 
background values for the control IgG antibody according 

Table 2. Primers used in qPCR analysis for target and reference genes

Gene symbol Sequence Amplicon size, bp Annealing T, °С

Target genes

Bdnf-tr.var.5 F: 5’-AGTACATATCGGCCACCAAA-3’
R: 5’-ATGGTCATCACTCTTCTCACC-3’

178 62

Bdnf-tr.var.6 F: 5’-GTATCCGACCCTCTCTGTCC-3’
R: 5’-CAGCAATCGTTTGTTCAGCTCC-3’

135 56

Reference genes

Hprt1 F: 5’-CATTGTGGCCCTCTGTGTG-3’
R: 5’-AACTTTTATGTCCCCCGTTGA-3’

166 60

Gapdh F: 5’-GTGCCAGCCTCGTCTCATA-3’
R: 5’-TCGTTGATGGCAACAATGTCC-3’

123 65
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to the t test for independent samples in the Control group 
(t(8) = 1.35, p > 0.05) or in the group of CEF-treated OXYS 
rats (t(8) = 0.36, p > 0.05) (Fig. 3). Enrichment of the Ide 
promoter also did not differ from the background level in 
either control (t(8) = 0.84, p > 0.05) or CEF-treated group 
(t(8) = 0.2, p > 0.05) (Fig. 4).

We also focused on Bdnf promoter IV. According to pre-
vious reports, it is regulated by HDAC1 (Tran et al., 2015) 
and, accordingly, should be enriched in this protein. Indeed, 
the enrichment in HDAC1 in the Control group exceeded the 
background level by a factor of 8 (t(8) = 7.12, p < 0.001). In 
the CEF-treated group, it was also significantly augmented 
(t(8)  =  2.79, p < 0.05), which motivated us to perform an 
intergroup comparison for target antibodies against HDAC1. 
The precipitation rates of the target DNA regions differed sig-
nificantly between the groups (t(8) = 4.31, p < 0.01). Hence, 
we infer that CEF affects the degree of HDAC1 enrichment 
in the Bdnf promoter IV in OXYS rats (Fig. 5).

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 

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).

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.
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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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gene are shown. (b) Quantitative results of enrichment in HDAC1 in the 
promoter region of the gene. 



Цефтриаксон модулирует уровни транскрипта 6 Bdnf  
и гистоновой деацетилазы 1 в промоторе IV Bdnf

А.А. Баширзаде, М.А. Тихонова, В.М. Беличенко … 
Н.Г. Колосова, Н.Д. Беляев, Т.Г. Амстиславская

2026
30 • 6

905ГЕНЕТИКА ЖИВОТНЫХ / ANIMAL GENETICS

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 gene7, 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-κB-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-κB 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 HDAC1 binding 
in a gene promoter. Indeed, CEF treatment significantly re-
duced HDAC1 enrichment at the Bdnf promoter IV in OXYS 
7 National Library of Medicine. NCBI_Gene_Bdnf brain-derived neuro-
trophic factor [Rattus norvegicus (Norway rat)]. https://www.ncbi.nlm.nih.
gov/gene/24225 (Accessed March, 20, 2026).

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 OXYS rats.

No HDAC1-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 HDAC1 with the Mme promoter either (Belyaev et al., 
2009). Moreover, in that study, an inverse correlation between 
HDAC1 enrichment at the MME promoter and MME mRNA 
levels was found. In cell cultures with low MME mRNA levels 
(SH-SY5Y, HUVEC), HDAC1 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 HDAC1 enrichment at Ide promoters 
in rats or rat cells. HDAC1 involvement was also shown in 
the regulation of IDE in human cell cultures. HDAC1 binding 
varied in cells overexpressing different splice variants of APP: 
HDAC1 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 
et al., 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 Bdnf mRNA 
(Bdnf-tr.var.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 HDAC1 enrichment of pro-
moter IV 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 Bdnf transcript containing exon IV in rats) in the 
amygdala between OXYS and Wistar rats of this age. As a rule, 
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 

Fig. 5. Effects of CEF on enrichment in HDAC1 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.
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Ceftriaxone modulates Bdnf transcript 6 levels  
and histone deacetylase 1 in Bdnf promoter IV

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 CA1 hippocampal area 
in OXYS rats decreases starting from the age of five months 
(Stefanova et al., 2014). Hence, we suggest that the activity 
of HDACs 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 Bdnf promoter IV in HDAC1 
in the amygdala of OXYS rats at the age of five months, when 
morphological changes in the neuron nuclei appear. Although 
this regulatory mechanism of gene transcription arises in 
5-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 OXYS 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 HDAC1 
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 HDAC1 binding 
to Bdnf promoter IV but did not change Bdnf-tr.var.5 (the 
only Bdnf transcript containing exon IV in rats) levels in the 
amygdala in OXYS 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 OXYS 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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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 (PSEN1). The aim of this study was to investigate the influence of mutant 
APP and PSEN1 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 PSEN1 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 PSEN1 genes; hippocampus; dentate gyrus; diffusion 
tensor imaging; immunohistochemistry; neuroinflammation; beta-amyloid; neurogenesis
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Аннотация. Болезнь Альцгеймера (БА) – возрастная нейродегенеративная патология, а также одна из главных 
причин деменции с расстройством памяти и когнитивных функций. Важнейшую роль в процессе обучения 
и кодирования памяти играет зубчатая извилина гиппокампа (dentate gyrus, DG), которая подвергается 
существенным изменениям при БА. Для изучения механизмов, лежащих в основе БА, тестирования новых 
терапевтических средств создают модели этой патологии на мышах. Одной из наиболее популярных и 
актуальных моделей для исследования БА является трансгенная линия мышей 5xFAD c мутантными генами 
человека, а именно предшественника бета-амилоида (APP) и пресенилина-1 (PSEN1). Целью данной работы стало 
исследование влияния мутантных трансгенов APP и PSEN1 на микроструктуру DG гиппокампа у гетерозиготных 
самцов мышей трансгенной линии 5xFAD в возрасте 6 месяцев при помощи магнитно-резонансной 
томографии с диффузионно-тензорной визуализацией в сочетании с иммуногистохимическим анализом. 
Особый акцент был сделан и на оценке асимметрии гиппокампа, что ранее на мышах 5xFAD не исследовали. 
В  DG гиппокампа обоих полушарий самцов мышей 5xFAD выявлены повышенное содержание бета-амилоида 
по сравнению с контрольной группой дикого типа в сочетании с более высокой плотностью микроглии, но 
отсутствие различий по уровню нейрогенеза. Наряду с этим обнаружена асимметрия гиппокампа у самцов  
мышей 5xFAD, проявляющаяся в увеличении объема правого гиппокампа и снижении уровня фракционной 
анизотропии в DG правого гиппокампа, а также в уменьшении плотности нейронов в DG с левой стороны по 
сравнению с диким типом. Исходя из полученных нами результатов, можно сделать заключение, что мутантные 
гены APP и PSEN1 человека вызывают изменение в DG гиппокампа, что может открыть новые возможности ранней 
диагностики болезни Альцгеймера. Выявленные нами изменения объема гиппокампа и его асимметрия могут 
стать важными биомаркерами, характеризующими данную патологию.
Ключевые слова: болезнь Альцгеймера; трансгенные мыши 5xFAD; гены APP и PSEN1; гиппокамп; зубчатая изви
лина; диффузионно-тензорная визуализация; иммуногистохимия; нейровоспаление; бета-амилоид; нейрогенез

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 – PSEN1) (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. et al., 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 5xFAD transgenic mouse 
strain (Research Models 5xFAD (C57BL6)), generated at The 
Jackson Laboratory (USA) on a C57BL/6 background. 5xFAD 
mice express human APP (with mutations: K670N/M671L, 
I716V, and V717I) and PSEN1 (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 PSEN1 genes induce various 
brain abnormalities in transgenic 5xFAD 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 intraneuronal 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 PSEN1 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 APP and PSEN1 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 5xFAD 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 × 29.2 × 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-

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 5xFAD 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/mm2, 64  diffusion direc-
tions, TE = 32 ms, TR = 8,000 ms, 4 averages, voxel size of 
0.163542 × 0.163542 × 0.8 mm3 (FOV = 13 × 15 mm) without 
an interslice gap, and images with the same resolution at a  
b-factor of 0 s/mm2 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 
of 0.083 × 0.083 × 0.8 mm3 (FOV = 16 × 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

5 ♂ 5xFAD

5 ♂ WT

Brain MRI

The hippocampal area: dentate gyrus (DG)

Immunohistochemical 
analysis

DG

Right and left hippocampus assessment 
of fractional anisotropy and volumes

Density 
of NeuN 

positive cells

Density 
of b-amyloid 

inclusions
Density of IBA-1 

positive cells

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 q-sampling imaging – GQI 
(Yeh et al., 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 ImageJ 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 µL (per 10 g of body weight) of medetomidine 
hydrochloride (Meditin, 1 mg/mL; Api-San, Russia) and 60 µL 
(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 µm 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.  

After that, 50 µL 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 
β-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 µL 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 β-Amyloid (1-42) Rabbit mAb were additio
nally treated with 80 µL 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 AxioImager 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 µm2) on a 
single image were used (Zhang L. et al., 2021). ImageJ soft-
ware was used to create the field of view. The density (millions 
of cells, n × 105) in volume (mm3) 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 
W-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 
5xFAD mice than in WT mice (13.599 [13.583;14.834] vs. 
12.445 [11.556;12.622] µL3, 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. 3c).

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-

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(1.20) = 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(1.20) = 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 5xFAD 
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 IBA1-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(1.20) = 13.50; p < 0.001] on this pa-
rameter. Comparison using the Mann–Whitney U-test revealed 
that within the DG, 5xFAD 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. 5f ).

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; 

Fig. 2. Hippocampal volume in 5xFAD and WT mouse strains.
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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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(1.20) = 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 PSEN1 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 
et al., 2024). In our study, a substantial increase in beta-amyloid 
inclusions was detected in the hippocampal dentate gyrus of 
heterozygous 5xFAD mice carrying mutant human APP and 
PSEN1 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 5xFAD 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 

Fig. 3. Fractional anisotropy (FA) levels in the hippocampal DG region of WT (a) and 5xFAD (b) mouse strains.
c – FA in the DG; d – FA in the granular layer of the DG; e – FA in the polymorphic layer of the DG.

* p < 0.05 between WT and 5xFAD.

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; c – 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 400х.
* p < 0.05 between WT and 5xFAD in the left hemisphere of the brain.
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Effect of mutant APP and PSEN1 genes  
on asymmetry of hippocampus in 5xFAD mice 

compared to control wild-type mice (Nairuz et al., 2024). 
A recently published study demonstrated that in female 5xFAD 
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 5xFAD 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 5xFAD mice carrying mutant human 
APP and PSEN1 genes, which aligns with the results of other 
studies that identified neuroinflammation in the hippocampus 
of 5xFAD 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 5xFAD 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 5xFAD 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 5xFAD 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 5xFAD mice, differences in this parameter compared to 
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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; c – 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 200х.
* p < 0.05 between WT and 5xFAD in the left hemisphere of the brain.
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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 
et al., 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).

Fig. 6. Density of beta-amyloid inclusions in the DG; beta-amyloid is labeled with antibodies against β-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; c – 
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 beta-amyloid inclusions per mm3. Magnification 200х.
* p < 0.05 between WT and 5xFAD.
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Effect of mutant APP and PSEN1 genes  
on asymmetry of hippocampus in 5xFAD mice 

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 
PSEN1 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 5xFAD 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-

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 5xFAD 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 PSEN1 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 
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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 5xFAD 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 (El-Gaby et al., 2015).

In our study, the hippocampal asymmetry revealed for the 
first time in 5xFAD 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 earlier 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 et al., 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 PSEN1 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 et al., 
2023). In particular, the changes in hippocampal volume and 

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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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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Оценка таксономического и генетического разнообразия 
лесных мышей рода Apodemus степной зоны  
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Аннотация. Степные экосистемы – одни из наиболее измененных местообитаний из-за антропогенного давления 
и быстрых изменений в землепользовании. За несколько десятилетий XX в. биогеоценозы степных равнин и 
значительной части лесостепи Центрального Предкавказья почти полностью утратили свой первоначальный  
облик. Результатом антропогенного воздействия являются сокращение пригодных местообитаний, их 
фрагментация и т. д. При этом известно, что длительная изоляция популяции, вызванная естественной или антро
погенной фрагментацией среды обитания, может привести к изменению генетической структуры популяции, 
в частности к уменьшению генетического разнообразия и сокращению общей эффективной численности 
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популяции, что особенно губительно для популяции небольшого размера. Актуальность проведения настоящего 
исследования связана с отсутствием современных данных, касающихся видового состава, генетической 
структуры, генетического разнообразия, биотопического распространения и численности представителей 
лесных мышей рода Apodemus в условиях степной зоны Центрального Предкавказья. На основании анализа 
изменчивости фрагмента гена цитохрома b (сyt b) митохондриальной ДНК впервые изучены видовой состав 
и генетическое разнообразие видов-двойников лесных мышей рода Apodemus в условиях степной зоны 
Центрального Предкавказья. По результатам молекулярно-генетического анализа род Apodemus представлен 
тремя видами: A. uralensis, A. witherbyi и A. flavicollis. На рассматриваемой территории A. flavicollis и A. witherbyi 
описаны впервые. Из трех таксонов наиболее высоким уровнем генетического разнообразия характеризуется 
A. uralensis. Результаты молекулярного датирования позволяют предположить, что из трех видов первым заселил 
территорию Центрального Предкавказья A. uralensis в два этапа: примерно 370–350 тыс. лет назад и около 
256 тыс. лет назад. Позднее на данную территорию в два этапа проник A. witherbyi: примерно 166–154 тыс. лет 
назад и 125–115 тыс. лет назад. A. flavicollis является самым молодым вселенцем на Центральном Предкавказье. 
Его эволюционный возраст составляет примерно 100 тыс. лет. В работе приведены особенности распространения 
и ландшафтно-биотопического распределения представителей рода Apodemus на исследованных территориях 
Центрального Предкавказья.
Ключевые слова: Центральное Предкавказье; степная зона; цитохром b; род Apodemus; генетическое разно
образие

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.I. 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 

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 cyt 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 5×106 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. López-Antoñanzas (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 A. 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 A. 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 (π) 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 Material1, 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 cyt 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 A. uralensis, 37 to A. fla­
vicollis, and 43 to A. witherbyi = A. fulvipectus. Within the 
alignment, 225 polymorphic sites were detected.
1 Supplementary Tables S1 and S2 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Tem_Engl_30_6.pdf

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.

https://vavilov.elpub.ru/jour/manager/files/Suppl_Tem_Engl_30_6.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Tem_Engl_30_6.pdf
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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 (π) diversity indices and Tajima and Fu test values for A. uralensis from the Central Ciscaucasia

Geographic groupings (sample size) N π ± 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

Notе. Here and in Tables 3 and 5: N – number of haplotypes; S.E. – standard error. KBR – Kabardino-Balkarian Republic. Statistically significant test values 
are highlighted in bold.

Iran, Gorgan*
Germany*
Ivanovo oblast*
Ryazan oblast*
Tambov oblast*
Omsk oblast*
Chuvash oblast*
Kabardino-Balkaria*
Krasnodar krai*
Kurgan oblast*
Kursk oblast*
Moldova*
Samara oblast*
Saratov oblast*

Baksansky
Dzhulat
Karagach
Arik

Divergence time of the main A. uralensis clusters
According to our calculations, the separation of the two races, 
A. uralensis 1 and A. uralensis 2, i. e. the European and Asian, 
occurred approximately 1.475 million years ago (95 % HPD: 
0.930–2.076) (Table 2, node 3). Our date does not contradict 

the data of G.N. Chelomina and D.M. Atopkin (2010), who 
showed the divergence of the Asian and European races ap-
proximately 1.5 million years ago. The most recent common 
ancestor of the European race of A. uralensis (A. uralensis 1) 
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 2.4 % 3.1 %

Mean (Mya) 95 % HPD Interval Mean (Mya) 95 % HPD Interval

1. ingroup Mus + Apodemus + Rattus 9.624 6.374–13.14 9.329 6.191–12.81

2. Mus m. musculus + M. m. domesticus / M. macedonicus 1.726 1.087–2.439 1.692 1.059–2.381

3. A. uralensis 1 european race / A. uralensis 2 azian race 1.475 0.930–2.076 1.426 0.898–2.016

4. A. uralensis 1 european race 0.629 0.346–0.951 0.598 0.332–0.901

5. A. uralensis 2 azian race 0.252 0.121–0.424 0.236 0.108–0.401

6. A. uralensis 2.1 azian race 0.126 0.051–0.212 0.117 0.048–0.197

7. A. uralensis 1.1 european race 0.372 0.212–0.566 0.346 0.193–0.528

8. A. uralensis 1.2 european race 0.256 0.122–0.403 0.239 0.115–0.377

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 A. 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 A. 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 A. flavicollis 1 and A. flavicollis 2 is 5.3 %. 
It should be noted that the taxonomic status of A. 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-

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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Fig. 5. Median haplotype network of A. flavicollis based on 37 cyt b gene fragment sequences obtained in this study and 13 sequences 
from the GenBank database. 

Table 3. Haplotype (h) and nucleotide (π) diversity indices and Tajima and Fu test values for A. flavicollis from the Central Ciscaucasia

Geographic groupings (sample size) N π ± 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 2.4 % 3.1 %

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

Baksansky
Dzhulat
Karagach
Arik

Turkey*
Iran*
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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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proximately 300 thousand years (95 % HPD: 0.123–0.525) 
(Table 4, node 4).

The age of the most recent common ancestor of the A. 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 A. flavicollis 2 cluster was 
approximately 640–600  thousand years (Table  4, node  5), 
and that of haplogroups A. flavicollis 2.1, A. flavicollis 2.2, 
and A. 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, A. witherbyi 1, 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: A. witherbyi 1.1 
with a low posterior probability value of >0.6 and A. 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 

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 A. 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, π = 0.0037.

Divergence time of the main clades of A. witherbyi
The age of the A. witherbyi 1 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 – A. 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-
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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 (π) diversity indices and Tajima and Fu test values for A. witherbyi from the Central Ciscaucasia

Geographic groupings (sample size)    N π ± S.E. h ± S.E. Tajima’s D Fu’s F

KBR, Prokhladnensky district

Karagach (n = 4)    4 0.0052 ± 0.0038 1.000 ± 0.177    0.1843 –0.5235

KBR, Tersky district

Dzhulat (n = 9)    5 0.0016 ± 0.0012 0.722 ± 0.159 –1.398 –1.504

Arik (n = 30) 12 0.0041 ± 0.0023 0.715 ± 0.089 –1.270 –1.220

For A. witherbyi (n = 43) in general 18 0.0037 ± 0.0021 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 2.4 % 3.1 %

Mean (Mya) 95 % HPD Interval Mean (Mya) 95 % HPD Interval

1. ingroup Mus + Apodemus + Rattus 9.150 6.397–12.118 8.684 5.995–11.54

2. Mus m. musculus + M. m. domesticus / M. macedonicus 1.706 1.149–2.295 1.641 1.102–2.233

3. A. witherbyi 1 0.354 0.200–0.530 0.330 0.184–0.503

4. A. witherbyi 1.1 0.166 0.071–0.292 0.154 0.064–0.268

5. A. witherbyi 1.2 0.125 0.031–0.245 0.115 0.027–0.029

Dzhulat
Karagach
Arik

Iran*
Turkey*
Israel*

sand years ago (95 % HPD: 0.071–0.292) (Table 6, node 4), 
and that of haplogroup A. 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 A. 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 A. 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 A. 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 A. 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, A. uralensis exhibits the great-
est genetic diversity (Table  1). A.  witherbyi occupies an 
intermediate position (Table 5), while A. 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 A. 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 

(Amshokova et al., 2024). The haplotype and nucleotide di-
versity values in the combined sample of A. 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 A. 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, π = 0.0131; Krasnodar Krai – h = 0.900, 
π = 0.0079 (Chelomina, Atopkin, 2010); and the Lower Don – 
h = 0.933, π = 0.0056 (Stakheev, 2024).

The combined sample of A. 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 A. 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 Sylvaemus 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 A. 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).



Генетическое разнообразие лесных мышей рода Apodemus 
степей Центрального Предкавказья

Ф.А. Темботова, А.Х. Амшокова 
М.С. Гудова, Е.П. Кононенко

2026
30 • 6

933ГЕНЕТИКА ЖИВОТНЫХ / ANIMAL GENETICS

The divergence time between A.  flavicollis  1 (Fig.  4), 
which is distinguished by some authors as an independent 
species (A. ponticus (Bogdanov et al., 2012)), and by others 
as a subspecies (A.  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 A. 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, 

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 
gr. sylvaticus were found in only one section (the Chekalin 
locality, Tula Oblast). It is worth clarifying here that, according 
to modern taxonomy, A. 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 A. 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 A. 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-

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 I.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) = A. 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 – 
a virgin area between agrocenoses. In general, A. 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, A. 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, A. 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 A. 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. A. witherbyi was 
found in three out of the four geographical locations (the 
vicinity of the Arik and Karagach villages, and the village of  
Dzhulat).

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.

References
Amir Afzali Y., López-Antoñanzas R. Molecular phylogeny and his-

torical biogeography of Iranian murids (Rodentia: Muridae). Mamm 
Biol. 2024;104:79-89. doi 10.1007/s42991-023-00390-3

Amshokova A.Kh., Tembotova F.A., Kononenko E.P., Gudova  M.S. 
Molecular genetic analysis of representatives of the subgenus Syl­
vaemus (Rodentia, Muridae) in specially guarding natural areas in 
the southern of Russia according to data analysis of a fragment of 

https://doi.org/10.1007/s42991-023-00390-3


F.A. Tembotova, A.Kh. Amshokova 
M.S. Gudova, E.P. Kononenko

936 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2026 • 30 • 6

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

the cytochrome b gene. Biol Bull Russ Acad Sci. 2024;51(Suppl.2): 
127- 148. doi 10.1134/S1062359024611649

Bandelt H.J., Forster P., Röhl A. Median-joining networks for infer-
ring intraspecific phylogenies. Mol Biol Evol. 1999;16(1):37-48. doi 
10.1093/oxfordjournals.molbev.a026036

Bogdanov A.S., Stakheev V.V., Zykov A.E., Yakimenko V.V., Mal’ko
va  M.G. Genetic variation and differentiation of wood mice from 
the genus Sylvaemus inferred from sequencing of the cytochrome 
oxidase subunit 1 gene fragment. Russ J Genet. 2012;48(2):186-198. 
doi 10.1134/S1022795412020044

Chelomina G.N., Atopkin D.M., Molecular genetic evidences of a deep 
phylogenetic discontinuity between the Asian and European races 
of pygmy wood mouse based on the mitochondrial cytochrome  b 
gene variability. Mol Biol. 2010;44(5):699-708. doi 10.1134/S0026 
893310050043

Chelomina G.N., Suzuki H. Molecular evolution and phylogeography 
of west-Palaearctic wood mice of the genus Sylvaemus based on the 
data on variation of nuclear (IRBP) and mitochondrial (cyt b) DNA 
genes. Zoologicheskiy Zhurnal. 2006;85(2):219-234 (in Russian)

Chelomina G.N., Atopkin D.M., Bogdanov A.S. Phylogenetic relation-
ships between species and intraspecific forms of forest mice from 
the genus Sylvaemus as determined by partial sequencing of the cy-
tochrome b gene of mitochondrial DNA. Dokl Biol Sci. 2007;416: 
356-359. doi 10.1134/S0012496607050092

Darvish J., Mohammadi Z., Ghorbani F., Mahmoudi A., Dubey S. Phy-
logenetic relationships of Apodemus Kaup, 1829 (Rodentia: Muri-
dae) species in the Eastern Mediterranean inferred from mitochon-
drial DNA, with emphasis on Iranian species. J Mamm Evol. 2015; 
22(4):583-595. doi 10.1007/s10914-015-9294-9 

Excoffier L., Lischer H. Arlequin suite ver 3.5: a new series of programs 
to perform population genetics analyses under Linux and Windows. 
Mol Ecol Resour. 2010;10(3):564-567. doi 10.1111/j.1755-0998. 
2010.02847.x

Fu Y. New statistical test of neutrality for DNA sample from a population. 
Genetics. 1996;143(1):557-570. doi 10.1093/genetics/143.1.557

Gromov I.M., Erbaeva M.A. Mammals of the Fauna of Russia and 
Adjacent Territories. Hares and Rodents. St.  Petersburg, 1995 (in 
Russian)

Gudova M.S., Tembotova F.A., Emkuzheva M., Amshokova  A.Kh., 
Kuchinova E.A. Current diversity of small mammals of the “Sary-
kum Barkhans” of Dagestan Reserve. BIO  Web Conf. 2021;35: 
00010. doi 10.1051/bioconf/20213500010

Gudova M.S., Amshokova A.Kh., Bottaeva Z.Kh. Current state of spe-
cies diversity and community structure of small mammals in the 
Tlyaratinsky Wildlife Sanctuary of the Dagestansky State Nature 
Reserve. Amurian Zoological Journal. 2026;18(1):190-206. doi 
10.33910/2686-9519-2026-18-1-190-206 (in Russian)

Hall T.A. BioEdit: a user-friendly biological sequence alignment editor 
and analysis program for Windows 95/98/NT. Nucleic Acids Symp 
Ser. 1999;41:95-98

Kimura M. A simple method for estimating evolutionary rates of base 
substitutions through comparative studies of nucleotide sequences. 
J Mol Evol. 1980;16(2):111-120. doi 10.1007/BF01731581

Lashkova E.I., Dzeverin I.I. The possible role of interspecific competi-
tion in the formation of specific geographic ranges in wood mice 
Sylvaemus (Rodentia, Muridae). Vestnik Zoologii. 2004;38(6):41-46 
(in Russian)

Mammalian Fauna of the USSR. Moscow; Leningrad: Nauka Publ., 
1963 (in Russian)

Markova A.K. Faunas of small mammals of the first half of the Middle 
Pleistocene in Europe. Izvestiya Rossiiskoy Akademii Nauk. Seriya 
Geograficheskaya = Bulletin of the RAS. Geographical series. 2016; 
1:87-102. doi 10.15356/0373-2444-2016-1-87-102 (in Russian)

Markova A.K. Еuropean faunas of small mammals in the second half 
of the Mid-Pleistocene: species spectra, spatial distribution, correla-
tion. Byulleten’ Komissii po Izucheniyu Chetvertichnogo Perioda = 

Bulletin of Comission for Study of Quaternary. 2017;75:11-33 (in 
Russian)

Michaux J.R., Libois R., Filippucci M.G. Phylogeographic history of 
the yellow-necked fieldmouse (Apodemus flavicollis) in Europe and 
in the near and Middle East. Mol Phylogenet Evol. 2004;32(3):788-
798. doi 10.1016/j.ympev.2004.02.018

Okulova N.M., Ryabova T.E., Vasilenko L.E., Yunicheva Yu.V. Biotopic 
distribution of small mammals in mountains and foothills of Krasno-
dar region and Republic of Adygea. In: Mammals of Mountainous 
Territories: Proceedings of the international conference. Moscow, 
2007;234-239 (in Russian)

Pavlinov I.Ya. Brief Guide to Land Animals of Russia. Moscow: Mos-
cow State University Press, 2002 (in Russian)

Pavlinov I.Ya., Lisovsky A.A. The Mammals of Russia: a  taxonomic 
and geographic reference. Moscow, 2012 (in Russian)

Poliakova T.A. Adaptive strategies and genetic stability of species 
of the genus Spiraea (Rosaceae) in natural population systems. 
Uspekhi Sovremennoi Biologii = Advances in Current Biology. 
2022; 142(5):530-542. doi 10.31857/S0042132422050118 (in Rus- 
sian) 

Popov V.A. Mammals of the Volga-Kama Region: Insects, Bats, Ro-
dents. Kazan, 1960 (in Russian)

Pushkin S.V. Rare and Endangered Species of Insects of the Central 
Ciscaucasia: Insects. Moscow; Berlin: Direct-Media Publ., 2015 (in 
Russian)

Radespiel U., Bruford M.W. Fragmentation genetics of rainforest ani-
mals: insights from recent studies. Conserv Genet. 2014;15:245-260. 
doi 10.1007/s10592-013-0550-3

Rambaut A., Drummond A.J., Xie D., Baele G., Suchard M.A. Posterior 
summarization in Bayesian phylogenetics using Tracer 1.7. Syst Biol. 
2018:67(5):901-904. doi 10.1093/sysbio/syy032

Ronquist F., Huelsenbeck J.P. MrBayes 3: Bayesian phylogenetic infe
rence under mixed models. Bioinformatics. 2003;19(12):1572-1574. 
doi 10.1093/bioinformatics/btg180

Shad H.H., Darvish J., Pouyani E.R. Genetic variation in populations 
of field mouse Apodemus witherbyi (Thomas, 1902) (Rodentia: Mu-
ridae) in Iran inferred from mitochondrial cytochrome  b gene se-
quences and geometric morphometrics. Acta Zool Bulg. 2016;68(3): 
311-320

Sigida R.S. Adaptations of Ground Beetles to Edaphic Factors under 
the Conditions of Anthropogenic Landscapes of Central Ciscaucasia. 
Extended Abstract of Dr. Biol. Sci. Diss. Astrakhan, 2010 (in Rus-
sian)

Soulé M.E., Simberloff D. What do genetics and ecology tell us about 
the design of nature reserves? Biol Conserv. 1986;35(1):9-40. doi 
10.1016/0006-3207(86)90025-X

Stakheev V.V. The Role of Historical and Ecological Factors in the For-
mation of the Fauna and Population Dynamics of Insectivores and 
Rodents in the Plains of Southern European Russia. Dr. Biol. Sci. 
Diss. Rostov-on-Don, 2024 (in Russian)

Stakheev V.V., Bogdanov A.S., Vodolazhskiĭ D.I. Revision of the spe-
cies composition of the wood mice from the genus Sylvaemus from 
the territory of Rostov oblast using karyological, allozyme and 
molecular genetic analysis. Russ J Genet. 2011;47(5):579-589. doi 
10.1134/S1022795411050152 

Suchard M.A., Lemey P., Baele G., Ayres D.L., Drummond A.J., Ram-
baut A. Bayesian phylogenetic and phylodynamic data integration 
using BEAST 1.10. Virus Evol. 2018;4(1):vey016. doi 10.1093/ve/
vey016

Sukhikh N.M. Molecular and Morphological Studies of Cryptic Species 
of Copepoda in Continental Waters of Russia and Adjacent Territo-
ries. Extended Abstract of Cand. Biol. Sci. Diss. St. Petersburg, 2013 
(in Russian) 

Suzuki Y., Tomozawa M., Koizumi Y., Tsuchiya K., Suzuki H. Estimat-
ing the molecular evolutionary rates of mitochondrial genes referring 
to Quaternary ice age events with inferred population expansions and 

https://doi.org/10.1134/S1062359024611649
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1134/S1022795412020044
https://doi.org/10.1134/S0026893310050043
https://doi.org/10.1134/S0026893310050043
https://link.springer.com/article/10.1134/S0012496607050092
https://doi.org/10.1007/s10914-015-9294-9
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/genetics/143.1.557
https://www.proquest.com/openview/7b74f67927ee3f35695a08565323383a/1?pq-origsite=gscholar&cbl=2040557
https://www.doi.org/10.33910/2686-9519-2026-18-1-190-206
https://www.doi.org/10.33910/2686-9519-2026-18-1-190-206
https://doi.org/10.1007/BF01731581
https://doi.org/10.15356/0373-2444-2016-1-87-102
https://elibrary.ru/item.asp?id=30565774
https://doi.org/10.1016/j.ympev.2004.02.018
https://doi.org/10.31857/S0042132422050118
https://doi.org/10.1007/s10592-013-0550-3
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1016/0006-3207(86)90025-X
https://doi.org/10.1016/0006-3207(86)90025-X
https://doi.org/10.1134/S1022795411050152
https://doi.org/10.1134/S1022795411050152
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/ve/vey016


Генетическое разнообразие лесных мышей рода Apodemus 
степей Центрального Предкавказья

Ф.А. Темботова, А.Х. Амшокова 
М.С. Гудова, Е.П. Кононенко

2026
30 • 6

937ГЕНЕТИКА ЖИВОТНЫХ / ANIMAL GENETICS

Conflict of interest. The authors declare no conflict of interest.
Received September 18, 2025. Revised April 7, 2026. Accepted June 15, 2026.

dispersals in Japanese Apodemus. BMC Evol Biol. 2015;15:187. doi 
10.1186/s12862-015-0463-5

Svitoch A.A., Sobolev V.M. Pleistocene straits of the Manych river: 
morphology, structure and evolution. Vestnik Moskovskogo Univer­
siteta. Seria 5. Geografiya = Moscow University Bulletin. Series 5. 
Geography. 2011;4:70-77 (in Russian)

Tajima F. Statistical method for testing the neutral mutation hypoth-
esis by DNA polymorphism. Genetics. 1989;123(3):585-595. doi 
10.1093/genetics/123.3.585

Tamura K., Stecher G., Peterson  D., Filipski A., Kumar  S. MEGA6: 
Molecular Evolutionary Genetics Analysis version  6.0. Mol Biol 
Evol. 2013;30(12):2725-2729. doi 10.1093/molbev/mst197

Tatarinov K.A. Fauna of the Ridges of Ukraine. Lviv: Lviv University 
Publ., 1973 (in Russian)

Tembotov A.K. Geography of Mammals of the North Caucasus. 
Nalchik: Elbrus Publ., 1972 (in Russian)

Tembotovа F.A. Mammals of the Caucasus and the Surrounding Seas. 
Moscow, 2005 (in Russian)

Tesakov A.S. Evolution of Small Mammal Faunas and Continental Bio-
stratigraphy of the Late Cenozoic in Southern Eastern Europe and 
Western Asia. Dr. Geol.-Miner. Sci. Diss. Moscow, 2021 (in Russian)

Vereshchagin N.K. The Mammals of the Caucasus. A  History of the 
Evolution of the Fauna. Moscow; Leningrad, 1959 (in Russian)

Vorontsov N.N., Boyeskorov G.G., Mezhzherin S.V., Lyapunova E.A., 
Kandaurov A.S. Systematics of the Caucasian wood mice of the sub-
genus Sylvaemus (Mammalia, Rodentia, Apodemus). Zoologicheskiy 
Zhurnal. 1992;71(3):119-131 (in Russian)

Wang W., Qiao Y., Li S., Pan W., Yao  M. Low genetic diversity 
and  strong population structure shaped by anthropogenic habitat 
fragmentation in a critically endangered primate, Trachypithecus 
leucocephalus. Heredity. 2017;118(6):542-553. doi 10.1038/hdy. 
2017.2

Yalkovskaya L., Sibiryakov P., Borodin A. Phylogeography of the 
striped field mouse (Apodemus agrarius Pallas, 1771) in light of new 
data from central part of Northern Eurasia. PLoS One. 2022;17(10): 
e0276466. doi 10.1371/journal.pone.0276466 

Yasuda S.P., Vogel P., Tsuchiya K., Han  S.-H., Lin  L.-K., Suzuki  H. 
Phylogeographic patterning of mtDNA in the widely distributed har-
vest mouse (Micromys minutus) suggests dramatic cycles of range 
contraction and expansion during the mid-to-late Pleistocene. Can J 
Zool. 2005;83(11):1411-1420. doi 10.1139/z05-139

Zagorodniuk N.V., Boeyskorov G.G., Zykov A.E. Variability and 
taxonomic status of steppe forms of mice of the genus Sylvaemus 
( falzfeini – fulvipectus – hermonensis – arianus). Vestnik Zoologii. 
1997;31(5-6):37-56 (in Russian)

https://doi.org/10.1186/s12862-015-0463-5
https://doi.org/10.1186/s12862-015-0463-5
https://elibrary.ru/item.asp?id=17094029
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1093/molbev/mst197
https://www.nature.com/articles/hdy20172#auth-W-Wang-Aff1-Aff2
https://www.nature.com/articles/hdy20172#auth-Y-Qiao-Aff1
https://www.nature.com/articles/hdy20172#auth-S-Li-Aff1
https://doi.org/10.1038/hdy.2017.2
https://doi.org/10.1038/hdy.2017.2
https://doi.org/10.1371/journal.pone.0276466
https://api.unil.ch/iris/server/api/core/bitstreams/9f27c59a-c7ca-4762-91ef-3187cabf5d0d/content


DNA methylation analysis of aortic wall tissue  
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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 Illumina 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, PCDH7, MED13L, LMO4, DIP2C, PLEKHF1, NKD1, 
C10orf41 (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, C10orf41 (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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Особенности метилирования ДНК в пораженных тканях аорты 
при дилатации/аневризме и расслоении восходящего отдела 
И.А. Гончарова  , А.А. Зарубин , А.В. Марков , С.А. Шипулина , Н.П. Бабушкина , Ю.А. Королёва ,  
А.А. Слепцов , М.С. Назаренко 

Научно-исследовательский институт медицинской генетики Томского национального исследовательского медицинского центра  
Российской академии наук, Томск, Россия

 irina.goncharova@medgenetics.ru

Аннотация. Дилатация/аневризма и расслоение восходящей аорты относятся к жизнеугрожающим заболеваниям, 
и выявление эпигенетического ландшафта, регулирующего функционирование генома в клетках аорты при данной 
патологии, является актуальной задачей. В связи с этим в настоящем исследовании выполнена идентификация 
дифференциально метилированных генов (ДМГ) в тканях аорты при дилатации/аневризме и расслоении восходящего 
отдела с помощью реанализа данных по метилированию ДНК, представленных в открытом доступе в репозитории 
NCBI GEO (Gene Expression Omnibus). Проведен реанализ результатов исследований (GSE50192, GSE202047, GSE84274), 
реализованных на платформе Illumina Infinium HumanMethylation450 BeadChip. Биоинформатическая деконволюция 
клеточного состава тканей сосудов осуществлена с помощью алгоритма HEpiDISH, а также разработанного 
референса, включавшего набор CpG-сайтов, индекс метилирования которых специфичен для эндотелиальных клеток, 
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фибробластов, гладкомышечных и иммунных клеток. Реанализ данных показал, что расслоение аорты и ее дилатация/
аневризма с двухстворчатым аортальным клапаном характеризуются специфическим профилем метилирования 
ДНК относительно интактной ткани аорты, поскольку различаются как по числу, так и по спектру ДМГ. Поправка 
на клеточный состав аннулирует основное количество ДМГ, но позволяет составить представление о наличии 
воспаления в ткани аорты, оцениваемого по степени инфильтрации ткани иммунными клетками, охарактеризовать 
роль воспалительного инфильтрата в нарушении целостности стенки аорты и выявить гены, отражающие различия, 
связанные с изучаемыми фенотипами, а не с межгрупповой гетерогенностью клеточных популяций. Гены NFIX, 
PCDH7, MED13L, LMO4, DIP2C, PLEKHF1, NKD1, C10orf41 (ZNF503-AS2), ARAP2, TBX3, TBX5, оставшиеся в статусе ДМГ после 
поправки на клеточный состав и экспрессируемые в отдельных клетках/цельной ткани аорты, могут рассматриваться 
как новые гены-кандидаты развития дилатации/аневризмы аорты у пациентов с двухстворчатым аортальным  
клапаном. Белковые продукты генов NFIX, LMO4, DIP2C, C10orf41 (ZNF503-AS2), MED13L, TBX3 и TBX5 являются 
транскрипционными факторами или регуляторами транскрипционной активности ДНК, а гена NKD1 – ингибитором 
сигнального пути Wnt. Полученные данные подчеркивают необходимость строгого подхода к формированию 
групп сравнения с полным описанием исследуемого фенотипа, включающим морфологию аортального клапана, и 
проведения исследований на уровне отдельных клеток.
Ключевые слова: дилатация/аневризма восходящей аорты; расслоение восходящей аорты; метилирование ДНК; 
HEpiDISH; поправка на клеточный состав

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; Björck 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, TGFβ, 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 
Illumina Infinium HumanMethylation450 BeadChip platform.

A description of the studies GSE50192, GSE202047, and 
GSE84274, 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. β-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 |Δβ| ≥ 0.2. Genes 
containing DMS were defined as differentially methylated 
genes (DMGs). The first twenty sites with the greatest differen­
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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 
accession 
number

Sample characteristics Main findings References

GSE50192 n = 4, 17 autopsy tissues, 
including paired samples  
of coronary arteries, ascending 
aorta, and abdominal aorta

The aorta and coronary arteries cluster together based on DNA 
methylation profiles and exhibit the highest number of tissue-
specific differentially methylated regions within genes involved in 
vascular development processes

Lokk et al., 2014 

GSE202047 n = 4, ascending aortic tissue 
from patients with Stanford 
type A dissection; 
n = 4, ascending aortic tissue 
from healthy organ donors

A total of 589 differentially methylated sites (P-value ≤ 0.05 and 
|β difference (∆β)| ≥ 0.3) were identified within genes belonging  
to the MAPK (mitogen-activated protein kinases), TNF (tumor 
necrosis factor), apoptosis, angiogenesis, heart development, 
and other signaling pathways. The key genes identified were FAS, 
ANGPT2, DUSP6, FARP1, CARD6 

Chen Y. et al., 
2022

GSE84274 n = 12, ascending aortic tissue 
from patients with acute 
Stanford type A dissection  
and a tricuspid aortic valve 
(TAV);
n = 6, ascending aortic tissue 
from patients with dilatation/
aneurysm (d > 4.5 cm) and 
bicuspid aortic valve (BAV); 
n = 6, ascending aortic tissue 
from healthy organ donors

Dissection with TAV and dilatation/aneurysm of the ascending aorta 
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 
acid receptor alpha) associated with DNA hypomethylation

Pan et al., 2017

ces in DNA methylation level between the compared tissues, 
as determined by the |Δβ| 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).

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 
GSE84274) (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)1. 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 (Δβ = –0.29), TMEM132C (Δβ = –0.29; Δβ = –0.25), 
CD82 (Δβ = –0.23), and ZFPM1 (Δβ = –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 
1 Supplementary Materials are available at:  
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gonchar_Engl_30_6.xlsx

https://gtexportal.org
https://plaqviewv2.pods.uvarc.io
https://www.ebi.ac.uk/gwas
https://www.ebi.ac.uk/gwas
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gonchar_Engl_30_6.xlsx
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gonchar_Engl_30_6.xlsx
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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 ISL1 and KCNN2 genes, and 
six DMS in the TBX5 gene (sheet “TAA with BAV_IAA” in 
the Supplementary Materials). Among the top CpG sites with 
increased methylation levels in diseased aortic tissue were 
ISL1 (Δβ = 0.32; Δβ = 0.25), SNX25 (Δβ = 0.31), and TBX5 
(Δβ = 0.26; Δβ = 0.26; Δβ = 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_IAA” in the Supplementary Materials).

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

IAA” 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 
(Δβ = 0.37; Δβ = 0.35) and TTLL8 (Δβ = 0.28) genes were 
hypermethylated. Two hypomethylated sites, cg07162000 
(Δβ = –0.24) and cg17861863 (Δβ = –0.23), were also identi­
fied in the ADARB2 gene.

Among the top 10 CpG sites, four sites of the TBX1 gene 
(Δβ = –0.34 to –0.29), located within a CpG island, as well as 
sites of the FLJ42709 (NR2F1-AS1) (Δβ = –0.32), COL21A1 
(Δβ = –0.29), and MAP3K5 (Δβ = –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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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).
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islands. In the CYP2W1 and PLEKHF1 genes, two CpG sites 
(cg09414673 and cg15561501, 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 (Δβ = –0.27) and 
NFIX (Δβ = –0.27; Δβ = –0.24) genes. Two sites, cg15561501 
(PLEKHF1) and cg09414673 (CYP2W1), located in gene pro­
moters, were also hypomethylated in TAA with BAV tissues 
(Δβ = –0.21 each; sheet “TAA with BAV and TAAD” in the 
Supplementary Materials). A DMS in the SLC1A3 gene was 
hypermethylated in diseased aortic tissues from patients with 
TAA and BAV (Δβ = 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 IAA re­
tained only site cg26561082 of the DIP2C gene (Δβ = –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, 

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.
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CYP2W1, C10orf41 (ZNF503-AS2), PLEKHF1, DIP2C, 
NKD1) contained hypomethylated CpG sites in TAA with 
BAV relative to aortic dissection (Table 3).

Furthermore, three CpG sites were located in intergenic 
regions: cg02060919 (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

Δβ TAA 
with BAV/
IAA

Δβ TAA 
with BAV/
TAAD

Gene

cg26561082, chr10:410363 chr10:409201–409523/CpG-shore, no –0.29 –0.27 DIP2C

cg22824635, chr19:13112283 chr19:13112170–13112809/CpG-island, no –0.17 –0.27 NFIX

cg06744585, chr19:13135808 chr19:13135317–13136169/CpG-island, no –0.14 –0.24

cg01393939, chr1:87803705 chr1:87800835–87801252/CpG-shelf, no –0.18 –0.23 LMO4

cg10642548, chr10:77165750 chr10:77155128–77169600/CpG-island, no –0.23* –0.22 C10orf41 (ZNF503-AS2)

cg06262069, chr10:76835911 chr10:77155128–77169600/CpG-island, no –0.21* –0.22

cg02015823, chr16:49142490 chr16:50583175–50583465/СpG-shore, no –0.05 –0.22 NKD1

cg15561501, chr19:30160603 chr19:30156038–30156795/CpG-shelf, 5’ UTR –0.07 –0.21 PLEKHF1

cg09414673, chr7:1022797 chr7:1024021–1024233/CpG-shore, TSS –0.16 –0.21 CYP2W1

cg02060919, chr4:32932085 No –0.072 –0.24 PCDH7/ARAP2 intergenic

cg16945186, chr12:115103960 chr12:115102687–115103982/CpG-island, no    0.26    0.24 TBX5/TBX3 intergenic

cg26343001, chr12:115104274 chr12:115104848–115105548/CpG-shore, no    0.25    0.21 TBX3/MED13L intergenic

Note.  Values of Δβ for CpG sites meeting the DMS criteria (FDR  <  0.05 and |Δβ|  ≥  0.2) are shown in bold; *  Δβ for CpG sites with FDR  >  0.05;  
TSS, 5’ -UTR – promoter.

cg16945186 (TBX5/TBX3) and cg26343001 (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, NFIX; lncRNA C10orf41 (ZNF503-
AS2)), an inhibitor of the Wnt signaling pathway (NKD1), 
as well as genes whose protein products mediate apoptosis 
and autophagy (PLEKHF1), focal adhesion and intercellular 
interactions (PCDH7, ARAP2), 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 TBX3 and TBX5, as well as the 
MED13L 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 
PCDH7 (65.4 TPM) exhibited the highest expression levels. 
The genes MED13L, LMO4, DIP2C, PLEKHF1, 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
pler et al., 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 
(Li Y. 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 
rs543659530 in the PCDH7 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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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 (Pan et al., 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.

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 DNA 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 TBX5/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), PLEKHF1, NKD1, CYP2W1, PCDH7/ARAP2, TBX5/
TBX3, and TBX3/MED13L.

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, NKD1, and CYP2W1 genes are detected in patients 
with BAV, both in aneurysmal and in intact ascending aortic 
tissues (Björck et al., 2018). Moreover, significantly more 
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Fig. 3. Cell types and mean relative expression levels of the DMGs 
identified in the present study according to the PlaqView 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; Mø – macrophages; FB – fibroblasts; EC – endo-
thelial cells.
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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 (Björck 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 BAV, 
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 TAV, 
which however drive the development of the same phenotype  
(Folkersen et al., 2011; Kjellqvist 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. 
et al., 2023).

Genetic factors play an important role in the etiology of 
BAV, 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-Díaz 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 
(Ni et al., 2010). The C10orf41 (ZNF503-AS2) gene encodes 
a long non-coding RNA (lncRNA). 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).

PLEKHF1 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, 

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 PLEKHF1 
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 NKD1 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 
Wnt 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 TBX5, 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. et al., 2017; Wang S. 
et al., 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 TBX3 gene are associ­
ated with cardiac conduction abnormalities, the development 
of atrioventricular block, hypertrophic cardiomyopathy, atrial 
fibrillation, and heart failure (Lakda et al., 2025).

ARAP2 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 MED13L 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, C10orf41 (ZNF503-AS2), 
MED13L, 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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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.
Key words: ectodermal dysplasia; hypohidrotic; Christ–Siemens–Touraine syndrome; EDA; copy number variations (CNV); 
next-generation sequencing (NGS)
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Аннотация. X-сцепленная гипогидротическая эктодермальная дисплазия (синдром Криста–Сименса–Турена, 
МКБ-10: Q82.4) представляет собой наиболее распространенную форму эктодермальной дисплазии, вызванной 
наследственными нарушениями развития производных эктодермы. Заболевание существенно влияет на качество 
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Clinical case of X-linked  
hypohidrotic ectodermal dysplasia

жизни пациентов, проявляясь классической триадой симптомов: гипогидрозом, гипотрихозом и гиподонтией, что 
создает риски нарушения терморегуляции и требует сложной стоматологической реабилитации. Молекулярной 
основой патологии служат нарушения в гене EDA, ответственном за синтез эктодисплазина-А. Данный белок 
принадлежит к семейству фактора некроза опухоли (TNF) и играет критическую сигнальную роль в процессе 
эктодермально-мезенхимальных взаимодействий во время эмбрионального развития. В настоящей работе 
описан клинический случай мальчика с фенотипом X-сцепленной гипогидротической эктодермальной диспла
зии, обусловленный ранее не описанной структурной перестройкой. Методом полногеномного секвенирования 
(WGS) была выявлена микродупликация локуса Xq13.1 размером приблизительно 397.3 Кб, непосредственно 
затрагивающая ген EDA. Комплексный биоинформатический анализ подтвердил отсутствие дополнительных 
патогенных или вероятно патогенных вариантов в других генах, которые могли обусловливать фенотип пациента. 
Микродупликация Xq13.1 подтверждена у пробанда и его матери методом количественной полимеразной 
цепной реакции в режиме реального времени. Анализ метилирования гена AR продемонстрировал у матери 
равновероятную инактивацию X-хромосомы (74/26 %), что объясняет ее бессимптомное носительство. 
Проведено сравнение клинических проявлений пробанда с описанными в литературе пациентами, имеющими 
близкие по координатам структурные перестройки. На основании международных и российских руководств по 
интерпретации данных массового параллельного секвенирования обнаруженный вариант классифицирован 
как патогенный. Идентификация этой структурной перестройки расширяет известный мутационный спектр гена 
EDA. Уточнение молекулярно-генетического диагноза в описанной семье имеет критическое значение не только 
для верификации нозологии, но и для коррекции тактики ведения пациента, включая междисциплинарный 
подход к лечению. Кроме того, это позволяет провести качественное медико-генетическое консультирование, 
выявить носительство у родственников женского пола и разработать эффективные меры первичной и вторичной 
профилактики заболевания в данной семье.
Ключевые слова: эктодермальная дисплазия; гипогидротическая дисплазия; синдром Криста–Сименса–Турена; 
EDA; вариации числа копий участков ДНК (CNV); массовое параллельное секвенирование (МПС)

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 WNT10A (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 (Cañueto 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 Xq13.1 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 × 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 DeepVariant 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://

http://bio-bwa.sourceforge.net/
http://www.omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://gnomad.broadinstitute.org/
https://hpo.jax.org/
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hpo.jax.org/), and Decipher (https://www.deciphergenomics.
org/) databases, as well as data from the scientific literature.

To validate the Xq13.1 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: 5ʹ-TGGCT 
ATGACTGAGTGGGGT-3ʹ; R: 5ʹ-GCTTCTTTTATTGC 
GGCGAAC-3ʹ) and targeting intron  1 of the EDA gene 
(F: 5ʹ-GTGGGATGTTGGAGGAACT-3ʹ; R: 5ʹ-TGCGAAC 
TTTGGTGAAGAAGC-3ʹ).

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 (AR, Xq12) after DNA hydro-
lysis with the methylation-sensitive restriction endonuclease 
HpaII. 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 

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 EDA 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 

Fig. 1. Proband NGS sequencing (IGV browser).

https://hpo.jax.org/
https://www.deciphergenomics.org/
https://www.deciphergenomics.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://eu.idtdna.com/calc/analyzer
https://eu.idtdna.com/calc/analyzer
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(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-

3.5

3.0

2.5

2.0

1.5

1.0
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0
Male 

control
Proband Mother Father

EDAint1

EDAex2

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.

Comparison of clinical features of the proband with literature data

Clinical feature Proband Patient-1a Patient-2b Patient-3c

Skin changes

Superficial dry scaling skin at birth + N/A + +

Dry and often hypopigmented skin + N/A + +

Dermatitis resembling atopic skin disease + N/A – –

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 + N/A + +

Malformed teeth with cone- or pegshaped aspect + N/A + +

Prone to caries because of enamel defect  
or salivary gland malfunction with xerostomia + N/A N/A +

Facial changes

Dysmorphic features – + + –

Numerous facial malformations – + + –

Eye abnormalities

Corneal dysplasias – – – –

Cataract – – – –

Displaced or stenotic lacrimal puncta – – – –

Defective or decreased lacrimation – – – –

Note.  Sources: a (Hayashi et al., 2013); b (Li et al., 2008); c (Al Marzouqi et al., 2014); N/A – Not Assessed.
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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.

Proband (our case)

Decipher Patient (Patient:289747)

Patient-1 (Hayashi et al., 2013)

Patient-2 (Li et al., 2008)

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

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):c.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 Marzouqi 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-
cent et al., 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 Xq13.1, 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

Аннотация. В позднеримский период на территории Восточной Европы происходит обострение военно-
политической обстановки как на границе Рима (Римской империи) и Барбарикума, так и внутри них. 
Значительную роль в динамике этих процессов играла черняховская культурная общность, формирование 
которой, согласно историко-археологическим данным, происходило при активном участии германских племен, 
продвинувшихся в этот регион с Северо-Запада Европы, причерноморского оседлого и отчасти степного 
кочевого населения. Погребальный обряд черняховской культуры предполагает крайне редкое помещение 
оружия, предположительно, только в могилы представителей воинской знати. В связи с чем антропологический 
материал из подобных погребений является ценным объектом для археогенетических исследований, 
позволяющим понять генетическое происхождение представителей воинской элиты черняховского общества. 
В данной работе мы впервые представляем результаты полногеномного анализа представителя воинской 
элиты из статусного захоронения черняховской культуры на могильнике Дальний (Выдрин), расположенного 
на северной границе ареала черняховской культуры. Совокупность археологических данных и проведенного 
ранее антропологического анализа указывает на то, что погребенный индивид принадлежал к воинской знати 
периода позднечерняховской культуры, который датируется концом IV в. н. э. С использованием масштабного 
параллельного секвенирования были определены полногеномные последовательности этого индивида. 
Показана принадлежность индивида к мужскому полу. Анализ однородительских маркеров свидетельствует о 
европейском происхождении материнской и отцовской линий исследованного мужчины. На основе анализа 
аутосомных маркеров мы впервые продемонстрировали генетическую связь этого индивида, представляющего 
воинское сословие черняховской культуры, с представителями кочевых степных групп: скифов, сарматов и авар. 
Полученные результаты вносят вклад в понимание сложной картины межэтнических контактов, лежавших в 
основе формирования населения полиэтничной черняховской общности.
Ключевые слова: черняховская культура; позднеримское время; древняя ДНК; кочевники; археогенетика

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 Sântana de 
Mureș–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 35–40 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. Archaeo-
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; Jónsson 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. Schön-
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).

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; Schütz 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 U5a1 
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 

https://isogg.org/tree/index.html
https://isogg.org/tree/index.html


E.V. Rozhdestvenskikh, T.V. Andreeva, S.S. Kunizheva … 
I.K. Reshetova, M.V. Dobrovolskaya, E.I. Rogaev

958 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2026 • 30 • 6

Genetic analysis of a representative of the Chernyakhov culture 
from the Dal’niy burial ground

Summary statistics for the genomic data obtained from the Dch08 sample

Total reads The proportion of reads 
mapped to the human 
genome (GRCh37)

Mean genome 
coverage 
(GRCh37)

Mean coverage of the human 
mitochondrial genome 
(NC_012920)

mtDNA 
contamination level 
(Schmutzi)

X-chromosome 
contamination level 
(ANGSD)
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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

12811

8610

3591
16355

9278
11101
14110
14395

4732
16234

200
6098

16207

10490

MN687110.1
Italy, Umbria

MZ921036.1
Spain

PQ825700.1
Italy, SicilyI19123

Greece, Crete, Armenoi, 
Minoan culture,
1370–1340 ВСЕ

Dch08
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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 U5a1, 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 U5a1 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; Günther 
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 (Krzewińska 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 R1a1a1b1 (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 (Järve et al., 2019; Saag et al., 
2025) (Fig. 3). On the PCA plot, the individual Dch08 under 

https://www.familytreedna.com/public/y-dna-haplotree/R
https://www.familytreedna.com/public/y-dna-haplotree/R
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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 (Maróti 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 (Veeramah et al., 
2018) (Fig.  3). The combination of uniparental inheritance 
markers of Western Eurasian origin (Y: R1a-Z283; mtDNA: 
U5a1) and an autosomal profile more characteristic of re
presentatives of nomadic groups (Scythians, Sarmatians, and 
Avars) indicates the possible origin of individual Dch08 
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 
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Siberian Federal Scientific Center of AgroBioTechnologies of the Russian Academy of Sciences, Krasnoobsk, Novosibirsk region, Russia
 riksenvs@sfsca.ru

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 (37 × 22 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 × 64 × 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

For citation: Cheshkova A.F., Riksen V.S., Elkin O.V. UAV-based disease detection in strawberry by multispectral image 
segmentation invoking deep learning. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2026;30(6):964-972. 
doi 10.18699/vjgb-26-97

Обнаружение болезней земляники садовой с помощью БПЛА 
на основе сегментации мультиспектральных изображений 
методами глубокого машинного обучения
 А.Ф. Чешкова  , В.С. Риксен  , О.В. Елкин

Сибирский федеральный научный центр агробиотехнологий Российской академии наук, р. п. Краснообск, Новосибирская область, Россия
 riksenvs@sfsca.ru

Аннотация. Точная и своевременная диагностика болезней земляники садовой является важной задачей, 
позволяющей минимизировать потери урожая и снизить затраты на обработку растений. Использование 
беспилотных летательных аппаратов (БПЛА) с мультиспектральными камерами открывает новые возможности 
для неинвазивного мониторинга состояния растений. Цель настоящего исследования – анализ возможности 
выявления заболеваний земляники садовой (на примере белой пятнистости, возбудитель Ramularia 
tulasnei Sacc.) по мультиспектральным изображениям, полученным с БПЛА, с использованием методов глубо
кого машинного обучения. Съемка опытного участка (37 × 22 м) проводилась квадрокоптером DJI Phantom 4 
Multispectral на высоте 3 м (разрешение 2.2 мм/пиксель). Полученные данные прошли предварительную 
обработку, включая построение ортофотоплана в программе Agisoft Metashape Pro и ручное выделение 
областей интереса (ROI) в ENVI 5.2. Сформирован набор из 360 мультиспектральных изображений размером 
64 × 64 × 5 (каналы 450, 560, 650, 730, 840 нм) с тремя классами: здоровые растения, больные растения и почва. 
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На данном наборе была обучена модель архитектуры U-Net (с модулями attention gate, squeeze-and-excitation 
и residual connections). Дополнительно для оценки вклада мультиспектральных каналов обучены U-Net модель 
на RGB-изображениях, а также классическая модель Random Forest на основе 40 текстурных признаков GLCM. 
Модель U-Net, обученная на мультиспектральных данных, достигла общей точности классификации 96.04 %, что 
существенно выше показателей Random Forest (76.64 %) и U-Net на RGB-изображениях (94.14 %). Полученные 
карты распространения болезни позволяют проводить точечное применение фунгицидов. Предложенный 
подход подтвердил эффективность глубокого обучения для диагностики белой пятнистости земляники. 
Дальнейшие исследования будут направлены на расширение набора данных (разные сорта и стадии болез
ней), апробацию более современных архитектур сегментации и масштабирование метода на промышленные 
плантации.
Ключевые слова: земляника садовая; белая пятнистость; БПЛА; мультиспектральная съемка; глубокое обуче-
ние; U-Net; семантическая сегментация; точное земледелие

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 
UAVs 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 et al., 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.

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 
et al., 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 × 22  m plot contained three‑year‑old 
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a b

Fig. 1. Strawberry plants: a – affected by leaf spot disease; b – healthy.

a b c

Fig. 2. ROI extraction: a – strawberry plants affected by leaf spot disease; b – healthy plants; c – soil. 

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 

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 × 20,000 × 5 pixels and a size of 2.9 GB.

The second step was image labeling. Axis‑aligned rectan-
gular regions of interest (ROIs) of 64 × 64 × 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 × 64 × 3.
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Fig. 3. U-Net architecture implemented in geodl. 
Blocks prefixed with E represent encoder blocks while those prefixed with D represent decoder blocks; w – width, h – height. 

For comparison with classical machine learning, an addi-
tional tabular dataset was created as follows. For each train-
ing multispectral image (64 × 64 × 5), 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 et al., 2021; Zhou et al., 2022) using a sliding window 
of (3×3) 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 (Θ  =  0°, 45°, 90°, 
135°), and the feature values were averaged across these 
directions. Each image yielded a table with 4,096  rows 
(64 × 64), 40 feature columns (8 features × 5 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).

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 × 2 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 × 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 и 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.

Precision = TP
TP + FP .

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 = TP
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 
F1-score can only be achieved when both Precision and 

Recall are high; therefore, this metric accounts for both 
false-positive and false-negative errors.

F1 score = 2TP
2TP + 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.

IoU = TP
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.

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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Fig. 4. U-Net training accuracy and loss curves on multispectral 
images. 

Fig. 5. U-Net training accuracy and loss curves on RGB images.
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Table 1. Performance metrics of the U-Net model trained on multispectral images

Class/metric Accuracy Precision Recall F1 IoU

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 IoU

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 IoU

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 
of 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 % 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 

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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Visual analysis of sorrel (Rumex spp.) genotypes  
by the biplot method using morphological characters
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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 für 
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 × 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.
Key words: dry leaf weight; discriminative capacity; perfect genotype; typical potential
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Визуальный анализ генотипов щавеля (Rumex spp.)  
биплот-методом с использованием  
морфологических признаков
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Аннотация. Щавель (Rumex spp.) относится к семейству Polygonaceae, распространен по всему миру и используется 
как овощная культура и лекарственное растение, поэтому его культивирование стало предметом многочисленных 
исследований. В двух отдельных экспериментах были выращены 44 образца из Института генетики растений и 
исследований сельскохозяйственных культур (IPK, Германия) и 10 генотипов, собранных в разных районах Ирана. 
Эксперименты проводились в тепличных условиях по полностью рандомизированной схеме в трех повторениях, 
в ходе которых оценивались семь признаков: длина листа, длина листовой пластинки, площадь листовой 
пластинки, количество жилок, диаметр черешка, количество листьев и сухая масса листа. Оценка взаимодействия 
генотипа и признака (GTI) методом биплот-анализа объяснила 77 и 78 % наблюдаемой изменчивости в первом 
и втором экспериментах соответственно. В ходе испытаний были выявлены два типа расположения генотипов: 
нонагональное  в первом и гептагональное во втором испытании, при этом генотипы 16 и 23 показали высокие 
средние значения сухой массы листьев в первом и втором испытаниях  соответственно. Генотипы 44 и 50 были 
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определены как идеальные, имеющие решающее значение для программы генетического улучшения щавеля, 
особенно с точки зрения урожайности листьев. Что касается дискриминационной способности, а также типичного 
потенциала, площадь листовой пластинки и диаметр черешка позволили выявить различия между генотипами как 
идеальными признаками в обоих испытаниях. Между сухой массой листьев и площадью листовой пластинки в обоих 
экспериментах наблюдалась умеренная положительная корреляция (r = 0.57 для первого эксперимента, r = 0.49 для 
второго эксперимента). Таким образом, площадь листовой пластинки можно считать информативным признаком  
для построения индекса отбора с целью повышения урожайности листьев, наряду с сухой массой. Результаты 
показывают, что площадь листовой пластинки и диаметр черешка являются ключевыми признаками для отбора 
высокоурожайных генотипов щавеля, а биплот-метод оценки GTI предоставляет практичный визуальный подход 
для выявления лучших генотипов, способствуя эффективному отбору в селекции. Подобная стратегия может быть 
рекомендована в будущих исследованиях для описания прогностических и тщательных методов отбора, которые 
помогут определить идеальные признаки для селекции щавеля и других овощных культур. 
Ключевые слова: сухая масса листьев; дискриминационная способность; идеальный генотип; типичный потенциал

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 × 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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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 für 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 × 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. 

Plants were grown under greenhouse conditions with a 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.

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)

Code Species Origin Code Species Origin

1 Rumex spp. Kashmar 28 R. rugosus Campd. Hungary

2 Rumex spp. Marand 29 R. patientia L. DPRK

3 Rumex spp. Ardabil 30 R. rugosus Campd. Russian Federation

4 Rumex spp. Hour 31 R. pulcher L. Unknown

5 Rumex spp. Nier 32 R. rugosus Campd.

6 Rumex spp. Namin 33 R. patientia L. Germany

7 Rumex spp. Khalkhal 34 R. alpinus L. Poland

8 Rumex spp. Dezfol 35 R. rugosus Campd. Unknown

9 Rumex spp. Ahwaz 36 R. patientia L. Pakistan

10 Rumex spp. Shiraz 37 R. rugosus Campd. Unknown

11 R. rugosus Campd. Germany 38 R. rugosus Campd.

12 R. rugosus Campd. Unknown 39 R. rugosus Campd.

13 R. rugosus Campd. Germany 40 R. pseudonatronatus Murb. Russian Federation

14 R. rugosus Campd. Tajikistan 41 R. rugosus Campd. Unknown

15 R. rugosus Campd. Slovakia 42 R. scutatus L. Germany

16 R. rugosus Campd. GDR 43 R. rugosus Campd. Unknown

17 R. rugosus Campd. 44 R. obtusifolius L.

18 R. rugosus Campd. Kazakhstan 45 R. kerneri Borbas Albania

19 R. rugosus Campd. Ukraine 46 R. patientia L. Unknown

20 R. rugosus Campd. Tajikistan 47 R. patientia L.

21 R. rugosus Campd. USSR 48 R. patientia L. Georgia

22 R. rugosus Campd. Germany 49 R. obtusifolius L. Unknown

23 R. rugosus Campd. Unknown 50 R. obtusifolius L. Romania

24 R. rugosus Campd. 51 R. patientia L. Unknown

25 R. rugosus Campd. 52 R. alpinus L. Italy

26 R. rugosus Campd. 53 R. alpinus L. Georgia

27 R. rugosus Campd. 54 R. patientia L. Unknown

Note. GDR, German Democratic Republic; USSR, Union of Soviet Socialist Republics; DPRK, Democratic People’s Republic of Korea. 
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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 × 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 
et al., 2017):

gij – tj
SDj

 = 
2
∑

n = 1
λn αin βjn + θij ,

where gij is the performance of genotype i for trait j, tj is the 
means of all gijs in trait j, SDj is the standard error for trait j, 
λn is the eigenvalue for PCAn, αin and βjn are the amounts 
for genotype i and trait j in PCAn, respectively, and θij is the 
magnitude of model residuals.

To obtain symmetrical values of genotypes and traits in the 
biplot, the eigenvalues (λ) 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 

GTI. 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: 
(i)  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: 
(i) 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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Fig. 1. The vector diagram showing relationships among traits of 
sorrel in (upper panel) the first trial and (lower panel) the second 
trial.
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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, 

Table 2. Correlations among traits of sorrels for (up diagonal) the first and (down diagonal) the second trial

BL LA PD NV NL LL DW

BL 0.70 0.59 0.84 –0.42 0.83 0.20

LA 0.64  0.74 0.52 –0.56 0.68 0.57

PD 0.70 0.57  0.44 –0.47 0.68 0.33

NV 0.79 0.49 0.53  –0.49 0.70 0.01

NL –0.47 –0.72 –0.43 –0.58  –0.52 0.01

LL 0.81 0.61 0.76 0.66 –0.58  0.27

DW –0.19 0.49 –0.15 –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.
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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 
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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 simultaneous 
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 

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. 3. The perfect genotype diagram showing the positions of 
sorrel genotypes in (upper panel) the first trial and (lower panel) 
the second trial.
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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 

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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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.

Fig. 5. Examination of leaf dry weight (DW) across sorrel geno
types in (upper panel) the first trial and (lower panel) the second 
trial.
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Visual analysis of sorrel (Rumex spp.) genotypes  
by the biplot method using morphological characters
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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 × trait interactions 
can complicate the selection process, because genetic differ-
ences among genotypes lead to varying performance across 
traits. The GTI 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  × 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 

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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