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Development and characterization of a line with substitution  
of chromosome 4B of wheat Triticum aestivum L.  
on chromosome 4Hmar of wild barley  
Hordeum marinum ssp. gussoneanum (4x)
L.A. Pershina1, 2 , N.V. Trubacheeva1, 2, V.K. Shumny1, E.D. Badaeva3

1 Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Kurchatov Genomics Center of ICG SB RAS, Novosibirsk, Russia
3 Vavilov Institute of General Genetics of the Russian Academy of Sciences, Moscow, Russia 

  pershina@bionet.nsc.ru

Abstract. Introgressive hybridization is the main method of broadening the genetic diversity of bread wheat. Wild bar­
ley Hordeum marinum ssp. gussoneanum Hudson (2n = 4x = 28) has useful agronomical traits, such as high resistance 
to stress factors, that could be a potential source of new genes for bread wheat improvement. This study aimed to eva­
luate the possibility of introgression of H. marinum chromosomes into the genome of bread wheat using an incomplete 
amphiploid H. marinum ssp. gussoneanum (4x)–T. aestivum (Pyrotrix 28) (2n = 54) carrying the cytoplasm of wild barley. 
For this purpose, we crossed the line of bread wheat variety Pyrotrix 28 with an incomplete amphiploid, and then 
selected cytogenetically stable 42­chromosome plants with a high level of fertility in hybrid progeny. Genomic in situ 
hybridization (GISH) revealed a pair of H. marinum chromosomes in the genome of these plants. C­ banding analysis 
confirmed that bread wheat chromosome 4B was replaced by wild barley chromosome 4Hmar. SSR markers Xgwm368 
and Xgwm6 confirmed the absence of chromosome 4B, and EST markers BAWU808 and BAW112 identified chromo­
some 4Hmar in the genome of the isolated disomic wheat­barley substitution line. The study of this line showed that the 
substitution of chromosome 4B with chromosome 4Hmar resulted in a change of some morphological traits. It included 
intense anthocyanin coleoptile coloration, specific for H. marinum, as well as a lack of purple coloration of the ears in 
the leaf sheath, specific for Pyrotrix 28. Line 4Hmar(4B) showed increased performance for several traits, including plant 
height, number of spikes and tillers per plant, spikelet and grain number in the main spike, grain number per plant, but 
it had decreased values of 1000­grain weight compared to wheat. Cytogenetic stability and fertility of line 4Hmar(4B) 
indicated a high compensation ability of barley 4Hmar for wheat chromosome 4B and confirmed their homeology.
Key words: Hordeum marinum ssp. gussoneanum; bread wheat; wheat­barley substitution line 4Hmar(4B).
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Получение и изучение линии с замещением хромосомы 4B 
пшеницы Triticum aestivum L. на хромосому 4Hmar  
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Аннотация. Интрогрессивная гибридизация является основным методом расширения генетического разнооб­
разия мягкой пшеницы. В качестве источника новых генов для мягкой пшеницы может служить дикий ячмень 
Hordeum marinum ssp. gussoneanum Hudson (2n = 4x = 28), который характеризуется высокой устойчивостью к 
стрессовым факторам. Настоящая работа посвящена изучению возможности использования неполного амфи­
плоида H. marinum ssp. gussoneanum (4x)–T. aestivum (Пиротрикс 28) (2n = 54), носителя цитоплазмы дикого яч­
меня, в качестве источника хромосом H. marinum для их интрогрессии в геном мягкой пшеницы. С этой целью 
получены гибриды между линией сорта мягкой пшеницы Пиротрикс 28 (далее П28) и неполным амфиплоидом, 
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а затем среди потомков гибридов проведен отбор цитогенетически стабильных 42­хромосомных растений с вы­
соким уровнем фертильности. С использованием GISH­анализа обнаружено наличие пары хромосом H. marinum 
в геноме этих растений. По результатам С­окрашивания хромосом установлено, что у этой гибридной линии 
произошло замещение хромосомы 4B мягкой пшеницы на хромосому дикого ячменя 4Hmar. С помощью хромо­
сом­специфичных SSR­маркеров Xgwm368 и Xgwm6 подтверждено отсутствие хромосомы 4B мягкой пшеницы, 
а с применением EST­маркеров BAWU808 и BAW112 – наличие хромосомы 4Hmar в геноме выделенной дисом­
ной пшенично­ячменной линии. Изучение этой линии показало, что замещение хромосомы 4B мягкой пшеницы 
на хромосому дикого ячменя 4Hmar привело к изменению ряда признаков: сильно выраженной антоциановой 
окраске колеоптиле, характерной для дикого ячменя H. marinum, а также отсутствию пурпурной окраски ушек 
у основания листьев, которая проявляется у линии сорта пшеницы П28. По высоте растений, числу стеблей и 
колосьев в растении, числу колосков и зерен в главном колосе, а также числу зерен в растении линия 4Hmar(4B) 
превосходит родительскую линию П28, а по массе 1000 зерен ей уступает. Цитогенетическая стабильность и 
фертильность линии 4Hmar(4B) указывают на высокую компенса ционную способность хромосомы 4Hmar ячменя 
по отношению к хромосоме 4B мягкой пшеницы и гомеологию между этими хромосомами.
Ключевые слова: Hordeum marinum ssp. gussoneanum; мягкая пшеница; пшенично­ячменная замещенная ли­
ния 4Hmar(4B).

Introduction
Introgressive hybridization is the main method of  broadening 
the genetic diversity of bread wheat. Identification of new 
genetic resources for agronomically important traits, such 
as biotic and abiotic stress resistance, bread-making quality, 
increased content of microelements in grain and others is an 
important task (Molnár-Láng, Linc, 2015; Hao et al., 2020). 
The species of the genus Hordeum L., including annual and 
perennial barley grasses, as well as grain-type species, are 
considered a potential source to introgress genes for these 
traits (Garthwaite et al., 2005; Rubiales, Moral, 2011). 

The progamous and embryonic incompatibility is strongly 
displayed in wheat × barley hybridizations and intergeneric 
hybrids were produced after the technique to overcome these 
difficulties had been developed (Kruse, 1973). To date, sub-
stitution, addition and translocation lines were developed by 
hybridization between bread wheat and H. vulgare (Molnár-
Láng et al., 2014), H. spontaneum (Taketa, Takeda, 2001), 
H. chilense (Rey et al., 2015), H. californicum (Fang et al., 
2014). Alloplasmic lines (H. vulgare)-T. aestivum were de-
veloped and used in breeding to create promising forms and 
cultivars of wheat (Pershina et al., 2018). In addition, a new 
grain crop, tritordeum, was produced from hybridization 
between durum wheat (Triticum durum) and a wild barley, 
H. chilense (Martín et al., 1999; Martín, 2017).

The ability to cross with wheat is also shown by two subspe-
cies of the sea barley complex H. marinum: herbaceous an-
nuals H. marinum Hudson ssp. marinum (2x) and H. marinum 
Hudson ssp. gussoneanum (Parl.) Thell. (2x, 4x) (Pershina et 
al., 2004; Islam et al., 2007). Due to their high resistance to 
salinity and waterlogging, these species are able to grow in sa-
line meadows and marshes along sea coasts (Garthwaite et al., 
2005; Islam et al., 2007). At the same time, salinity tole rance 
in H. marinum was estimated to be higher than in other species 
of  Triticeae (Garthwaite et al., 2005). In addition, H. marinum 
ssp. gussoneanum (=H. geniculatum All.) (2n = 28) is resistant 
to drought and sudden temperature changes (Kobylyanskiy, 
1967), and samples with a high protein content in seeds were 
also isolated (Pershina et al., 2009).

Amphiploids carrying wild barley cytoplasm were produced 
from hybrids between H. marinum ssp. gussoneanum (4x) and 

T. aestivum (Pershina et al., 2004) and between H. marinum 
(2x) and T. aestivum (Islam et al., 2007). The salt- and water-
logging tolerances of amphiploids were intermediate to those 
of their parents (Islam et al., 2007; Malik et al, 2009) and 
reduced grain yield was observed due to the negative influence 
of the H. marinum cytoplasm. To eliminate this cytoplasm 
effect, it is necessary to produce euplasmic hybrid genotypes, 
in which wheat is the maternal parent. However, the use of 
H. marinum ssp. gussoneanum as a pollinator when crossing 
with wheat is extremely difficult due to the limited amount 
of pollen in the small flowers of H. marinum.

This paper presents the results of using the incomplete am-
phiploid H. marinum ssp. gussoneanum–T. aestivum (2n = 54) 
with wild barley cytoplasm as a source of H. marinum chro-
mosomes for their introgression into the bread wheat ge-
nome. The euplasmic wheat-barley disomic substitution line 
4Hmar(4B) isolated among the progenies of these hybrids was 
also studied.

Materials and methods
Plant material. The line formed from one plant of the wheat 
variety Pyrotrix 28 (maternal parent, P28) was crossed 
with individual plants of an incomplete amphiploid L-503 
H. ma rinum ssp. gussoneanum–T. aestivum (P28) (2n = 
54). The incomplete amphiploid isolated from the progeny 
of a cytogenetically unstable amphiploid H. marinum ssp. 
gussoneanum–T. aestivum (2n = 68–70) carried 42 wheat 
chromosomes and 12 H. marinum chromosomes, with the 
exception of 5Hmar (Trubacheeva et al., 2019). 

Plants were grown from seeds set in two hybrid combi-
nations (P28 × 503 plant (p)5) and (P28 × 503 plant (p)10), 
and their progenies were studied in F2–F6 generations. Each 
generation was formed from the seeds of the most produc-
tive plant of the previous generation. Plants were characte-
rized by seed set in the main spike, dividing them according 
to the level of fertility into groups: CS – completely sterile 
(no seeds); PS – partially sterile (1–9 seeds); PF – partially 
fertile (10–19 seeds); F – fertile (20–30 seeds); FF – fully 
fertile (more than 30 seeds). Starting from F2, the number 
of chromosomes was counted in plants. The chromosome 
composition in metaphase I (MI) was determined in euploid 
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(2n = 42) hyb rid plants F5 (P28 × 503p10). Cytogenetically 
stable euploid plants were studied to identify H. marinum 
chromosomes. Hybridization and the study of the hybrid pro-
geny were carried out in a hydroponic greenhouse.

The isolated wheat-barley substitution line 4Hmar(4B) 
was studied in the field. The plants were grown on plots 1 m 
wide, 20 plants per row, with a distance of 25 cm between 
rows. The control was the parental line P28. Each genotype 
was grown in three rows arranged in a randomized order. The 
lines were evaluated according to morphological traits. During 
harvesting, plant height, tiller number, number of productive 
spikes, main spike length, spikelet number per main spike, 
grain number per main spike and per plant were estimated. 
Statistical analyses were conducted in Microsoft Excel 2007. 
Single-factor analysis and the calculation of the least signifi-
cant difference were used (Dospekhov, 1985). 

Cytological analysis, genomic in situ hybridization and 
C-banding. Analysis of chromosome number was performed 
according to the standard Felgen preparation method using 
root tips of plants grown in a hydroponic greenhouse. The MI 
chromosome configuration was examined in pollen mother 
cells (PMCs) using the 2 % acetocarmine smear method. 
GISH was performed according to previously published pro-
tocols (Trubacheeva et al., 2019). Total genomic H. marinum 
ssp. gussoneanum DNA was labelled by nick translation with 
biotin-16-dUTP and used as a probe. The signals were ob-
served and captured using AxioImagerM1 (Zeiss, Germany) 
fluorescence microscope. The work was performed at the 
Collective Center for Microscopic Analysis of Biological 
Objects (ICG SB RAS, Novosibirsk, Russia). C-banding was 
performed according to a previously published protocol (Ba-
daeva et al., 1994).

DNA marker analysis. Two expressed sequence tag (EST-
PCR) markers, BAWU808 and BAW112 (Trubacheeva et al., 
2019), were used to identify chromosome 4Hmar of wild bar-
ley in the genome of the isolated line. The absence of wheat 
chromosome 4B in the substitution line 4Hmar(4B) was con-
firmed using chromosome-specific SSR markers Xgwm368 
and Xgwm6 (Röder et al., 1998). The primer sequences were 
reported in (Trubacheeva et al., 2019. Amplifications were 
carried out using a Bio-Rad T-100 Thermal Cycler PCR. 
Amplification products were resolved in 2 % w/v agarose 
gels and visualized with ethidium bromide. Gel images were 
captured using a gel documentation system Gel Doc XR+ 
(Bio-Rad, USA).

Results

Identification of euploid plants  
among the progeny of hybrids (P28 × L-503)
As a result of crossing the line P28 with incomplete amphi-
ploid L-503 in four hybrid combinations, shriveled seeds set 
with a frequency of 3.1 to 6.6 %, from which F1 plants were 
grown (Table 1).

The shriveled seeds set in F1 plants germinated in the 
hybrid (P28 × 503p5) with a frequency of 13.9 %, and in the 
hybrid (P28 × 503p10) with a frequency of 55.5 %. Starting 
from the second generation, the fertility level was studied 

in the progeny of these hybrids, estimated by the number of 
seed set per main spike, and the number of chromosomes was 
analyzed (Table 2).

In the second generation of the hybrid combination (P28 × 
503p5), partially fertile (33 %) plants (2n = 46), as well as 
sterile (45 %) and partially sterile (22 %) plants were observed, 
among which 46- and 48-chromosome plants were identified. 
The third generation, derived from a partially fertile plant 
(2n = 46), also consisted of sterile (31 %), partially sterile 
(44 %) and partially fertile (25 %) plants. The most produc-
tive in F3 was a 44-chromosome plant, among the progeny 
of which along with sterile (18 %), partially sterile (41 %) 
and partially fertile (27 %), fertile (14 %) plants were also 
identified in F4. Among the progeny of the fourth generation, 
42- and 44-chromosome plants were found. In F5 and F6 
generations derived from fertile 42-chromosome plants, in 
addition to euploids (2n = 42), aneuploids (2n = 41; 2n = 43) 
were also identified. At the same time, segregation into plants 
with different levels of fertility, including sterile ones, was 
still observed (see Table 2). Fully fertile plants were obtained 
only in F6 (6 %).

When selecting for productivity, the hybrid combination 
(P28 × 503p10) had a more accelerated formation of 42-chro-
mosomal cytotypes with a high level of fertility. Fertile 
46-chro mosome plants (20 %) were already identified in F2 
along with sterile (13 %), partially sterile (27 %) and partially 
fertile (49 %) plants. The remaining groups of plants were 
represented by cytotypes with chromosome numbers 2n = 46, 
46 + t, 46 + 2t.The progenies of the 46-chromosome plant in 
F3 were sterile (6 %), partially sterile (38 %), partially fertile 
(25 %), and 42-chromosome fertile (31 %) plants. In F3, in 
addition to euploids, aneuploids were found, including those 
with telocentric chromosomes ((2n = 43, 43 + t, 44 + t, 44 + 2t). 

Among 26 F4 plants derived from a 42-chromosome plant 
of the third generation, fertile plants prevailed (62 %), in-
cluding plants with full fertility (11 %). In total, in F4 of 
(P28 × 503p10), completely sterile (8 %) plants and plants with 
a low level of fertility (partially sterile – 11 % and partially 
fertile – 8 %) only accounted for less than one third. The re-
maining plants were fertile (62 %) and fully fertile (11 %). In 
F4 cytotypes with 2n = 41, 42, 42 + t were identified among 
the studied plants. As a result of the selection of the most pro-
ductive 42-chromosome plants, the fifth and sixth generations 
were represented only by fertile plants (in F5 – 70 %, and in 
F6 – 16 %) and fully fertile plants (in F5 – 30 %, and in F6 – 
84 %) (see Table 2).

In order to select meiotically stable 42-chromosome plants 
for further work, three lines derived from individual plants 
of the P28 × 503p10 hybrid from F6 were characterized by 
chromosome configuration at the first meiotic metaphase (MI). 
Study of meiosis in pollen mother cells (PMC) has shown 
a high cytological stability of euploid lines. All the studied 
plants of the line (P28 × 503p10) F6 p1 and the major part of 
the plants of the line (P28 × 503p10) F6 p2 (79 %) and the 
line (P28 × 503p10) F6 p3 (89 %) had 21″ bivalents (Table 3). 
The identified violations are associated with the presence of 
univalents (20″ + 2′), including those involving telocentric 
chromosomes (21″ + 2t′).
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Table 3. Characteristics of meiosis in lines derived from the hybrid combination (P28 × 503р10) F6

Line Number of plants 
examined

Number of plants and chromosome configuration at MI

21” 20’’ + 2’ 21’’ + t’’

(P28 × 503р10) F6 р1 18 18  (100 %) – –

(P28 × 503р10) F6 р2 19 15  (79 %) 4  (21 %) –

(P28 × 503р10) F6 р3 18 16 (89 %) – 2  (12 %)

Table 2. Fertility level and number of chromosomes in F1–F6  
of the hybrid combination T. aestivum (P28) (2n = 42) × (H. marinum ssp. gussoneanum × P28) (2n = 54) 

Generation Number 
of plants 
analysed

Number and frequency (%) of plants Number of chromosomes 

FS
0

PS
(1–9)# 

PF
(10–19)# 

F
(20–30)#

FF
(more 30)#

P28 × 503р5

F2 18 8  (45 %) 4  (22 %) 6  (33 %) 0 0 46*, 48

F3 16 5  (31 %) 7  (44 %) 4  (25 %) 0 0 44*, 46

F4 22 4  (18 %) 9  (41 %) 6  (27 %) 3  (14 %) 0 42*, 44

F5 28 5  (18 %) 6  (21 %) 8  (29 %) 9  (32 %) 0 41, 42*, 43

F6 32 2  (6 %) 4  (13 %) 10  (31 %) 14  (44 %) 2  (6 %) 41, 42, 43

P28 × 503р10

F2 15 2  (13 %) 4  (27 %) 6  (40 %) 3  (20 %) 0 46*, 46 + t, 46 + 2t

F3 16 1  (6 %) 6  (38 %) 4  (25 %) 5  (31 %) 0 42*, 43, 43 + t, 44 + t, 44 + 2t

F4 26 2  (8 %) 3  (11 %) 2  (8 %) 16  (62 %) 3  (11 %) 41, 42*, 42 + t

F5 30 0 0 0 21  (70 %) 9  (30 %) 42*, 42 + t, 42 + 2t 

F6 38 0 0 0 6  (16 %) 32  (84 %) 42, 42 + t

# Number of grains in the main spike; * the most productive cytotypes used to form the next generation. 

euploids, a pair of H. marinum chromosomes introgressed 
into the genome of  bread wheat. C-banding identified a pair of 
chro mosomes 4Hmar and the absence of a pair of chromosomes 
4B in the isolated line indicating that it was disomic for the 
substitution 4Hmar (4B) (Fig. 2, a). A telocentric chromosome 
for the arm of chromosome 4H was identified in a line with 
2n = 40 + t chromosomes (see Fig. 2, b).

Identification of the wheat–barley  
disomic substitution line 4Hmar(4B)
At the next stage, plants with a 21″ chromosome configuration 
were included in the work. Using GISH analysis, it was shown 
that they carry a pair of H. marinum chromosomes (Fig. 1). 

This result indicates that during self-pollination of the 
progeny of the hybrid (P28 × 503p10) and the production of 

Table 1. Seed set per spike, number of grains in F1 plants and their germination in hybrid combination (P28 × L­503) 

Hybrid combination  Number and frequency* (%)  
of hybrid grains in a pollinated spike

Number of Germination  
of grains, %

F1 plants studied grains in F1 plant

P28 × 503р5 1  (3.3) 1 129 13.9 

P28 × 503р9 1  (3.1) 1 2 0

P28 × 503р10 2  (6.6) 2 18 55.5

P28 × 503р22 1  (4.0) 1 0 –

* From the number of pollinated flowers. 
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Fig. 1. GISH image of a wheat–barley substitution line. Barley chromo­
somes are in green, wheat chromosomes are in blue. 
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a

B

D
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1 2 3 4 5 6 7

b

A

B

D

1 2 3 4 5 6 7

Fig. 2. С­banding of the 4Hmar(4B) (2n = 42) (a) and 4Hmar  L (2n = 40 + t) (b) 
substitution lines. 

Fig. 3. PCR amplification of SSR marker Xgwm368 (a) and EST marker 
BAWU808 (b).
а: 1 – T. aestivum; 2 – H. marinum; b: 1 – H. marinum; 2 – T. aestivum;  
3–6 – plants of line 4Нmar(4В). The numbers indicate the fragment length in bp.

1 2

250

3 4 5 6a

1 2

1000
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Molecular analysis confirmed the presence of chromosome 
4Hmar and the absence of chromosome 4B in the genome 
of disomic wheat-barley lines isolated from self-pollinated 
progeny of the hybrid combination P28 × 503p10. Molecular 
markers were used to confirm both the absence of chromo-
some 4B (Fig. 3, a) and the presence of chromosome 4Hmar 
(see Fig. 3, b) in isolated substitution lines. The DNA of the 
parent line P28 and H. marinum was used as a control.

Fig. 4. Coleoptile (a); ears at the base of the leaf (b). 
1 – line 4Hmar(4B); 2 – line P28. 

1 2

a

1 2

b

Characterization of the disomic  
wheat-barley substitution line 4Hmar(4B)
Plants of the line 4Hmar(4B) differed phenotypically from the 
parental line P28. Such traits included pronounced antho-
cya nin coloration of the coleoptile, which is typical for the 
wild barley H. marinum (Fig. 4, a), as well as an absence of 
purple coloration of the ears at the base of the leaves (see  
Fig. 4, b).

Substitution of wheat chromosome 4B for wild barley chro-
mosome 4Hmar resulted in the development of viable plants, in 
which the values of some quantitative traits were higher than 
those of the parent line P28. The plant height and yield-related 
traits in the line 4Hmar(4B) were shown to be significantly 
different from those of the parental line (Table 4). Thus, the 
values of plant height, tiller and spike number per plant, spike 
length, spikelet number per spike, grain number per spike 
and per plant of the line 4Hmar(4B) were significantly higher 
than those of P28, while its thousand-kernel weight was less 
than that in the P28. Figures 5 and 6 show spikes and grains, 
respectively.
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Table 4. Agronomic characteristics of the wheat–barley substitution line 4Hmar(4B)

Genotype Plant height, 
cm

Tiller  
number

Spike 
number

Spike  
length

Spikelet 
number  
per spike

Grain 
number  
per spike

Grain 
number  
per plant 

Thousand­
kernel 
weight

4Hmar(4B) 133.63* 9.11* 5.6* 11.9* 22.3* 63.0* 236* 32.51*

П28 123.73 4.5 3.8    8.3 17.0 43.9 138.3 39.77

НСР05      3.63 2.2 0.8    0.94    0.8    4.56    41.32    3.44

* р < 0.05.

Fig. 6. Grains of line P28 (1); line 4Hmar(4B) (2).

1 2 3 4

1 2

Fig. 5. Spikes of lines: 1 – P28; 2–4 – 4Hmar(4B).

Discussion
Wild relatives of bread wheat and their wheat synthetic de-
rivatives are a valuable resource for introgressive hybridiza-
tion (Davoyan et al., 2012; Molnár-Láng, Linc, 2015; Li et 
al., 2018). Tritordium is used in hybridization with wheat to 
transfer H. chilense chromosomes into the wheat genome 
(Martin, 2017), and triticale is used to transfer rye chromo-
somes (Shchapova, Kravtsova, 1990). 

Earlier in our work, amphiploid H. marinum ssp. gusso­
nea num–T. aestivum (2n = 70) wild barley cytoplasm was 
used as a maternal parent in crosses with bread wheat to 
obtain alloplasmic disomic wheat–barley substitution lines 
7Hmar(7B), 7Hmar(7D), 7HmarL(7D), as well as ditelosomic 
addition lines 2n = 42 + 2t (7HmarL) (Pershina et al., 2004; 

Trubacheeva et al., 2019). In this work, individual plants of 
the incom plete amphiploid H. marinum ssp. gussoneanum–
T. aestivum (2n = 54) with wild barley cytoplasm were used 
as pollinators when crossing with the line P28 to introduce 
the genetic material of  H. marinum into the euplasmic genetic 
background of  bread wheat. The frequency of hybrid seed set 
was low, but some of the F1 hybrid plants were viable, and 
two F1 hybrids (P28 × 503p5) and (P28 × 503p10) set seeds  
that germinated. 

The analysis of the obtained data revealed differences in 
the process of formation and the rate of cytological stabi-
lization between the progeny of hybrids (P28 × 503р5) and 
(P28 × 503p10). This process was slower in the hybrid com-
bination (P28 × 503p5) compared to the combination (P28 × 
503p10). Thus, the progeny of 42-chromosome plants of the 
hybrid (P28 × 503p5) in the F5 and F6 segregated in plants with 
different levels of fertility, including completely sterile ones. 
In F6, only half of 32 plants were fertile and fully fertile. In 
the hybrid combination (P28 × 503p10), on the contrary, only 
fertile or fully fertile plants were obtained in the fifth and 
sixth generations already. In addition, in the progeny of the 
hybrid (P28 × 503p10), in contrast to (P28 × 503p5), barley 
telocentric chromosomes appeared. Such results are consistent 
with the data of the authors who emphasized the uniqueness 
of the progeny of each hybrid grain as a source of diversity 
in the development of wide hybrid derivatives (Shchapova, 
Kravtsova, 1990).

As follows from the results obtained, the process of stabi li-
zation of karyotypes of 42-chromosome plants in the progeny 
of the (P28 × 503p10) F6 hybrid was accompanied by the sub-
stitution of a pair of wheat chromosomes for a pair of H. ma­
rinum chromosomes. It was shown using GISH, C-banding 
and molecular analysis that chromosome 4B was substituted 
by chromosome 4Hmar in cytogenetically stable euploid plants. 
In addition, it was found that telocentrics also belong to the 
chromosome 4Hmar.

The type of wheat-barley substitution was also confirmed 
by the morphological traits that were exhibited in the line 
4Hmar(4B). The absence of purple coloration of the ears at the 
base of the leaves in the line 4Hmar(4B) indicates the absence 
of wheat chromosome 4B, since this trait is controlled by the 
Ra2 gene located on this chromosome (Melz, Thiele, 1990) 
and exhibited in P28. The smaller grain in the substitution line 
4Hmar(4B) can be associated both with the absence of chro-
mosome 4B, which affects the grain size and shape in wheat 
(Rahman et al., 2020), and with the presence of chromoso-
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me 4Hmar, because H. marinum belongs to small-seeded bar-  
ley grasses (Bothmer et al., 1991). 

The line 4Hmar(4B) had a clear phenotypic marker specific 
for H. marinum. This is anthocyanin coleoptile coloration, 
which is absent in the parent line P28 and was previously found 
in the alloplasmic wheat–barley substitution line 7Hmar(7D) 
(Khlestkina et al., 2011). The accumulation of anthocyanin in 
vegetative organs is positively related to resistance to stress 
factors, and in wheat, ability to accumulate anthocyanins in 
the coleoptile is controlled by the Rc (red coleoptile) genes 
(Khlestkina et al., 2011). In this regard, the line 4Hmar(4B) may 
be useful for future studies of resistance to abiotic stresses, 
be cause H. marinum contains resistance genes (Garthwaite et 
al., 2005; Islam et al., 2007; Malik et al., 2009). 

It has been established that homoeologous group 4 chromo-
somes of other barley species also possess genes that could 
be used for wheat breeding. For instance, chromosome 4Hch 
of H. chilense contains genes for resistance to Septoria tritici 
and salt stress (Said, Cabrera, 2009), and chromosome 4H of 
H. vulgare was able to increase water use efficiency associated 
with drought tolerance of a wheat substitution line (Molnár 
et al., 2007). The line 4Hmar(4B) obtained in our work may 
have a potential for breeding, since it is characterized by high 
yield. Thus, the values of the number of spikes, the length of 
the spike, the number of spikelets per spike, the number of 
grains per and per plant in the 4Hmar(4B) line are higher than 
those in the line P28. These results, as well as the cytogenetic 
stability of the line 4Hmar(4B), indicated homoeology and 
high ability of barley 4Hmar chromosome to compensate for  
wheat 4B.

Conclusion
Thus, the efficiency of using the incomplete amphiploid 
(H. ma rinum ssp. gussoneanum–T. aestivum) (2n = 54) with 
wild barley cytoplasm to transfer H. marinum chromosomes 
into euplasmic genetic background of bread wheat has been 
shown.
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Abstract. Wild and domesticated emmer (ВВАА, 2n = 28) are of significant interest for expanding the genetic diversity 
of common wheat as sources of a high protein and microelement grain content, resistance to many biotic and abiotic 
factors. Particular interest in these species is also determined by their close relationship with Triticum aestivum L., 
which facilitates interspecific hybridization. The objective of this work was to analyze the nature of alien introgressions 
in hybrid lines from crossing common wheat varieties with T. dicoccoides and T. dicoccum, and to assess the effect of 
their genome fragments on the cytological stability of introgression lines. A C-banding technique and genotyping 
with SNP and SSR markers were used to determine localization and length of introgression fragments. Assessment of 
cytological stability was carried out on the basis of chromosome behavior in microsporogenesis. A molecular cytoge-
netic analysis of introgression wheat lines indicated that the inclusion of the genetic material of wild and domesticated 
emmer was carried out mainly in the form of whole arms or large fragments in the chromosomes of the B genome 
and less extended inserts in the A genome. At the same time, the highest frequency of introgressions of the emmer 
genome was observed in chromosomes 1A, 1B, 2B, and 3B. The analysis of the final stage of meiosis showed a high 
level of cytological stability in the vast majority of introgression wheat lines (meiotic index was 83.0–99.0 %), which 
ensures the formation of functional gametes in an amount sufficient for successful reproduction. These lines are of 
interest for the selection of promising material with agronomically valuable traits and their subsequent inclusion in 
the breeding process.
Key words: common wheat; Triticum aestivum; T. dicoccoides; T. dicoccum; introgression lines; C-banding; SSR analysis; 
SNP analysis; microsporogenesis; cytological stability.
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Молекулярно-цитологический анализ  
интрогрессивных линий, полученных от скрещивания  
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Аннотация. Дикая и культурная полбы (ВВАА, 2n = 28) представляют значительный интерес для расширения 
генетического разнообразия мягкой пшеницы как источники генетических факторов, определяющих высокое 
содержание белка и микроэлементов в зерне и устойчивость ко многим биотическим и абиотическим факто-
рам. Особое внимание к этим видам обусловлено их близким родством с Triticum aestivum, что облегчает межви-
довую гибридизацию. Целью настоящей работы были анализ характера чужеродных интрогрессий у гибридных 
линий, полученных от скрещивания сортов мягкой пшеницы с T. dicoccoides и T. dicoccum, и оценка их влияния 
на цитологическую стабильность. Для установления локализации и протяженности фрагментов интрогрессии 
использовали С-бэндинг и генотипирование маркерами SNP и SSR. Оценку цитологической стабильности про-
водили на основе изучения поведения хромосом в микроспорогенезе. Молекулярно-цитогенетический ана-
лиз интрогрессивных линий пшеницы свидетельствует о том, что включение генетического материала дикой и 
культурной полб осуществляется преимущественно в виде целых плеч или крупных фрагментов в хромосомах 
генома В и менее протяженных вставок в геноме А. При этом наибольшая частота интрогрессий фрагментов 
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генома полб наблюдалась в хромосомах 1А, 1В, 2В, 3В. Изучение заключительной стадии мейоза показало вы-
сокий уровень цитологической стабильности у большинства интрогрессивных линий пшеницы (мейотический 
индекс составил 83.0–99.0 %), что обеспечивает формирование у них функциональных гамет в количестве, до-
статочном для успешной репродукции. Данные линии представляют интерес для отбора перспективного мате-
риала с хозяйственно ценными признаками с последующим включением их в селекционный процесс.
Ключевые слова: мягкая пшеница; Triticum aestivum; T. dicoccoides; T. dicoccum; интрогрессивные линии; C-бэн-
динг; SSR-анализ; SNP-анализ; микроспорогенез; цитологическая стабильность.

Introduction
Common wheat Triticum aestivum L. (BBAADD, 2n = 42) 
is one of the most important cereal crops and a major source 
of calories for most of the world’s population. In addition to 
food purposes, wheat is used in the pulp and paper and chemi-
cal industries, for the production of ethanol, and flour milling 
waste and feed grains are used as livestock feed. Breeding 
bread wheat for high-yielding varieties has significantly re-
duced the level of genetic diversity compared to wild relatives 
(Xie, Nevo, 2008; Nevo, Chen, 2010; Budak et al., 2013). At 
present, other species of the genus Triticum are increasingly 
used to expand the bread wheat gene pool (Jaradat, 2013; Liu 
et al., 2019; Orlovskaya et al., 2020).

Wild tetraploid wheat, or wild emmer wheat T. dicoccoides 
Schwein f. (BBAA, 2n = 28) appeared as a result of sponta-
neous hybridization between diploid species: T. urartu Thum. 
(AA, 2n = 14) and unknown close relative of Aegilops spel­
toides Tausch. (SS, 2n = 14) (Dvorak et al., 1993; Peng et 
al., 2011). It is assumed that wild emmer participated in the 
formation of domesticated emmer T. dicoccum (Schrank.) 
Schuebl (BBAA, 2n = 28). The formation of common wheat 
occurred as a result of natural hybridization of a tetraploid 
species from the genus Triticum (BBAA) and a diploid species 
Ae. tauschii Coss., a D genome donor (Petersen et al., 2006).

Wild and domesticated emmer are of significant interest 
in expanding the genetic diversity of common wheat. Many 
accessions of T. dicoccoides are known to be adapted to unfa-
vorable environments (Peleg et al., 2005; Nevo, Chen, 2010), 
characterized by a high protein and microelements content 
(Cakmak et al., 2004; Uauy et al., 2006; Wang Z. et al., 2018). 
More than 20 genes and QTLs have been identified in the 
genomes of T. dicoccum and T. dicoccoides for resistance to 
powdery mildew, leaf rust, yellow rust, and Fusarium (Peng et 
al., 2000; Xie, Nevo, 2008). Interest in wild and domesticated 
emmer is also due to phylogenetic relationship with common 
wheat. However, despite the closeness of emmer genomes 
to common wheat genomes A and B, the transfer of alien 
chromatin into cultivars may be accompanied by introgres-
sion of genetic material that negatively affects agronomically 
important traits. 

Cytological and molecular methods are effective tools for 
chromosomal identification of foreign chromatin in the com-
mon wheat genome. One of them is differential staining of 
mitotic chromosomes (C-banding), which makes it possible, 
based on a comparison of C-banding patterns in hybrids and 
initial parental forms, to reveal structural transformations 
of the karyotype, indicating the introgression of foreign 
chromatin. However, many cereal genomes contain an in-
significant amount of heterochromatin, and closely related 
species often have a similar C-banding pattern, which limits 

the application of this method (Surzhikov et al., 2007; Ded-
kova et al., 2009). 

Molecular markers are effective for detecting of structural 
changes in low-heterochromatin genomes and identifying of 
short introgressed fragments, among which SSR and SNP 
markers are most widely used (Zhou et al., 2013; Jorgensen 
et al., 2017). At present molecular genetic maps of the chro-
mosomes of hexaploid wheat and wild emmer have been 
constructed based on SSR and SNP markers specific for the A, 
B, and D genomes of T. aestivum (Röder et al., 1998; Pestsova 
et al., 2000; Wang S. et al., 2014; Maccaferri et al., 2015). The 
use of molecular markers increases the efficiency of foreign 
introgression monitoring.

Previously, we studied the nature of foreign substitutions 
and translocations and the process of stabilization of hybrid 
lines obtained by crossing common wheat varieties with T. ki­
harae (AtAtGGDD, 2n = 42) (Orlovskaya et al., 2020). It has 
been shown that the introgression of the genetic material of 
T. kiharae occurs as whole chromosomes or large fragments 
(centric and terminal translocations). The objective of this 
work was to analyze the nature of alien introgressions in 
hybrid lines obtained from hybridization of common wheat 
varieties with T. dicoccoides and T. dicoccum, and to assess 
their effect on the cytological stability of introgression lines.

Materials and methods
We used nine F10 lines obtained at the Institute of Genetics 
and Cytology of the National Academy of Sciences of Bela-
rus, from crossing common wheat varieties T. aestivum (Ras-
svet, Festivalnaya, and Pitic S62) with emmer accessions 
from the N.I. Vavilov All-Russian Institute of Plant Genetic 
Resources (VIR) collection T. dicoccoides k-5199 and T. di­
coccoides (the origin of this accession is unknown), and T. di­
coccum k-45926. Line 29 (Rassvet × T. dicoccoides k-5199); 
lines 11-1, 13-3, 15-7-2, and 16-5 (T. dicoccoides × Festival-
naya); lines 206-2-2 and 213-1-2 (Pitic S62 × T. dicoccum 
k-45926) and lines 1-3 and 2-7 (Festivalnaya × T. dicoccum 
k-45926) were created by self-pollination of F1 hybrids and 
subsequent generations and selected for molecular cytoge-
netic studies based on the assessment of the inheritance of 
morphological and productivity traits in F1–F9 generations.

The preparation of cytological plates and the procedure 
of C-banding were performed according to the method of   

E.D. Badaeva et al. (1994). Identification of individual chro-
mosomes of A-, B- and D-genomes was carried out in ac-
cor dance with the generalized ideogramme of differentially 
stained chromosomes developed by E.D. Badaeva et al. (1990). 
Stained slides were analyzed using Amplival microscope 
(Carl Zeiss, Jena, Germany). Selected metaphase plates were 
photographed using the Leica DC 300 digital video camera. 
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Table 1. Chromosomal localization of emmer genetic material in introgression wheat lines  
according to C-banding and genotyping data using SSR and SNP markers

Cross combination Line C-banding SSR and SNP markers

Rassvet × T. dicoccoides k-5199 29 1ВL, 2ВS, 3В, 5ВL 1ВL, 2BS, 3В, 5В, 6AL

T. dicoccoides × Festivalnaya 11-1 1В, 2ВL, 3BS, 4AL, 5ВL 1AL, 1ВL, 2BL, 4AL, 4B, 5ВL, 6AL, 6BL, 7A, 7B

13-3 2BL, 3B, 4AL, 6AL, 6BS, 7BS 1A, 1BL, 2A, 2B, 3A, 3B, 4A, 4B, 5A, 5ВS, 6AL, 6B, 7A, 7B

15-7-2 2ВL, 3ВL, 5ВL 1AL, 1BL, 2B, 3A, 3BL, 4AL, 4B, 5AL, 5BL, 6BL, 7AL, 7BL

16-5 2ВL, 3ВL, 5ВL, 6BS 1A, 1B, 2B, 3A, 3BL, 4AL, 4B, 5BL, 6AL, 6B, 7A, 7B

Pitic S62 × T. dicoccum k-45926 206-2-2 1ВL, 7А, 7ВL 1AL, 1BL, 2AL, 2B, 3AL, 3BL, 4AL, 4BL, 5AL, 5BL, 6AL, 6BS, 7A, 7BL

213-1-2 2ВL 1BL, 2AL, 2BL, 3AL, 3BL, 4AL, 5AL, 5BL, 6A, 7AL, 7BL

T. dicoccum k-45926 × Festivalnaya 1-3 1AL, 1BS, 2AL, 6BL 1AL, 1BS, 2AL, 2B, 3AS, 3BL, 4AS, 5AL, 5BL, 6AS, 6BL, 7AS, 7B

2-7 1BS, 2AS, 3B, 4AL, 6BL, 7BL 1AS, 1BS, 2AS, 2BL, 3A, 3B, 4AL, 5A, 5BL, 6AS, 6BL, 7AS, 7BL

Processing of the obtained images was carried out using gra-
phics editor Adobe Photoshop 2017.

Genomic DNA was isolated from the seedlings of 5–7-days 
old as described in E.S. Skolotneva et al. (2017). Genotyping 
with SNP markers was performed using Illumina Infinium 
20K chip technology (TraitGenetics, Germany, http://www.
traitgenetics.com). SSR markers (WMC, GWM, and GDM) 
were used to clarify the chromosomal location and the length 
of introgression fragments, using two or more mar kers per 
chromosome arm. Polymerase chain reaction (PCR) pro-
tocols for SSR markers are described in M.S. Röder et al. 
(1998). Separation of  PCR fragments was performed on an 
ABI PRISM 3100 automatic sequencer (Applied Biosys-
tems, USA). The fragment size was calculated using the ABI 
 GeneScan software (version 2.1). Putative chromosomal lo-
ca lization was determined based on wheat chromosome con-
sensus maps constructed using SSR and SNP markers (Somers 
et al., 2004; Wang S. et al., 2014). 

Microsporogenesis was studied on temporary squashed 
preparations. Spikes were cut before leaving the leaf sheath 
and fixed in the ethanol-acetic mixture (3:1). A day after fixa-
tion, the material was transferred to 70 % ethyl alcohol, where 
it was stored before analysis at t = +2–4 °С. Acetoorcein (2 %) 
was used as a dye. For each cross combination and initial 
forms, 30 plates of metaphase I and 50–100 microsporocytes 
of the following stages of meiosis (anaphase I and II, meta-
phase II, tetrads) were analyzed. The slides were analyzed on 
the microscope Amplival (Carl Zeiss) with Apochromate lens 
100x aperture 1.32 MI. 

Statistical data analysis was carried out using STATISTICA 
v. 10 (http://statsoft.ru/) and MS Excel 2010. 

Results

C-banding
In this study, karyotyping of five hybrid lines obtained with 
the involvement of common wheat cultivars and two acces-
sion of T. dicoccoides was carried out. Of these, two lines 
(11-1 and 13-3) were tetraploid (2n = 4x = 28), while others 
were stabilized at the hexaploid ploidy level (2n = 6x = 42).

Both T. dicoccoides accessions had an almost  identical 
C-banding pattern, while differences between varieties were 
observed in the degree of expression and the presence/ab-
sence of a number of telomeric and intercalary blocks of 
heterochromatin, which ensured the individuality of their 
karyotypes. The vast majority of these differences were found 
in the heterochromatin-rich genome B. As for the A-genome, 
polymorphism between parental forms was noted only in 
two chromosomes – 4A and 6A, and only in the T. dicoc­
coides × Festivalnaya cross combination: chromosome 4A of 
T. dicoccoides has a large telomeric block of heterochromatin 
in the long arm, while Festivalnaya has a more pronounced 
subtelomeric block. The 6A chromosome of T. dicoccoides 
is also distinguished by the presence of a bright intercalary 
block in the proximal region of the long arm. Comparison of 
the obtained patterns of differential chromosomes staining in 
hybrid lines of wheat and the corresponding parental forms 
made it possible to identify the presence of introgressions of 
the genetic material of T. dicoccoides in all five lines (Table 1). 

In line 29, the distribution of heterochromatin blocks cha-
racteristic of wild emmer was noted in the proximal region of 
the long arm of chromosome 1B and in the distal regions of the 
short arm of chromosome 2B and the long arm of 5B (Fig. 1). 

It is not possible to determine the size of the T. dicoccoides 
genome fragments included in the cv. Rassvet genome due to 
the identity of the C-banding patterns of the parental forms 
in the adjacent regions of the chromosomes. In this regard, in 
Fig. 1 and in all subsequent Figures depicting the karyotypes 
of the studied lines, arrows mark only the localization sites 
of alien fragments. Changes in the C-banding pattern were 
also detected in chromosome 3B, both in the long and short 
arms, which gave us reason to assume that in this case, the 
whole chromosome of T. dicoccoides was introgressed. As 
for chromosome 4B, in all parental forms this chromosome 
had an identical pattern of staining, which did not allow us to 
conclude the possible fact of the genetic material exchange 
between these homoeologs of wheat and T. dicoccoides in 
any of the hybrid lines.

In the karyotype of line 11-1, the C-banding pattern typical 
for T. dicoccoides was observed in the distal region of the long 

http://statsoft.ru/
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arm of chromosome 4A, as well as in the central regions of 
the short arm of 3B and long arms of chromosomes 2B and 
5B (Fig. 2, a). Taking into account that 4A homoeolog of wild 
emmer and Festivalnaya differ only in the C-banding pattern 
of the distal region of the long arm, it is not possible to infer 
unequivocally whether the whole emmer chromosome, or 
the long arm, or only its distal part was introgressed. At the 
same time, chromosome 1B, judging by the distribution of 
heterochromatin blocks in both arms, most likely belongs 
entirely to T. dicoccoides. In other cases, the insertion of em-
mer chromatin fragments is more likely.

The karyotype of line 13-3 (see Fig. 2, b) demonstrated 
changes in the C-banding pattern in the distal region of the 
long arm of chromosome 4A similar to changes in line 11-1. 
In addition, chromosome 6A has a bright intercalary block 
typical to T. dicoccoides in the proximal region of the long 
arm. As for the chromosomes of the genome B, introgres-
sions of T. dicoccoides were identified in 2BL (presumably 
the whole arm belongs to wild emmer), and in the distal 6BS 
and proximal 7BS regions. Chromosome 3B, according to the 
C- banding pattern, belongs entirely to wild emmer. Of particu-
lar note is the fact that this line contains a heteromorphic pair 
of chromosomes 6B, in which only one of the homoeologs 
is characterized by a change in the C-banding pattern in the 
distal region of the short arm. At the same time, the size of 
the introduced emmer fragment is unclear, since, as in the 
case of chromosome 4A, polymorphism in the distribution 
of heterochromatin blocks in 6B homologues was noted only 
in the above region.

For line 15-7-2, introgression of the T. dicoccoides genetic 
material was found in the long arm of chromosome 2B, as well 
as in the proximal regions of the long arms of chromosomes 
3B and 5B (see Fig. 2, c).

A similar set of recombinant chromosomes (2B, 3B, and 
5B) was found in line 16-5 with the only difference that chro-

mosome 5B contained a fragment of emmer chromatin not 
from the proximal, but from  distal region of the long arm. In 
addition, a fragment of T. dicoccoides chromatin was identi-
fied in the distal region of the short arm of chromosome 6B 
(see Fig. 2, d ). 

It should be noted that introgression of the genetic material 
of T. dicoccoides into the genome of common wheat occurred 
in accordance with the homoeology of chromosomes. In the 
course of stabilization of karyotypes in each homoeologous 
group, identical variants of resulting recombinant chromo-
somes were selected, and as a result, all introduced fragments 
of the emmer genome are present in disomic state (the only 
exception is 6B chromosome in line 13-3). No chromatin 
exchanges between non-homoeologous chromosomes were 
found in the studied material.

The study of the nature of introgressions of domesticated 
emmer T. dicoccum k-45926 into the genome of common 
wheat was carried out using the material of four hybrid lines 
developed with the involvement of wheat varieties Festival-
naya and Pitic S62. Analysis of the karyotype of the emmer 
wheat demonstrated the presence of the T7AL-5BS.5BL 
translocation resulting from the transfer of a fragment of the 
long arm of chromosome 7A to the distal region of the short 
arm of chromosome 5B. The other structural transformations 
were found in chromosome 7A with a deletion of the distal part 
of the long arm. According to the literature data, both types 
of aberrant chromosomes are widespread among T. dicoccum 
accessions growing in the Mediterranean and Western Europe 
(Dedkova et al., 2007). Similar structural rearrangements of 
chromosomes were also noted in some T. dicoccoides geno-
types (Badaeva et al., 2007).

When comparing the obtained patterns of differential stain-
ing of chromosomes in hybrid wheat lines and corresponding 
parental forms, the presence of introgressions of the T. dicoc­
cum genetic material was established in all the lines under 
study (see Table 1). In the karyotype of line 1-3 from the 
T. dicoccum × Festivalnaya cross combination, C-banding pat-
tern typical for T. dicoccum was observed in the distal regions 
of long arms of chromosomes 1A, 2A, and 6B. The size of 
introgressed fragments was approximately equal to half of 
the arm. For chromosome 1B, the insertion of a short arm of 
domesticated emmer was identified (Fig. 3, a).

The second line from the same cross combination is charac-
terized by a larger amount of introgressed emmer chromatin: 
in the karyotypes of all analyzed plants, emmer chromatin 
was found in chromosome 3B, in chromosome 1B, near 
telomeres of 6B and 7B chromosomes, in the distal region of 
chromosome 2A, and also the distal region of the long arm 
of chromosome 4A (see Fig. 3, b).

In the karyotype of line 206-2-2 from the cross combination 
Pitic S62 × T. dicoccum k-45926, chromosome 7A, charac-
teristic of the original emmer accession, was present with a 
deletion of the distal fragment of the long arm. The similarity 
of C-banding patterns in the short arms of this chromosome 
in the parental wheat cultivar and emmer does not allow us to 
make an unambiguous conclusion whether this chromosome 
is recombinant or completely belongs to emmer. We are more 
inclined to the second option. In addition, the C- banding pat-
tern typical of T. dicoccum k-45926 was noted in the distal 

Fig. 1. Karyotype of introgression wheat line 29 Rassvet × T. dicoccoides 
k-5199. 
Here and in Fig. 2: locations of introgressed fragments of wild emmer are 
indicated by arrows.
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Fig. 2. Karyotypes of introgression wheat lines of T. dicoccoides × Festivalnaya cross combination. Lines: a – 11-1; b – 13-3;  
c – 15-7-2; d – 16-5. 
Intact arms of T. dicoccoides are indicated with a superscript “d”. 
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regions of chromosomes 1BL and 7BL (Fig. 4, a). The smallest 
amount of T. dicoccum k-45926 genetic material (long arm 
of chromosome 2B) introduced into the wheat genome was 
found in line 213-1-2 (see Fig. 4, b). As in case of the intro-
gression of the wild emmer genetic material, all introduced 
fragments of the domesticated emmer genome are present in 
the karyotypes of hybrid lines in the disomic state. 

Molecular analysis
The number of SNP markers mapped on different chromo-
somes of A-, B- or D-genomes varied significantly with the 
smallest number noted for chromosomes of the 4th homoeo-

logical group (Supplementary Material 1)1. More than 50 % 
of SNP markers of A and B genomes revealed polymorphism 
between T. dicoccum, T. dicoccoides and parental wheat varie-
ties. A high amplification level of SNP markers of the D geno-
me was also noted in T. dicoccum and T. dicoccoides. How-
ever, it is currently not possible to establish their chromosomal 
localization in the genome of wild and domesticated emmer. 

Despite the high coverage of chromosomes with SNP mar-
kers, in the distal regions of some chromosomes (1AS, 1AL, 
2BS, 3BL, 4AS, 4BL, 6AL, and 7AS) the number of polymor-
1 Supplementary Materials 1 and 2 are available in the online version of the paper: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Orlovskaya_Engl_27_6.pdf

https://vavilov.elpub.ru/jour/manager/files/Suppl_Orlovskaya_Engl_27_6.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Orlovskaya_Engl_27_6.pdf
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Fig. 3. Karyotypes of introgression wheat lines of T. dicoccum k-45926 × Festivalnaya combination: a – line 1-3; b – line 2-7. 
Here and in Fig. 4: introduced chromosomes and whole arms of T. dicoccum k-45926 are marked with a superscript “d”. Arrows indicate location of introgression 
fragments of domesticated emmer.

Fig. 4. Karyotypes of Pitic S62 × T. dicoccum k-45926 introgression wheat lines: a – line 206-2-2; b – line 213-1-2. 
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phic markers was insufficient to determine the completeness 
of substitution and fragment lengths. SSR markers were ad-
ditionally used to correct the length of introgressed fragments. 
Analysis of the polymorphism of SSR markers indicates that 
almost all of the markers used are polymorphic, while the 
ab sence of amplification fragments for D-genome markers in 
tetraploid species was established (see Supplementary Ma- 
 terial 1). 

Genotyping of introgression lines of wheat and initial pa-
rental forms indicates that all the studied lines had recombina-
tion events involving chromosomes of wheat relatives or their 

fragments (see Table 1). At the same time, the frequency of 
substitutions and translocations and the length of introgressed 
fragments depend on the hybrid combination and the direc-
tion of crossing (see Table 1, Supplementary Material 2). 
Comparison of the amplification spectra of SNP and SSR 
markers demonstrated the presence of the wild emmer genetic 
material in most common wheat chromosomes, except for 
line 29 (Rassvet × T. dicoccoides k-5199). Only five fragments 
were found in the genome of this line, and their localization 
coincides with the data of cytological analysis. Perhaps this 
is due to the direction of crossing, since in this case the wheat 
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variety was used as a maternal component in contrast to the 
lines of the T. dicoccoides × Festivalnaya combination, where 
bread wheat was used as a pollinator.

Two lines from the T. dicoccoides × Festivalnaya combi-
nation (11-1 and 13-3) stabilized at the tetraploid level of 
ploidy; however, the nature of the recombination events of 
these lines was different. Fragments of introgression in line 
13-3 are, as a rule, longer than in line 11-1. In line 11-1, ac-
cording to molecular analysis, a complete replacement of 
the long arms of chromosomes 1B, 4A, 5B, 6A, and 7A is 
assumed; in other cases, inserts of foreign chromatin were 
insignificant (see Supplementary Material 2). In lines 15-7-2 
and 16-5, alien chromatin was not found in chromosome 6A 
and 5A, respectively, and both lines have no introgressions 
in chromosome 2A. 

However, these lines differed in the localization and extent 
of introgression fragments. Thus, in line 16-5, the inclusion 
of the genetic material of the T. dicoccoides B-genome was 
carried out in the form of larger fragments than in line 15-7-2 
(see Supplementary Material 2). As for recombination events 
in the genome A, in line 16-5 a significant part of the 7А chro-
mosome is replaced by the T. dicoccoides chromosome; 3AS 
and 4AL also originated from wild emmer. In the remaining 
A-genome chromosomes, T. dicoccoides segments were of 
small length and were found mainly in long arms. In line 
15-7-2, small introgression fragments in the A-genome were 
found only in the long arms of chromosomes. An exception 
was chromosome 3A in which foreign chromatin was found 
in both arms (see Supplementary Material 2).

Line 206-2-2 (Pitic S62 × T. dicoccum k-45926) contained 
the genetic material of domesticated emmer in all chromo-
somes of A- and B-genomes; in line 213-1-2, introgression was 
not detected in chromosomes 1A, 4B, and 6B. Recombination 
events in the lines of this cross combination were of similar 
character (see Supplementary Material 2). For lines 1-3 and 
2-7 of T. dicoccum k-45926 × Festivalnaya, molecular analysis 
did not show the presence of the alien genetic material only 
in chromosome 4B, while in chromosomes 1A, 2A, 2B, 3B, 
4A and 7B fragments of domesticated emmer were localized 
in different arms (see Supplementary Material 2).

Microsporogenesis
The analysis of the chromosome behavior at the metaphase I 
stage showed that the number of chromosomes forming 
bivalents in all introgression lines exceeded 90 % and in the 
majority approached 100 % (Table 2). The highest level of 
chromosome pairing was noted in line 16-5 – 100 %. Only one 
cell with two univalents out of all studied pollen mother cells 
(PMC) was found in lines 29 and 1-3; single cells with two 
univalents were found in lines 13-3, 15-7-2, 213-1-2, and 2-7. 
In line 11-1, 73.3 % of cells with disorders were found out of 
the number of analyzed PMCs, and the number of univalents 
in them varied from two (33.3 %) to six (10.0 %). It should 
be noted that line 11-1 is also characterized by the highest 
number of open bivalents among the studied genotypes, which 
indicates weakening of chromosome pairing (see Table 2). 
The subsequent stages of meiosis proceeded with minor dis-
turbances, which led to the formation of normal tetrads at the 
final stage (Table 3).

The exception was line 11-1 with the meiotic index of only 
53.65 %, which is consistent with the data obtained from the 
analysis of the behavior of chromosomes at the metaphase I. It 
is the line that is characterized by the lowest level of synapsis 
among the studied introgression lines (see Table 2). Lines with 
a high rate of chromosomal associations in the early stages 
of meiosis, as a rule, had a higher value of the meiotic index 
(83.0–99.0 %). 

At the final stage of meiosis, along with normal tetrads, 
abnormal tetrads with micronuclei of various sizes are formed, 
the number of which varied in the studied material from 1 to 6, 
but most often tetrads with 1–2 micronuclei were formed. It 
should be noted that the spectrum of abnormalities in more 
stable lines was much smaller. For example, in line 2–7 with 
a high meiotic index, only one cell with one micronucleus was 
found. PMCs containing six micronuclei were noted only for 
the least stable lines 11-1 and 206-2-2, and their frequency 
was very low (0.91–2.0 % of the total number of analyzed 
cells). In line 13-3, single triads and pentads were observed. 
The number of cells with such disorders was only 1.11 %. 
The appearance of triads is often explained by the presence 
of an autonomous spindle at metaphase I or metaphase II, 
the absence of kinetochore fibrils, or abnormal premature 
cytokinesis in prophase II (Sosnikhina et al., 2007).

It should be noted that a sufficiently high level of chromo-
some synapsis was already established by us in F2

 hybrids 
from crossing emmer wheat with common wheat varieties 
(Or lovskaya et al., 2010). The number of chromosomes in-
cluded in the bivalents in these hybrids was at the level of 
90.9–99.3 %. As a rule, only two chromosomes did not enter 
the mating process. Despite the rather high level of chromo-
some pairing of F2

 hybrids in metaphase I, the subsequent 
stages of meiosis in this generation proceeded with significant 
abnormalities. As a result, the percentage of normal tetrads 
(meiotic index as an indicator of the normal meiosis) was very 
low, ranging from 8 to 20 %. The obtained results indicate that 
by the tenth generation there was a significant stabilization of 
the meiosis, which ensures the formation of a sufficient number 
of functional gametes for the successful reproduction of the 
developed hybrid material.

Discussion 
The data obtained indicate a high frequency of introgression 
of the genetic material of emmer wheat into the genome of the 
common wheat cultivar. It should be noted that the data of SNP 
and SSR analyses confirm the results of differential staining of 
chromosomes. Thus, the highest frequency of incorporation 
of the genetic material of T. dicoccum and T. dicoccoides into 
the common wheat genome was found for chromosomes 1B, 
2B, and 3B, both according to the results of molecular analysis 
and C-banding. 

Identification of introgressions in chromosomes of the 
A-genome using C banding, as already noted, is difficult 
due to the small number of diagnostic blocks and low poly-
morphism of A-genome chromosomes. In addition, wild and 
domesticated emmer wheat are tetraploid (2n = 4x = 28) 
with the BBAA genomic structure, where both genomes 
are homologous to the corresponding T. aestivum genomes 
(2n = 6x = 42; BBAADD genome). As a result, these species 
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Table 2. Average frequencies of different chromosome associations in metaphase I  
of F10 common wheat introgression lines and their parents

Cross combination/ 
parental varieties

Line Bivalent, pсs Chromosome 
number  
in bivalent, %

Univalent,  
pcs

closed opened Total

Rassvet × T. dicoccoides k-5199 29 19.23 ± 0.22 1.73 ± 0.22 20.96 ± 0.03 99.76 0.07 ± 0.06

T. dicoccoides × Festivalnaya 11-1    7.37 ± 0.33 5.30 ± 0.26 12.67 ± 0.23 90.48 2.47 ± 0.35

13-3 12.23 ± 0.26 1.67 ± 0.24 13.90 ± 0.06 99.29 0.20 ± 0.11

15-7-2 19.50 ± 0.22 1.23 ± 0.21 20.73 ± 0.08 98.7 0.53 ± 0.16

16-5 19.67 ± 0.19 1.33 ± 0.20 21.00 ± 0 100 0

Pitic S62 × T. dicoccum k-45926 206-2-2 18.30 ± 0.28 2.40 ± 0.28 20.70 ± 0.1 98.57 0.60 ± 0.2

213-1-2 19.27 ± 0.26 1.60 ± 0.24 20.87 ± 0.08 99.37 0.27 ± 0.16

T. dicoccum k-45926 × Festivalnaya 1-3 19.50 ± 0.18 1.47 ± 0.18 20.97 ± 0.03 99.84 0.07 ± 0.06

2-7 19.50 ± 0.23 1.43 ± 0.22 20.93 ± 0.05 99.68 0.13 ± 0.09

Pitic S62 19.80 ± 0.19 1.17 ± 0.19 20.97 ± 0.03 99.84 0.07 ± 0.06

Rassvet 20.03 ± 0.16 0.97 ± 0.16 21.00 ± 0 100.0 0

Festivalnaya 19.50 ± 0.21 1.43 ± 0.21 20.97 ± 0.03 99.76 0.06 ± 0.06

T. dicoccum k-45926 12.97 ± 0.24 0.97 ± 0.24 13.97 ± 0.03 99.76 0.07 ± 0.06

T. dicoccoides 12.63 ± 0.18 1.30 ± 0.18 13.93 ± 0.07 99.52 0.07 ± 0.06

T. dicoccoides k-5199 12.20 ± 0.49 1.50 ± 0.43 13.70 ± 0.21 97.86 0.60 ± 0.43

Table 3. Characterization of meiotic stages in common wheat introgression lines and their parents

Cross combination/ 
parental varieties 

Line Number of normal PMCs, % Meiotic  
index, % 

Anaphase I Metaphase II Anaphase II

Rassvet × T. dicoccoides k-5199 29 68.00 81.67 82.86 93.00

T. dicoccoides × Festivalnaya 11-1 49.18 41.82 19.51 53.65

13-3 80.0 74.55 80.0 92.33

15-7-2 78.30 81.40 82.00 86.20

16-5 85.00 88.57 85.00 89.09

Pitic S62 × T. dicoccum k-45926 206-2-2 62.9 77.14 88.57 83.0

213-1-2 86.0 85.0 85.37 92.0

T. dicoccum k-45926 × Festivalnaya 1-3 82.86 90.00 90.01 96.00

2-7 83.33 86.25 82.86 99.00

Pitic S62 87.14 89.19 80.0 87.00

Rassvet 80.00 96.67 91.12 99.00

Festivalnaya 82.50 90.91 88.32 84.55

T. dicoccum k-45926 91.25 92.50 95.00 97.50

T. dicoccoides 91.67 80.00 82.86 96.25

T. dicoccoides k-5199 82.35 81.67 85.00 95.71
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have the same pattern of genome-specific C-bands, and the 
differences necessary for monitoring of alien introgressions 
may only concern permanent blocks of heterochromatin that 
are polymorphic in size, as well as non-permanent C-bands 
that vary in the presence/absence and size. This greatly com-
plicates the detection of the introgression of emmer chromatin 
in the common wheat genome by C-banding. Therefore, for a 
more accurate description of chromosomal rearrangements, it 
is optimal to use both molecular and cytological methods. This 
has been demonstrated in different studies where hybrid forms 
from crossing different types of wheat, barley and triticale 
were investigated (Silkova et al., 2006; Mattera et al., 2015; 
Adonina et al., 2022). 

The results of marker analysis indicate that the level of 
polymorphism and information content of SNP markers is 
lower compared to SSR markers (see Supplementary Mate-
rial 1). This is supported by literature data obtained on various 
plant species (Singh et al., 2013; Garcia et al., 2018; Tereba, 
Konecka, 2021). However, a decrease in information content 
is compensated by a higher level of coverage of molecular 
genetic maps of chromosomes with SNP markers and a low 
level of null alleles in distant species. 

A high level of SSR marker polymorphism is noted in most 
studies on the genetic diversity of varieties and hybrid forms 
of cereal crops (Jlassi et al., 2021; Pour-Aboughadareh et al., 
2022). According to many authors, the amplification of the 
D-genome specific SSR markers in the genomes of alien spe-
cies is 10–30 % (Salina et al., 2006; El-Rawy, Hassan, 2021).

It can be noted that recombination events in lines developed 
with the involvement of wild emmer occurred much more 
often in the long arms of chromosomes, which is consistent 
with the data obtained in the study of SNP polymorphism 
of 445 recombinant lines from crossing durum wheat with a 
sample of wild emmer (Jorgensen et al., 2017). 

The high frequency of introgressions of the genetic material 
of T. dicoccum and T. dicoccoides into the genome of T. aes­
tivum revealed in this work is a consequence of the similarity 
of the subgenomes of common wheat and emmer. Studies by 
a large group of scientists on the comparative analysis of the 
A-, B-, D-genomes of common wheat and its diploid and tet-
raploid relatives showed a high degree of homology between 
the corresponding genomes of related species (Petersen et al., 
2006; IWGSC, 2014). At the same time, obvious differences 
between the species of the genus Triticum have been identi-
fied in the form of the loss of genetic material, the formation 
of new genes, and duplications resulting from evolutionary 
processes (IWGSC, 2014; Bariah et al., 2020). In addition, 
some studies have found silencing or alteration of gene func-
tion (Ozkan et al., 2001; Kashkush et al., 2002; Feldman, Levy, 
2012). During the cultivation of wild emmer, changes were 
found both in morphological features and in the structure of 
the genome. For example, the genome size of domesticated 
emmer was slightly reduced compared to wild emmer (12.87 
and 12.91 pg, respectively) (Eilam et al., 2008). All this leads 
to differences in the nucleotide sequence in the homologous 
chromosomes of T. aestivum and T. dicoccoides, which in turn 
affects the frequency of recombination events. 

In our study, the lowest level of introgression was noted for 
chromosome 2A; for two out of five lines, no rearrangements 

were found in chromosomes 3A (see Table 1), which is consis-
tent with the literature data. Thus, the analysis of the nucleo-
tide polymorphism of the A- and B-genomes of T. aestivum 
and T. dicoccoides revealed significant differences between 
the 2A chromosomes of these related species. The average 
nucleotide polymorphism in this chromosome of T. aestivum 
and T. dicoccoides was 0.56 and 0.83, respectively, and the 
average number of haplotypes per locus was 1.85 and 2.25, 
respectively (Akhunov et al., 2010). Significant differences 
were also found between chromosomes 3A and 4A of T. aes­
tivum and T. dicoccoides compared to other chromosomes 
(Akhunov et al., 2010). It should be noted that a comparative 
analysis of the subgenomes of common wheat and diploid and 
tetraploid relatives of T. aestivum showed some differences 
in the sequence of genes on chromosomes 2A and 7B, which 
suggests the presence of small translocations or introgressions 
that occurred during evolution (IWGSC, 2014).

Taking into account the homoeology of the A- and B-ge-
nomes of T. aestivum with similar genomes of T. dicoccoides 
and T. dicoccum, one should expect a rather high level of 
chromosome pairing in metaphase I of meiosis of F1 hybrids 
followed by the formation of reciprocal exchanges between 
the regions of homologous wheat and emmer chromosomes. 
Analysis of the metaphase I stage revealed a high level of 
bivalent pairing of chromosomes in all studied F10 introgres-
sion lines (see Table 2). 

It is known that the long arm of chromosome 5B contains 
the Ph1 locus, which is the main regulator of chromosome 
synapsis and prevents mating of homoeologs (Riley, Chap-
man, 1958; Naranjo, 2012). The lack of activity of this locus 
in diploid relatives of wheat indicates its occurrence as a result 
of structural changes in chromosome 5B after polyploidiza-
tion (Chapman, Riley, 1970). Ph1 candidate gene (C­Ph1) 
has been identified, whose silencing resulted in formation 
of multivalents (Bhullar et al., 2014). Three homoeologous 
copies of C­Ph1 were found on chromosomes 5A, 5B and 5D. 

The nucleotide sequence of homoeologous genes has a 
similarity of about 90 % and differs, as a rule, by insertions and 
deletions, which lead to changes in the amino acid sequence of 
the protein. In addition, significant differences were found in 
the level of expression of  homoeologous genes during different 
stages of the meiotic cycle. For C­Ph1 on chromosome 5B, 
the highest level of activity was noted during metaphase I, the 
 lowest level was observed during anaphase I and the absence 
of activity at subsequent stages. The 5A copy was expressed 
during anaphase I, dyad and tetrad stages. The 5D copy 
showed the highest activity during early stages of meiosis 
(interphase and prophase stages) (Bhullar et al., 2014). In 
our study, all lines, with the exception of line 13-3, revealed 
structural changes in the long arm of chromosome 5B; how-
ever, as a rule, these transformations do not cause significant 
weakening of homologue synapsis. A negative effect of chro-
matin introgression of the wild emmer 5B chromosome is most 
pronounced in line 11-1, which may be due to the length of 
the translocated fragment (Supplementary Material 2).

For lines developed with the involvement of domesticated 
emmer, a higher meiotic index was noted than for lines based 
on wild emmer. The maximum meiotic index was found for 
lines 2-7 and 1-3 of T. dicoccum k-45926 × Festivalnaya (see 
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Table 3). This is probably due to the closer similarity between 
the A and B genomes of T. aestivum and T. dicoccum. The 
highest stability among the lines with the insertion of the wild 
emmer genetic material was found for line 29 (93.0 %), the 
level of chromosome pairing of which was one of the highest 
(see Table 2). Line 16-5 with 100 % of the number of chromo-
somes included in bivalents was characterized by a lower value 
for this indicator (89.09 %). This fact can be explained by dif-
ferences in the number of introgressed fragments in lines 29 
and 16-5. Thus, line 29 contains fragments of the foreign 
genome in 5 chromosomes, and line 16-5 in 12 chromosomes. 

Correlations between the number of alien fragments and the 
meiosis abnormality degree are also shown in the publications 
of other researchers (Gordeeva et al., 2009; Zeng et al., 2013). 
In addition, one should not exclude an influence of the geno-
type of the original wheat variety on the cytological stability 
of the studied lines. Thus, the meiotic index of the Rassvet 
variety (99.0 %) was higher than that of the Festivalnaya va-
riety (84.55 %), and line 29 developed with the involvement 
of a more stable variety had the highest percentage of normal 
tetrads among introgression lines (see Table 3).

All lines with a high meiotic index contain alien fragments 
in chromosomes 1B, 2B, and 3B; most lines – in chromosomes 
5B and 6B and are of interest for expanding of the wheat gene 
pool. For example, a functional allele of the Gpc­B1 gene 
associated with a high content of protein and some microele-
ments in wheat grain were found on chromosome 6B of wild 
emmer (Uauy et al., 2006). In wild emmer accessions, genes 
associated with an increased content of total grain protein 
were also found on chromosomes 2A, 5B, 6B, and 7B (Ohm 
et al., 2010). Powdery mildew resistance genes were mapped 
on chromosomes 2B (Zhang et al., 2010) and 5B (Xue et al., 
2012) of wild emmer, and drought resistance genes were 
mapped to 5B loci (Akpinar et al., 2015). Currently, using the 
GWAS and RNA-seq approach, genetic factors associated with 
the accumulation of protein and minerals in wild emmer have 
been identified (Liu et al., 2021; Gong et al., 2022).

Conclusion
Thus, the results of molecular cytogenetic analysis of intro-
gression wheat lines indicate that the insertion of the genetic 
material of wild and domesticated emmer, whose genomes are 
homologous to common wheat genomes, occurs mainly in the 
form of whole arms or large fragments in the chromosomes 
of the B-genome and less extended inserts in genome A. At 
the same time, the highest frequency of introgression emmer 
genome was observed in chromosomes 1A, 1B, 2B, and 3B.

The use of karyotyping methods in combination with scree-
ning of hybrid lines with molecular markers makes it possible 
to obtain extensive information on chromosomal rearrange-
ments and the sizes of alien introgressed fragments. Analysis 
of the final stage of meiosis showed a high level of cytological 
stability in the vast majority of studied wheat lines. It should be 
noted that the lines characterized by an insignificant number of 
anomalies at the early stages of microsporogenesis, as a rule, 
had a higher value of the meiotic index. Introgression lines 
with a normal course of meiosis will be used in further studies 
(identification of genes that control resistance to biotic and 
abiotic stressors, high grain quality, etc.) in order to identify 
promising material for inclusion in the breeding process.
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Abstract. Charcoal rot (CR) caused by the fungal pathogen Macrophomina phaseolina is a devastating disease affect-
ing soybean (Glycine max (L.) Merrill.) worldwide. Identifying the genetic factors associated with resistance to charcoal 
rot is crucial for developing disease-resistant soybean cultivars. In this research, we conducted a genome-wide as-
sociation study (GWAS) using different models and genotypic data to unravel the genetic determinants underlying 
soybean resistance to сharcoal rot. The study relied on a panel of 252 soybean accessions, comprising commercial 
cultivars and breeding lines, to capture genetic variations associated with resistance. The phenotypic evaluation was 
performed  under natural conditions during the 2021–2022 period. Disease severity and survival rates were recorded to 
quantify the resistance levels in the accessions. Genotypic data consisted of two sets: the results of genotyping  using 
the  Illumina iSelect 6K SNP (single-nucleotide polymorphism) array and the results of whole-genome resequencing. 
The GWAS was conducted using four different models (MLM, MLMM, FarmCPU, and BLINK) based on the GAPIT plat-
form. As a result, SNP markers of 11 quantitative trait loci associated with CR resistance were identified. Candidate 
genes within the identified genomic regions were explored for their functional annotations and potential roles in plant 
defense responses. The findings from this study may further contribute to the development of molecular breeding 
strategies for enhancing CR resistance in soybean cultivars. Marker-assisted selection can be efficiently employed to 
accelerate the breeding process, enabling the development of cultivars with improved resistance to сharcoal rot. Ulti-
mately, deploying resistant cultivars may significantly reduce yield losses and enhance the sustainability of soybean 
production, benefiting farmers and ensuring a stable supply of this valuable crop.
Key words: soybean; charcoal rot; whole genome resequencing; GWAS; SNP; QTL.
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Аннотация. Пепельная гниль, вызываемая грибным патогеном Macrophomina phaseolina, представляет собой 
опасное заболевание, поражающее сою (Glycine max (L.) Merrill.) во всем мире. Выявление генетических факто-
ров, связанных с устойчивостью к пепельной гнили, имеет важное значение для создания устойчивых к болез-
ням сортов сои. Мы провели полногеномный анализ ассоциации (ПГАА) с использованием различных моделей 
и генотипических данных, чтобы найти генетические детерминанты, лежащие в основе устойчивости сои к пе-
пельной гнили. В исследовании использовали коллекцию, состоящую из 252 образцов сои, включая коммерче-
ские сорта и селекционные линии, для выявления генетических вариаций, связанных с устойчивостью. Феноти-
пическую оценку проводили в естественных условиях в период 2021–2022 гг. В работе регистрировали уровень 
заболевания и показатели выживаемости для количественной оценки уровней устойчивости образцов. Геноти-
пические данные состояли из двух наборов: результаты генотипирования с применением технологии Illumina 
iSelect 6K SNP, и данные полногеномного ресеквенирования. Полногеномный анализ ассоциации был выполнен 
с помощью четырех различных моделей (MLM, MLMM, FarmCPU и BLINK) на платформе GAPIT. В результате были 
идентифицированы SNP-маркеры 11 локусов количественных признаков, ассоциированных с устойчивостью к 
пепельной гнили. Гены-кандидаты в пределах идентифицированных геномных областей были изучены на пред-
мет их функциональной аннотации и потенциальной роли в защитных реакциях растений. Результаты этого 
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исследования могут внести дополнительный вклад в разработку стратегий молекулярной селекции для повы-
шения устойчивости сортов сои к пепельной гнили. Маркер-опосредованный отбор может быть эффективно 
применен для ускорения процесса селекции, что позволит создавать сорта с повышенной устойчивостью к пе-
пельной гнили. Использование устойчивых сортов может значительно сократить потери урожая и повысить 
устойчивость произ водства сои, что принесет пользу фермерам и обеспечит стабильное производство этой 
ценной культуры.
Ключевые слова: соя; пепельная гниль; полногеномное ресеквенирование; ПГАА; SNP; ЛКП.

Introduction
Soybean (Glycine max (L.) Merrill.) is one of the most im-
portant legumes in the world due to the high nutritional value 
and protein content of seeds (Pratap et al., 2016). According 
to the Agencies for Strategic Planning and Reforms of the 
Republic of Kazakhstan Bureau of National Statistics, soy-
bean was grown on 127.7 thousand hectares in Kazakhstan in 
2022 (https://new.stat.gov.kz/ru/industries/business-statistics/
stat-forrest-village-hunt-fish/publications/5099/). To further 
develop the soybean industry in Kazakhstan, the Govern-
ment of Kazakhstan has announced a new program known as 
“Northern Soybean” to expand the soybean area to 1.5 million 
hectares (https://www.gov.kz/article/64601?lang=kk). 

The important factor severely limiting soybean productivity 
is its susceptibility to harmful fungal diseases (Wrather et al., 
2010; Bandara et al., 2020). Strategies for the management 
of soybean fungal diseases include cultural methods, seed-
applied fungicides, and biological controls, but these have not 
been effective or widely adopted, and have provided limited 
control (Akem, 1996; Hartman et al., 2015). Therefore, genetic 
resistance may be the most feasible and sustainable method by 
which to manage fungal diseases (Lin et al., 2022). Breeding 
for resistance is difficult because most diseases are quantita-
tively inherited and controlled by multiple genes. However, 
modern genomic methodologies may help elucidate resistance 
mechanisms and identify resistant genotypes to improve 
breeding programs (St. Clair, 2010). For instance, breeding 
projects can be coupled with genome-wide association studies 
(GWASs), as this approach can efficiently identify candidate 
genes for disease screening.

Genome-wide association studies are becoming a routine 
approach in the search for marker-trait associations (Korte, 
Farlow, 2013) and can be efficiently applied to assess genetic 
variations of important agronomic traits, including disease 
resistance (Iquira et al., 2015). These studies use high-density 
single-nucleotide polymorphism (SNP) arrays and variable 
populations to enhance the mapping resolution, which dras-
tically improves the identification of putative causal genes 
(Song et al., 2013; Zhang et al., 2015). Although there are 
possibilities in respect of GWASs for the prediction of false 
positive associations, applying variable statistical algorithms 
can be instrumental in controlling these. For instance, a mixed 
linear model (MLM) that uses population structure and kin-
ship matrices will significantly regulate inflation (Kaler et 
al., 2020). However, this method may also remove true genes 
as background noise in certain studies of complex traits as-
sociated with the population structure. To overcome this ob-
stacle, the Bayesian information and linkage-disequilibrium 
iteratively nested keyway (BLINK) employs a multiple-loci 
test method along with a fixed-effect model (FEM), Bayesian 
information criteria, and linkage disequilibrium information 

(Huang et al., 2019). Our previous GWAS of 182 soybean ac-
cessions for resistance to fungal diseases (Zatybekov et al., 
2018) allowed the identification of 15 marker-trait asso ciations 
(MTAs) for resistance to fusarium root rot (FUS, caused by 
Fusarium spp.), frogeye leaf spot (FLS, caused by Cercospora 
sojina), and brown spot (BS, caused by Septoria glycines). 

In Kazakhstan, more than ten soybean fungal diseases 
have been identified (Mombekova et al., 2013; Didorenko et 
al., 2014; Zatybekov et al., 2018), and one category of these 
comprises root rot diseases (charcoal rot, phytophthora root 
rot, fusarium root rot, etc.). The expansion of these studies is 
an obvious necessity in order to examine the genetic back-
ground associated with the resistance to harmful pathogens in 
soybean. One of the local harmful root rot diseases is charcoal 
rot (CR) caused by Macrophomina phaseolina, a soil- and 
seed-borne polyphagous fungus (Paris et al., 2006). 

Currently, only partial resistance has been recorded in soy-
bean, while complete resistance to M. phaseolina has not been 
reported in any plant species (Paris et al., 2006; Pawlowski 
et al., 2015). In addition, it has been reported that no similar 
markers or genes have been found when comparing field and 
greenhouse studies, suggesting that CR resistance in soybean 
has a complex molecular mechanism. Therefore, the search 
for more valuable resistance sources from which to identify 
resistance genes should be continued. The main purpose of 
this study was to identify MTAs for charcoal rot resistance in 
a collection of 252 accessions from major soybean growing 
regions from around the world using the GWAS approach.

Materials and methods
The soybean collection analyzed in this study consisted of 
252 accessions, including 31 released cultivars and pro-
spective breeding lines from Kazakhstan (Zatybekov et al., 
2020). Accessions from 20 countries were represented in the 
collection and separated into five origin groups: Western and 
Eastern Europe, North America, East Asia, and Kazakhstan 
(Zatybekov et al., 2020). 

The collection was assessed in the experimental plots of the 
Kazakh Research Institute of Agriculture and Plant Growing 
(south-eastern Kazakhstan) in the 2021–2022 period. Plants 
were grown in one-meter-long rows with a 30 cm distance be-
tween adjacent rows and 5 cm between plants within rows. The 
assessment of field resistance to CR was based on a generally 
accepted five-point scale: 1 – microsclerotia are not visible in 
the tissue (I-immune); 2 – very few microsclerotia are visible 
in the core, vascular tissue, or under the epidermis, and the 
vascular tissue has not changed color (R-resistant); 3 – vascu-
lar tissue is partially discolored, and microsclerotia partially 
cover the tissue (MR-moderately resistant); 4 – vascular tissue 
is discolored with numerous microsclerotia embedded in the 
tissue, and microsclerotia are also visible under the outer epi-
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dermis in stem and root sections (MS-moderately susceptible); 
and 5 – vascular tissue darkened due to the large amount of 
microsclerotia both inside and outside the tissues of the stem 
and root (S- susceptible) (Mengistu et al., 2007). The field 
experiments for CR resistance were conducted in triplicate and 
in randomized order. The results were analyzed using Statisti-
cal Package for the Social Sciences (SPSS 22.0.0.0) (https://
www.ibm.com/analytics/data-science/predictive-analytics/
spss-statistical-software) computer programs.

The genotyping data consisted of two sets of SNP data. 
The first set (Set 1) was developed using the soybean 6K 
SNP  Illumina iSelect array (Song et al., 2013) at Traitgenetics 
GmbH (Gatersleben, Germany). DNA samples were extracted 
and purified from single seeds of individual cultivars using 
commercial kits (Qiagen, CA, USA). The DNA concentration 
for each sample was adjusted to 50 ng/µl. SNP genotype analy-
sis was carried out using Illumina Genome Studio software 
(GS V2011.1). The second set (Set 2) was developed at the 
Department of the School of Life Sciences, Guangzhou Uni-
versity, China, using whole-genome resequencing (WGRS) 
technology based on the Illumina HiSeq X Ten system (Lu 
et al., 2020). For each of the accessions in the panel of 252, 
at least five µg of DNA was used to construct a sequencing 
library with an Illumina TruSeq DNA Sample Prep Kit, ac-
cording to the manufacturer’s instructions. 

The SNP datasets were filtered using a 10 % cutoff for 
missing data, and markers with minor allele frequency ≥ 0.05 
were considered for the genome-wide association studies. 
Numbers of hypothetical groups ranging from k = 1 to 10 were 
assessed using 50,000 burn-in iterations followed by 100,000 
recorded Markov-chain iterations. The sampling variance of 
the population structure inference was estimated for each k 
using STRUCTURE software (Pritchard et al., 2000) with 
five independent runs. The delta K value (ΔK) was estimated 
using Structure Harvester (Evanno et al., 2005). The Q-matrix 
was developed based on the final k-values. Population ge-
netic analysis was conducted using two sets of SNP data to 
construct a neighbor-joining tree with TASSEL software and 
further visualization using the iTOL online platform (https://
itol.embl.de/). 

The GWAS for soybean resistance to CR in Southeast Ka-
zakhstan was conducted using MLM (Yu et al., 2006), a 
multiple-locus mixed linear model (MLMM) (Segura et al., 
2012), fixed and random model circulating probability unifica-
tion (FarmCPU) (Liu et al., 2016), and BLINK models (Huang 
et al., 2019) using GAPIT V3 software (Wang, Zhang, 2021). 
The rMVP package (Yin et al., 2021) was used for the visua-
lization with P ≤ 0.0002 thresholds. A QQ plot was applied 
to evaluate the distribution of observed p-values compared 
to the expected distribution under the null hypothesis of no 
association between genetic markers and the trait of interest 
(Ehret, 2010).

Results

Disease resistance
Field trial results obtained at the experimental stations of the 
Southeast region suggested a clear difference in the develop-
ment of charcoal rot. During the two-year period, the spread 
and effect of CR pathogens on plants were stronger in 2021 

(Fig. 1, Supplementary Material 1)1. The results indicate that 
the group of susceptible accessions comprised 23 samples 
(9.1 %) in 2021 and 12 samples (4.8 %) in 2022 (see Fig. 1). 

Five genotypes were susceptible to resistance to CR during 
the two years of the study. Among them were three accessions 
from East Asia, i. e., cultivars Jin nong 62, Dong doe 027, 
and Mei feng 18 from China, and line 1034 from Korea. In 
addition, two accessions from East Europe (Osobliva from 
Ukraine and CH 147020-1 from Belarus) were susceptible 
to charcoal rot.

Genetic variation in the soybean collection  
based on two sets of SNP markers
The final data after filtering consisted of 4495 (Set 1) and 
44,385 (Set 2) polymorphic SNPs. Set 1 consisted of 77.98 % 
transitions and 22.02 % transverse variants, and Set 2 com-
prised 71.88 % transitions and 28.12 % transverse variants. 
The average length of chromosomes was 47.4 Mb for both 
sets, and the average number of SNPs per chromosome was 
222.1 for Set 1 and 2219.3 for Set 2. The chromosome length 
ranged from 37.3 Mb in Gm16 to 62.1 Mb in Gm18 for Set 1, 
and from 34.7 Mb in Gm11 to 58 Mb in Gm18 for Set 2. The 
number of markers per chromosome varied from 185 in Gm11 
to 295 in Gm13 for Set 1, and from 1438 in Gm11 to 3438 
in Gm18 for Set 2. The average density of the SNP map was 
one marker every 213 Kb for Set 1 and every 22 Kb for Set 2. 

The Structure Harvester results divided the studied col-
lection into three clusters based on data from Set 1 and Set 2 
(Fig. 2).

No clear separation of accessions depending on the origin 
was recorded, regardless of the set chosen. The largest group 
of accessions was distributed in the third cluster, which con-
sisted of 165 genotypes in Set 1 and 168 samples in Set 2. 
Based on two sets of genotyping data, a phylogenetic tree 
was constructed using the neighbor-joining method (Fig. 3). 
Population analysis based on resequencing data showed a clear 
division into four populations (see Fig. 3, Set 2).

Association mapping
The GWAS of soybean resistance to CR was conducted using 
two sets of genotypic data (Set 1 and Set 2) and four models 
(MLM, MLMM, FarmCPU, and BLINK). The results of the 
GWAS using four models are shown in Supplementary Mate-
rial 2. The comparative results of the associations suggest that 
1 Supplementary Materials 1–4 are available in the online version of the paper: 
https://vavilovj-icg.ru/download/pict-2023-27/appx21.pdf

Fig. 1. Resistance of the soybean collection to charcoal rot in the South-
east region of Kazakhstan. 
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the most informative results were obtained using the MLMM, 
FarmCPU, and BLINK models (Table 1). 

The application of BLINK using Set 1 allowed the identi-
fication of five quantitative trait loci (QTLs) associated with 
CR resistance, while the usage of Set 2 expanded the detection 
to 11 QTLs that were significant at the threshold of P ≤ 0.002 
(see Supplementary Material 3, Table 1). The QQ plot con-
firms the reliability of the associations (see Supplementary 
Material, 3, b).

The physical position of each critical SNP marker in the 
MTAs was overlaid with the positions of known QTLs (https://
soybase.org/search/qtllist_by_symbol.php) (Table 2). Particu-
larly, the assessment of the 11 QTLs listed in Table 2 indicated 
that 8 of them were reported in published reports in respect 
of plant resistance studies.

The largest numbers of QTLs associated with CR resis-
tance using Set 2 were identified in chromosomes 7, 9, and 15 
(Supplementary Material 4). Analysis of the genome physical 
locations of associated SNP markers revealed that all identified 
SNPs were part of the coding DNA sequence (CDS) (Table 3).
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Fig. 2. Determination of delta K (ΔK) using Structure Harvester software based on two genotypic datasets. 
Set 1 – data based on genotyping using Illumina iSelect array (4651 SNP); Set 2 – data based on resequencing technology (44,385 SNP).

Fig. 3. Neighbor-joining tree based on two sets of genotypic data.
Set 1 – data based on genotyping using Illumina iSelect array (4651 SNP); Set 2 – data based on resequencing technology (44,385 SNP).

Table 1. Comparison of identified numbers of SNPs  
and quantitative trait loci (QTLs) according to GWAS models 
based on two sets of genotypic data

Genotypic 
data

GWAS model Number of identified  
SNP markers

Number  
of QTLs

Set 1

MLM 5 5

MLMM 5 5

FarmCPU 5 5

BLINK 5 5

Set 2

MLM 61 11

MLMM 63 11

FarmCPU 63 11

BLINK 63 11

https://soybase.org/search/qtllist_by_symbol.php
https://soybase.org/search/qtllist_by_symbol.php
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Table 2. The list of identified QTLs using the BLINK model 

QTL ID SNP ID Chr Position QTL 
interval

p-value Allele Effect Known QTLs*

2021 2022 Average

qMac.ph 2-1 S02_330064 2 330064 230834-
662455

1.6161E–04 5.8456E–04 4.6828E–06 A/G 0.337 –

qMac.ph 3-1 S03_35294437 3 35294437 34928316-
35364002

9.8024E–05 A/G 0.436 SCN 33-7, 44-15

qMac.ph 7-1 S07_5459756 7 5459756 5459595-
5459756

2.7346E–04 A/G –0.338 Phytoph 14-8

qMac.ph 7-2 S07_15585048 7 15585048 15585048 1.1160E–04 A/G 0.364 Sclero 10-1

qMac.ph 8-1 S08_3858712 8 3858712 3858712 1.2103E–04 G/A –0.437 SDS 13-13, 15-2, 16-3, 
Fus lesion length 1-1

qMac.ph 9-1 S09_7368126 9 7368126 7368126 2,2932E–04 A/T 0.483 Sclero 1-3

qMac.ph 9-2 S09_37287856 9 37287856 36928447-
37712255

4.7031E–04 2.8502E–04 A/G 0.391 Sclero 8-3,  
SDS 18-3

qMac.ph 15-1 S15_9318442 15 9318442 8797665-
9906427

8.3066E–05 G/A 0.449 Asian rust 2-4,  
Fus lesion length 1-4, 
SDS disease index 21-2

qMac.ph 15-2 S15_49773459 15 49773459 49772578-
49773474

5.9168E–05 3.6647E–04 C/T 0.259 –

qMac.ph 16-1 S16_3274861 16 3274861 2706211-
3726463

2.5021E–04 G/A –0.545 –

qMac.ph 19-1 S19_46398331 19 46398331 45583506-
46401031

1.5684E–04 3.9965E–04 A/C 0.344 Phytoph 14-8

* Based on the QTL list on SoyBase (https://soybase.org/search/qtllist_by_symbol.php).

Table 3. Physical positions of identified QTLs in the soybean genome

QTL ID Chr QTL position  
interval

Genes in the QTL 
interval

Peak genes Annotation of peak genes

qMac.ph 2-1 2 230834-662455 Glyma_02G001800-
Glyma_G006100

Glyma_02G002900 Methyltransferase

Glyma_02G002500* Protein argonaute 10

qMac.ph 3-1 3 34928316-35364002 Glyma_03G134100-
Glyma_G137400

Glyma_03G137000 Magnesium chelatase

Glyma_03G135900*, 
Glyma_03G136400*

NB-ARC domain-containing protein

qMac.ph 7-1 7 5459595-5459756 Glyma_07G061500 Glyma_07G061500 BAG domain-containing protein

qMac.ph 7-2 7 15585048 Glyma_07G132100 Glyma_07G132100 Kinesin-like protein

qMac.ph 8-1 8 3858712 Glyma_08G049400 Glyma_08G049400 RING-type E3 ubiquitin transferase

qMac.ph 9-1 9 7368126 Glyma_09G071600 Glyma_09G071600 Protein TIFY

qMac.ph 9-2 9 36928447-37712255 Glyma_09G146900-
Glyma_G154100

Glyma_09G151300 Serine/threonine-protein kinase

qMac.ph 15-1 15 8797665-9906427 Glyma_15G112100-
Glyma_G124700

Glyma_15G118800 CCAAT transcription factor

Glyma_15G118400*, 
Glyma_15G124500*

HMA domain-containing protein,  
MLO-like protein

qMac.ph 15-3 15 49772578-49773474 Glyma_15G263900 Glyma_15G263900 Tubulin beta chain

qMac.ph 16-1 16 2706211-3726463 Glyma_16G027600-
Glyma_G039700

Glyma_16G034900 Receptor-like serine/threonine-protein kinase

Glyma_16G031700*, 
Glyma_16G033900*

AAA + ATPase domain-containing protein,  
ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase

qMac.ph 19-1 19 45583506-46401031 Glyma_19G198800-
Glyma_G209400

Glyma_19G209300 PPR_long domain-containing protein

Glyma_19G198800*, 
Glyma_19G198900*

Late embryogenesis abundant protein LEA-2 
subgroup domain-containing protein

* Genes associated with deseases resistance function.

https://soybase.org/search/qtllist_by_symbol.php
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Each SNP in an intergenic position was considered for pos-
sible functional annotation based on the proximity of closely 
located genes.

Discussion
The analysis of soybean CR development in Southeast Ka-
zakhstan revealed a strong environmental influence on the 
distribution of pathogens and plant tolerance to the disease. 
Previous CR resistance studies in soybean were unsuccess-
ful in identifying major genes that completely resist this 
pathogen (Coser et al., 2017), indicating that the resistance 
is quantitative and may rely on the efficiency of minor QTLs. 
Therefore, searching for resistant genotypes and applying 
powerful genomic tools are the obvious priorities for success-
ful CR resistance breeding in soybean. The current work was 
conducted to identify QTLs associated with CR resistance in 
soybean using a genome-wide association studies. 

The study was based on using two genotyping sets (Set 1 
and Set 2) that drastically differed in the number of SNPs in the 
same soybean collection. Set 1 included 4651 SNPs and was 
extensively used in our previous GWAS projects (Zatybekov et 
al., 2020), while Set 2 included 44,385 SNPs, which is roughly 
ten times higher than the number in Set 1. As expected, the 
power of the GWAS using Set 2 (11 QTLs) was higher than 
that of Set 1 (five QTLs) (see Table 1) and relied on WRGS 
technology, which allows more in-depth searching and dis-
covery of new genes associated with agronomic traits, as well 
as the study of evolutionary mutations in the genome. Most 
of the identified statistically significant QTLs were detected 
using the BLINK and FarmCPU models, which were applied 
among four different statistical approaches, including MLM 
and MLMM. In this study, BLINK and FarmCPU were the 
most successful approaches (see Supplementary Material 2), 
and additional estimations, including QQ plots, confirmed 
that these models generally result in fewer false positives and 
identify more true positives (Huang et al., 2019). 

Assessment of the identified QTL locations showed that, 
in most cases, they are distant from each other, or detected on 
different chromosomes. Analysis of the SNPs in the identified 
MTAs revealed nine proteins associated with the immune 
response to pathogens. The qMac.ph 3-1 interval contains 
two genes (Glyma_03G0135900 and Glyma_03G0136400), 
both coding NB-ARC domain-containing protein, which is 
associated with resistance to fungal pathogens (Van  Ooijen 
et al., 2008). The qMac.ph 15-1 interval contains gene 
Glyma_15G118400 coding HMA domain-containing protein, 
which is associated with regulation of the defense response 
to fungi. 

In addition, the gene Glyma_15G124500, which codes 
MLO-like protein associated with powdery-mildew resis-
tance (Shen et al., 2012), is also located in this interval. The 
qMac. ph 16-1 interval contains two genes, Glyma_16G031700 
and Glyma_16G033900, associated with the defense response. 
The late embryogenesis abundant protein LEA-2 subgroup cod-
ing two genes, Glyma_19G198800 and Glyma_19G198900,  
was located in an interval of qMac.ph 19-1 and is associated 
with disease resistance. These examples of SNPs in MTAs, 
including presumably newly identified genetic factors that 
have not been matched to previously reported factors in the 

literature, require additional validation studies. Thus, the iden-
tified QTLs may facilitate the discovery of new genes for 
disease resistance and a better understanding of genotype × 
en vironment interaction patterns. The identified SNP mar kers 
(see Tables 2 and 3) for each of the detected QTLs of CR re-
sistance can be efficiently used in marker-associated selection 
projects in soybean. 

Conclusion
Our GWAS of soybean resistance to CR has provided im-
portant insights into the genetic determinants underlying 
resistance to this devastating disease. By employing two 
sets of genotypic data with different SNP density levels and 
utilizing four GWAS models, we identified eleven QTLs that 
were statistically associated with CR resistance. The GWAS 
revealed the complexity of the genetic architecture underlying 
resistance to CR, indicating the involvement of multiple genes 
and molecular pathways. The identified genomic regions can 
serve as valuable targets for further functional validation and 
exploration of their specific roles in plant defense responses 
against Macrophomina phaseolina. Overall, the study repre-
sents a significant step in understanding the genetic basis of 
soybean resistance to charcoal rot. The knowledge gained from 
this research may further contribute to developing resilient 
soybean cultivars, ensuring a stable and sustainable supply 
of this essential crop while minimizing the economic and 
environmental impacts of charcoal rot.
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Abstract. Apple clonal rootstocks are the basis of modern intensive horticulture, providing a rapid increase in yield 
and convenience of fruit trees cultivation. Production of clonal rootstocks under high humidity often causes powdery 
mildew infection caused by the pathogenic fungus Podosphaera leucotricha Salm., which significantly reduces the 
productivity of stoolbed. Growing powdery mildew resistant genotypes is the most appropriate way to combat this 
disease and allows reducing the use of fungicides. To accelerate the search for resistant forms, molecular markers as-
sociated with resistance genes have been developed. However, these markers have not been used to study clonal 
rootstocks. The aims of the work were the field assessment of powdery mildew resistance of apple clonal rootstocks 
from the collection of the Michurinsk State Agrarian University and the screening of the collection for Pl-1, Pl-2, Pl-w 
and Pl-d resistance genes. The results of a three-year field evaluation of powdery mildew resistance of 80 rootstocks 
allowed us to distinguish five main groups ranging from very low to highly resistant. A group of 57 accessions was clas-
sified as powdery mildew resistant. The search for resistance genes was performed using the AT20 SCAR (Pl-1 gene), 
OPU02 SCAR (Pl- 2 gene), EM DM01 (Pl-d gene), and EM M02 (Pl-w gene) markers. The Pl-d and Pl-1 genes identified 
in 33 (41.25 %) and 31 (38.75 %) accessions, respectively, were the most common in the collection. The Pl-w gene was 
detected only in two accessions. Identification of the Pl-2 gene with the OPU02 SCAR marker did not reveal a fragment 
of the expected size. Thirty accessions with different powdery mildew resistance scores had two genes, Pl-1 and Pl-d, 
and highly resistant forms G16 and 14-1 had a combination of the Pl-d and Pl-w genes. These accessions can be used as 
donors of powdery mildew resistance for breeding new apple clonal rootstocks.
Key words: clonal rootstocks; Podosphaera leucotricha Salm.; molecular markers; resistance genes.
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Аннотация. Клоновые подвои яблони являются основой современного интенсивного садоводства, они обеспе-
чивают быстрое наращивание урожая и высокую технологичность возделывания плодовых деревьев. При про-
изводстве клоновых подвоев в условиях обильного увлажнения субстрата активно развивается возбудитель 
мучнистой росы – патогенный гриб Podosphaera leucotricha Salm., значительно снижающий продуктивность ма-
точника. Использование устойчивых к мучнистой росе подвойных форм – наиболее целесообразный способ 
борьбы с этим заболеванием, позволяющий существенно сократить применение химических средств защиты 
растений. Для ускоренного поиска устойчивых форм разработаны молекулярные маркеры, ассоциированные с 
генами устойчивости. Однако для изучения клоновых подвоев эти маркеры ранее не применялись. Целью рабо-
ты было изучение полевой устойчивости к мучнистой росе и выявление форм с генами устойчивости Pl- 1, Pl-2, 
Pl-w и Pl-d в крупнейшей отечественной коллекции клоновых подвоев яблони Мичуринского государственного 
аграрного университета. Результаты трехлетней полевой оценки устойчивости 80 отобранных для анализа под-
войных форм позволили выделить пять основных групп образцов: от неустойчивых до высокоустойчивых. Наи-
более многочисленной была группа устойчивых форм, включающая 57 образцов. Поиск генов устойчивости про-
водили с помощью маркеров AT20 SCAR (ген Pl-1), OPU02 SCAR (ген Pl-2), EM DM01 (ген Pl-d ) и EM М02 (ген Pl- w). 
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Наибольшее распространение в изученной коллекции имеют гены Pl-d и Pl-1, обнаруженные у 33  (41.25  %) 
и 31 (38.75 %) образца соответственно. Ген Pl-w был выявлен только у двух форм, а при идентификации гена Pl-2 
с маркером OPU02 SCAR не найдено фрагмента ожидаемого размера. При этом 30 образцов с различным уров-
нем полевой устойчивости имеют два гена, Pl-1 и Pl-d, а высокоустойчивые образцы G16 и 14-1 – комбинацию 
генов Pl-d и Pl-w. Эти образцы могут быть использованы в качестве доноров для создания новых клоновых под-
воев яблони, несущих комплекс генов устойчивости к мучнистой росе.
Ключевые слова: клоновые подвои; Podosphaera leucotricha Salm.; молекулярные маркеры; гены устойчивости.

Introduction
Powdery mildew is one of the main fungal diseases of apple 
that cause significant economic damage to modern intensive 
horticulture. Powdery mildew is caused by the pathogenic 
fungus Podosphaera leucotricha Salm. The disease actively 
develops in humid warm weather in young orchards and nur­
series. The fungus forms a white coating on the plant, which 
eventually turns brown. All above­ground parts of the plant 
(leaves, shoots, flowers and fruits) are affected by powdery 
mildew, leading to significant fruit yield losses (Kozlovskaya 
et al., 2018). During epiphytotic years, powdery mildew can 
affect up to 100 % of trees and lead to the loss of more than 
half of the yield. Up to twenty fungicide treatments a year are 
required to avoid severe powdery mildew infection, signifi­
cantly increasing the chemical pressure on orchards (Holb et 
al., 2017; Höfer et al., 2021).

In our country, powdery mildew is widespread in the 
Southern Federal District (Yakuba, 2018), where intensive 
horticulture using dwarfing clonal rootstocks is developed. 
Due to the high regenerative and rooting ability of shoots and 
easy vegetative propagation, apple clonal rootstocks are one of 
the most important components in the production of planting 
material. Rootstocks provide tree anchorage, water and nutri­
ent uptake and affect many other physiological processes. In 
modern industrial orchards, clonal rootstocks play a leading 
role in regulating tree vigor, precocity and also contribute to 
fruit quality and a rapid increase in yield. The use of dwarfing 
clonal rootstocks provides convenience of fruit tree cultiva­
tion, increases orchards productivity and is more economically 
efficient for fruit growers. 

For the propagation of clonal rootstocks in stoolbeds, good 
rooting of shoots requires abundant moisture in the substrate, 
so systematic sprinkler irrigation is often used. Constant high 
humidity may lead to severe powdery mildew damage of the 
shoots of uterine bushes, causing a disruption in the normal 
functioning of the photosynthetic apparatus of leaves and a 
significant decrease in the productivity of the stoolbed. In this 
regard, many rootstock breeding programs are aimed at iden­
tifying new genotypes resistant to powdery mildew.

The search for sources of resistance to powdery mildew has 
been carried out since the second half of the XX century. To 
date, a number of resistance gene sources have been identified: 
the Pl-1 gene was first discovered in wild species Malus × ro-
busta, the Pl-2 gene was identified in M. zumi (Knight, Alston, 
1968), Pl-w in the cultivar White Angel (Gallott et al., 1985; 
Simon, Weeden, 1991), Pl-d in the hybrid D12 (Visser, Ver­
haegh, 1976) and Pl-m in the hybrid MIS (mildew immune 
selection) (Dayton, 1977).

To search for powdery mildew resistance gene sources, a 
number of markers have been developed and tested. Thus, the 

SCAR marker of the Pl-1 gene was created and successfully 
tested based on the RAPD marker OPAT20, and the SCAR 
marker of the Pl-2 gene, based on the RAPD marker OPU02 
(Markussen et al., 1995; Gardiner et al., 2003). In addition, 
single nucleotide polymorphisms (SNPs) associated with 
Pl-2 powdery mildew resistance were identified and validated 
(Jänsch et al., 2015; Chagné et al., 2019). Based on the AFLP 
data, SCAR markers EM M01, EM M02 and EM DM01 of the 
Pl-w and Pl-d genes were created (Evans, James, 2003; James 
et al., 2004). Microsatellite markers CH03C02 and CH01D03 
were also used to identify the Pl-d gene (James et al., 2004).

These markers have been successfully used to screen apple 
cultivar collections in Germany (Höfer et al., 2021) and the 
Czech Republic (Patzak et al., 2011), as well as to study wild 
Malus orientalis populations of Iran (Amirchakhmaghi et 
al., 2018). In our country, studies of the powdery mildew 
resistance genes distribution in commercial and local apple 
cultivars, as well as in wild species of the genus Malus have 
been carried out (Suprun et al., 2015; Lyzhin, Saveleva, 2020, 
2021). However, apple rootstocks have barely been studied 
using powdery mildew resistance genes markers.

The Michurinsk State Agrarian University (Michurinsk 
SAU) is the founder of clonal rootstock breeding in Russia 
and one of the leading institutions in the world in this area. 
A unique collection of rootstocks, which is the largest in the 
country, is maintained here. Rootstocks bred at the Michurinsk 
SAU are grown in orchards in Russia, Europe, USA and other 
countries. However, there were no studies of their resistance 
to powdery mildew, including those using molecular mar kers. 
Such studies will help to identify sources and donors of re­
sistance in the collection to create new rootstocks combining 
several powdery mildew resistance genes.

The aim of the work was to study field resistance of the Mi­
churinsk SAU apple clonal rootstocks collection to powdery 
mildew and to identify accessions with the Pl-1, Pl-2, Pl-w 
and Pl-d resistance genes. 

Materials and methods
Eighty apple clonal rootstocks were studied, including 74 root­
stocks of the Michurinsk SAU, three rootstocks from other 
Russian breeding centers (B7­35, K­1 and Ural­5) and three 
foreign rootstocks (M9 T337, G16 and Babarabskaya yablo­
nya). Malus species from the collection of the N.I. Vavilov 
All­Russian Institute of Plant Genetic Resources (VIR), Be­
larusian cultivar Diyament and cultivar Evereste from the 
collection of the Michurinsk SAU were used as references for 
powdery mildew resistance genes Pl-1, Pl-2, Pl-d and Pl-w.

Total genomic DNA was extracted from fresh young leaves 
using the Quick­DNA Plant/Seed Miniprep Kit (Zymo Re­
search, USA) following the manufacturers’ protocol.
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Table 1. Markers for powdery mildew resistance genes identification

Gene Marker Primer sequences Fragment size, bp Annealing temperature, °С

Pl-1 AT20 SCAR F ATCAGCCCCACATGAATCTCATACC
R ACATCAGCCCTCAAAGATGAGAAGT

450/500 62

Pl-2 OPU02 SCAR F CCGACCGATCAGGAATTGTCACCAG
R TCGATTATCACTATGTACGGGAGCA

1700 62

Pl-d EM DM01 F AGGATAATAATCTATCTTGTAAAGG
R CCATTCAGCCCAACGAGT

90 53

Pl-w EM М02 F CTGCAGACTGTTTGTAAGTTGG
R AACTCCTTGATTTCTCCTATTGTT

250 56

Powdery mildew resistance genes were analyzed using the 
following DNA markers: codominant AT20 SCAR marker 
(Pl-1 gene) (Markussen et al., 1995), dominant OPU02 SCAR 
markers (Pl-2 gene) (Gardiner et al., 2003), EM DM01 (Pl-d 
gene) (James et al., 2004) and EM M02 (Pl-w gene) (Evans, 
James, 2003). The primers sequences and annealing tempera­
tures are presented in Table 1.

PCR reactions were performed in a SimpliAmp (Applied 
Biosystems, USA) thermal cycler in a final volume of 15 µl 
containing 20 ng of genomic DNA, 1.5 mM dNTPs, 2.5 mM 
MgSO4, 10 pM of each primer (Syntol, Russia), 1 u Taq po­
ly merase and 1x standard PCR buffer (Thermo Fisher Scien­
tific, USA). To determine fragment sizes, molecular markers 
GeneRuler 100 bp (Thermo Fisher Scientific), 50 bp DNA 
marker (Dialat Ltd, Russia) and Start 250 (Diaem, Russia) 
were used. After amplification, PCR products were separated 
in 2 % agarose gels, stained with ethidium bromide and ana­
lyzed on a UV­light box.

Powdery mildew resistance evaluation was carried out in the 
field for three years (2020–2022) in a nursery with sprinkler 
irrigation to maintain high substrate moisture. The evalua­
tion was carried out according to the method described in 
the “Program and Methodology of  Variety Studies for Fruit,  
Berry and Nut Crops” (Sedov, Ogoltsova, 1999), with mi­
nor modifications. The resistance rate was evaluated by the 
pre sence of powdery mildew lesions on the leaf blade. Ten 
shoots of each rootstock were analyzed. The assessment of the 
resistance rate was carried out on a five­point scale, where: 0 
points – highly resistant genotype (HR, no lesions were de­
tected), 0.1–1 points – resistant genotype (R, lesions up to 1 % 
of the leaf blade), 1.1–2 points – moderately resistant (M, le­
sions up to 10 % of the leaf blade), 2.1–3 points – low­resistant 
(L, lesions up to 40 % of the leaf blade), 3.1–5 points  – very 
low­resistant (VL, lesions from 40 up to 100 % of the leaf 
blade). For each analyzed genotype, the average score for 
three years was calculated (Table 2).

Results
As a result of this work, 80 apple rootstocks were analyzed 
using markers of four powdery mildew resistance genes, Pl-1, 
Pl-2, Pl-w and Pl-d (see Table 2).

The Pl-1 gene was mapped in the resistance gene cluster of 
apple LG XII (Dunemann et al., 2007). To identify this gene, 
the SCAR marker AT20 was used, which allows detecting 
two fragments – 450 and 500 bp. The presence of a 450 bp 

fragment is associated with Pl-1 resistance (Markussen et al., 
1995). The accession of wild species M. × robusta, from which 
this gene was initially introgressed, was used as reference.

Using the AT20 SCAR marker, a 450 bp fragment was 
detected in eight studied rootstocks: 54­118, 2­9­94, 2­9­102, 
2­12­36, 4­2­41, 9­1­2, 5­26­127 and 67­5(32). At the same 
time, this fragment together with a 500 bp fragment was 
detected in 23 accessions, and in the remaining 49 acces­
sions, only a 500 bp fragment was amplified (see Table 2). 
An  example of Pl-1 gene identification is shown in Fig. 1.

The Pl-2 gene was mapped on apple LG XI. The OPU02 
SCAR marker was used for Pl-2 identification (Gardiner et 
al., 2003). The presence of a dominant Pl-2 allele is detected 
by amplification of a 1700 bp PCR fragment (Gardiner et al., 
2003). The accession of wild species M. zumi, from which this 
gene was initially derived, was used as reference.

In the studied collection, an expected 1700 bp fragment 
was not revealed. However, in accessions 14­1 and G16, a 
1500 bp fragment was amplified, while a ~2200 bp fragment 
was detected in the reference M. zumi accession (Fig. 2).

The dominant SCAR marker EM DM01 was used to iden­
tify the Pl-d gene mapped on apple LG XII (James et al., 
2004). The expected size of the PCR product of this marker 
is 90 bp. Apple cultivar Diyament, for which the presence 
of this gene was previously detected, was used as reference 
(Koz lov skaya et al., 2018). In the studied collection, the Pl-d 
gene was identified in 33 out of 80 analyzed accessions (see  
Table 2). An example of Pl-d gene identification is shown 
in Fig. 3.

The Pl-w gene was mapped on apple LG VIII. SCAR mar­
ker EM M02 was used for Pl-w identification (Evans, James, 
2003). This marker amplifies a 250 bp fragment indicating the 
presence of the Pl-w gene. The Evereste apple, in which the 
Pl-w gene was previously identified, was used as reference 
(Patzak et al., 2011). In the studied collection of apple clonal 
rootstocks, the Pl-w gene was detected only in two acces­
sions – G16 and 14­1 (see Table 2, Fig. 4).

As a result of field evaluation of apple clonal rootstocks 
powdery mildew resistance, all studied accessions were di­
vided into five main groups according to the resistance rate, 
from high to very low (Fig. 5).

It was shown that 57 accessions are resistant (0.1–1 points) 
to powdery mildew, which was 71.25 % of the total sample 
(see Fig. 5). In this group, the lowest average score of pow­
dery mildew resistance (0.1) was noted in rootstocks 62­396 
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Table 2. Analyzed apple rootstocks, data on the diversity of the Pl-1, Pl-2, Pl-d and Pl-w resistance genes  
and the results of field powdery mildew resistance assessment

No. Accession Parentage AT20
(Pl-1)

OPU02
(Pl-2)

EM DM01
(Pl-d )

EM М02
(Pl-w)

Powdery mildew 
infection ratings, 
points

Resistance 
rate*

450 bp 500 bp 1700 bp 90 bp 250 bp

   1 54-118 B9 × 13-14 + – – + – 0.3 ± 0.05 R

   2 57-490 + + – + – 0.4 ± 0.03 R

   3 62-396 (B10) 13-14 × B9 – + – – – 0.1 ± 0.02 R

   4 70-20-20 57-469 × 57-344 – + – – – 1.4 ± 0.1 M

   5 83-1-15 64-143 × 54-118 – + – – – 0.4 ± 0.04 R

   6 Malysh 
Budagovskogo  
(MB, 76-6-6)

57-344 × 57-490 – + – – – 0.1 ± 0.02 R

   7 Budagovsky 9  
(B9, Bud9)

М8 × Krasniy shtandart – + – – – 0.2 ± 0.03 R

   8 M9 (T337) B9 clone – + – – – 0.9 ± 0.1 R

   9 2-3-2 82-27-6 open pollination + + – + – 0.2 ± 0.03 R

10 2-3-3 + + – + – 0.7 ± 0.06 R

11 2-3-8 + + – + – 0.3 ± 0.02 R

12 2-3-14 + + – + – 0.4 ± 0.03 R

13 2-3-17 – + – – – 4.2 ± 0.2 VL

14 2-3-19 + + – – – 4.1 ± 0.3 VL

15 2-3-44 + + – + – 4.5 ± 0.2 VL

16 2-3-49 – + – – – 1.5 ± 0.1 M

17 2-9-49 82-26-2 open pollination + + – + – 0.7 ± 0.1 R

18 2-9-56 – + – – – 2.2 ± 0.2 L

19 2-9-77 + + – + – 0.5 ± 0.03 R

20 2-9-90 – + – – – 0.3 ± 0.02 R

21 2-9-94 + – – + – 2.8 ± 0.2 L

22 2-9-96 – + – – – 0.2 ± 0.01 R

23 2-9-102 + – – + – 1.7 ± 0.1 M

24 2-12-10 82-11-5 open pollination – + – – – 1.5 ± 0.1 M

25 2-12-15 + + – + – 1.3 ± 0.1 M

26 2-12-27 + + – + – 0.3 ± 0.02 R

27 2-12-34 – + – – – 0.2 ± 0.02 R

28 2-12-36 + – – + – 0.2 ± 0.01 R

29 2-15-2 85-8-12 open pollination + + – + – 3.6 ± 0.2 VL

30 2-15-15 + + – + – 2.8 ± 0.1 L

31 3-4-7 62-396 open pollination – + – – – 0.8 ± 0.1 R

32 3-10-3 82-11-2 × Wealthy – + – – – 0.5 ± 0.04 R

33 4-2-3 82-52-6 × 82-26-2 – + – – – 0.3 ± 0.02 R

34 4-2-50 + + – + – 0.4 ± 0.04 R

35 4-6-5 83-11-10 open pollination + + – + – 0.3 ± 0.02 R

36 5-21-27 82-27-6 × Zhigulevskoe – + – – – 0.2 ± 0.01 R

37 5-21-93 + + – + – 0.3 ± 0.04 R

38 5-24-1 82-26-2 × Orlik – + – – – 0.2 ± 0.02 R

39 5-27-1 Zhigulevskoe × 82-26-2 – + – – – 0.3 ± 0.01 R

40 5-28-11 82-57-8 × Malus baccata (L.) 
Borkh.

– + – – – 0.4 ± 0.03 R
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Table 2 (continued)

No. Accession Parentage AT20
(Pl-1)

OPU02
(Pl-2)

EM DM01
(Pl-d )

EM М02
(Pl-w)

Powdery mildew 
infection ratings, 
points

Resistance 
rate*

450 bp 500 bp 1700 bp 90 bp 250 bp

41 9-1-1 57-157 × Stroevskoe – + – – – 0.3 ± 0.02 R

42 9-1-2 + – – + – 2.1 ± 0.2 L

43 9-1-3 – + – – – 4.6 ± 0.3 VL

44 9-1-4 – + – – – 0.5 ± 0.03 R

45 9-1-5 – + – + – 0.4 ± 0.03 R

46 9-1-9 – + – – – 0.2 ± 0.01 R

47 5-26-127 – + – – + – 2.4 ± 0.2 L

48 57-146 B9 open pollination – + – – – 0.2 ± 0.02 R

49 70-6-8 54-83 × 57-344 + + – + – 0.3 ± 0.02 R

50 Babarabskaya 
yablonya

Malus turkmenorum  
Juz. et M. Pop.

– + – – – 0.2 ± 0.03 R

51 14-1 Malus sieboldii Rehd.,  
open pollination

– + 1500 bp + + 0 HR

52 73-9-3 57-545 × 57-366 + + – + – 0.3 ± 0.03 R

53 62-223 Anoka × B9 – + – – – 0.2 ± 0.02 R

54 3-3-4 85-6-5 × Spartan – + – – – 0.2 ± 0.02 R

55 71-7-22 57-531 × 57-233 + + – + – 0.2 ± 0.02 R

56 71-3-88 58-257 × B9 – + – – – 0.2 ± 0.04 R

57 Б7-35 М4 × М9 – + – – – 2.3 ± 0.1 L

58 71-3-137 58-257 × B9 – + – – – 0.4 ± 0.03 R

59 7-8-5 (Ural-5) 57-469 open pollination – + – – – 0.3 ± 0.03 R

60 K-1 Borovinka × М9 – + – – – 3.4 ± 0.2 VL

61 58-238 B9 × Naliv Aliy – + – – – 0.2 ± 0.02 R

62 71-3-49 58-257 × B9 – + – – – 0.3 ± 0.02 R

63 64-143 B9 × 57-290 – + – – – 1.7 ± 0.1 M

64 71-3-150 58-257 × B9 – + – – – 0.3 ± 0.02 R

65 71-3-195 – + – – – 0.2 ± 0.03 R

66 85-2-11 3-4-98 × 54-118 + + – + – 0.3 ± 0.04 R

67 76-6-13 57-344 × 57-490 – + – – – 0.3 ± 0.04 R

68 G16 Ottawa 3 × Malus floribunda 
Siebold ex Van Houtte

– + 1500 bp + + 0 HR

69 67-5(32) 54-83 open pollination + – – + – 1.2 ± 0.2 M

70 75-11-280 B9 open pollination – + – – – 0.2 ± 0.03 R

71 57-491 B9 × 13-14 + + – + – 0.4 ± 0.03 R

72 87-7-12 54-118 × B9 + + – + – 2.8 ± 0.2 L

73 75-12-23 A2 open pollination – + – – – 0.2 ± 0.01 R

74 75-11-232 B9 open pollination – + – – – 0.2 ± 0.01 R

75 76-3-6 М27 × B9 – + – – – 0.4 ± 0.03 R

76 86-6-12 – – + – – – 1.1 ± 0.1 M

77 85-11-9 70-5-10 × 54-118 – + – – – 0.2 ± 0.01 R

78 69-6-217 B9 × Kitayka Rozovaya + + – + – 0.3 ± 0.02 R

79 69-28-11 58-257 × B9 – + – – – 0.2 ± 0.02 R

80 4-2-41 82-52-6 × 82-26-2 + – – + – 0.2 ± 0.02 R
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Fig. 1. The results of the Pl-1 gene identification with the AT20 SCAR 
marker in apple clonal rootstocks.
1 – 57-490; 2 – B9; 3 – 54-118; 4 – 2-9-94; 5 – 2-12- 27; 6 – 5-27-1; 7 – 2-3-19;  
8 – M. × robusta k43200. М – marker GeneRuler 100 bp.

Fig. 2. The results of the Pl-2 gene identification with the OPU02 SCAR 
marker in apple clonal rootstocks.
1 – 54-118; 2 – 14-1; 3 – G16; 4 – 9-1-2; 5 – M. zumi k41272. М – marker Start 250.

500 bp

1 2 3 4 5 6 7 8 M

1500 bp

1 2 3 4 5 M

100 bp

1 2 3 4 5 6 7 8 M

500 bp

1 2 3 4 5 6 7 8 M

Fig. 3. The results of the Pl-d gene identification with the EM DM01 
marker in apple clonal rootstocks.
1 – 54-118; 2 – 62-396; 3 – 2-3-8; 4 – 2-3-14; 5 – 2-12-15; 6 – 2-12-10; 7 – 57-490; 
8 – Diyament. М – 50 bp DNA marker.

Fig. 4. The results of the Pl-w gene identification with the EM M02 marker 
in apple clonal rootstocks.
1 – 2-3-17; 2 – 14-1; 3 – 7-8-5; 4 – 9-1-2; 5 – G16; 6 – 5-27-1; 7 – 2-3-8; 8 – Evereste.  
M – marker  GeneRuler 100 bp.

Table 2 (end)

No. Accession Parentage AT20
(Pl-1)

OPU02
(Pl-2)

EM DM01
(Pl-d )

EM М02
(Pl-w)

Powdery mildew 
infection ratings, 
points

Resistance 
rate*

450 bp 500 bp 1700 bp 90 bp 250 bp

81 Malus × robusta 
**(Carrière)  
Rehder (к43200)

+ – – – – – –

82 Malus zumi (Matsum.) 
Rehder (к41272)

– – ~2200 bp – – – –

83 Diyament – – – + – – –

84 Evereste – – – – + – –

* HR – highly resistant; R – resistant; M – moderately resistant; L – low-resistant; VL – very low-resistant.
** References for: Pl-1 gene – M. robusta (k43200); Pl-2 gene – M. zumi (k41272); Pl-d gene – Diyament; Pl-w gene – Evereste.
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Fig. 5. Proportion of accessions with different powdery mildew resistance in the studied collection according to field 
resistance evaluation data. 
Groups of accessions according to the field resistance rate: HR – highly resistant; R – resistant; M – moderately resistant; L – low-
resistant; VL – very low-resistant (inner circle). The number of accessions with the Pl-1, Pl-2, Pl-w and Pl-d genes in each group 
(outer circle).

and 76­6­6, and the maximum (0.9), in rootstock M9 T337 
(see Table 2). The group of moderately resistant forms (1.1–2 
points) included eight accessions (10 %). The average resis­
tance score for this group varied from 1.1 for 86­6­12 to 1.7 
for rootstocks 2­9­102 and 64­143. The proportion of low­
resistant (2.1–3 points) and very low­resistant (3.1–5 points) 
rootstocks was 8.75 %, (from 2.1 for rootstock 9­1­2 to 2.8 
for rootstocks 2­9­94, 87­7­12 and 2­15­15) and 7.5 % (from 
3.4 for K­1 to 4.6 for 9­1­3), respectively. The group of highly 
resistant accessions (0 points) was the smallest and included 
hybrid form 14­1 and rootstock G16 that had not been affected 
by powdery mildew (see Table 2, Fig. 5). 

The distribution of the studied powdery mildew resistance 
genes in accessions with different field resistance was analyzed 
(see Fig. 5). The Pl-d and Pl-1 genes were the most wide­
spread in the collection. Thus, the Pl-d gene was present in 
all groups, and the Pl-1 gene was not detected only in highly 
resistant accessions. While the Pl-w gene, on the contrary, 
was detected only in two accessions 14­1 and G16, which are 
highly resistant. In addition, specific 1500 bp PCR products 
were detected only in these accessions with the Pl-2 gene 
marker (see Fig. 2).

Discussion
The analysis of 80 apple clonal rootstocks using markers of 
powdery mildew resistance genes Pl-1, Pl-2, Pl-d and Pl-w 
allowed assessing the variability of these genes in the Michu­
rinsk SAU collection for the first time.

The most common in the studied collection were the Pl-d 
and Pl-1 genes identified in 33 (41.25 %) and 31 (38.75 %) 
accessions, respectively (see Table 2). The Pl-w gene was 
detected only in G16 and 14­1 accessions (see Table 2, Fig. 4). 
The distribution of the studied powdery mildew resistance 
genes in the collection may be related to the rootstocks pe­
digrees, including both wild Malus species and commercial 
apple cultivars and landraces (see Table 2). 

Wild apple species are the most promising sources of di­
sease and pest resistance genes for breeding apple cultivars and 
rootstocks (Pereira­Lorenzo et al., 2018; Solomatin, 2018). 
However, when breeding clonal rootstocks, during the primary 
selection of hybrid seedlings, genotypes with good vegetative 
propagation ability, high rooting ability and increased winter 
hardiness of the root system are distinguished. The study of 
resistance to phytopathogens is usually carried out later among 
the selected rootstocks.
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It should be noted that there were practically no studies 
of apple rootstocks collections using powdery mildew resis­
tance gene markers, and the researchers have been mainly 
focused on studying apple cultivars and wild Malus species. 
For  example, the study using the EM DM01 marker showed 
a wide distribution of the Pl-d gene among old and modern 
apple cultivars from the collection of the Institute for Fruit 
Growing, Belarus (Urbanovich et al., 2010). In the study of 
145 old and local apple cultivars from the Czech collection, 
the Pl-d gene was detected only in four accessions (Patzak 
et al., 2011). The study of apple cultivars from the Dres­
den­Pillnitz gene bank using the microsatellite marker of 
the Pl-d gene also showed its low distribution (Höfer et al.,  
2021).

The Pl-d gene was also found in wild apple species. In the 
study of 67 Malus species forms, the Pl-d gene was identified 
in seven accessions, and for M. sieversii and M. orientalis, 
intraspecific polymorphism was revealed (Lyzhin, Saveleva, 
2021). In the study of M. orientalis populations growing in 
Iran, the Pl-d gene diversity was also noted (Amirchakhma ghi 
et al., 2018). Transcaucasia is thought to be one of the cen­
ters of origin of low­vigorous clonal rootstocks, where they 
originated from wild species (Budagovskiy, 1976; Solomatin, 
2018). The most common apple species growing in this region 
is M. orientalis. Thus, the distribution of the Pl-d gene in the 
collection may be associated with the origin of rootstocks from 
wild species, including M. orientalis. Another possible factor 
of the distribution of this gene in the analyzed collection is 
the use of apple cultivars in breeding rootstocks.

The Pl-1 gene was the second most common gene in the 
collection. According to previous studies, this gene is not 
widely distributed, both among old and commercial apple 
cultivars (Urbanovich et al., 2010; Patzak et al., 2011; Sup­
run et al., 2015; Kozlovskaya et al., 2018; Lyzhin, Saveleva, 
2020; Höfer et al., 2021). However, the Pl-1 gene was found 
in Malus species. In a collection of 67 wild Malus forms, 
the Pl-1 gene was detected in 37.3 % of accessions, includ­
ing M. × robusta, the species this gene was initially derived 
from. At the same time, intraspecific polymorphism for this 
gene was shown for some species (Lyzhin, Savelyeva, 2021). 
The presence of the Pl-1 gene in wild species was also noted 
in the study by O. Urbanovich et al. (2010). Apparently, the 
distribution of the Pl-1 gene in the collection of apple clonal 
rootstocks is associated with the presence of wild Malus spe­
cies in their pedigrees.

The Pl-w gene, identified in two rootstocks using the EM 
M02 marker, is less distributed in the studied collection. The 
Pl-w gene provides a higher level of resistance than the Pl-1 
and Pl-2 genes (Simon, Weeden, 1991; Evans et al., 2003). 
This gene is quite common among wild Malus species, but is 
practically not found in apple cultivars (Patzak et al., 2011; 
Kozlovskaya et al., 2018; Lyzhin, Saveleva, 2021). 

Probably, it is the presence of the Pl-w gene that ensures 
high powdery mildew resistance in G16 and 14­1 accessions, 
which was revealed during the field resistance assessment 
(see Table 2). Apparently, this is due to their origin from wild 
species. The American rootstock G16 is derived from M. flo-  
ribunda, and the hybrid form 14­1 of the Michurinsk SAU 

is derived from M. sieboldii. Previously, using the EM M02 
marker, the Pl-w gene was detected in M. floribunda and 
M. sieboldii (Lyzhin, Saveleva, 2021).

The Pl-2 gene marker OPU02 SCAR revealed ~1500 bp 
fragments in two accessions (G16 and 14­1) from the collec­
tion (see Fig. 2), while the presence of a dominant Pl-2 allele 
was detected by amplification of a 1700 bp fragment (Gardiner 
et al., 2003). Previously, using the OPU02 SCAR marker, a 
1500 bp fragment was detected in the cultivar Favorit of the 
Crimean Experimental Horticultural Station (Suprun et al., 
2015). The presence of unknown alleles of this gene or a new 
resistance gene was suggested, as the cultivar is powdery 
mildew resistant. This may also refer to accessions G16 and 
14­1, since both are completely resistant to powdery mildew 
according to the results of the field evaluation, although these 
accessions also have the Pl-d and Pl-w genes (see Table 2).

The Pl-2 gene was first identified in M. zumi (Knight, 
Alston, 1968). However, in the M. zumi accession from the 
VIR collection used as reference for this gene, a fragment 
of ~2200 bp was obtained, instead of the expected 1700 bp 
fragment (see Fig. 2). This may be due to the intraspecific 
polymorphism, previously noted for other powdery mildew 
resistance genes in wild Malus species (Lyzhin, Saveleva, 
2021). Alternatively, the presence of a ~2200 bp fragment 
may be related to the existence of another powdery mildew 
resistance gene Pl-MIS in the M. zumi accession (Gardiner et 
al., 2003).

The results obtained using the OPU02 SCAR marker do 
not allow to identify the Pl-2 gene by the presence of the 
1700 bp fragment, which may be due to a significant distance 
(8.6 cM) from the marker to the gene (Gardiner et al., 2003). 
Therefore, in order to assess the presence of the Pl-2 gene in 
the collection, other markers can be used, e. g. SNPs (Jänsch 
et al., 2015; Chagné et al., 2019).

It is known that in breeding for resistance, a common ap­
proach is to combine several resistance genes in one genotype, 
the so­called “pyramiding”. The results allowed to identify a 
number of rootstocks that are promising for breeding. In the 
studied collection, 30 accessions have two resistance genes, 
Pl-1 and Pl-d, and accessions G16 and 14­1, highly resistant to 
powdery mildew, have genes Pl-d, Pl-w, as well as a specific 
fragment detected using the Pl-2 gene marker (see Table 2).

However, not all accessions with powdery mildew resis­
tance genes showed high field resistance. For example, all 
eight accessions that had the dominant allele of the Pl-1 gene 
also had the Pl-d gene, however, the level of their field resis­
tance varied from 0.2 points for rootstock 4­2­41 to 2.8 points 
for rootstock 2­9­94 (see Table 2). At the same time, accessions 
G16 and 14­1 that had the Pl-d and Pl-w genes, as well as a 
specific fragment obtained with the Pl-2 gene marker, were 
highly resistant and had no symptoms of infection (0 points).

The discrepancy between field resistance level and the pre­
sence of resistance genes can have several causes. For some 
of the markers, there are conflicting data on the association 
with the trait. A number of studies do not confirm the correla­
tion of Pl-1 AT20 SCAR and Pl-d EM DM01 markers with 
resistance (Dunemann et al., 2004; Kellerhals et al., 2008; 
Urbanovich et al., 2010). 
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In addition, data on the presence and distribution of different 
races of P. leucotricha and the results of artificial inoculation 
tests with known pathogen strains are needed for more ac­
curate assessment of the powdery mildew resistance level. 
Besides, the resistance determined by known Pl genes can be 
overcome, as, for example, Pl-1 gene resistance (Lesemann, 
Dunemann, 2006). Furthermore, despite a significant amount 
of data on the genome sequences of the cultivated apple and 
other Malus species, it is likely that not all powdery mildew 
resistance genes and alleles of known resistance genes have 
been identified at the moment.

Conclusion
Field evaluation of powdery mildew resistance of 80 ac­
cessions from the Michurinsk SAU apple clonal rootstocks 
collection was assessed for the first time and accessions with 
powdery mildew resistance genes were identified. The Pl-d 
and Pl-1 genes were the most common in the collection. 
The Pl-w gene was found only in two accessions, while the 
Pl-2 gene was not detected in the collection. At the same 
time 32 accessions had a combination of two Pl genes. The 
presence of powdery mildew resistance genes in rootstocks 
appears to be related to their pedigrees and origin from wild 
Malus species. Comparison of the field resistance assess­
ment results with the molecular analysis data showed that 
the presence of resistance genes does not always correspond 
to the level of resistance. Thus, the Pl-d and Pl-1 genes were 
identified in both resistant and low­resistant accessions, while 
the Pl-w gene was detected only in highly resistant accessions 
14­1 and G16. The obtained data can be used for breeding 
new apple rootstocks with a combination of powdery mildew 
resistance genes.
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Abstract. Septoria is one of the harmful diseases of wheat cultivars cultivated in the Saratov region. This infectious 
disease of fungal etiology limits yield indicators and rapidly progresses in many regions of the Russian Federation. The 
aim of the research was to assess the resistance of winter and spring wheat cultivars that are referred to as promising 
and recommended for cultivation in the Low Volga region of the Russian Federation to pathogens of Septoria, to study 
the populations of Parastagonospora nodorum and P. pseudonodorum in the territory of the Saratov region in order to 
detect the presence of effector genes. Using molecular markers, we performed the identification of genes encoding 
NEs in 220 Parastagonospora spp. fungal isolates obtained from 7 cultivars of soft winter wheat, 6 taken from the winter 
triticale, 5 from soft spring wheat, 3 from durum spring wheat and 1 from spring oats. Among the P. nodorum isolates 
studied, there were both single genes Tox1, Tox3, and ToxA, and combinations of two genes in one genotype. The pre-
sence of the ToxA gene was not noted in the genotype of P. pseudonodorum isolates. During 2020–2022, a collection of 
winter and spring wheat cultivars was studied to detect resistance to Septoria blotch in field conditions (13 cultivars of 
winter wheat and 7 cultivars of spring wheat accordingly). The resistance of the cultivars was proven by laboratory eva-
luation. Three inoculums were used, including the isolates of Z. tritici, P. nodorum (ToxA, Tox1, Tox3), P. pseudonodorum 
(ToxA, Tox1, Tox3) mainly obtained from Saratov populations of 2022 (except for P. pseudonodorum with the ToxA gene). 
The tested cultivars were characterized using the Xfcp623 molecular marker, diagnostic for Tsn1/ tsn1 genes, which con-
trols sensitivity to the fungal toxin of PtrToxA. Of greatest interest are 11 wheat genotypes that showed resistance 
to one, two and three species which served as causative agents of Septoria blotch (Zymoseptoria tritici, P. nodorum, 
P. pseudonodorum). These are the soft winter wheat cultivars Gostianum 237 (tsn1), Lutescens 230 (Tsn1), Guberniya 
(Tsn1), Podruga (Tsn1), Anastasia (Tsn1), Sosedka (Tsn1) and the soft spring wheat cultivars Favorit (tsn1), Prokhorov-
ka (tsn1), Saratovskaya 70 (tsn1), Saratovskaya 73 (tsn1), Belyanka (tsn1). The results obtained are of interest as they 
might increase the efficiency of selection based on the elimination of genotypes with dominant Tsn1 alleles sensitive 
to PtrToxA. In addition to the economic value of the cultivars studied, it is recommended to use them in breeding for 
resistance to Septoria blotch.
Key words: effector genes; PCR-diagnosis; wheat selection; Septoria blotch; phytopathogenic fungi; PtrToxA; PtrTox1; 
PtrTox3.
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Аннотация. Септориоз – одна из вредоносных болезней сортов пшеницы, возделываемых на территории Са-
ратовской области. Это инфекционное заболевание грибной этиологии лимитирует показатели урожайности и 
быстро прогрессирует во многих регионах Российской Федерации. Целью исследований было оценить устой-
чивость перспективных и рекомендуемых для возделывания на территории Нижневолжского региона РФ сор-
тов озимой и яровой мягкой пшеницы к возбудителям септориозных пятнистостей и изучить популяции Para­
stagonospora nodorum и P. pseudonodorum, распространенных на территории Саратовской области, по наличию 
генов-эффекторов. C применением молекулярных маркеров проведена идентификация генов, кодирующих 
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некротрофные эффекторы (NEs), у 220 изолятов гриба Parastagonospora spp., полученных с сортообразцов ози-
мой и яровой мягкой пшеницы, яровой твердой пшеницы, озимого тритикале и ярового овса. Среди изученных 
изолятов P. nodorum были как единичные гены Tox1, Tox3 и ToxА, так и сочетания из двух генов в одном генотипе. 
В генотипе изолятов P. pseudonodorum не отмечено присутствие гена ToxА. Изучено 20 сортов озимой и яровой 
пшеницы на устойчивость к септориозным пятнистостям в лабораторных условиях и в поле в течение 2020–
2022 гг. Было использовано три инокулюма, включающих изоляты Zymoseptoria tritici, P. nodorum (TохА, Tох1, Tох3) 
и P. pseudonodorum (TохА, Tох1, Tох3). Анализируемые сорта были охарактеризованы с помощью молекулярно-
го маркера Xfcp623, диагностического для генов Tsn1/tsn1, контролирующего чувствительность к токсину гриба 
PtrToxA. Наибольший интерес представляют 11 генотипов пшеницы, которые показали устойчивость к одному, 
двум и трем видам – возбудителям септориоза (Z. tritici, P. nodorum, P. pseudonodorum). Это сорта озимой мягкой 
пшеницы: Гостианум 237 (tsn1), Лютесценс 230 (Tsn1), Губерния (Tsn1), Подруга (Tsn1), Анастасия (Tsn1), Сосед - 
ка (Tsn1) и яровой мягкой пшеницы: Фаворит (tsn1), Прохоровка (tsn1), Саратовская 70 (tsn1), Саратовская 73 (tsn1), 
Белянка (tsn1). Полученные результаты важны для повышения эффективности селекции на основе элиминации 
генотипов с доминантными аллелями Tsn1, чувствительными к грибу PtrToxA. Помимо хозяйственной ценности 
изученных сортов, их рекомендуется использовать в селекции на устойчивость к септориозной пятнистости.
Ключевые слова: гены-эффекторы; ПЦР-диагностика; селекция пшеницы; септориозы; фитопатогенные грибы; 
PtrToxA; PtrTox1; PtrTox3.

Introduction
The Saratov region is a large administrative district; it includes 
37 municipal districts, distributed based on climatic conditions 
between the right-bank black soil and arid steppe regions on 
the left bank of Volga. Differences in climatic conditions af-
fect the yield of agricultural crops and the damage caused by 
diseases, among which the dominant position in the phyto-
pathogenic complex is given to Septoria and pyrenophorous 
wheat blotch. During the years of epiphytoties caused by 
Septoria blotch in different regions of  Russia, North America, 
Australia and other parts of the world, crop losses can exceed 
30–40 % (Ficke et al., 2018; Sanin et al., 2018).

The annual monitoring implemented shows that in recent 
years in many regions of Russia, including the Saratov region, 
the pathogenic complex of wheat Septoria blotch has been 
dominated by the species of Zymoseptoria tritici (Desm.) 
Quaedvl. et Crous, representing the causative agent of Sep-
toria leaf  blotch on wheat, triticale, barley and rye (Zeleneva 
et al., 2022).

Less notable species are Parastagonospora nodorum (Berk.) 
Quaedvl., Verkley et Crous. They parasitize leaves, stems, 
glumes, awns of wheat and other cereals (Pakholkova, 2003; 
Sanin et al., 2018; Zeleneva et al., 2022). It quite often af-
fects the seeds as well. The caryopsis turns puny, defective, 
its germination rate decreases. In case of strong infection, the 
coleoptiles get damaged and die off.

Another species, P. pseudonodorum, has a strict host spe-
cialization. It is a wheat parasite. Until recently, this species 
was considered a wheat form of P. avenae (A.B. Frank) 
Quaedvl., Verkley et Crous: P. avenae f. sp. triticea. How-
ever, based on the study of morphology using the methods 
of multilocus phylogeny in modern systematics, the species 
of P. pseudonodorum is one of the seven that have been 
described so far. In total, 26 species of Parastagonospora 
have been detected by now using phylogenetic analysis 
(Croll et al., 2021).

The fungi of P. nodorum and P. pseudonodorum are known 
for their ability to synthesize necrotrophic effectors (NEs), 
including host selective toxins (HSTs), that function as patho-
genicity factors (Ciuffetti et al., 1997). Sensitivity towards NEs 
does not always lead to susceptibility of wheat to a Septoria 
pathogen (van Schie, Takken, 2014; Virdi et al., 2016). 

Today, in total there are nine characterized interactions 
within the pathosystem of wheat – P. nodorum: Tsn1 – SnToxA 
(Friesen et al., 2009; Zhang et al., 2009; Faris et al., 2011); 
Snn1 – SnTox1 (Shi et al., 2016b); Snn2 – SnTox267 (Richards 
et al., 2022); Snn3-B1 – SnTox3 (Shi et al., 2016a); Snn3-D1 – 
SnTox3 (Zhang et al., 2011); Snn4 – SnTox4 (Abeysekara et 
al., 2012); Snn5 – SnTox5 (Sharma, 2019; Kariyawasam et 
al., 2022); Snn6 – SnTox267 (Richards et al., 2022); Snn7 – 
SnTox267 (Richards et al., 2022). It has been shown that genes 
encoding SnToxA, SnTox1, SnTox3 proteins are present in the 
genotype of P. pseudonodorum (Hafez et al., 2020; Navathe 
et al., 2020).

Right now there are three cloned host genes, including Tsn1 
(Faris et al., 2010), Snn1 (Shi et al., 2016b) and Snn3- D1 
(Zhang et al., 2021). There are also five fungus genes that 
encode effector proteins: SnToxA (Friesen et al., 2009), SnTox3 
(Liu et al., 2009), SnTox1 (Liu et al., 2012), SnTox5 (Kariya-
wasam et al., 2022), and SnTox267 (Richards et al., 2022).

The increase in the aggression of crop culture fungal 
diseases was remarked in the Saratov region during the last 
decade. That is why the continuous search and use of new ef-
fective genetic sources and donors was and still remains the 
prioritized approach in wheat immunity selection in the Low 
Volga region (Konkova et al., 2022). The present research is 
annually conducted in the territory of the base provided by 
the Federal agrarian scientific centre of the South-East (in the 
city of Saratov). Starting from 2021, the selection of sources 
and donors expressing susceptibility to Septoria blotch has 
been conducted using molecular technologies that allow to 
pick genotypes with specific gene combinations.

The aim of the given research is to assess the resistance 
of soft winter and spring wheat cultivars recommended for 
cultivation in the territory of the Lower Volga region of the 
Russian Federation to Septoria blotch pathogens together with 
studying the populations of P. nodorum and P. pseudonodo rum 
spread in the Saratov region territory to detect the presence 
of effector genes.

Materials and methods
The affected plant samples were collected in 2021–2022 in the 
Saratov region territory. An infectious sample was understood 
as plant leaves with well-pronounced symptoms of Septoria 
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blotch, collected on the observed field along its diagonal plane 
at equal distances and a certain time period (for example, dur-
ing the counting process).

To collect the samples of affected plants, crop observa-
tions were implemented in areas mentioned in Table 1. All 
the samples were collected during their maturation phase, 
at the stage of milky-wax ripeness of plants (75–85 accord-
ing to the Zadok’s scale). The leaves with typical external 
signs of Septoria blotch disease were picked. The collected 
material was herbarized and labeled (indicating the place 
and date of collecting, the phase, plant species and cultivar, 
information concerning disease symptoms, culture cultivation 
technologies, information regarding protection measures). 
Subsequently, the infectious samples of grain crops (leaves) 
of wheat, triticale and oats were analyzed in laboratory condi-
tions to identify the species composition of Septoria blotch 
pathogens (Pyzhikova et al., 1989).

Meteorological conditions of 2020–2022 in the region 
had a beneficial effect on the development of Septoria blotch 
 causative agents of grain crops. According to the Saratov 
meteorological station data, at the beginning of the vegetation 
period in May, considering the three-year average, there was a 
30.5 mm precipitation fallout. At moderate air temperatures, 
the hydrothermal coefficient (HTC) was quite high – 1.3. In 
June, the precipitation amount (34.5 mm) and HTC (0.55) 
decreased. In the middle of vegetation, in July, the situation im-
proved significantly. Precipitation fallout was 97.2 mm, which 
is much higher than the norm, and the hydrothermal coefficient 
was high, showing 1.54. This contributed to the growth and 
development of agricultural plants and had a positive effect 
on the development of the phytopathogenic complex. In 
 August, the precipitation level was low – 12.6 mm, on average, 
within the three-year period. Elevated air temperatures were 
noted – the number of days with a maximum air temperature 
above or equal to 30 °C was 17. The hydrothermal coefficient 
in this month was also extremely low – 0.2, indicating arid 
conditions.

The degree of damage of the infectious material selected 
for analysis varied from 30 to 40 %. The species of Z. tritici 
was isolated from all the samples of the infectious material 
subject to the study. It was possible to obtain monoconidial 
isolates of fungi of the Parastagonospora genus from some 
samples (see Table 1) (Pyzhikova et al., 1989).

The samples were analyzed in laboratory conditions to 
identify the species composition of Septoria blotch causative 
agents. The results of laboratory diagnostics of the specific 
affiliation of the pathogen were confirmed by the sequencing 
method using the equipment of the Collective Use Center 
“Genomic Technologies, Proteomics and Cell Biology” of the 
All-Russian Research Institute of Agricultural Meteorology.

The analysis included 220 monoconidial isolates of the 
Parastagonospora genus, taken in the amount of 10 from 
each of the 22 infectious samples. To assess the resistance 
to Septoria blotch, 13 samples of winter wheat were used 
(Gostianum 237, Lutescens 230, Saratovskaya 8, Gubernia, 
Mironovskaya 808, Donskaya bezostaya, Saratovskaya 90, 
Zhemchuzhina Povolzhya, Saratovskaya 17, Kalach 60, Po-
druga, Anastasia, Sosedka) and seven samples of spring wheat 
(Favorit, Prokhorovka, Yugo-Vostochnaya 2, Saratovskaya 70, 
Saratovskaya 73, Belyanka, Lebyodushka). Screening was car-

ried out on the test fields of the FASC of the South-East in the 
conditions of a natural infectious background in 2020–2022. 
A modified and supplemented Saari–Prescott scale was used 
(Kolomiets et al., 2017). All the cultivars were divided into five 
groups: RR – highly resistant (damage < 11 %); R – resistant 
(damage 11–20 %); MS – moderately susceptible (damage 
21–40 %); S – susceptible (damage 41–70 %); HS – highly 
susceptible (damage 71–100 %).

The laboratory evaluation was implemented using isolated 
leaves as described by G.V. Pyzhikova and E.V. Karaseva 
(1985). Three inoculums of Z. tritici, P. nodorum (ToxA, 
Tox1, Tox3), P. pseudonodorum (ToxA, Tox1, Tox3) isolates 
were used. When inoculating plants under laboratory con-
ditions, fungal isolates of the Saratov population obtained 
from the infectious material of 2022 were used: Z. tritici: 
80-22-Z.t – durum spring wheat host, 80-22-Z.t – soft winter 
wheat, 95-22-Z.t – winter wheat; P. nodorum: 80-22-P.n. 
(Tox3) – durum spring wheat host, 101-22-P.n. (ToxA, Tox3) – 
soft spring wheat, 88-22-P.n. (Tox1, Tox3) – winter wheat;  
P. pseudonodorum: 72-22-P.ps. (Tox1, Tox3) – winter triticale, 
89-22-P.ps. (Tox1). The presence of Tox genes in the geno-
types of the Parastagonospora spp. fungi isolates used was 
detected for the first time and the results are presented in this 
work. An isolate of the Tambov population 82-21-P.ps., the 
genotype of which contains ToxA, was added to the infectious 
material of the P. pseudonodorum species. This isolate was 
obtained from the soft spring wheat Voronezhskaya 20 in 2021 
(Zeleneva et al., 2022).

Fungal genomic DNA was isolated from a pure culture of 
monoconidial isolates obtained on potato glucose agar (CGA) 
using the standard CTAB method (Doyle J.J., Doyle J.L., 
1990). The same method was chosen to extract DNA from 
young leaves of 13 winter and 7 soft spring wheat cultivars.

Amplification of genomic DNA was carried out in 25 µl 
of the reaction mixture (2 µl of genomic DNA (25 ng (per-
mittable from 2 to 50 ng)), 1 µl of each primer (10 pM/µl) 
(Evrogen, Russia), 0.5 µl of dNTPs mix (10 mM, aqueous 
so lution of dCTP, dGTP, dTTP and dATP) (TransGen, China), 
0.55 µl MgCl2 (100 mM), 0.5 µl BioTaq DNA polymerase 
(5U, 5 U/ µl) (Dialat Ltd., Russia), 2.5 µl 10X PCR buffer, 
17 µl ddH2O).

The amplified fragments were separated by electropho-
resis in 1.5 % of agarose gel, in 1× TBE buffer (pH 8.2), the 
gel was stained with ethidium bromide. The DNA marker 
Step100 plus (Biolabmix, Russia) was used to assess the frag-
ment size.

Screening of isolates of the Parastagonospora genus to 
detect the presence of effector genes: ToxA, Tox1 and Tox3 
was performed using PCR. To obtain statistically valid results, 
the DNA of ten monoconidial isolates obtained from each 
infectious sample was analyzed (see Table 1). A total of 220 
DNA samples were analyzed. The list of primers for PCR is 
presented in Table 2.

Screening of genotypes of wheat cultivars aimed at reveal-
ing the presence of a dominant or recessive gene (Tsn1/tsn1) 
was put at work according to the method of using PCR with 
primer pairs Xfcp623(F)/Xfcp623(R) (Faris et al., 2010). The 
presence of the marker amplification product indicates the 
presence of the dominant allele of the Tsn1 gene (plant sus-
ceptibility to the PtrToxA fungal toxin protein), its absence 
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Table 1. The origin of the analysed monoconidial isolates of Parastagonospora spp. in 2021–2022

No. Isolate name The origin of the infectious sample/host plant

   1 32-21-P.n.-1…10 Saratov region, test field of FASC of the South-East/
soft winter wheat Anastasia 51°34’28”N, 46°00’20”E

   2 33-21-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°34’38”N, 45°59’51”E

   3 35-21-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34’31”N, 46°00’24”E

   4 37-63-21-С-P.av.-1…10 Saratov region, test field of FASC of the South-East/spring 
oats Skakun 51°35’58”N, 46°02’36”E

   5 80-22 P.n.-1…10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°35’58”N, 46°02’36”E

   6 82-22 P.n.-1…10 Saratov region, test field of FASC of the South-East/
durum spring wheat, hybrid line 51°34’41”N, 45°59’54”E

   7 86-22 P.n.-1…10 Saratov region, test field of FASC of the South-East/ 
soft spring wheat, introgressive line 51°34’47”N, 45°59’51”E

   8 88-22 P.n.-1…10 Saratov region, Baltaysky district/
soft winter wheat Saratovskaya 17  52°28’49”N, 46°33’40”E

   9 91-22 P.n.-1…10 Saratov region, Baltaysky district/
soft winter wheat Kalach 60  52°28’21”N, 46°39’51”E

10 92-22 P.n.-1…10 Saratov region, Balashovsky district/
soft winter wheat Levoberezhnaya 1  51°29’25”N, 43°27’13”E

11 93-22 P.n.-1…10 Saratov region, test field of FASC of the South-East/
soft winter wheat, hybrid line 51°34’35”N, 45°59’53”E

12 98-22 P.n.-1…10 Saratov region, Arkadaksky district/
soft winter wheat Kalach 60  51°52’25”N, 43°35’04”E

13 101-22 P.n.-1…10 Saratov region, Yershovsky district/
soft spring wheat Kvartet  51°22’31”N, 48°12’18”E

14 259-22 P.n.-1…10 Saratov region, Yershovsky district/
soft spring wheat Yugo-Vostochnaya 4  51°22’20”N, 48°12’35”E

15 260-22 P.n.-1…10 Saratov region, Arkadaksky district/
soft spring wheat Kvartet  51°52’20”N, 43°33’45”E

16 261-22 P.n.-1…10 Saratov region, Pugachyovsky district/
soft spring wheat Yugo-Vostochnaya 2  52°02’30”N, 49°13’27”E

17 71-22-P.ps.-1…10 Saratov region, Pugachyovsky district/
winter triticale  52°02’01”N, 49°18’05”E

18 72-22-P.ps.-1…10 Saratov region, Balashovsky district/
winter triticale  51°28’43”N, 43°17’04”E

19 73-22-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34’28”N, 46°00’24”E

20 74-22-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34’27”N, 46°00’27”E

21 76-22-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
winter triticale 51°34’31”N, 46°00’28”E

22 89-22-P.ps.-1…10 Saratov region, test field of FASC of the South-East/
soft winter wheat, hybrid line 51°34’28”N, 46°00’20”E
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Table 2. List of primers for PCR

Locus Primer Sequence 5’–3’ Reference Amplicon size, bp

Tox1 SnTox1cF ATGAAGCTTACTATGGTCTTGT Gao et al., 2015 500

SnTox1cR TGTGGCAGCTAACTAGCACA

Tox3 SnTox3cF CTCGAACCACGTGGACCCGGA 600

SnTox3cR CTCCCCTCGTGGGATTGCCCCATATG

ToxA TA51F GCGTTCTATCCTCGTACTTC Andrie et al., 2007 573

TA52R GCATTCTCCAATTTTCACG

Tsn1 Xfcp623F CTATTCGTAATCGTGCCTTCCG Faris et al., 2010 380

Xfcp623R CCTTCTCTCTCACCGCTATCTCATC

Fig. 1. Electropherogram of amplification products obtained using mar-
kers specific to the ToxA, Tox1, and Tox3 genes of Parastagonospora spp. 
from the Saratov population. 
a – ToxА, amplicon size 573 bp; b – Tox1, amplicon size 500 bp; c – Tox3, amplicon 
size 600 bp. М – Step100 plus marker (Biolabmix). The index numbers assigned 
to the samples correlate with the indexes in Table 1.

a
М 1 2 3 4 5 6 7 8 9 10 11 12 13 14

М МK+ K–15 16 17 18 19 20 21 22

М 1 2 3 4 5 6 7 8 9 10 11 12 13 14

М МK+ K–15 16 17 18 19 20 21 22

b

М 1 2 3 4 5 6 7 8 9 10 11 12 13 14

М МK+ K–15 16 17 18 19 20 21 22

c

signifies the presence of the recessive tsn1 allele (plant resis-
tance to PtrToxA).

Statistical data processing was carried out using the com-
puter program STATISTICA 12. The average damage of the 
leaf blade by Septoria blotch was calculated during the field 
assessment within the period of 2020 –2022, %; SD – standard 
deviation (Std. Dev.). The Q-Cochran criterion was taken to 
divide the studied wheat cultivars according to resistance/
susceptibility to three pathogens of Septoria blotch. This cri-
terion was used to test a significant difference between phy-
topathological assessments of wheat cultivars.

Results
As a result of molecular screening, in the studied material 
(220 DNA probes obtained from 130 monoconidial isolates of 
P. nodorum, 80 P. pseudonodorum and 10 P. avenae isolates), 
both single genes encoding NEs and their combinations in one 
genotype were identified (Fig. 1, Supplementary Material 1)1.

The ToxA gene was identified among monoconidial iso-
lates of the P. nodorum species (93-22-P.n.-1…10) obtained 
from the leaves of a hybrid line of soft winter wheat from the 
experimental field of the FASC of the South-East and from 
the infectious material of soft spring wheat Kvartet (110-22-
P.n.-1…10) from the Yershovsky district of the Saratov region 
(see Fig. 1, a).

As a result of molecular screening, the Tox1 gene was identi-
fied among the isolates obtained from four cultivars of wheat 
and five triticale cultivars. The presence of the gene was noted 
in P. nodorum isolates from the soft winter wheat cultivar of 
Saratovskaya 17 (88-22-P.n.-1…10) and Levoberezhnaya 1 
(92-22-P.n.-1…10) from the Balashovsky district. The pre-
sence of the SnTox1 gene was marked in P. pseudonodorum 
monoconidial isolates taken from infectious material from 
hybrid lines of durum spring wheat (33-21-P.ps.-1…10) and 
soft winter wheat (89-22-P.ps.-1 ...10) from the experimental 
field of the FASC of the South-East, as well as winter triticale 
cultivars from the Pugachyovsky district (71-22-P.ps.-1 ... 
10), Balashovsky district (72-22-P.ps.-1 ... 10) and from the 
experimental field of the FANC of the South-East (73-22-P.ps.-
1…10; 74-22-P.ps.-1…10; 76-22-P.ps.-1…10) (see Fig. 1, b). 

The presence of the Tox3 gene was detected among iso-
lates of the P. pseudonodorum species obtained from plant 
1 Supplementary Materials 1 and 2 are available in the online version of the paper: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zeleneva_Engl_27_6.pdf

samples of winter triticale from the Balashovsky district and 
the experimental field of the FASC of the South-East (72-22- 
P.ps.-1…10, 73-22-P.ps.-1…10, respectively). The presen-
ce of the Tox3 gene was marked in isolates obtained from 
winter wheat cultivar Anastasia (32-21-P.n.-1...10), Saratov- 

https://vavilov.elpub.ru/jour/manager/files/Suppl_Zeleneva_Engl_27_6.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Zeleneva_Engl_27_6.pdf
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Table 3. Damage intensity caused by leaf diseases in soft spring and winter wheat cultivars

No. Cultivar name Field phytopathological 
assessment of cultivars 
(2020–2022), %

Laboratory assessment on isolated leaves, %

Z. tritici P. nodorum
(TохА, Tох1, Tох3)

P. pseudonodorum
(TохА, Tох1, Tох3)

Mean 
score ± SD

Phenotype Mean 
score ± SD

Phenotype Mean 
score ± SD

Phenotype Mean 
score ± SD

Phenotype

Soft winter wheat (Triticum aestivum L.)

   1 Gostianum 237 (tsn1) 22 ± 11.6 MS 18 ± 7.6 R 30 ± 0 MS 23 ± 2.7 MS

   2 Lutescens 230 (Tsn1) 17 ± 10.4 R 16 ± 5.5 R 29 ± 2.2 MS 29 ± 2.2 MS

   3 Saratovskaya 8 (Tsn1) 18 ± 13.7 R 29 ± 2.2 MS 36 ± 5.5 MS 36 ± 5.5 MS

   4 Gubernia* (Tsn1)    9 ± 6.1 RR    5 ± 0.9 RR 38 ± 4.5 MS 34 ± 5.5 MS

   5 Mironovskaya 808* (tsn1) 15 ± 5 R 47 ± 4.5 S 36 ± 5.5 MS 32 ± 4.5 MS

   6 Donskaya bezostaya* (Tsn1) 25 ± 5 MS 30 ± 10 MS 36 ± 5.5 MS 40 ± 0 MS

   7 Saratovskaya 90* (Tsn1) 27 ± 5.8 MS 28 ± 2.7 MS 38 ± 4.5 MS 40 ± 0 MS

   8 Zhemchuzhina  
Povolzhya* (Tsn1)

27 ± 5.8 MS 40 ± 0 MS 40 ± 0 MS 40 ± 0 MS

   9 Saratovskaya 17* (Tsn1) 40 ± 10 S 41 ± 2.2 S 34 ± 5.5 MS 40 ± 0 MS

10 Kalach 60* (Tsn1) 16 ± 13.5 R 21 ± 5.5 MS 40 ± 0 MS 22 ± 4.5 MS

11 Podruga* (Tsn1) 11 ± 6.9 R 15 ± 7.1 R 30 ± 0 MS 20 ± 0 R

12 Anastasia* (Tsn1) 10 ± 8.7 RR    5 ± 0 RR 19 ± 2.2 R 14 ± 5.5 R

13 Sosedka (Tsn1) 13 ± 10.4 R    7 ± 2.7 RR 30 ± 0 MS 20 ± 2.7 R

Soft spring wheat  (Triticum aestivum L.)

14 Favorit* (tsn1)    4 ± 1.2 RR    4 ± 1.1 RR 36 ± 5.5 MS 10 ± 0 R

15 Prokhorovka* (tsn1)    4 ± 1.2 RR 18 ± 2.7 R 40 ± 0 MS 28 ± 4.5 MS

16 Yugo-Vostochnaya 2* (tsn1) 52 ± 12.6 S 50 ± 0 S 22 ± 4.5 MS 40 ± 0 MS

17 Saratovskaya 70* (tsn1)    8 ± 2.9 RR 12 ± 2.7 R 23 ± 2.7 MS 22 ± 2.7 MS

18 Saratovskaya 73* (tsn1)    8 ± 5.8 RR 20 ± 10 R 16 ± 2.2 R 18 ± 2.7 R

19 Belyanka* (tsn1) 15 ± 5 R 14 ± 1.1 R 24 ± 5.5 MS 12 ± 2.7 R

20 Lebyodushka* (Tsn1) 33 ± 5.8 MS 32 ± 4.5 MS 21 ± 2.2 MS 36 ± 5.5 MS

* The cultivar is admitted to cultivation in the territory of the Lower Volga region of the Russia Federation (region 8). 

skaya 17 (88-22-P.n.-1...10), Kalach 60 (91-22-P.n.-1...10; 
98-22-P.n.-1…10), Levoberezhnaya 1 (92-22-P.n.-1…10), 
hybrid line (93-22-P.n.-1…10); from spring wheat of hybrid 
lines (80-22-P.n.-1…10; 82-22-P.n.-1…10), introgressive line 
(86- 22-P.n.-1…10), from the Kvartet cultivar (101-22-P.n.-
1…10) (see Fig. 1, c).

In the course of three-year tests on a natural infectious back-
ground, cultivars showing resistance or weak susceptibility to 
Septoria blotch were detected (Table 3).

Genotyping of wheat cultivars using a molecular marker 
was aimed at identifying carriers of genes that control sensiti-
vity and resistance to the PtrToxA toxin. The Xfcp623 marker 

amplified a 380 bp. fragment associated with the Tsn1 gene 
sensitive to the PtrToxA toxin in 12 cultivars of soft winter 
wheat: Lutescens 230, Saratovskaya 8, Gubernia, Donskaya 
bezostaya, Saratovskaya 90, Zhemchuzhina Povolzhya, Sara-
tovskaya 17, Kalach 60, Podruga, Anastasia, Sosedka and one 
cultivar of soft spring wheat, Lebyodushka. The genotypes 
of two cultivars of soft winter wheat: Gostianum 237 and 
Mironovskaya 808; six cultivars of soft spring whea: Favorit, 
Prokhorovka, Yugo-Vostochnaya 2, Saratovskaya 70, Saratov-
skaya 73, and Belyanka represent carriers of the recessive 
allele of the tsn1 gene and are protected against PtrToxA at 
their genetic level (see Fig. 2, Table 3).
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Table 4. Non-parametric statistical analysis  
of indicators of phytopathological evaluation of cultivars  
to Septoria blotch pathogens

Cultivars Q-Cochran criterion.
Resistance to three phytopathogens  
among 20 wheat cultivars was studied 
(df = 19); Q = 36.35; p < 0.009

Name of the pathogen,  
to which resistance is shown

Soft winter wheat (Triticum aestivum L.)

Gostianum 237, 
Lutescens 230, 
Gubernia

Z. tritici

Podruga,  
Sosedka

Z. tritici, P. pseudonodorum

Anastasia Z. tritici, P. nodorum, P. pseudonodorum

Soft spring wheat (Triticum aestivum L.)

Prokhorovka, 
Saratovskaya 70

Z. tritici

Favorit Z. tritici, P. nodorum

Belyanka Z. tritici, P. pseudonodorum

Saratovskaya 73 Z. tritici, P. nodorum, P. pseudonodorum

Fig. 2. Electrophoregram of Tsn1 gene amplification products in soft win-
ter and spring wheat cultivars (amplicon size 380 bp).  
The numbers indicated for the samples correspond to the list of cultivars  
in Table 3 (positive control (K+) – the cultivar of Glenlea, negative control  
(K–) – line 6B365).

М М1 2 3 4 5 6 7 8 9 10 11 12 13

М М K+ K–15 16 17 18 19 2014

A laboratory test of cultivars concerning the reaction to 
three pathogens of Septoria blotch, typical for the region 
(Z. tritici, P. nodorum (ToxA, Tox1, Tox3), P. pseudonodorum 
(ToxA, Tox1, Tox3)) was carried out. The infectious material 
of the regional populations of 2022 was used for inoculation. 
The results are presented in Table 3.

When wheat samples were infected with Z. tritici, the 
following cultivars performed well: Gubernia, Anastasia, So-
sedka, Favorit. Their degree of damage did not exceed 7 % on 
average, they were included in the group of highly resistant 
cultivars (RR). The degree of damage by Z. tritici to Gostia-
num, Lutescens 230, Podruga, Prokhorovka, Saratovskaya 70, 
Saratovskaya 73, and Belyanka did not exceed 20 %, which 
made it possible to classify the cultivars as the members of 
the resistant group (R). 

Two cultivars were confirmed to be resistant to P. nodorum: 
Anastasia and Saratovskaya 73. Six cultivars were confirmed 
to be resistant to P. pseudonodorum: Podruga, Anastasia, So-
sedka, Favorit, Saratovskaya 73 and Belyanka.

When using the statistical method of correlation analysis, 
a weak direct relation was established between the indicators 
of the presence of the Tsn1 gene in the wheat cultivar geno-
type and the intensity of its damage caused by P. nodorum 
and P. pseudonodorum species containing the ToxA gene in 
isolates included in the inoculum (the correlation coefficient 
is 0.3 and 0.2, respectively).

A strong direct correlation was noted between the indicators 
of the overall degree of leaf blade damage caused by Septoria 
blotch in the field and the degree of damage to wheat samples 
caused by Z. tritici (0.8) and P. pseudonodorum (0.7) in the 
laboratory.

The indicators of the degree of damage to wheat cultivars 
of Z. tritici had a direct relation with the degree of P. pseudo-
no dorum damage (0.77); P. nodorum and P. pseudonodorum 
(0.4); Z. tritici and P. nodorum (0.2).

The Q-Cochran criterion made it possible to divide the stu-
died wheat cultivars into four groups based on the criterion of 
resistance to three pathogens: 1 – lack of resistance to Septoria 
blotch pathogens; 2 – resistance to one species; 3 – resistance 
to two species; 4 – resistance to three species of pathogens. 
The value of the coefficient Q = 36.35 with the significance 
level of p less than 0.009 indicates that the cultivars differed 

significantly from each other in terms of resistance/suscepti-
bility to Septoria blotch pathogens of Z. tritici, P. nodorum, 
P. pseudonodorum. The test results are presented in Table 4 
and Supplementary Material 2.

Discussion
Septoria blotch represents a dangerous wheat disease; it is 
one of the most harmful in the fields of the Saratov region. 
In 2017, a strong epiphytoty of Septoria blotch was recorded 
on winter wheat crops (the damage was equal to 67 %). In 
2018–2019, the intensity of Z. tritici damage did not exceed 
25 %. Septoria blotch infection, which exceeded the thresh-
old of 40 %, was noted in 2020 – 45 % and in 2021 – 41 % 
(Konkova et al., 2022).

The proposed study is one of the first in this region. It in-
cludes a comprehensive screening of area-specific and pro-
mising cultivars of soft winter and spring wheat, as well as 
molecular analysis that shows the presence of genes encoding 
NEs in plant pathogen populations and genes in plant geno-
types that control disease resistance.

In the course of the study carried out, it was shown that 
among the genotypes of the studied isolates of P. nodorum 
and P. pseudonodorum of the Saratov population, there was 
a wide representation of the Tox1 and Tox3 genes, while the 
ToxA gene was recorded only in isolates 93-22-P.n.-1…10 
and 101-22-P.n.-1…10 of the P. nodorum species. The results 
obtained are consistent with foreign publications (Richards 
et al., 2022) reporting that the prevalence of the Tox267 and 
Tox1 genes is significantly higher than that of ToxA in the 
genotypes of P. nodorum populations that are territorially 
distant from Russian ones.
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It is known that P. nodorum is a donor of the ToxA gene 
for Pyrenophora tritici-repentis; they share a common toxin, 
PtrToxA (Ciuffetti et al., 1997). Recently, the ToxA gene was 
identified in the fungus that causes wheat blotch – Bipolaris 
sorokiniana (McDonald et al., 2017; Friesen et al., 2018). 
This means that the cultivars of winter wheat Gostianum 237 
(tsn1), Mironovskaya 808 (tsn1) and spring wheat Favorit 
(tsn1), Prokhorovka (tsn1), Yugo-Vostochnaya 2 (tsn1), 
Saratovskaya 70 (tsn1), Saratovskaya 73 (tsn1), Belyanka 
(tsn1) are protected from the ToxA gene toxin of four danger-
ous phytopathogens at once (P. tritici-repentis, P. nodorum, 
P. pseudonodorum, B. sorokiniana).

In the work of N.M. Kovalenko and colleagues (2022), it 
is possible to see the results of identification of the Tsn1/tsn1 
allele using the Xfcp623 molecular marker in 35 cultivars of 
winter and 31 cultivars of spring wheat, included in the State 
Register of Breeding Achievements in 2018–2020 for the first 
time. Out of them, only 9 cultivars of winter and 4 cultivars 
of spring wheat carried Tsn1, which indicates susceptibility 
to PtrToxA, while the remaining cultivars have protection 
against the toxin at the genetic level. We consider this a great 
achievement of national selection. In the work of  T.L. Friesen 
and colleagues (2018), it was mentioned that maintaining tsn1 
in the genotypes of wheat cultivars admitted for selection 
not only provides a selective advantage over pathogens that 
currently carry ToxA, but may also exert selection pressure 
on newer or more suitable pathogens that acquire ToxA via 
horizontal transfer.

Conclusion
Thus, using molecular markers, the identification of genes 
encoding NEs in two species called P. nodorum and P. pseu-
donodorum from populations of the Saratov region was carried 
out. In monoconidial isolates, both single Tox1, Tox3, and ToxA 
genes, as well as combinations of two genes in one genotype, 
were noted. The presence of a characteristic amplification 
product suggests the presence of two NEs genes, ToxA and 
Tox3, in P. nodorum monoconidial isolates 93-22-P.n.-1…10 
and 101-22-P.n.-1…10; Tox1 and Tox3 in isolates 88-22-P.n.-
1…10, 92-22-P.n.-1…10. 72-22-P.ps.-1…10. One Tox1 gene 
in isolate genotypes 33-21-P.n.-1…10, 71-22-P.ps.-1…10, 
89-22-P.ps.-1…10. Tox3 gene in genotypes 32-21-P.n.-1…10; 
80-22-P.n.-1…10, 82-22-P.n.-1…10, 86-22-P.n.-1…10; 
91- 22-P.n.-1…10; 98-22-P.n.-1…10 and 73-22-P.ps.-1…10.

A collection of 20 cultivars (16 area-specific and 4 promis-
ing) was studied to detect resistance/susceptibility to Septo-
ria blotch pathogens in the experimental field of the FASC 
of the South-East in the period of 2020–2022, as well as in 
laboratory conditions. The cultivars underwent PCR screening 
showing the presence of a dominant or recessive gene (Tsn1/
tsn1), which controls sensitivity to the toxin of the fungus 
PtrToxA. For this reason, 11 cultivars with resistance to one, 
two or three types of phytopathogens (Z. tritici, P.  nodorum, 
P. pseudonodorum) are of the greatest interest. These are the 
cultivars of the Saratov selection Anastasia (Tsn1), Belyan-
ka (tsn1), Gostianum 237 (tsn1), Guberniya (Tsn1), Lutes-
cens 230 (Tsn1), Podruga (Tsn1), Prokhorovka (tsn1), Sara-
tovskaya 70 (tsn1), Saratovskaya 73 (tsn1), Sosedka (Tsn1) 
and Favorit (tsn1).
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Abstract. The article outlines a brief historical background on the introduction to cultivation, distribution and breed-
ing of spring durum wheat in the steppe and forest-steppe regions of Eurasia (the countries of the former USSR: Rus-
sia, Ukraine, and Kazakhstan). The approaches and methodology for improving durum wheat during certain scientific 
selection periods are given. The features of the selection program implementation and the breeding scale expansion 
during the creation of breeding stations at the beginning of the XX century, after the end of the Great Patriotic War, 
in the second half of the XX century, and at present are considered. A characteristic according to the main features 
and properties of varieties created in different periods is given. The achievements of the classical breeding method 
by comparing old and new varieties are analyzed. The efficiency and rate of wheat selection by periods in different 
regions of Russia is estimated. The results and methods of breeding for yield, resistance to drought, leaf diseases 
(Stagonospora nodorum Berk., Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana (Sacc.) Shoemaker, Pyrenophora 
tritici repentis (Died.) Drechs., Fusarium sp., Puccinia titicina Eriks., Puccinia graminis Pers. f. sp. tritici Eriks., Blumeria 
graminis (DC.) f. sp. tritici Em. Marchal), grain pathogens Ustilago tritici (Pers.) Rostr.) and pathogens causing darken-
ing of the corcule and endosperm (Bipolaris sorokiniana (Sacc.) Shoemaker, Alternaria tenuis (Nees et Fr.), Аlternaria 
triticina (Prasada & Prabhu)), pests (Cephus pygmeus Lens, Osinosoma frit L., Mayetiola destructor (Say)), grain quality 
(protein content, amount of yellow pigments, dough rheology, sprouting resistance) and end products are presented. 
The prospects for the molecular marker application for a number of traits in breeding in the near future are given.
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Аннотация. В статье представлен исторический обзор введения в культуру, распространения и селекции яро-
вой твердой пшеницы в степных и лесостепных регионах Евразии (страны бывшего СССР – Россия, Украи на, 
Казахстан). Приведены подходы и методология улучшения твердой пшеницы по периодам научной селекции. 
Рассматриваются особенности реализации программ и расширения масштабов селекции во время организа-
ции селекционных станций в начале ХХ в., после завершения Великой Отечественной войны, во второй поло-
вине ХХ в. и в настоящее время. Представлена характеристика по основным признакам и свойствам созданных 
в разные периоды сортов. Анализируются достижения классической селекционной методики путем сравнения 
старых и новых сортов. Дана оценка эффективности и темпов селекции в разных регионах России. Приведены 
результаты и методы селекции на урожайность, устойчивость к засухе, болезням листьев ( Stagonospora nodo-
rum Berk., Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana (Sacc.) Shoemaker, Pyrenophora tritici repentis (Died.) 
Drechs., Fusarium sp., Puccinia titicina Eriks., Puccinia graminis Pers. f. sp. tritici Eriks., Blumeria graminis (DC.) f. sp. tritici 
Em. Marchal.), патогенам зерна Ustilago tritici (Pers.) Rostr.) и патогенам, вызывающим потемнение зародыша и 
эндосперма (B. sorokiniana (Sacc.) Shoemaker, Alternaria tenuis (Nees et Fr.), Аlternaria triticina (Prasada & Prabhu)), 
вредителям (Cephus pygmeus Lens, Osinosoma frit L., Mayetiola destructor (Say)), по качеству зерна (содержание 
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белка, желтых пигментов, реологические свойства теста, устойчивость к прорастанию) и конечных продуктов. 
Оцениваются перспективы применения в ближайшем будущем молекулярных маркеров в селекции по ряду 
признаков.
Ключевые слова: твердая пшеница; Евразийский регион; сорт; история селекции; темпы селекции; устойчи-
вость; патоген; урожайность; качество; белок; клейковина; пигменты; маркеры.

Introduction
Durum wheat is a crop of great importance in the pro-
duction and consumption of specific food products 
(pasta, cereals, bread) that have a long shelf life, high 
nutritional value, and are in demand in almost all re-
gions of the world. The main producers of durum wheat 
are (in million tons): the European Union – about 9.0 
(including Italy – 4.3; France – 1.9; Greece – 1.1; 
Spain – 1.0); Canada – 5.2; Turkey – 3.7; the USA – 2.3; 
Kazakhstan, Syria, Algeria – 2.2 each; Morocco – 1.8; 
Mexico – 1.5; and Tunisia – 1.0 (Eurostat, 2019). In Russia, 
the domestic consumption of durum wheat grain is about 
1.0 million tons per year, 0.2 t of which is imported mainly 
from Kazakhstan (Groshev, 2019). A significant reduction 
in planting area (from 2.0 million ha in 1990 to 0.45 million 
ha in 1994) and in production of durum wheat in Russia 
took place during the transition from a planned economy 
to a market economy in the 1990s (Fig. 1). 

The durum wheat production decline can be explained 
by the higher competitiveness of winter crops (winter soft 
wheat, winter rye) and spring crops (barley, soft spring 
wheat) in relation to durum wheat which is represented 
mainly by spring cultivars in Russia. Durum wheat is grown 
without irrigation in a sharply continental arid climate with 
an annual rainfall of 250 to 450 mm per year. Biotic stress 
factors include pests such as aphids, bedbugs, thrips, grass 
flies, bread sawfly and pathogens such as Helminthospo-
rium and Fusarium leaf spot, Septoria, powdery mildew, 
stem and in some years brown rust. The effect of pathogen 
harmfulness in epiphytotic years can be compared with 
the level of crop losses from severe drought (Vasilchuk, 
2001; Rsaliev et, 2020; Tajibayev et al., 2021). The main 
challenges in spring durum wheat breeding in Russia 

are associated with the searching and implementation 
of opportunities to reduce the effect of these limiting 
environmental factors and improving the quality of grain 
and end products.

Prehistory and early history of the durum  
wheat crop 
On the former USSR territory, tetraploid wheat in the form 
of emmer T. dicoccum Schrank ex Schübler was cultivated 
in the areas of modern regions of Ukraine (Khmelnitsky 
region) and Azerbaijan in the IV millennium and in the II 
millennium BC, respectively. The appearance of durum 
wheat itself (T. durum Desf.) was noted in the IX century 
in Sumy oblast of modern Ukraine (Golik V.S., Golik O.V., 
2008). Then, since the XVI–XVIII centuries, it has been 
widely distributed in the steppe and forest-steppe Russian 
regions – the central black soil region, the Volga region, 
the North Caucasus, the Urals, Western Siberia, Ukraine 
and Western Kazakhstan (Golik V.S., Golik O.V., 2008; 
Goncharov, 2012). Local cultivars – populations (landra-
ces) under the names of Beloturka, Kubanka, Garnovka, 
Arnautka, etc. have been cultivated there. 

For several centuries, as new territories were being 
developed, the area of   cultivation of landraces increased, 
regional biotypes were formed simultaneously, which 
retained (at the time of introduction) the original names 
(for example, Kubanka), but in the process of long-term 
reproduction with a change in the dominant variety in the 
population, acquired regional features. Therefore, in the 
collection of Russian genetic resources of the N.I. Vavilov 
All-Russian Institute of Plant Genetic Resources (VIR), 
there are several cultivars Kubanka, Beloturka, etc., with 
a prefix to the name of the region of origin. 

Scientific breeding:  
development of a network of breeding 
institutions, general methodology  
and breeding results from the beginning  
of the XX century till present 
Archival documents of Russian Department of Agriculture 
(Germantsev, Ilyina, 2019) contain a report on seed 
production dated 1848, which provides evidence that the 
peasants of Saratov Trans-Volga region (Novouzensky 
district) selected the best ears for seeding, i. e. improving 
mass breeding was carried out. The grain vitreousness and 
the high protein content in it were the main advantages of 
Russian durum wheat at that time. At the end of the XIX 
century, the Italian and French pasta industry worked 
exclusively on Russian durum wheat (Shekhurdin, 1961). Fig. 1. Dynamics of planting area (million ha) and gross grain yield 

(million tons) of durum wheat in Russia, 1966–2022.
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Scientific approaches to farming and plant improvement 
have been developed in Russian experimental institutions 
since the opening of Gorygoretsky Institute of Agriculture 
with experimental fields in 1840, as well as Riga 
Experimental Station in 1864, and Petrovsky Agricultural 
Academy in 1867. By 1917, about 400 experimental 
institutions including 44 experimental stations were 
operating in Russia. The study of durum wheat was 
carried out on experimental stations of the steppe regions 
of Ukraine, the Volga region, the South Urals, Siberia and 
Kazakhstan. In 1909, the scientific selection of this crop 
began at the Krasnokutsk breeding station in Saratov Trans-
Volga region that was the centre of production of the most 
high-quality and demanded durum wheat at that time. Then, 
selection began at Saratov (1911) and Bezenchuk (1912) 
experimental stations, also located in the Volga region. At 
the same time, V.V. Talanov began durum wheat breeding 
at Yekaterinoslav Experimental Station (Ukraine) and 
continued it at West Siberian Experimental Station. 

One of the main tasks assigned, in particular, to Kras-
nokutskaya breeding station by the Novouzensky district, 
was the breeding of more productive cultivars (Germant-
sev, Ilyina, 2019). There was no problem with the quality 
of grain grown in the Volga region, since any quantity of 
it was consumed by the markets of Russia and Europe 
(Chekhovich, 1924). Breeding work at Krasnokutsk station 
was led by K.Yu. Chekhovich, who later continued it at 
Bezenchuk Experimental Station. Under his supervision, 
the collection and study of durum wheat local samples 
from Samara, Saratov, Orenburg, Kuban and Ural regions 
were organized. 

The first cultivars in the state variety testing system in 
1924 (State Variety Testing Network under the People’s 
Commissariat of Agriculture of the RSFSR) were: Kubanka 5, 
 Gordeiforme 10, Gordeiforme 432, Gordeiforme 189, 
Melyanopus 69, Gordeiforme 111, Melyanopus 209, 
Gordeiforme of mass selection by A.I. Nosatovsky, 
Arnautka of Kochin, Mindum (selection from the Arnautka 
by Minnesota Experimental Station, the USA), whose 
originators were eight breeding institutions (Talanov, 
1926). In the period from the late 1920s to the mid-1930s, 
Melyanopus 69, Gordeiforme 189, Gordeiforme 10, 
Gordeiforme 432, Gordeiforme 27, were approved for use 
and were most widely used in the USSR (Talanov, 1926). 
Cultivars Melyanopus 69 and Gordeiforme 189 occupied 
2.7 and 0.35 million ha of crops in the USSR, respectively. 
The third most widespread cultivar was Gordeiforme 10 –  
0.25 million ha. Melyanopus 69 and Gordeiforme 189 
were created by breeding from local cultivars of the 
Novouzensky district of Samara province and Ural region, 
respectively. According to V.V. Talanov (1926), the 
selection was carried out by K.Yu. Chekhovich in 1911. 
After many years of research, under the supervision of 
academician P.N. Konstantinov, they were recommended 
for farm use. 

The morphological and botanical diversity of durum 
wheat local varieties required an explanation. According 
to K.Yu. Chekhovich (1924), it was necessary to solve a 

number of issues in physiology in order for the breeding 
to have a systematic character. The most successful 
work was carried out by methods of analytical selection 
on the source material of local varieties. Despite its 
effectiveness, collections of cultivars from different 
ecological and geographical groups were formed in all 
breeding institutions which were included in intraspecific 
and interspecific crosses. The breeding efficiency increased 
after the replenishment of genetic resources due to the 
expeditions of  N.I. Vavilov, his discovery of the centres of 
origin of cultivated plants, the justification of a systematic 
approach to the search and study of the source material. 
However, breeding with the use of hybridization method 
has been more successful with soft wheat. Hybrid cultivars 
began to dominate among commercial soft wheat cultivars 
in the mid-1930s, among durum cultivars – by the early 
1970s (Fig. 2). 

This was because of the desire of government authorities 
and economic entities to obtain a high result in terms of 
yield and gross grain harvest that was more successfully 
achieved when cultivating soft wheat and concentrated the 
attention of breeders on it. The dominance in the USSR 
of the theory of T.D. Lysenko also reduced the efficiency 
of breeding including durum wheat in the 1950s. In the 
years of war 1941–1945, many breeding institutions in 
the occupied regions either stopped their activities or 
were evacuated, while part of the breeding material was 
lost (Golik V.S., Golik O.V., 2008). Institutions located in 
the rear, because of lack of funds and personnel, reduced 
research and breeding work. Nevertheless, in 1954, 25 
cultivars were included in the catalog of commercial cul-
tivars of spring durum wheat of the USSR (Catalogs…, 
1954–1992). Selections from landraces (21 cultivars) 
dominated among them. The most widespread, as well 
as in the 1930s, were the cultivars of the Krasnokutskaya 
Breeding Station – Melyanopus 1932, Melyanopus 69, 
Gordeiforme 189, when Melyanopus 1932 was created 
from crossing landraces, Melyanopus 26 – from crossing 
Melyanopus 69/Melyanopus 1932. 

For 40 years, cultivars of Krasnokutskaya Breeding 
Station held a monopoly, occupying in some years 86.0 % 

Fig. 2. Dynamics of the number of durum wheat cultivars in the USSR 
(1932–1991) and in Russia (1992–2021), including those obtained by 
selection from landraces and hybridization method.
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of durum wheat crops in the USSR (Germantsev, Ilyina, 
2019). Melanopus 69 had been the standard of grain qual-
ity on the world market for almost 30 years (Shekhurdin, 
1961; Dragavtsev et al., 1994). Cultivars Gordeiforme 432, 
Gordeiforme 5695 (Institute of the South-East, Saratov), 
Leukurum 33 (Bezenchuk Experimental Station) were 
widely distributed.

In Kazakhstan, cultivars of local breeding Akmolinka 5 
with high quality and resistance to pathogens that cause 
black germ (Dorofeev et al., 1987) and Kustanaiskaya 14 
were released. In the North Caucasus, the cultivar Krasno-
darskaya 362 (Krasnodar Experimental Station) resistant 
to Swedish fly was introduced, obtained from crossing 
Gordeiforme 10 with a sample from Algeria. In Ukraine, 
the cultivar Narodnaya – selection from a local variety at 
the Kharkov Breeding Station had a significant distribution 
(0.9 million ha) in the 1950–1960s. 

In the mid-1960s, 23 durum wheat cultivars were 
released in the USSR (Catalogs…, 1954–1992), among 
which 15 wear the selections from landraces while 8 were 
the selections from hybrid populations. The main areas 
of commercial crops were occupied by varieties Melya-
nopus 1932 and Melyanopus 26 of the Krasnokutskaya 
Breeding Station. In 1957, Kharkovskaya 46 cultivar was 
released, created by the Ukrainian Research Institute of 
Plant Breeding and Genetics from crossing line 34-5129 
(interspecific hybrid T. turgidum/T. dicoccum) presumably 
either with Algerian durum wheat from the All-Union 
Research Institute of Plant Breeding collection, or with 
the line of Kharkov Station. Both versions could not be 
confirmed because of the loss of documentation during the 
Great Patriotic War (1941–1945) (Golik V.S., Golik O.V., 
2008). That cultivar was distinguished by productivity, 
responsiveness to favourable environmental conditions, 
quite resistant to drought, and it was stood out in terms of 
protein and gluten content. By 1969, it occupied the main 
crop areas under durum wheat – 4.9 million ha in the USSR 
(Golik V.S., Golik O.V., 2008). 

In the Middle Volga region, cultivars of the Kuibyshev 
(Bezenchukskaya) Breeding Station were released – Be-
zenchukskaya 102 (1962) and Bezenchukskaya 105 (1965). 
In the breeding record of both varieties there was the line 
Leukurum B-40, obtained by crossing Melyanopus 212 and 
Gordeiforme 1717 – an interspecific hybrid of landraces of 
soft and durum wheat. The cultivar Bezenchukskaya 105 
(Blagonadezhdina, 1968) had the greatest practical value. 
It showed good combinational ability, crossings with 
Kharkovskaya 46 were especially promising, as they gave 
transgressions in terms of adaptability in the region of the 
Middle Volga and the Urals (cultivars Orenburgskaya 2, 
Orenburgskaya 10, Bezenchukskaya 182, Bezenchuksky 
yantar and their descendants) with great frequency. 

In 1962, the cultivar of the Krasnoyarsk Research Insti-
tute of Agriculture – Raketa, obtained from interspecific 
hybridization – Gordeiforme 27*2/Zabaikalskaya emmer 
wheat was released. That cultivar was a good component 
for hybridization. It is included in the breeding record of 
two commercial cultivars with a high content of yellow pig-

ments in the grain – Saratovskaya zolotistaya and Svetlana 
(Vasilchuk, 2001; Malchikov, Myasnikova, 2020).

In the next decade (1969–1979), the number of released 
durum wheat varieties in the USSR decreased to 13 (Cata-
logs…, 1954–1992). Among them there were only two cul-
tivars of non-hybrid origin, one of them was Narodnaya in 
Ukraine, and the other was local Shavpkha in Georgia. The 
reduction in the total number of cultivars can be explained 
by the high level of productivity and competitiveness of 
Kharkovskaya 46 in all the regions. Cultivars of local im-
portance were: Zernogradskaya 39, Krasnodarskaya 362 and 
Melyanopus 7 in the North Caucasus; Krasnokutka 6, Melya-
nopus 26, Leukurum 43, Saratovskaya 40, Saratovskaya 41 
in the Volga region; Narodnaya and Nakat in Ukraine. 

The catalog of zoned cultivars of the USSR in 1985 
included 15 cultivars of durum wheat, 5 of which were 
from 1979: Almaz (Siberian Research Institute of Agri-
culture), Altaika (Altai Research Institute of Agriculture 
and Breeding), Bezenchukskaya 139 (Kuibyshev Research 
Institute of Agriculture), Orenburgskaya 2 (Orenburg Re-
search Institute of Agriculture), Kharkovskaya 3 (Ukrai-
nian Research Institute of Crop Production, Breeding and 
Genetics). In the same period, the cultivar Narodnaya, the 
last one obtained by selection from landraces, lost its com-
mercial significance. Bezenchukskaya 139 was the most 
popular cultivar; in the years of maximum distribution, 
it occupied 1.5 million ha. In Siberia, the cultivar Almaz 
which was distinguished by its high protein content and 
the quality of pasta, was grown on 0.25–0.35 million ha. 
The drought-resistant and productive cultivar Orenburg-
skaya 2 spread in the Ural region (Dolgalev, Tikhonov, 
2005). Kharkovskaya 3 was cultivated on irrigation in the 
Lower Volga region. 

In the next decade (1986–1995), 18 cultivars were cre-
ated that was 62.1 % of the total number of cultivars ap-
proved for use in the Russian Federation. Their originators 
were 10 institutions – 8 from Russia, one each from Ukraine 
and Kazakhstan (Catalogs…, 1954–1992; State Registers 
of Selection Achievements…, 1993–2022). The cultivars 
most widely distributed in terms of the number of tolerance 
regions were: Bezenchukskaya 182 (Samara Scientific Re-
search Institute of Agriculture) – 5 regions, Krasnokutka 10 
(Krasnokutskaya Breeding Station) – 5, Kharkovskaya 23 
(Ukrainian Research Institute of Crop Production, Breed-
ing and Genetics) – 4, Svetlana (Research Institute of 
Agriculture of the Central Chernozem Region) – 4, 
Orenburgskaya 10 (Orenburg Research Institute of Agri-
culture) – 4, Saratovskaya zolotistaya (Research Institute 
of Agriculture of the South-East) – 3, Voronezhskaya 7 
(Research Institute of Agriculture of the Central Chernozem 
Region) – 2, Omsky rubin (Siberian Research Institute of 
Agriculture) – 2 regions. Cultivars of a wide range include 
Bezenchukskaya 182, Orenburgskaya 10, Krasnokutka 10, 
Kharkovskaya 23, Svetlana, Saratovskaya zolotistaya. The 
first two cultivars are well adapted to the conditions of the 
Middle Volga region, the Urals and the Central Chernozem 
region. Krasnokutka 10 with a high accumulation of protein 
and gluten in the grain is highly drought-resistant in the 
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Lower Volga region. Kharkovskaya 23 was widely used in 
the Central Chernozem region and the Urals. 

During that period, in the Research Institute of Agricul-
ture of the South-East under the supervision of N.S. Vasil-
chuk (2001) a program for breeding high-quality cultivars 
was developed, methods for assessing the yellowness index 
of semolina, pasta, assessing the rheological properties of 
dough using a mixograph, farinograph, SDS sedimenta-
tion and culinary properties of pasta were introduced and 
improved. In the same institution, the cultivar Saratovskaya 
zolotistaya was created which significantly exceeded all 
previous cultivars in the concentration of yellow pigments 
in the grain.

From 1996 to 2006, 18 new cultivars of spring durum 
wheat were approved for use in Russia (State Registers of 
Selection Achievements…, 1993–2022). These cultivars 
were created at the Siberian Research Institute of Agricul-
ture – 4, Altai Research Institute of Agriculture – 3, Research 
Institute of Agriculture of the South-East – 3, Samara Scien-
tific Research Institute of Agriculture – 2, Bashkir Research 
Institute of Agriculture – 1, North-Donetsk Experimental 
Station – 1, Krasnodar Research Institute of Agriculture – 1. 
Two cultivars, Bezenchukskaya stepnaya and Steppe 3, 
were approved for use in three regions. Despite the reduc-
tion in the durum wheat crop area, the Bezenchukskaya 
stepnaya variety was actively used in the country during 
this period, occupying 120, 000 ha in some years. 

With the development of regional selection, specializa-
tion of cultivars in ecological and geographical zones began 
to appear (Rozova et al., 2017). The conditional border of 
biotype specialization in Russia was marked on the terri-
tory of the Ural region, where cultivars originating from 
all six large agroecological zones (the North Caucasus, 
the Central Chernozem Region, the Lower Volga Region, 
the Middle Volga Region, the Urals, and Siberia) are com-
petitive to one degree or another. The number of cultivars 
with a high content of yellow pigments in grains and with 
high gluten quality has increased. During 2007–2016 in 
all regions of Russia, 22 new cultivars were approved for 
use, i. e. the breeding rates averaged 2.2 cultivars per year 
that significantly exceeded all previous periods of durum 
wheat breeding. In 2016, the State register (State Registers 
of Selection Achievements…, 1993–2022) increased the 
total number of cultivars of spring durum wheat to 42. 

The process of increasing the number of cultivars used 
can be seen as a movement towards the creation and 
diversification of cultivar systems. This is confirmed by 
both the number of successful breeding institutions (11) 
and their geography – from Irkutsk to Krasnodar. Along 
with the traditionally tall cultivars, short-stemmed ones 
Bezenchukskaya 209 and Rusticano, and medium-sized 
ones Bezenchukskaya 210, Bezenchukskaya zolotistaya, 
Lilek, Omskaya yantarnaya were registered. In terms of 
the duration of the growing season, the differences between 
early-ripening biotypes (Krasnokutka 13, Nikolasha) and 
late-ripening ones (Omsky izumrud, Omsky corund) in 
terms of heading date amounted to 10–12 days when tested 
in the Middle Volga region. 

The number of cultivars with a high content of yellow 
pigments in the grain (at the level of Saratovskaya zoloti-
staya) continued to increase. Cultivar Bezenchukskaya 
zolotistaya exceeded this level by 25.0 %, reaching values 
of 8.5–9.0 ppm (Malchikov, Myasnikova, 2020). New 
cultivars were created that consistently form high-quality 
gluten: Bezenchukskaya 209, Bezenchukskaya niva, Be-
zenchukskaya zolotistaya, Luch 25, Annushka, Krassar, 
Lilek, Nikolasha. Breeders of the Altai Research Institute of 
Agriculture have created a cultivar Solnechnaya 573 which 
combines two properties that are difficult to combine –  
high yield in the tolerance regions (Western and Eastern 
Siberia) and high protein content. In the European part of 
the country, seven cultivars (Bezenchukskaya 205, Bezen-
chukskaya 210, Bezenchukskaya niva, Bezenchukskaya 
zolotistaya, Donskaya elegiya, Marina, Melodiya Dona) 
have been created which are approved for use in the Ural 
region. In Siberia, cultivars of only local selection have 
been released. 

Over the past six years (2017–2022), 20 new cultivars 
have been created (State Registers of Selection Achieve-
ments..., 1993–2022) – 3.3 per year, so breeding rates 
increased compared to the previous period. Among them, 
cultivars recommended for use in one region prevailed – 
18 to 90.0 %, which is a continuation of the trend that was 
determined at the previous stages – a gradual increase in the 
share of cultivars of local importance and regional diversi-
fication of cultivar systems. The specialization of cultivar 
systems at this stage is confirmed by a sharp increase in the 
number of short-stemmed cultivars  carrying the RhtB1b 
gene: Triada, SI ATLANT, SI NILO and Tessadur that are 
recommended for the Central Chernozem region, Bourbon 
and Nikola that are for the Ural region. These cultivar are 
resistant to lodging, have a high productivity potential (it 
is 8.96 t/ha for Triada, 8.98 t/ha – for SI NILO). 

Bezenchukskaya krepost, Kremen, and Melyana have 
middle-sized stems. The first one is included in the register 
for the Middle Volga and the Ural regions; both of the lat-
ter cultivars are only for the Ural region. Bezenchukskaya 
krepost is resistant to powdery mildew, brown rust, hard 
smut and accumulates in the grain almost the same amount 
of yellow pigments as the Bezenchukskaya zolotistaya 
cultivar. Obtained by LLC “Agroliga – Center for Plant 
Breeding” from the basic genotype of Samara Scientific 
Research Institute of Agriculture (1469D-59) by backcross-
ing to a cultivar from the USA Kofa (a donor of high qual-
ity gluten) and selection using molecular markers cultivar 
Taganrog is resistant to leaf spots, powdery mildew, grain 
sawfly and distinguished by a high content of yellow pig-
ments and gluten quality. Cultivar Shukshinka is zoned in 
the Urals, Eastern, and Western Siberia, cultivar Oasis – in 
Western and Eastern Siberia and cultivar Omsky coral – in 
Western Siberia. 

Cultivars Oasis and Omsky coral are middle-late, tall, 
but resistant to lodging with a realized grain yield potential 
of 5.7–6.2 t/ha. The cultivar Shukshinka is middle-late, 
medium-sized, resistant to lodging, has good and excel-
lent pasta qualities, the maximum yield is 7.28 t/ha. Two 
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cultivars, Yasenka and Yarina, were approved for use in the 
North Caucasus region. They are resistant to drought and 
lodging, loose smut, and are distinguished by large grains 
and good quality pasta. They are quite competitive in the 
Volga region and the Urals.

Source material and methods for creating  
genetic variation 
At the beginning of scientific breeding, local cultivars were 
the main source material. They consisted of mixtures of 
cultivars and biotypes. Their study was carried out in ac-
cordance with the intraspecific classification of cultivated 
plants of F.K. Körnicke (1873) and J. Percival (1921) 
based on well-distinguishable features of the ear and grain. 
Subsequently, N.I. Vavilov (1940) proposed an ecological-
geographical principle that combines the classification 
into cultivars according to F.K. Körnicke (1873) with the 
division of the entire diversity into ecological-geographical 
groups. The adequacy of such a division of landraces and 
ancient hexaploid wheat varieties was confirmed by the 
results of their clustering based on SSRs and RAPDs mark-
ers (Mitrofanova, 2012). 

Separation of Eurasian durum wheat cultivars (Russia, 
Ukraine, Kazakhstan) of the steppe and forest-steppe eco-
types from groups of durum wheat from the Mediterranean 
and the Middle East is confirmed by the spread of various 
groups of alleles of gliadin-coding loci among the landra-
ces of these regions (Kudryavtsev et al., 2014). Selection 
from landraces that was used in all breeding institutions 
proved to be effective. At the beginning, interspecific cross-
ings of durum wheat (T. durum Desf.) with soft wheat  
(T. aestivum L.) and emmer wheat (T. dicoccum Schuebl.) 
prevailed in hybridization, after that – intraspecific cross-
ings with the involvement of initial material from different 
ecological and geographical groups and from the other 
countries. 

Landraces Beloturka and Sivouska were included in 
the breeding records of 53 and 41 % of released cultivars, 
respectively, which indicates the evolutionary nature of 
breeding with improving genetic systems of adaptability. 
Derivatives obtained from crossing durum wheat with 
emmer wheat were of great importance. Variety Kharkovs-
kaya 46 created as a result of interspecific hybridization 
T. dicoccum, T. turgidum, and T. durum was included in 
the breeding record of 85 % of the cultivars included in 
the Russian register in 2004 (Martynov et al., 2005). Cul-
tivar Raketa obtained using the sample T. dicoccum from 
Trans-Baikal territory through cultivars Saratovskaya 
zolotistaya, Svetlana is currently included in the breeding 
record of 36.0 % of commercial cultivars in Russia. Sample 
k-46995 T. dicoccum (All-Union Research Institute of 
Plant Breeding) through the cultivar Pamyati Chekhovicha 
participated in the origin of seven cultivars included in 
the register over the past eight years (State Registers of 
Selection Achievements…, 1993–2022). At all stages 
of breeding, soft wheat was used for hybridization. At 
present, 32.7 % of commercial cultivars have soft wheat 
among their ancestors.

Triticum timopheevii (Zhuk.) cultivar was involved in 
hybridization as a source of resistance to pathogens. In the 
register of cultivars protected for 2022, there were three 
cultivars carrying a translocation on the 6B chromosome 
from T. timopheevii, which provides resistance to powdery 
mildew (Malchikov et al., 2015). In the 1970s, the com-
mercial variety Melanopus 7 was obtained in Krasnodar 
with the involvement of T. timopheevii. 

Since the 1930s, along with interspecific and intraspe-
cific crosses, foreign cultivars have been involved in the 
creation of hybrid populations. The cultivars WSMP-13 
(USA), Leucurum 983 (Italy) were widely included in 
crosses. WSMP-13 cultivar through the breeding line of 
the Samara Scientific Research Institute of Agriculture 
Gordeiforme 740 is included in the breeding record of 12 
modern cultivars. The Research Institute of Agriculture of 
the South-East and the Federal Scientific Centre for Grain 
named after P.P. Lukyanenko use the gene pool from the 
international centre ICARDA, the USA and Canada – the 
cultivars Annushka and Krassar were obtained using the 
American cultivar Medora, the genes of the American line 
AWll/Sbl 4 were used for the cultivar Lilek. Omsky corund, 
Omsky coral were obtained from crossing with genotypes: 
k-47117, T 1004 = POD 11/Yazi 1 (CIMMYT). When 
creating short-stemmed varieties Bezenchukskaya 209 
and Triada, the donors of the RhtB1b gene were Coc-
corit 71 and Anser 10 (CIMMYT). At present, the cultivar 
Pamyati Chekhovicha carrying the plant height reduction 
gene from the cultivar Ahninga (CIMMYT) is widely 
used for hybridization. In Federal Rostov Agricultural 
Research Centre, chemical mutagenesis and hybridization 
with foreign cultivars (Wells, Wascana) are used to induce 
genetic variability. As a result, cultivars Novodonskaya, 
Volnodonskaya, Donskaya elegy were created. 

The main method of induction of genetic variability in 
durum wheat in Russia and in the countries of the former 
USSR is hybridization within and between species. Some 
scientists assign a crucial role to hybridization and estimate 
its contribution to the effectiveness of the breeding process 
up to 60.0 % (Vedder, 1992). The approaches used in the 
selection of parental components for hybridization cor-
respond to the three principles proposed by S. Boroevich 
(1984): cultivar, trait, gene. 

The principles of cultivar and trait in the domestic litera-
ture are usually not separated. In this case, cultivars selected 
for hybridization are characterized by the entire range of 
breeding traits (Vasilchuk, 2001; Evdokimov et al., 2022). 
At the same time, the stage of prebreeding selection, or the 
purposeful creation of intermediate forms for the stepwise 
hybridization, is singled out (Shekhurdin, 1961; Vasilchuk, 
2001). This principle of parental component selection is 
widely used in breeding for quantitative traits, resistance 
to drought and high temperatures. Methods based on the 
gene principle are used for: backcrossing – transferring 
genes to a specific gene pool, accumulation – combin-
ing genes in one genotype that determine different traits, 
“pyramidization” – combining two or more genes that 
determine one trait. The gene principle is used in breeding 
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for resistance to pathogens, culm length and completeness, 
enzyme activity that are signs closely linked to biochemical 
or DNA markers.

Genetic diversity of commercial cultivars 
The process of increasing uniformity in varietal populations 
is undesirable, as it increases the likelihood of rapid 
development of epiphytoties, the spread of pests, and the 
vulnerability of the varieties to the effects of other extreme 
environmental factors over a large area (Jacques et al., 
2014). Genealogical analysis of the varieties released on 
the territory of Russia in 1929–2004 based on relatedness 
coefficients showed an increase in genetic diversity. At 
the same time, genetic erosion of local material was 
recorded – the number of Russian original ancestors of 
modern cultivars decreased by 20 %. In general, during 
this period, the lower genetic diversity threshold in all 
regional breeding centres did not reach a critical level 
corresponding to the similarity of half-sibs (r-coefficient of 
relatedness varied from 0.18 to 0.23 for breeding centres; 
r-coefficient for half-sibs – 0.25) (Martynov et al., 2005). 
Unambiguous trends in the change in genetic diversity for 
alleles of gliadin-coding loci during four historical (in time) 
evolution stages of the varietal population of spring durum 
wheat were not found (see the Table).

The constancy of the allelic composition at the Gli-A1, 
Gli-B1, Gli-B2 loci was established for the first (1929–
1950) and second (1951–1980) stages. In cultivars of the 
second stage, the number of alleles at the Gli-A2 locus 
increased significantly that led to some increase in the 
coefficient of genetic diversity in general for 4 loci from 
0.68 to 0.70. At the next stages, this trend was reversed. A 
significant narrowing of the diversity occurred at the third 
(Gli-A1, Gli-A2 loci) and especially the fourth stage, most 
strongly at the Gli-A1 locus. A significant decrease in the 
diversity coefficient at the fourth stage also occurred at the 
Gli-A2 and Gli-B2 loci, which was constant at throughout 
the XX century. Gli-B1 which is stable in composition of 
alleles includes allele c with a frequency of 0.46 which con-
tains the electrophoretic component γ-45 that is a marker 
of genes determining the formation of high-quality gluten. 

It is obvious that the current intensive selection of high-
quality cultivars can lead to a monoallelic state of the locus 
and a narrowing of the genetic diversity of the created cul-

tivars. This negative trend can be overcome by attracting a 
genetically diverse source material, identifying new alleles 
and intensifying the variety creation in regional breeding 
centres (Kudryavtsev et al., 2014).

Yield selection results
There is information in the scientific papers about the 
results of studying the yield trend in breeding institutions 
in the Volga region (Research Institute of Agriculture of 
the South-East, Samara Scientific Research Institute of 
Agriculture) and Western Siberia (Omsk Agricultural 
Research Centre, Federal Altai Scientific Centre for Agro-
biotechnology). At the Samara Research Scientific Institute 
of Agriculture, the genetic component of yield has been 
determined quite accurately since the regular testing of 
Leukurum 33 cultivar in the 1930s. This cultivar of the 
second stage (Malchikov, Myasnikova, 2015), until the 
completion of testing the cultivar of the first stage – Gor-
deiforme 189 in 1958, exceeded it by 23.6 %. If we take 
the value of 5.0 % as the minimum difference between the 
yields of Gordeiforme 189 and landraces, then the breeding 
contribution to the increase in yield in the Middle Volga 
region when creating the Leukurum 33 cultivar is 28.5 % 
or 0.8 % per year. 

The breeding contribution to the yield value during the 
creation of the cultivar Bezenchukskaya 105 (1965) and 
Kharkovskaya 46 (1968) increased by 5 %, but, at the 
same time, the growth rate due to the breeding decreased 
to 0.6 % per year from 1912, in the period from 1948 by 
1965 – to 0.26 %. The main contribution to the increase in 
the yield of cultivars at the 2nd–3rd stage of breeding was 
associated with an improvement in the survival of plants 
at the time of maturation. 

At the next stages – the creation of Bezenchukskaya 139 
(stage 4, 1980), Bezenchukskaya 182 (stage 5, 1993), the 
genetic yield trend related to the variety of the 3rd stage – 
Kharkovskaya 46 was 10.1 %, related to the variety of the 
stage 4 – Bezenchukskaya 139 was 15.7 %, with breeding 
rates of 0.84 and 1.12 % per year, respectively (Malchikov, 
Myasnikova, 2015). 

Most often, the genotypic dispersion of the yield of 
cultivars of stages 3– 6 was associated with the variability 
of ear productivity traits and morphophysiological traits, 
such as Plant height, Harvest index – 65.5 and 31.1 % of 

Nei’s indices of spring durum wheat genetic diversity from Russia and the former USSR for four gliadin-coding loci  
in a historical context (according to Kudryavtsev, et al., 2014)

Locus Indices of genetic diversity by periods of variety regionalization

1929–1950 1951–1980 1980–2000 2001–2012

Gli-A1  0.64 0.12 0.09

Gli-B1 0.55 0.58 0.69 0.68

Gli-A2 0.58 0.77 0.63 0.58

Gli-B2 0.82 0.80 0.86 0.74

Average 0.68 0.70 0.58 0.52



P.N. Malchikov 
M.G. Myasnikova 

598 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 6

Development, results and prospects of the spring 
durum wheat breeding in Russia (post-Soviet states) 

cases, respectively. During the last 15 years (2007–2021), 
against the background of a general increase in the yield 
of durum wheat in competitive variety trials, an increase 
in selection improvement rate has been observed (Fig. 3). 
The trend in the increase in yield of Bezenchukskaya 182 
variety from 1993 to 2021 was 28.5 % or 0.95 % per year.

Thus, over 110 years of durum wheat breeding at the 
Samara Scientific Research Institute of Agriculture, the 
genetic yield progress was 0.80 % per year or 87.7 % for 
the entire period, including the stages of breeding (vari-
etal change): stages 1–2 – 28.5 %, stage 3 – 5 %, stage 4 – 
10.0 %, stage 5 – 15.7 %, stage 6 – 28.5 %.

In the Research Institute of Agriculture of the South-East 
in the XX century (1929–1999), from the moment of the 
variety Gordeiforme 432 creation (selection from the local 
Beloturka), the genetic yield trend was 54 % (Vasilchuk, 
2001). In the XXI century (2000–2017) it increased by 
22 % and amounted to 73.0 % or 0.79 % per year in general 
for the entire breeding period (Gaponov et al., 2017). Breed-
ing progress in terms of yield was associated primarily with 
an increase in grain size, the number of productive stems 
and Harvest index (HI). It was not possible to increase the 
number of spikelets per spike, the number of grains per 
spike and spikelet, with the exception of some cultivars. 
It is predicted that no cardinal changes in plant habitus 
(reduction in plant height) are expected (Vasilchuk, 2001; 
Gaponov et al., 2017). 

The first cultivar of spring durum wheat created at the 
West Siberian Station (Omsk Agricultural Research Cen-
tre) was Gordeiforme 10 (Talanov, 1926). It was released 
from 1929 until 1960 and remained the main variety in the 
region. It was replaced by the Kharkovskaya 46 cultivar 
which surpassed Gordeiforme 10 by 10 % in the forest-
steppe zone (Savitskaya et al., 1980). In 1979, the Almaz 
variety was released which exceeded Kharkovskaya 46 
in yield by 0.23 t/ha or 9.7 % in Siberia and Kazakhstan. 
Over the next 20 years, Omsk rubin (1991), Angel (1997), 
and Omskaya yantarnaya (1999) were created. The yield 

trend for this period (from the Almaz cultivar to Omskaya 
yantarnaya) amounted to 0.6 t/ha or 22.5 %, i. e. 1.07 % per 
year based on the results of a long-term study at the Omsk 
Agricultural Research Centre (Evdokimov et al., 2021). 

Cultivars of the last breeding period of durum wheat 
in the Omsk Agricultural Research Centre (2000–2021) – 
Omsky izumrud and Omsky coral in terms of grain yield 
exceeded Omskaya yantarnaya by 18.4 and 19.2 %, i. e. 
selection rates were about 0.9 % per year (Evdokimov et 
al., 2020). The general trend of yield improvement breed-
ing if we count from the Gordeiforme 10 variety is 61 % 
or 0.67 % per year. The cultivar productivity increase in 
the process of breeding at the Omsk Agricultural Research 
Centre followed the path of improving the number of pro-
ductive stems per 1 m2 and the number of grains per spike. 
The caryopsis weight changed insignificantly (Evdokimov 
et al., 2021).

In the Altai Research Institute of Agriculture (Federal Al-
tai Scientific Centre for Agrobiotechnology), the selection 
of spring durum wheat began in 1929 after the organiza-
tion of the Barnaul Experimental Station, but systematic 
and large-scale work has been carried out since 1970. For 
50 years, 10 commercial cultivars have been created. The 
yield trend from Kharkovskaya 46, the main standard 
in the 1970s, to modern cultivars was 0.39–0.79 t/ha or 
14–29 %, the breeding rate for yield was 0.38–0.58 % per 
year (Rozova et al., 2017). A general trend in the change 
in yield elements was not found with the exception of the 
tendency to increase the weight of the grain at all stages. At 
the same time, most cultivars of all breeding stages formed 
larger grains. Some varieties surpassed Kharkovskaya 46 
in terms of the number of grains per ear and Harvest index.

Thus, the selection of spring durum wheat for yield in 
the main breeding centres of Russia is carried out quite 
effectively. The rate of its increase depending on the 
breeding centre is 0.58–0.80 % per year. 

Selection of cultivars resistant to pathogens  
and pests
At the beginning of breeding work with spring durum 
wheat in the USSR (Russia), much attention was paid to 
the creation of cultivars resistant to dust brand (Ustilago 
tritici (Pers.) Rostr.) that is explained by its distribution 
in the regions of cultivation, increased durum wheat spe-
cies susceptibility to the pathogen and deterioration in the 
quality of products. In the 1920–1940s, Gordeiforme 10, 
Melyanopus 69, Raketa, Gordeiforme 27 were resistant 
against an infectious background (Shestakova, Vyushkov, 
1975). On their basis, highly resistant varieties Bezen-
chukskaya 121, Bezenchukskaya 139, Svetlana, Valentina, 
Bezenchukskaya 205, Triada, etc. were obtained. Currently, 
among the cultivars included in the State Register of Russia 
there are about 40 % resistant ones which in combination 
with the use of systemic seed treaters, effectively restrains 
the development of this pathogen (Vyushkov, 2004).

The most harmful diseases parasitizing the Eurasian 
durum wheat are leaf spots: Stagonospora nodorum 
(Berk.), Septoria tritici (Roeb. et Desm.), Bipolaris soro-
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years (2007–2021).
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kiniana (Sacc.), Pyrenophora tritici-repentis, Fusarium sp. 
(Koishibaev, 2018). Breeding for resistance to these 
pathogens is regional. There is no complete resistance or 
immunity in durum and soft wheat cultivars to leaf spots 
(Lamari et al., 1989). In a study by C. Chu et al. (2008), 
only 25 of 132 durum wheat accessions had high or partial 
resistance to P. tritici-repentis and S. nodorum (Berk.).  
A high level of partial resistance to P. tritici-repentis (Tan 
spot) and S. nodorum (Berk.) has been found in synthetic 
hexaploid wheat (SHW) and soft wheat (Xu et al., 2004; 
Singh P.K. et al., 2006). Sustainable sources of SHW and 
wild relatives can potentially be used to improve durum 
wheat (Singh P.K. et al., 2006). 

In the system of the Kazakh-Siberian program (KASIB), 
the following samples of durum wheat were identified (high-
ly resistant to leaf spot pathogens in the field): 1693d-71, 
2021d-1, Gordeiforme 1591-21 (Samara Research Institute 
of Agriculture), D-2165 (Research Institute of Agriculture 
of the South-East), Gordeiforme 08-107-5, Gordeiforme 
178-05-02, Gordeiforme 05-42-12 (Omsk Agricultural 
Research Centre) (Gultyaeva et al., 2020; Rsaliyev et al., 
2020). A significant part of durum wheat cultivars included 
in the state register of Russia according to the description of 
the authors and the results of the study in the state variety 
network show resistance (R), medium resistance (MR) or 
medium susceptibility (MS) to these pathogens. Sufficiently 
effective selection for resistance is confirmed by the low 
frequency of occurrence of the dominant allele of the sus-
ceptibility gene to P. tritici-repentis – Tsn1. Among the 43 
studied cultivars, it was identified only in two – Soyana 
and Gordeiforme 08-25-2 (Rsaliyev et al., 2020). 

The cultivars of durum wheat from Russia and Kazakh-
stan are sufficiently resistant to leaf rust (P. triticina Eriks.) 
which confirms the thesis that resistance to this pathogen 
is higher in durum wheat than in soft wheat (Ordoñez, 
Kolmer, 2007). Most durum wheat varieties included in 
the Russian Register have field resistance to leaf rust. 
During the years of its epiphytoties, cultivars with this 
type of resistance reduce the yield, the weight of the grain 
and its fillness, but much less than the susceptible ones. It 
is advisable to have cultivars with field resistance in the 
steppe regions with a dry climate where the harmfulness 
of brown rust is low (Krupnov, 2016). For regions with an 
increased level of annual precipitation (> 450 mm), it is 
advisable to use immune cultivars (immunity type 0-1). 
Donors of resistance genes (immunity with type 0-1) are 
varieties of the Samara Research Institute of Agriculture 
Marina and Leukurum 1750. These lines were isolated 
according to the field assessment in the KASIB seed-plot 
against a natural infectious background in two ecopoints 
(Omsk, South Kazakhstan) – Kargala 223, Gordeiforme 
178-05-2, Gordeiforme 05-42-12 and Triada. 

The results of the multipathogenic test showed the 
absence of the Lr2a, Lr2b, Lr2c, Lr9, Lr15, Lr16, Lr17, 
Lr19, Lr20, Lr24, Lr26 genes in the Russian and Kazakh 
breeding material. The use of molecular markers did not 
reveal the genes Lr1, Lr3a, Lr9, Lr10, Lr19, Lr20, Lr24, 
Lr26, Lr34, Lr37 (Gultayeva et al., 2020). In Spain, they did 

not identify any known Lr-gene in the collection of durum 
wheat cultivars either (Martínez et al., 2007). Of all known 
leaf rust resistance genes, only Lr14, Lr23, Lr61 and Lr 79 
are derived from durum wheat and spelt (McIntosh et al., 
2013). In this regard, it is not clear whether durum wheat 
has the same resistance genes in the A and B genomes that 
are identified in soft wheat, or whether these genes are 
completely different (Gultayeva et al., 2020). 

Currently, due to climate change, there is a danger of 
the spread and intensification of the harmfulness of stem 
rust (P. graminis f. sp. tritici) in the steppe regions of the 
Urals, the Volga region and Siberia (Gultyeva et al., 2020; 
Evdokimov et al., 2022). An analysis of the periodicity 
of the pathogen spread shows that durum and soft wheat 
are very vulnerable to outbreaks of stem rust in the world. 
The emergence and spread of the Ug99 race and its highly 
virulent strain TTKSK which overcomes most resistance 
genes, requires special attention of breeders, geneticists, 
and phytopathologists (Singh R.P. et al., 2015). 

In Russia, cultivars of durum wheat are used that exhibit 
to some extent resistance to stem rust in the field. Accord-
ing to the State Commission for Testing and Protection of 
Breeding Achievements, out of 63 cultivars included in 
the Russian register 14 cultivars showed resistance from 
medium (MR) to high (R) against a natural infectious 
background. Highly resistant cultivars include commercial 
cultivars: Triada, Lilek, Omskaya stepnaya, Omsky coral, 
Omsky izumrud. The following were moderately stable: 
Nikolasha, Nikola, Tselinnitsa, Taganrog, Bezenchuk-
skaya 210, Bezenchukskaya krepost, Bezenchukskaya 
jubileynaya, Bezenchukskaya 205, Tessadur. Sources of 
resistance are intraspecific variability and introgression of 
genetic material from other species, primarily T. dicoccum 
Schuebl., T. timopheevii Zhuk., T. aestivum L. In particular, 
the lines NT-7, NT-10, and NT-12 that are highly resistant 
to stem rust, obtained by selection in F3BC1 Shortandin-
skaya 71/Orenburgskaya 2//T. timopheevii k-38555/3/
Shortandinskaya 71 are used as initial material (Kozlovs-
kaya et al., 1990). The resistance of the obtained lines is 
well inherited and controlled by groups of 3–4 genes with 
the manifestation of complete dominance, incomplete 
dominance, recessive control of resistance (Khlebova, 
Barysheva, 2016). 

In Western Siberia, on the genetic material of soft wheat 
from CIMMYT on a natural infectious background during 
2018–2019, a high resistance to the stem rust population of 
the genes Sr23, Sr31, Sr38, Sr39, Sr40 and combinations of 
the genes Sr6, Sr24, Sr36 and 1RS-Am, Sr21, Sr31 (Evdo-
kimov et al., 2022). Therefore, there are no corresponding 
virulence alleles in the stem rust population. 

Also in the same studies, the high resistance of the cul-
tivars Triada, Omsky coral, Odisseo was determined. The 
average susceptibility was noted in Omsky izumrud and 
Luch 25. The vast majority of commercial varieties from 
Russia and Kazakhstan are very sensitive to race Ug99 
which was determined in tests against a natural background 
in Kenya (Shamanin et al., 2016). At the same time, it was 
possible to identify genotypes resistant to Ug99 among the 
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breeding material of which three samples (Gordeiforme 
178-05-02, Gordeiforme 05-42-12, and Triada) were re-
sistant or moderately resistant in Kazakhstan and Russia. 
Stem rust reactions in Kenya and Kazakhstan were similar. 
In Western Siberia (Omsk, Barnaul, 2017–2018), the degree 
of damage was higher. Scientists of the Global Rust Refer-
ence Centre found that P. graminis races from Omsk have 
unusual virulence patterns compared to Ug99 and races 
from other regions (Hovmøller et al., 2017). 

In the Eurasian regions with a hot climate where spring 
durum wheat is mainly cultivated, epiphytotics of powdery 
mildew (Blumeria graminis) take place. This can be ex-
plained by a short incubation period which at an average 
daily temperature of 20 to 24 °C ranges from 2.8–3.5 days 
(Fissyura et al., 1987) that in the presence of an infection 
ensures its rapid spread. Powdery mildew epiphytoties 
negatively affect grain quality reducing the content of 
protein, gluten, weight and grain size (Dolgalev, Tikhonov, 
2005). In this regard, resistant cultivars are included in 
the Register of Russia and Kazakhstan, including steppe 
regions with a hot climate. 

18 spring durum wheat cultivars of 61 ones included 
in the State Register of Russia show high resistance (R, 
RMR) to powdery mildew. Analysis of the breeding records 
of these cultivars shows various sources of resistance, in-
cluding those based on the genetic variability of T. durum, 
T. dicoccum, T. timopheevii. In particular, the cultivars Be-
zenchukskaya krepost and Taganrog which are resistant to 
powdery mildew carry a translocation from T. timopheevii 
on the 6B chromosome range of microsatellite markers 
Xgwm518 and Xgwm1076 (Malchikov et al., 2015). Lines 
1438D-13 (resistance donors – T. timopheevii, T. durum), 
1389DA-1, 1477D-4 (resistance donors – T. durum, T. di-
coccum) with immunity to powdery mildew were obtained 
at the Samara Research Institute of Agriculture (Malchikov 
et al., 2015). 

A grain with a “black germ” is the main reason for the 
presence of spex (dark inclusions) in the grains that reduces 
the colour and nutritional quality of pasta in general (Vasil-
chuk, 2001). The black germ appears as a result of grain 
infection with pathogens B. sorokiniana (Sacc.) Shoemaker, 
Alternaria tenuis (Fr.), A. tritici (Pers.) during the filling 
period (Conner, 1987). 

The assumption that large-grain cultivars are more 
susceptible was not confirmed – in the process of breed-
ing, resistant cultivars with different grain weights were 
obtained. Under the conditions of the Altai Territory, the 
following cultivars are classified as resistant: Salut Altaya, 
Pamyati Yanchenko, Altaisky yantar, Solnechnaya 573, An-
gel, Omsky izumrud, 1480d-2, Luch 25, Kharkovskaya 46, 
Donskaya elegiya, Orenburgskaya 10 (Barysheva et al., 
2016). The Samara Research Institute of Agriculture (Mal-
chikov et al., 2022) also identified resistant cultivars: Khar-
kovskaya 46, Bezenchukskaya 139, Bezenchukskaya 182, 
Marina, Taganrog, 1963D-71, 2021D-1, Gordeiforme 910, 
Gordeiforme 08-25-2, Gordeiforme 08-107-5, Melyana. 
Highly resistant durum wheat genotypes from Italy –   

ISD19, ISD20, ISD22, Аchille, Greсalle, Odisseo and 
Austria – Duroflaus and Duromax were proposed as initial 
material. 

In Eurasia, significant damage to the yield and quality 
of durum wheat grain is caused by pests. The leech, bread 
beetles, thrips, turtle bug have a focal distribution pattern 
with a rare manifestation of signs of epizootic in some 
regions. Reducing the harmfulness of these pests is pro-
vided by agrotechnical methods. Selection for resistance 
to Hessian flies, Swedish flies, and the grain sawfly is quite 
effective (Vyushkov, 2004). 

Hessian fly resistance is controlled by a block of domi-
nant Н1 – Н24 genes and several recessive genes (McIntosh et 
al., 2013). The varietal population of durum wheat in Russia 
has a sufficient concentration of these genes. The genetics 
of resistance to the Swedish fly is less studied, but modern 
cultivars of durum wheat show relative resistance to the 
pest – damage rarely reaches 11–15 % (Blagonadezhdina, 
1968). Kharkovskaya 46 and Bezenchukskaya 139 are 
evaluated as genetic donors of resistance to the Swedish 
fly (Vyushkov, 2004). 

The control system of breeding material in seed-plots 
and statistical analysis of varietal variability makes it 
possible to create slightly damaged cultivars. Resistance 
to the grain sawfly ensures that the stem is solidness with 
parenchymal tissue. The high heritability of the trait and 
the control of the system of dominant genes in interac-
tion with genes inhibitors and anti-inhibitors of stem core 
formation (Malchikov, Myasnikova, 2008) determine the 
efficiency of selection of cultivars with a fully or partially 
completed culm. The absence of negative effects of the 
genes that control straw solidness on the production process 
and grain quality allows them to be widely used in breeding 
for all regions (Malchikov, Myasnikova, 2008). The use 
of cultivars with completed straw is most effective in the 
southern regions where the grain sawfly causes maximum 
damage to the yield and grain quality (Kryuchkov, 2006). 
Among the cultivars of durum wheat approved for use 
in 2022, 4 have a fully solidness culm, 36 – medium and 
21 cultivars – hollow straw (State Registers of Selection 
Achievements…, 1993–2022).  

Selection for drought tolerance
N.I. Vavilov (1935) attached great importance to the 
creation of drought-resistant cultivars. The property 
itself of drought resistance was considered by him as 
extremely dynamic, depending on time, duration of 
stress and the period of plant ontogenesis. In his opinion, 
drought resistance is not a specific trait permanently and 
invariably inherent in one or another cultivar (Vavilov, 
1935). Nevertheless, P.N. Konstantinov (1923) singled 
out the most significant features which determine drought 
resistance – the development of the root system and 
precocity. Subsequently, P.A. Genkel (1982) identified the 
following factors of drought resistance: 1) resistance of 
the cytoplasm to dehydration and overheating; 2) rhythm 
of development; 3) development of the root system; 4) 
potential productivity. 
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According to V.A. Kumakov (1985), the weak cytoplasm 
resistance reduces agronomic drought resistance. Physio-
logical (cytoplasmic, cellular) resistance is considered by 
breeders as the basis for root growth in soil with low humid-
ity (Kumakov, 1985; Vasilchuk, 2001). Stronger inhibition 
by drought of cell division in the zones of durum wheat 
apical meristems than in soft wheat is the main reason for 
the decrease in its fertility and tillering (Kumakov, 1985). 

Selection of spring durum wheat in Russia and the CIS 
countries for a long period (50–112 years) is carried out in 
the steppe regions under conditions of significant drought 
pressure. During this time, tens of thousands of hybrid 
combinations and millions of breeding lines have gone 
through cycles of natural and artificial selection. Modern 
cultivars in drought conditions exceed grain landraces by 
2 times in productivity, the first breeding cultivars – by 
1.5–1.8 times (Gaponov et al., 2017). 

Drought resistance of cultivars is determined by the 
degree of adaptation to the regional dynamics of growing 
season meteorological factors. Krasnokutskaya Breeding 
Station selects the most early-ripening cultivars in the Com-
monwealth of Independent States (CIS). This is due to the 
high probability of developing a spring-summer drought 
with high temperatures in this zone. Early maturing culti-
vars which form an acceptable yield due to autumn-winter 
precipitation are an expedient agroecotype here. In this re-
gion, early maturation must be combined with a strong root 
system (Konstantinov, 1923) which due to the reduction 
in the total growth period is a difficult task for breeders. It 
is necessary to take into account the decrease in the root 
system size caused by the negative effect of the dominant 
Vrn-A1 gene allele (Smirnova, Pshenichnikova, 2021). 

The cultivars bred by the Research Institute of Agricul-
ture of the South-East also mainly belong to the early-ripen-
ing biotype. Like the Krasnokut ones, they have a high field 
drought resistance and are well adapted to the conditions of 
the Lower Volga region. Cultivars Krasnokutka 13, Niko-
lasha and Saratovskaya zolotistaya should be considered a 
significant success in breeding drought-resistant cultivars of 
these institutions. The first two combine this property with 
precocity. The third one has a high heat resistance of the 
ear and has a good cultivar-forming ability in the Middle 
Volga region and in the Urals (Malchikov, Myasnikova, 
2015). Under drought conditions, when studying a set of 
contrasting cultivars of the Volga region by the method of 
principal components, a cluster of traits was identified that 
is closely and positively related to productivity: the number 
of grains per spike, the nitrogen harvesting index, Harvest 
index, the growth function of the spike during flowering, 
the removal of nitrogen and phosphorus during the period 
from flowering to maturation, the leaf area of the main shoot 
in tillering (Malchikov, Myasnikova, 2015). 

The positive relationship between the removal of ma-
cronutrients and, first of all, phosphorus, with the yield 
during the drought can be interpreted as a result of more 
vigorous growth of the root system (formation of root hairs) 
and its activity in drought-resistant varieties (Reynolds et 
al., 2012). Based on the results of many years of research, 

drought-resistant cultivars have been identified in Samara 
Research Institute of Agriculture which are widely used 
in breeding as initial material: Pamyati Chekhovicha, 
Bezenchukskaya 205, Bezenchukskaya zolotistaya, Ma-
rina, Bezenchukskaya 207, 653d-53, 1368d-18, 2034d-41 
(Samara Research Institute of Agriculture), k-16441 (Saada 
– Morocco), D2017/Karasau//D2043 (Research Institute of 
Agriculture of the South-East). In the KASIB system, 34 
drought-resistant samples were identified out of 154 geno-
types during 2000–2015; some of them were later released 
in arid regions (Evdokimov et al., 2017). 

In the Rostov Agricultural Research Centre, successful 
breeding for drought resistance is carried out using chemi-
cal mutagenesis combined with hybridization (Kadushkina 
et al., 2016). The cultivars of this institution, Donskaya 
elegiya, Melodiya Dona and Donella M, have high drought 
resistance in the southern region and in the Volga region. 
The high drought resistance of cultivars of the National 
Grain Centre named after P.P. Lukyanenko – Yasenka, 
Yadritsa and Yarina, and Altai Scientific Centre of Agro-
biotechnologies – ATP Prima, ATP Partner, Shukshinka 
was manifested in the Middle Volga region in the system 
of ecological testing. The Orenburg Research Institute 
of Agriculture found that drought-resistant durum wheat 
cultivars are an effective component of conservation tech-
nologies that compensate their negative effects associated 
in some cases with soil compaction and reduced fertility 
(Besaliev, Kryuchkov, 2014).

M. Reynolds (2012) with co-authors identified as the 
main components of the complex property “drought resis-
tance”: CTV/CTG – leaf surface temperature at the stages 
of vegetative growth and grain filling; GC – soil cover 
during the formation of the crop; ANT – the number of 
days before flowering; CAR – concentration of carotenoids 
in leaves; TE – transpiration efficiency based on carbon 
isotope discrimination; WSC – concentration of sugars in 
the stem immediately after flowering; HI – Harvest index. 

Parameters CTV/CTG, TE are largely determined by the 
depth of penetration and activity of the root system, xylem 
diameter and stomatal density. This complex allows you to 
extract water from the soil, maintain normal transpiration 
and photosynthesis. The genes TaMOR, TaERs have been 
described on soft wheat. The first one is a transcription 
factor activated by auxin affects the growth and number of 
roots. The second one (includes TaER-1, TaER-2) increases 
the density of stomata and their conductivity, reduces the 
size of epidermal cells and TE that has a positive effect on 
photosynthesis and the accumulation of plant biomass in 
drought conditions. 

The study of genes and transcription factors which are 
orthologous to the structures of other species (arabidopsis, 
rice, maize) will make it possible to understand the mecha-
nisms of drought and heat resistance in wheat (Kulkarni 
et al., 2017). V.A. Dragavtsev et al. (2017) suggested 
using approaches based on the ecological-genetic theory 
of the organization of quantitative traits in the selection 
of drought-resistant cultivars. According to their ideas, 
drought resistance is included in the genetic and physio-
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logical system of adaptability and contains 22 component 
traits. The acceleration of breeding for drought resistance 
involves the identification of the physiological character-
istics of cultivars created in breeding centers located in 
regions that differ in types of dominant droughts and the 
dynamics of meteorological factors in plant ontogenesis. 
Knowledge of specific physiological, epigenetic, biochemi-
cal components of drought resistance in the future will 
make it possible not only to obtain transgressive forms in 
the process of recombinant breeding, but also to mark the 
corresponding QTLs for the formation of marker-associated 
breeding technology. For each agroecological zone, it is 
necessary to determine the parameters of morphotypes that 
are complementary to the main types of drought.

Breeding of short-stemmed cultivars 
The breeding of short stem varieties of spring durum wheat 
carried out in the former USSR in the 1970s, was not suc-
cessful (Vyushkov, 2004; Golik V.S., Golik O.V., 2008). 
The main reason for the failure was the low adaptability 
of the short-stemmed donors from Mexico, Chile, Italy, 
Australia, and Canada. Resistance to lodging in arid zones 
is expected to be improved by increasing stem strength. 
(Vasilchuk, 2001). However, the benefit of reducing plant 
height is not limited to increased resistance to lodging. 
Low-growing cultivars have a high grain yield from total 
biomass and productivity potential which is confirmed by 
the history of wheat breeding in the XX century in many 
countries. 

In Russia, plant height reduction genes are used in the 
selection of soft and durum winter wheat. Much more 
difficult is their use in the breeding of spring wheat that 
is more severely affected by drought than winter wheat. 
The creation of short-stemmed analogues of Russian 
cultivars and the gene study on the material of isogenic 
lines turned out to be promising (Gurkin, 1984; Vyushkov, 
2004). By expression at plant height in the Volga region, 
the studied genes are distributed in the following order:  
Rht 14 >RhtB1b >RhtAz >RhtAhn. The Rht 14 gene was 
recognized as unpromising because of strong negative ef-
fects on adaptability. The RhtB1b gene reduced the height of 
plants by 40 %, increased the grain size of the ear by 17 %, 
the total tillering by 15 %, Harvest index by 11 %, reduced 
the weight of 1000 grains by 9 %. The RhtAz and RhtAhn 
genes reduced plant height by 17 and 12 %, respectively. 
The effects of the latter genes on productivity elements were 
insignificant (Gurkin, 1984; Vyushkov, 2004). 

A.A. Alderov (2001) at the Dagestan Experimental Sta-
tion of All-Russian Institute of Plant Genetic Resources 
(VIR) introgressed into T. durum the genes controlling 
short stature from the diploid species T. sinskajae (SIS2) 
from the hexaploid species T. aestivum – Tom Pouce (Rht 3) 
and from T. dicoccum – k-25459 (rhtx 1, rhtx 2). The use of 
these genes was recommended in the North Caucasus. In 
the Samara Research Institute of Agriculture, on the basis of 
an analogue of Kharkovskaya 46 (RhtAhn gene), a drought-
resistant cultivar Pamyati Chekhovicha was obtained which 
transferred its properties, including the gene for reducing 

plant height, to cultivars: Bezenchukskaya 210, Bezen-
chukskaya zolotistaya, 1368D-18, Bezenchuksky podarok 
(Samara Research Institute of Agriculture), Shukshinka, 
ATP Prima (Federal Altai Scientific Centre for Agrobiotech-
nology), Kremen (Federal Scientific Center for Biological 
Systems and Agrotechnologies of the RAS). The RhtB1b 
gene was introduced into the commercial varieties Bezen-
chukskaya 209 and Triada. 

In the same period, short-stemmed foreign cultivars 
Sea Nillo, Sea Atlanta, Tessadour were released. The 
cultivars Bourbon and Nikola created on genetic mate-
rial from Italy have a shortness phenotype. The cultivars 
Bezenchukskaya 209 and Triada have a sufficient level of 
drought resistance and can be used with intensive tillage 
technologies in the steppe regions of Russia with an arid 
climate. Thus, purposeful and long-term work with carriers 
of plant height reduction genes made it possible to create 
competitive low-growing/medium-sized varieties and move 
on to the formation of new morphophysiological types of 
spring durum wheat in various regions of Russia.

Breeding for grain quality traits
At the end of the XIX century and the beginning of the 
XX century, the quality of Russian durum wheat on the 
European market was beyond competition (Chekhovich, 
1924). At that time, the main criteria for grain quality 
were: vitreousness, protein content, completion, grain 
weight and colour. In 1929 in Saratov (Research Institute 
of Agriculture of the South-East) A.I. Marushev (1968) 
began to study in addition to these features in a specialized 
laboratory: baking properties, strength of flour (gluten), 
breaking strength macaroni, pasta colour, digestibility, loss 
of solids when cooking pasta. These parameters formed the 
basis for evaluating varieties in other breeding centres, in 
the state commission and formed the basis of GOST for 
durum wheat quality classification. At present, classiness 
is determined by vitreousness, grain nature, the presence of 
grains with a black germ, the quantity and quality of gluten 
(using the GDI-1-Gluten deformation index device), and 
the falling number. 

In the late 1980s, N.S. Vasilchuk (2001) proposed to eval-
uate the quality of durum wheat varieties by groups of traits: 
1) determined on the grain (glassiness, weight of 1000 grains, 
nature, colour, ash content, falling number, protein content); 
2) determined on meal: the number of spices, colour, con-
tent of yellow pigments and activity of oxidizing enzymes;  
3) rheological properties of the dough – SDS sedimenta-
tion, parameters determined on a mixograph, farinograph, 
alveograph, glutomatic, glutograph, electrophoresis of 
gliadin and gutenin blocks, DNA markers); 4) culinary 
properties of pasta (colour, strength of dry and cooked 
products, boilability, amount of solids in cooking water). 

The most difficult for breeding are signs that negatively 
correlate with yield, weight of 1000 grains and grain vol-
ume weight. They include the protein content in the grain 
and the amount of gluten. In the process of long-term 
breeding, these contradictions have become aggravated. 
Attempts have been made to overcome or significantly 
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reduce the effects of this negative dependence. The dis-
covery of the wild emmer wheat T. dicoccoides (FA-15-3) 
with large grains and high protein content in Israel made 
it possible to mark the corresponding locus QGpc.ndsu-
6Bb on the short arm of the 6B chromosome in the region 
Xabg387-6B and Xmwg79-6B where 11 markers are 
located (Joppa et al., 1997). This made it possible to iden-
tify high Gpc protein loci in collections of wild species, 
landraces, and breeding cultivars. The presence of trans-
location in the group of modern cultivars shows that joint 
selection for protein content and productivity is possible.  
In Russia, many cultivars of durum wheat have Kharkov-
skaya 46 in their breeding record obtained with the par-
ticipation of the T. dicoccum and its sister line Kharkov - 
skaya 51 and other cultivars whose ancestors are T. dicoc-
cum, T. timopheevii. That suggests a certain probability of 
their having Gpc genes. 

The study of 38 durum wheat cultivars created in differ-
ent ecological and geographical zones (Kharkov, Rostov, 
Saratov, Bezenchuk, Omsk, Altai) for three years at four 
points (Bezenchuk, Kurgan, Barnaul, Aktyubinsk) made 
it possible to determine the following evolutionary grain 
yield and protein content trends: 1) an increase in the pro-
tein content in the grain while maintaining the intensity 
and adaptability of the production process at the level of 
the previous breeding stages (cultivar Solnechnaya 573);  
2) a significant and stable improvement in yield proper-
ties during the breeding process is not accompanied by 
a decrease in the protein content in the grain (cultivar 
Bezenchukskaya krepost); 3) a significant and stable im-
provement in yield properties during the selection process is 
accompanied by a significant decrease in the protein content 
in grain (cultivars Bezenchukskaya niva, Bezenchukskaya 
210) (Myasnikova et al., 2019).

In addition to protein and gluten content, significant 
efforts by breeders have been directed towards improv-
ing the gluten quality. A.I. Marushev (1968) established a 
connection between the strength and cooking properties of 
pasta and the baking properties and strength of flour. The 
strength of the flour did not always determine the baking 
qualities of durum wheat, but it was also more closely re-
lated to the strength and cooking properties of pasta. The 
possibility of combining good pasta and baking qualities 
in durum wheat was also established. Gordeiforme 432, 
Melyanopus 26, Saratovskaya 34 cultivars were assigned 
to such ones at the Research Institute of Agriculture of 
the South-East. Later, V.S. Golik and O.V. Golik (2008) 
showed the possibility of creating durum wheat cultivars 
with good baking properties. Canadian breeders came to a 
similar conclusion where the expediency of breeding durum 
wheat cultivars of dual use was substantiated.

The discovery of R. Damidaux et al. (1978) two com-
ponents of γ-gliadin designated γ-42 and γ-45 which were 
found to be markers of weak and strong gluten, respectively, 
was important for breeding durum wheat cultivars with 
high gluten quality. The strong gluten of the γ-45 geno-
types (allele) is now known to be functionally mediated 
by a specific group of low molecular weight (LMW-GS) 

glutenin subunits designated LMW-2, closely linked 
to Gli-B1dc (γ-45) (Pogna et al., 1988). GliB1dc (γ-45)/
LMW-2 white spike genotypes were identified early on. 
Subsequently, A.M. Kudryavtsev (1994) identified two 
biotypes, γ-45 and γ-42, in the Kharkovskaya 3 cultivar 
with red ear. The LMW-2 durum wheat genotypes have 
a wide range of gluten strengths, but they almost always 
outperform the LMW-1 (γ-gliadin 42) genotypes in baking 
quality (Kosmolak et al., 1980). There is no evidence that 
stronger LMW-2 genotypes are better in pasta quality than 
weaker LMW-1 genotypes (Marchylo et al., 2001). How-
ever, strong gluten with its raw content of 28.0–35.0 % has 
high technological properties in the manufacture of pasta 
as it gives a dense, viscous dough, well molded, elastic, 
not wrinkled, not sticky when extruding pasta (Marushev, 
1968; Savitskaya et al., 1980).

It has now been established that the quality of durum wheat 
gluten is determined mainly by five loci, two of them, Glu-A1 
and Glu-B1, control the synthesis of high molecular weight 
glutenins (HMW-GS), three, Glu-A3, Glu-B2, Glu-B3, 
control the low molecular weight glutenins (LMW-GS). 
In the Glu-B1 locus, a positive effect on the quality of 
gluten (according to the SDS test) was found for alleles 
b (7+8), d (6+8), z (7+15), ch (7+12), in the Glu-B3 for al-
lele a (2+4+15+19), in the Glu-A3 locus – for alleles a (6), 
c (6+10), d (6+11), e (11). The combination of different 
alleles at the loci forms more than 40 haplotypes (Ron-
challo et al., 2021). Obviously, the study of new varietal 
collections will make it possible to identify new alleles and 
determine their effect on the quality of gluten. In Russia, the 
polymorphism of glyadin-coding loci was studied on the 
material of collections of historical and modern varieties. In 
46.0 % of the cultivars included in the Russian register for 
2014, the block Gli-B1dc (γ-45)/LMW-2 was found, which 
implies a high efficiency of breeding high-quality varieties. 

Judging by the genealogy of cultivars approved for use 
in Russia in 2022, it can be assumed that the number of 
cultivars with high gluten quality (presumably having 
LMW-2) has increased. Since the end of the 1980s, selec-
tion for the quality of gluten has been carried out according 
to the parameters of GDI (gluten deformation index), SDS 
sedimentation, mixograph, farinograph. In the Research 
Institute of Agriculture of the South-East, they improved 
the assessment of cultivars according to SDS sedimenta-
tion (microsedimentation), proposed to expand the 8-point 
scale of the mixogram at the beginning to 9-point scale 
(Vasilchuk, 2001) and then to 10-point scale (Gaponov et 
al., 2020) which was caused by the creation of high-quality 
cultivars that, under local conditions, form heavy-duty 
gluten that does not fit into the parameters of the 8-point 
scale. Currently, the quality of gluten is assessed addition-
ally using glutomatic and glutograf devices (Gaponov et 
al., 2020). LLC “Agroliga Center for Plant Breeding” 
and Samara Research Institute of Agriculture using the 
biochemical marker Glu-B1 (7+8) and molecular markers 
of the microsatellite group SSR – Single sequence Repeat 
(Barc148) and SNP – Single Nucleotid Polimorphism 
(BM140362) linked to the genes of high-molecular glutenins 
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on the 1A chromosome created two cultivars – Taganrog 
and Alazar (Shevchenko et al., 2019). 

In the future, the widespread use of marker-associated 
breeding technology for these traits based on extensive 
studies on the phenotyping and genotyping of the glu-
ten quality of collections and commercial durum wheat 
cultivars adapted to environmental conditions in various 
agroecological zones of Russia is expected.

Significant progress has been made in breeding for 
the content of yellow pigments in the grain. This trait is 
quantitative and under the control of genes with strong 
additive effects. The corresponding QTLs are distributed 
over all chromosomes of the durum wheat genome. The 
trait variation is 60 % determined by two QTLs located on 
chromosomes 7AL and 7BL (Elouafi et al., 2001; N’Diaye 
et al., 2017). The first breeding cultivars (created in the 
1920–1940s) – Gordeiforme 432, Melyanopus 69, Gorde-
iforme 189, Gordeiforme 675, Melyanopus 26, accumulate 
3.6–5.0 ppm of yellow pigments in the grain. The same 
level or slightly higher had cultivars of 1960–1980s Khar-
kovskaya 46, Bezenchukskaya 105, Bezenchuk skaya 139. 
Cultivars Svetlana (1987) and Saratovskaya zolotistaya 
(1993) accumulated in grain 6–6.5 ppm and 7–7.5 ppm, 
respectively, that exceeds the level of the first grade of 
scientific breeding – Gordeiforme 432 by 25–55 %.

Among the cultivars released since 2016, Bezenchuks-
kaya zolotistaya (8.5–9.0 ppm), Bezenchukskaya krepost 
and Tamara (7.5–8.5 ppm) stand out noticeably. All geno-
types of foreign origin were inferior to these cultivars in 
terms of the trait size when studied in the breeding centres 
of Russia. The concentration of yellow pigments in the 
grain of these cultivars exceeds Gordeiforme 432 by 65–85 
%. The cultivars Bezenchukskaya zolotistaya, Bezenchuk-
skaya krepost, Bezenchukskaya 210 and Saratovskaya 
zolotistaya with the optimal combination of the amount of 
pigments, adaptability, stability and responsiveness of their 
accumulation in grain were identified. These genotypes are 
most appropriate to use for the formation of populations 
and the creation of recombinant inbred lines followed 
by mapping of the corresponding QTLs and the creation 
of marker-associated selection technology (Malchikov, 
Myasnikova, 2020).

Thus, most modern cultivars of spring durum wheat 
surpass the cultivars of the first breeding stages in terms of 
the content of yellow pigments in the grain, the rheological 
properties of the dough and the culinary quality of pasta – 
primarily the colour and the strength of boiled pasta. 

Conclusion
The history of durum wheat growing in Russia and in the 
former USSR covers many centuries. It is associated with 
the spread of agriculture in the steppe regions of the Kuban, 
the Volga region, Siberia and Kazakhstan. At present, 
about 0.8 million hectares are sown annually in Russia. 
That is much less than during the period of the planned 
economy. Scientific breeding of durum wheat has been 
carried out since 1909. Its yield trend results, depending 
on the period and region, are 0.26–1.0 % per year, quite 

comparable with similar results in other countries with a 
long history of durum wheat breeding. The genetic core of 
modern varieties was formed on the basis of local varieties 
of durum wheat, their hybridization with T. aestivum L. 
and T. dicoccum Shuebl. The attraction of source material 
from other countries that has recently increased has had a 
positive effect. 

Despite a significant number of durum wheat breeding 
laboratories in Russia and a variety of source material, 
there is a decrease in diversity for alleles of gliadin-coding 
loci and erosion of original Russian ancestors in modern 
varieties. Significant advances have been made in breeding 
for resistance to dust brand (currently 40 % of commercial 
varieties are resistant) and the most harmful pathogens 
causing leaf spot in Eurasia (Stagonospora nodorum Berk., 
Septoria tritici (Roeb. et Desm.), Bipolaris sorokiniana 
(Sacc.) Shoemaker, Pyrenophora tritici-repentis, Fusa-
rium sp.). Varieties immune to leaf rust (Рuccinia triticina) 
(immunity type 0-1) along with field resistance created in 
Russia and Kazakhstan are recommended for regions with 
an increased level of annual precipitation. According to the 
State Commission for Testing and Protection of Breeding 
Achievements, 14 varieties out of 63 ones included in the 
Register of Russia showed resistance to P. graminis f. sp. 
tritici from medium to high against a natural infectious 
background. 

Breeding of the cultivars resistant to B. grami   nis (DC.) 
f. sp. tritici Em. Marchal. is being carried out effectively – 
30 % of the cultivars show high resistance to this pathogen 
and pathogens that cause blackening of the corcule and the 
endosperm. High performance was achieved in breeding 
for resistance to Hessian, Swedish flies and grain sawfly. 
The varietal population of durum wheat in Russia has a suf-
ficient concentration of dominant (Н1 – Н24) and recessive 
genes that determine resistance to the Hessian fly. Most 
Russian durum wheat cultivars show relative resistance to 
Swedish fly – damage rarely reaches 11–15 %. 

Selection for drought resistance is regional in nature.  
It means that drought-resistant biotypes are formed depend-
ing on the amount of precipitation, temperature and their 
dynamics in the regions. Drought-resistant cultivars with 
the Rht Ahn plant height reduction gene (Bezenchukskaya 
zolotistaya, Bezenchukskaya 210, Bezenchuksky podarok, 
Shukshinka, ATP Prima) and cultivars Bezenchukskaya 209 
and Triada carrying the RhtB1b gene adapted to the steppe 
arid zones were created. 

Improvement of grain quality in addition to physical 
properties is carried out in terms of protein content, amount 
of yellow pigments and gluten quality. A pair of traits 
“protein (gluten) content – yield” in the breeding process 
evolved in the following degree of conjugation: 1) an in-
crease in protein concentration while maintaining yield; 2) 
decrease in protein concentration with a significant increase 
in yield; 3) increase in yield while maintaining protein 
concentration. The concentration of yellow pigments in 
the grain of modern cultivars exceeds the indicator of the 
first breeding cultivar Gordeiforme 432 by 65–85 % and 
reached 8–9 ppm in a number of cultivars. A significant 
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improvement in the quality of gluten during the selection 
process occurred in terms of GDI (gluten deformation 
index), sedimentation (SDS), mixograph, farinograph 
parameters, and gluten index. According to the results of 
electrophoresis of the gliadin fraction of storage proteins, 
the presence of a low molecular weight component of glu-
tenin of the second type (LMW-2) functionally associated 
with the formation of high-quality gluten was revealed in 
50 % of commercial cultivars.

In the short and medium term, classical breeding ap-
proaches will continue to play an important role in the du-
rum wheat improvement. Advances in DNA sequencing and 
other technologies such as bioinformatics, statistics, etc. 
can help breeders improve the efficiency and speed of the 
breeding process. Finally, the use of new molecu lar biol-
ogy technologies is essential, but their applica-tion must be 
combined with reliable and extensive field testing.
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Abstract. Wheat (Triticum aestivum L.) is a staple food and major source of dietary calories in Pakistan. Improving wheat 
varieties with higher grain yield and disease resistance is a prime objective. The knowledge of genetic behaviour of 
germplasm is key. To achieve this objective, elite wheat varieties were crossed in 4 by 3, line × tester design, and tested 
in 2019 in a triplicate yield trial to estimate genetic variance, general and specific combining ability, mid-parent hetero-
sis and stripe rust (Puccinia striiformis L.). High grain 3358 kg·ha–1 was recorded in F1 hybrid (ZRG-79 × PAK-13). Analysis 
of variance (ANOVA) revealed significant genotypic variance in grain yield. Broad sense heritability (H2) was recorded in 
the range of 28 to 100 %. General combining ability (GCA) significant for grain yield in parents except FSD-08 and PS-05 
was recorded, while specific combining ability (SCA) was recorded to be highly significant for grain yield only in two 
crosses (ZRG-79 × NR-09 and ZRG-79 × PAK-13). Mid-parent heterosis was estimated in the range of –28 to 62.6 %. Cross 
combinations ZRG-79 × PAK-13 depicted highly significant mid-parent heterosis (62.6 %). Highly significant correlation 
was observed among spike length, spikelets per spike, plant height and 1000-grain weight. Rust resistance index was 
recorded in the range of 0 to 8.5. These findings suggest exploitation of GCA for higher grain yield is important due to 
the presence of additive gene action and selection in the filial generations will be effective with improved rust resis-
tance, while cross combinations ZRG-79 × PAK-13 high GCA are best suited for hybrid development.
Key words: wheat; combining ability; mid-parent heterosis; stripe rust; rust resistance index.
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Анализ генетических компонент, гетерозиса  
и комбинационной способности пакистанских  
элитных сортов пшеницы по признакам урожайности  
и устойчивости к желтой ржавчине
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Аннотация. Пшеница (Triticum aestivum L.) – основной пищевой и кормовой продукт на территории Пакистана. 
Одной из приоритетных задач является работа по улучшению сортов пшеницы, отличающихся более высокой 
урожайностью зерна и устойчивостью к заболеваниям. Ключевым фактором такой работы стало изучение гене-
тического разнообразия сортового материала. С этой целью были оценены показатели урожайности у потом-
ства, полученного от скрещивания четырех элитных сортов пшеницы с тремя тестерными линиями. На основе 
проведенного анализа получены данные о генетической дисперсии, общей и специфической комбинационной 
способности, гетерозисе и степени устойчивости к желтой ржавчине (Puccinia striiformis L.). Высокая урожайность 
зерна (3358 кг/га) была отмечена среди растений первого поколения от скрещивания ZRG- 79 × PAK-13. Диспер-
сионный анализ (ANOVA) выявил статистически достоверную генотипическую дисперсию по данному признаку. 
Значение показателя наследуемости (H2) фиксировалось в диапазоне от 28 до 100 %. Выявленная общая ком-
бинационная способность (ОКС) по признаку «урожайность зерна» была статистически достоверной для всех 
родительских cортов, кроме FSD-08 и PS-05, в то время как специфическая комбинационная способность (СКС) 
по данному признаку оказалась высокодостоверной только для гибридных растений от двух скрещиваний: 
ZRG- 79 × NR-09 и ZRG-79 × PAK-13. Величина гетерозиса составила от –28 до 62.6 %. В комбинациях скрещива-
ния ZRG-79 × PAK-13 была показана высокодостоверная величина гетерозиса (62.6 %). Наблюдалась высокодо-
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Combining ability analysis and heterosis  
of Pakistani wheat varieties for yield and rust response

стоверная корреляция по признакам «длина колоса», «число колосков в колосе», «высота растения» и «масса 
1000 зерен». Значение индекса устойчивости к ржавчине изменялось в диапазоне от 0 до 8.5. На основании полу-
ченных результатов сделаны следующие выводы: 1) учет ОКС важен при отборе на более высокую урожайность 
зерна, обусловленную действием аддитивных генов; 2) отбором в дочерних поколениях обеспечится повышен-
ная устойчивость к ржавчине; 3) комбинации скрещивания ZRG-79 × PAK 13 с высокой ОКС лучше всего подойдут 
для создания гибридных сортов.
Ключевые слова: пшеница; комбинационная способность; гетерозис; желтая ржавчина злаков; индекс устойчи-
вости к ржавчине.

Introduction
Wheat (Triticum aestivum L.) is an important cereal crop 
worldwide playing a crucial role in the daily dietary and nu­
tritional requirement not only for human beings but also for 
animals. It is the major food for one third of world population 
and its chief use is the flour for making bread. It is grown 
around all continents. Increasing human population, climate 
change and global pandemics have an overwhelming impact 
on food security, especially wheat on crop with current inade­
quate genetic improvement of wheat to meet future demand. 
In Pakistan, wheat is grown in an area of 9.2 million ha with 
the production of around 25.5 m tonnes (FAOSTAT, 2016) 
and hardly meets the total requirement of the country. But this 
figure is continuously under fluctuation because of stagnant 
yield of cultivars, disease impact, drought, and floods. Apart 
from these factors, injudicious selection of parental selection 
for a breeding program without prior knowledge of genetic 
behaviour in germplasm and lack of indigenous breeding 
programs for genetic improvement of wheat is another con­
straint in the yield.

Genetic recombination in germplasm by hybridization is 
a robust conventional breeding tool for obtaining transgres­
sive segregants and genetic variation, which provides means 
of selection of ideotypes. Gene action and combining ability 
analysis are a most reliable biometric procedure for the study 
of genetic behaviour of yield and yield­related components 
(Rashid et al., 2007). General combining ability is the average 
performance of genotypes in a series of cross combinations, 
while specific combining ability is the performance of a par­
ticular genotype in a specific cross combination. Mode of 
selection depends based on genetic action in traits of interest 
(Arzu, 2017).

In self­pollinated crops, especially in wheat, plant  breeders 
are usually interested in selection of segregants having addi­
tive gene action with high specific combining ability. Additive 
gene action boosts yield and yield components by cumulative 
addition of genes. Dominance genetic variance exploits hete­
rosis in cross combinations and specific combining ability 
provides the presence of dominant or non­additive gene ac­
tion in a particular trait (Kaushik, 2019) and provides optimal 
parental identification (Fakthongphan et al., 2016). Equal 
magnitude of both general and specific combining ability in 
a breeding population means preponderance of both additive 
and dominant genes for the traits of interest; selection in this 
case is most effective for variety development (Ahmad et al.,  
2012). The term combining ability was first introduced and 
further refined as general combining ability (GCA) and spe­
cific combining ability (SCA) by Sprague and Tatum (1942). 
GCA distinguishes between the mean performances of pa­
rents in cross combinations whiles SCA is the deviation of 
individual crosses from the average performance of the pa­

rents involved. GCA and SCA represent the additive and non­
additive portions of genotypic variance respectively (Hallauer 
et al., 1988). The estimates from GCA and SCA provide an 
assessment of relative merits of the individual genotypes in 
cross combinations to guide selection and testing schemes. 
Thus, line × tester analysis is among the genetic­statistical 
approaches developed to assist in selection of parents based on 
their combining ability and the potential to produce promising 
segregating populations (Okello et al., 2006). According to 
GCA and SCA impacts, positive values are desirable for most 
crop plants characteristics, such as growth and yield­related 
attributes. Negative GCA and SCA impacts, on the other 
hand, are desirable for characters where minimum values are 
essential and appealing, such as early flowering.

Heterosis is a phenomenon where F1 hybrids are superior 
in traits as compared to their parental genotypes. There are 
several theories that explain the genetic basis of heterosis, 
including over­dominance, dominance, and genetic balance. 
The over­dominance theory of heterosis, first proposed by 
Shull and East (1908), suggests that heterozygous indivi duals, 
since they carry two different alleles, have an advantage over 
homozygous individuals as they carry two identical alleles for 
a particular gene. This advantage is thought to mean that the 
two different alleles can supplement with each other, leading 
to a vigorous phenotype in F1 hybrids. The dominance theory, 
presented by Jones (1917), suggests that hybrid vigour is 
caused by dominant alleles that are more valuable than the 
recessive alleles. According to this theory, F1 hybrids accede 
two copies of the dominant allele, resulting in a vigorous 
phenotype. The third heterosis theory is the “Lerner’s genetic 
balance theory”, suggested by Lerner (1954), that describes 
that heterosis is the result of a balance between the expression 
of genes that promote growth and those that hamper growth. 
In F1 hybrids, the expression of growth­promoting genes is 
increased, whereas the expression of growth­retarding genes 
is decreased, leading to better growth and development.

Heterotic studies for increasing wheat grain yield have been 
an interest of early wheat researchers. Mid­parent heterosis 
is the percent of the increase or decrease in the F1 value as 
compared to the average value of  both parents for any met ric 
trait. In the early green revolution era Pal and Alam (1938) 
reported mid­parent heterosis (MPH) in wheat. After the 
green revolution and introduction of semi­dwarf wheat va­
rieties, various wheat researchers reported MPH heterosis 
in wheat (i. e., Knott, 1965; Shamsuddin, 1985; Uddin et al., 
1992). Barbosa­Neto et al. (1996) reported MPH in soft red 
winter wheat in the range of –20 to 57 %. Liu et al. (1999), 
Dreisigacker et al. (2005), Basnet et al. (2019) reported MPH 
in CIMMYT wheat varieties in the range of 9.5 to 14 %. 

Wheat crop faces numerous challenges that cause yield 
losses, including stripe rust (Puccinia striiformis f. sp. tritici), 
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which is a major disease in areas where cool to mild warm 
temperature prevails during the months of  February and March 
in the wheat­growing season. Under conducive environmental 
conditions, disease causes yield losses ranging from 10 to 
70 % depending upon susceptibility of genotypes (Raza et 
al., 2018). Development of cultivars containing genetic resis­
tance is the most cost­effective and environmentally friendly 
strategy to mitigate yield losses by stripe rust (Ali Y. et al., 
2020). Stripe rust spores continue to mutate and evolve new 
virulent races causing damage to previously resistant cultivars 
(Chen et al., 2010). Wheat crop in Pakistan has faced severe 
damage caused by stripe rust pathogen in recent years (Ali Y. 
et al., 2020). Due to climate change and rapid mutation in 
stripe rust pathogen, new races overwintering on alternative 
host barberry in hilly areas at high altitudes evolve (Figueroa 
et al., 2020). Under these circumstances, the already resistant 
genotypes become susceptible (Javaid et al., 2018).

There are two types of resistance mechanism against rust 
pathogens in wheat, vertical resistance, and horizontal re­
sistance. Vertical resistance is conferred by a single gene to 
a specific pathogenic race of rust, while horizontal resistance 
involves the use of multiple genes that provide broad spectrum 
disease resistance against multiple pathogenic races of rust. 
There are several resistance genes present in the Pakistani 
bread wheat varieties that confer resistance against yellow rust, 
which include Yr5, Yr10, Yr15, Yr17, and Yr18. Qamar et al. 
(2014) reported Lr34/Yr18 gene complex that confers broad 
spectrum resistance against yellow rust and leaf rust in most 
of Pakistani wheat varieties. Intikhab et al. (2021) reported 
the presence of Lr46/Yr29 gene complex in Punjab­2011 and 
Pirsabak­2005 cultivars that confer resistance against stripe 
rust. Khan S.N. et al. (2022) reported the presence of Yr17 and 
Yr5 gene complex in Pakistani wheat varieties Punjab­2011 
and Pirsabak­2005. Utilization of these resistance sources in 
the breeding program for development of varieties resistant 
against stripe rust is an ultimate objective to ensure high yield 
on sustainable basis.

Various biometrical techniques and breeding designs are 
used for genetic evaluation and genetic behaviour of germ­
plasm to be utilized in crop breeding programs, but line × tester 
analysis is an efficient mating design providing reliable infor­
mation about GCA and SCA that ultimately depicts the mode 
of gene action in a particular trait (Fellahi et al., 2013). GCA 
and SCA are important to apprehend the genetic architecture 
of quantitative traits and create the road map for initiation of 
an efficient breeding program (Fasahat et al., 2016). 

Several studies investigating the GCA and SCA effects 
have been conducted in wheat. Zhao et al. (2013) reported 
significant effects for both GCA and SCA for yield and its 
components and inferred that selecting parental genotypes 
with high GCA and SCA effects could lead to the development 
of high­yielding wheat hybrids. Similarly, researchers assessed 
the GCA and SCA effects in spring wheat and durum wheat 
F1 hybrids by using line × tester model for combining ability 
estimate and concluded that GCA effects were more important 
than SCA effects for grain yield and yield­related traits, and 
selection of parental genotypes with high GCA effects could 
increase the prospective yield of wheat hybrids (Iqbal A. et 
al., 2017; Ishaq et al., 2018; Dragov, 2022). They found that 
both GCA and SCA effects were significant for grain yield 

and its components and suggested that selecting parents with 
high GCA and SCA effects could lead to the development of 
high­yielding wheat hybrids. Selecting parents with high GCA 
and SCA effects can improve the yield potential and disease 
resistance of wheat hybrids, and the use of line × tester designs 
can provide valuable information about the genetic effects of 
parents and their hybrids.

The objectives of this study is to elucidate the general and 
specific combing ability, heterotic potential, and stripe rust 
(Puccinia striiformis f. sp. tritici) resistance behaviour of 
indigenous elite wheat varieties and their breeding population.

Material and methods
Experimental site and plant material. The research was car­
ried out at the experimental site of a wheat research program, 
National Agricultural Research Center, Islamabad Pakistan 
(Latitude: 33.71° N, Longitude: 73.06° E, Elevation: 683 m) 
during 2017–2018 wheat growing season. The soil type of the 
site is clay loam from 0 to 20 cm, and at the 20–40 cm depth 
it is moderate clay loam. Five widely adopted approved wheat 
varieties were used as lines (Faisalabad­2008, Punjab­2011, 
Pirsabak­2005, Miraj­2008 and Zargoon­79) and three widely 
adopted, registered and approved varieties for rainfed areas 
of Pakistan were used as a tester, namely, NARC­2009, 
Pakistan­2013 and Borlaug­2016 (Table 1). These testers are 
widely adopted and due to their ability to withstand rainfed and 
drought­prone areas of Pakistan their leaves have the ability 
to stay green during high terminal heat and drought stress. 

Field experiment and crossing scheme. Eight parents were 
hybridized to produced 15 F1 cross combinations according 
to line × tester crossing fashion as described by Kempthorne 
(1957) during 2017–2018 wheat growing season and crossing 
was conducted during March 2018. 15 cross combinations 
and seven parents were planted in Randomized Complete 
Block Design (RCBD) with three replications during 2018– 
2019 wheat growing season. In every replication, parents and 
F1 hybrids were sown in 1 m length with row­to­row spacing 
25 cm and plant­to­plant spacing 15 cm. The experiment 
was conducted in an irrigated field and a total of 6 irrigations 
were applied after sowing to harvesting time. Recommended 
doses of fertilizers, i. e. 120 kg N · ha–1 and 80 kg P · ha–1, were 
applied. Half of the fertilizers were used at the time of soil 
preparation, the second half was applied at the time of tillering, 
and weedicides (Ally Max™ Syngenta and Axial™ Syngenta) 
were used for eradication of broad leaves and narrow leaves 
weeds respectively according to the doses mentioned by the 
manufacturer. Herbicide was applied before the jointing stage 
of the crop. Leaf area was measured when leaves were fully 
turgid and green. 

Data collection. Grain yield and some yield­related pa­
rameters were measured in parents and hybrid combinations. 
Grain yield per plant was measured in grams and 1000­grain 
weight was measured after counting 500 grains of each wheat 
grain sample on a counting tray once and the second sample 
was repeated for the other 500 grains.

Canopy temperature was measured by using a portable 
thermal gun (Model: AG­42, Telatemp Crop, CA). Readings 
for canopy temperature were taken at three Feeks stages 
(Large, 1954) like booting, kernel water ripening and grain 
milking stages (Feeks 10, 10.5.4 and 11.2). All readings were 
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taken at the angle of 30° and above 50 cm of the crop canopy, 
avoiding land temperature by pointing thermal gum only at 
the canopy. The observations were taken between 11:00 am 
and 14:00 pm under stagnant air conditions and clear sky as 
described by (Reynolds et al., 1998). Observations for Norma­
lized difference vegetative index (NDVI) were recorded 50 cm 
above the canopy by using a hand­held Green Seeker with an 
optical sensor unit (Model: 505, CA, USA) at three stages of 
booting and grain filling between 11:00 hours to 14:00 hours 
with clear sky (Sultana et al., 2014). Values of NDVI range 
from –1 (NDVI value usually in the water) to +1 (the strongest 
green vegetative stage) (Kumar, Silva, 1973).

Statistical analysis. Data for other traits (days to 50 % 
heading, plant height, number of tillers per plant, peduncle 
length, spike length, days to maturity, number of spikelets 
per spike, number of grains per spike) were recorded from 
6 randomly selected plants. Data recorded were arranged in 
mean data and subjected to Analysis of  Variance (ANOVA) 
ac cord ing to Steel and Torrie (1980) and Line × Tester analy­
sis, according to Kempthorne (1957), combining ability and 
gene action were studied (Singh R.K., Chaudhary, 1977) by 
using R Package agricolae (De Mendiburu, Simon, 2015; 
The R Project…, 2017). Genotypic variance and phenotypic 
variance were estimated as mentioned by Almutairi (2022) in 
MS Excel 2016, by using the following formula:
Genotypic variance (σ2g) =  
 = Mean square genotypes (MSG) – mean square error (MSE) 

Reps (r) , 

Phenotypic variance (σ2ph) = σ2g + σ2e,
Environmental variance (σ2e) = Mean square error (MSE).

Environmental variance was estimated according to Com­
stock and Robinson (1952). Broad sense heritability was cal­
culated by using the following formula as described by Bur ton 
and Devane (1953):

Broad sense heritability (H2) = σ2g/σ2Ph.
Heterosis was estimated in percentage increase or decrease 

of the F1 hybrids value over mid­parental value by following 
the formula as described by Fonseca and Patterson (1968):
Mid­Parent Heterosis (%) =  
          = (F1 hybrid – Mid­parent)/Mid­parent × 100. 

Disease observations and scoring. Observations for stripe 
rust were recorded at the time of appearance of disease and 
data were recorded when rust pathogen was fully developed 
on leaves of a susceptible check cultivar and leaves’ surface 
was fully covered with rust’s spores. Disease observation was 
recorded in three replicates of each parental line and F1 hy­
brids according to the Cobb Scale method as described by 
Peterson et al. (1948). The severity of disease was expressed 
as the percentage of leaf area covered, and 0 % score was 
given when there was no infection on the leaf and 100 % 
score was considered when the leaf area was fully covered 
with rust spores and infection. Readings of percent severity 
were recorded with the following descriptions for scoring 
and response values: (R, resistant = 0.2; S, susceptible = 0.3; 
MR, moderately resistant = 0.4; MRMS, moderately resistant 
to moderately susceptible = 0.6; MS, moderately suscep­
tible = 0.8; MSS, moderately susceptible to susceptible = 0.9; 
S, Susceptible = 1.0), response values, coefficient of infec­
tion (CI), average coefficient of infection (ACI), country ave­
rage relative percentage attack (CARPA) and rust resistance 
index (RRI) according to Akhtar et al. (2002). The following 
formula was used for the calculation of RRI: 

RRI = 100 – CARPA 
100  × 9.

RRI was calculated by considering the scale of 0 to 9 from 
CARPA, where 0 represents a most susceptible genotype 
and 9 represents a highly resistant response of the genotype 
to rust pathogen. 

Results and discussion

Analysis of variance (ANOVA)
Analysis of variance (ANOVA) results presented in Table 1 
show that the lines (female) had statistically significant dif­
ferences for all the trails. The testers (male) showed statistical 
differences for days to heading, plant height, peduncle length, 
spike length, days to maturity, grains per spike, 1000­grain 
weight and grain yield, while non­significant results for 
flag leaf area, tillers per plant and spikelets per spike were 
shown. Interaction of line × tester was significant in case of 
plant height, flag leaf area, peduncle length, days to maturity, 
grains per spike and 1000­grain weight. Parents (male and 

Table 1. Details of wheat parents used in the study and their pedigree/parentage, year of release and parental Institute

Parents Codes Pedigree Institute Year  
of release

Area  
of adoptability

Lines Faisalabad-2008 FSD-08 PBW-65/2*PASTOR AARI, Faisalabad, Punjab 2008 Irrigated/rainfed 

Punjab-2011 PB-11 AMSEL/ATTILA//INQUILAB-91/(SIB)PEWEE 2011 Irrigated

Pirsabak-2005 PS-05 MUNIA/CHORLITO//AMSEL CCRI, Pirsabak, KPK 2005 Irrigated/rainfed

Miraj-2008 MRJ-08 SPARROW/INIA//V-7394/WL-711-3/ 
(SIB)BAGULA

AARI, Faisalabad, Punjab 2008 Irrigated

Zargoon-79 ZRG-79 CORRECAMINOS/INIA-66/3/TOBARI-66/
CENTRIFEN//BLUEBIRD/4/SIETE-CERROS-66

WRI, Quetta Baluchistan 1979 Irrigated/rainfed

Testers NARC-2009 NR-09 INQALAB 91*2/TUKURU Wheat Program, NARC, 
Islamabad

2009 Rainfed

Pakistan-2013 PAK-13 MEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN 2013 Rainfed

Borlaug-2016 BOR-16 SOKOLL/3/PASTOR//HXL7573/2*BAU 2016 Irrigated/rainfed

http://127.0.0.1:8814/help/library/agricolae/html/agricolae-package.html
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female) used in this study provided a broad range of expres­
sion for various characters as shown in Table 2. There were 
significant differences ( p ≤ 0.05) among the means of geno­
types (Table 3) for days to heading (DH), highly significant 
( p ≤ 0.01) for plant height (PH), flag leaf area (FLA), tillers per 
plant (TPP), peduncle length (PL), spikelets per spike (SPS), 
days to maturity (DM), grains per spike (GPS), thousand grain 
weight (TGW), grain yield (GY) and NDVI value.

The values for days to heading (DH) were maximum in the 
tester (male) PAK­13 (119 days) and minimum in the lines 
(female) PB­11, PS­05 and MRJ­08 (117 days). DH are the 
key indicator of earliness in crop production. Plant breeders 
are keen to create new varieties of wheat genotypes with early 
maturity. So, early heading is a desirable trait. Delayed head­
ing leads to a reduction in yield (Ullah et al., 2018) and early 
heading increases the grain filling duration, which ultimately 
results in high yield (Iqbal A. et al., 2017). Plant height (PH) 
was the highest in the female parent FSD­08 (103 cm) and 
the lowest in the male parent NR­09 (83 cm). Minimum PH 
is preferred due to expected lodging losses. Similarly, the 
tester NR­09 (83 cm) can be assessed for developing drought 
tolerant variety with reduced plant height for future breeding 
programs. Likewise, minimum flag leaf area (FLA) is also 
desirable for drought tolerance due to reduced transpiration 
losses from a reduced area exposed to sunlight. The testers 
(male) PAK­13 and BOR­16 showed the minimum values of 
flag leaf area: 29.57 and 29.83 cm2, respectively. Peduncle 
length was longest in the female parent PS­05 (16.67 cm) and 
shortest in the male parent NR­09 (7.20 cm). PS­05 produced 
the maximum grain yield (2531.8 kg · ha–1) while minimum 
grain yield (1696.1 kg · ha–1) was recorded in ZRG­79.

Mean performance of parents and their cross combinations
Mean performance for line, testers and cross combinations 
for days to maturity (DH) ranged from 117 to 119 days. The 
parental lines FSD­08, PB­11, PS­05, MRJ­08, ZRG­79 and 
BOR­16 were revealed to have 117 DH, while NR­09 and 
PAK­13 had 118 and 119 days to heading, respectively (see 
Table 2). Among F1 hybrids Zargoon­79 × Pakistan­2013 had 
119 days for heading while the rest of the cross combinations 
showed 117 DH. The grand means for parents, crosses, lines 
and testers were 117.67, 117.56, 117.27 and 118.33, respec­
tively. The coefficient of variance 0.67 % obtained for DH 
was also in the acceptable range.

Average minimum plant height was recorded in NARC­
2009 (83 cm) followed by cross combination of  Punjab­2011 × 
Pakistan­2013 (86 cm), and maximum plant height of 104 cm 
was recorded in the cross­combination Faisalabad­2008 × 
Borlaug­2016 followed by one of parent viz. Faisalabad­2008 
(103 cm). Grand mean, coefficient of variance (CV) and least 
significant variance (LSD) for plant height of lines, testers and 
their parental combinations was revealed to be 95.92 cm, 3.64 
and 5.73, respectively.

The cross­combination Punjab­2011 × Pakistan­2013 
showed minimum value (26.8 cm2) for flag leaf area followed 
by the lines Pakistan­2013 (29.5 cm2) and Borlaug­2016 
(29.8 cm2). Maximum leaf area was recorded in the line 
Pun jab­2011 (39.2 cm2) followed by the F1 combination, 
Fai salabad­2008 × Pakistan­2013 (36.9 cm2). Grand mean, 
CV, LSD and standard error for leaf area of lines, testers and 

cross combinations was recorded as 10.46, 5.7 and 2.0 cm2 
respectively.

Maximum 13 tillers per plant (TPP) was recorded in the 
tester Pakistan­2013 followed by 12.3 tillers in Borlaug­2016 
while minimum 7.6 tillers were observed in the female pa­
rent Punjab­2011 followed by Pirsabak­2005 (8.33). In the 
cross combinations a maximum of 10 tillers was recorded in 
Punjab­2011 × NARC­2009 and Miraj­2008 × NARC­2009 
and grand mean for TTP was recorded as 9.49 with CV, LSD 
and SE 11.66, 3.61 and 1.27 respectively.

Maximum peduncle length was observed in the line Pir­
sabak­2005 while minimum peduncle length was recorded 
in the tester parent NARC­2009. Grand mean for peduncle 
length was observed to be 11.96 cm with CV 9.7 % and LSD 
(α 0.05) value 1.9.

Mean performance for spike length (SL) was observed 
12.36 cm in parents and their cross combinations. Maxi­
mum SL was observed in cross combinations Miraj­2008 × 
Pakistan­2013 followed by Miraj­2008 × Borlaug­2016, but 
minimum SL was observed in the parental line Faisala­
bad­2008.

Grand mean for spikelets per spike (SPS) for parents and 
cross combination was recorded as 20.33 with a maximum 
of 21.9 spikelets observed in Pakistan­2013 in addition to the 
F1 hybrid combination of  Miraj­2008 × Pakistan­2013 and in 
the Pirsabak­2005 × Pakistan­2013. Grains per spike (GPS) 
was recorded maximum in parental line Punjab­2011. Ave­
rage thousand grain weight was calculated to be 34.52 with 
higher TGW in Faisalabad­2008 (43.73 g) and the cross 
combination of  Faisalabad­2008 × Pakistan­2013 (43.53 g), 
and lower value for TGW was depicted by the parental line 
NARC­2009 (22.47 g). Average grain yield was obtained 
in all the parents and cross combinations (2344.5 kg · ha–1), 
while average GY was higher in crosses as compared to the 
parents’ grain yield, the maximum was recorded in the cross 
combination ZRG­ 79 × PAK­13 (3358 kg · ha–1), followed by 
PB­11 × NR­09 (2820 kg · ha–1), while minimum grain yield 
was recorded in the cross combination of ZRG­79 × NR­09 
(1372 kg · ha–1).

Maximum normalized differences in vegetative index 
(NDVI) value was observed in the parental line PS­05 (0.73) 
followed by PB­11 × PAK­13 and PS­05 × NR­09 with the 
same value. Average NDVI value for parents and crosses was 
revealed to be 0.67; lines, testers and crosses also contained 
similar values for NDVI. 

There were significant differences among the means of 
crosses combinations for almost all the traits studies except 
DH, TPP an SL. The lines (female parents) also depicted 
highly significant differences in all the parameters under con­
sideration except SL. The testers (male parents) also revealed 
highly significant differences for all the traits except for FLA, 
SL, SPS, and NDVI. Interaction of lines × testers depicted 
highly significant differences in their mean performance for 
the traits of PH, FLA, PL, DM, GPS, TGW and NDVI value.

Estimates of genetic variance components
Estimation of genotypic variance, phenotypic variance, envi­
ronmental variance, variance due to general combining ability, 
variance due to specific combining ability and variance due 
to GCA over SCA is mentioned in Table 4.
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Combining ability analysis and heterosis  
of Pakistani wheat varieties for yield and rust response

Phenotypic variance was depicted more as compared to 
genotypic variance in some traits, i. e. PH, FLA, SL, DM, 
and GY, while only GY showed high environmental varian­
ce. Broad sense heritability (H2) was estimated in the range 
of 28.11 % (GY) to 100 % (CT). PH, PL, GPS, TGW, NDVI 
value and CT showed broad sense heritability of more than 
91 %, while DH and GY depicted less heritability. The traits 
with high genetic variance, low environmental variance and 
high broad sense heritability have preponderance of additive 
genes and these are stable characters and selection in the filial 
generations can be made by keeping eye on these traits. Grain 
yield (GY) and DH attained low broad sense heritability and 
showed that environmental influence is more important for 
the expression of these traits. Selection in the filial genera­
tion should be made for these traits by considering disease 
incidence and drought proxy parameters, i. e. NDVI and CT 
values.

Proportional contribution of lines, testers,  
and their interactions to total variance
Proportional contribution of total variance for yield and 
yield­related metric traits for lines, testers and their cross 
combinations was estimated (Fig. 1). For DH, PH, TPP and 
CT it was recorded to be higher as compared to the testers 
and combinations of both lines and testers. Contribution of 
L×T to total variance was recorded as high in FLA, PL, SL, 
SPS, DM, GPS and NDVI value, while variance contribution 
of testers to TGW and GY was estimated higher as compared 
to the lines and L×T combinations. 

General combining ability
General combining ability (GCA) estimates for all the traits 
are given in Table 5. Both positive and negative GCA effects 
were observed for lines and testers. For DH, the value of GCA 
effects ranged between 0.00 and 0.56. As a good general com­
biner, significant positive (0.56) and negative (–0.56) GCA 
eff ects were observed for lines Zargoon­79 and Pirsabak­2005, 
respectively. Similarly, in the testers, positive and significant 
(0.51) GCA effect was observed for Pakistan­2013 only (see 
Table 5). Patel et al. (2020) demonstrated ( p ≤ 0.01) significant 
negative and desirable GCA effects in lines and non­additive 
gene action was primarily involved in days to heading. 

For plant height, negative general combining ability effects 
are more important since more emphasis is placed upon selec­
tion for short stature in segregating the population because it 
ultimately turns out that a short stature line is more responsive 
to fertilizer and tolerant to lodging. In this study, GCA effects 
ranged between –5.82 and 3.24 for PH. Significant posi­
tive (3.07) and negative (–5.82) GCA effects were observed 
for the lines Pirsabak­2005 and Punjab­2011, respectively. 
Similarly, highly significant positive (3.24) was estimated for 
the tester BOR­16 and highly significant but negative (–2.56) 
GCA effects were observed for the testers PAK­13, respec­
tively. These results are in accordance with the results of 
(Singh S. et al., 2003; Gorjanović, Kraljević­Balalić, 2007).

For flag leaf area (FLA), negative general combining ability 
effects are more important because FLA is much influenced 
by transpiration losses due to disclosure to sunlight, which 
eventually affects the grain yield. Hence, more emphasis is 
retained on the selection of genotypes with smaller FLA. 
From that, among the female parents, Pirsabak­2005 and 
Punjab­2011 showed a highly significant negative GCA effect: 
–2.16 and –2.10, respectively. On the other side, no significant 
GCA effects were observed among the testers for FLA. These 
results confirm the findings of (Saeed A. et al., 2001; Arshad, 
Chowdhry, 2002; Chowdhary et al., 2007).

In case of tillers per plant (TPP), GCA effects ranged be­
tween –0.58 and 0.98. As a good general combiner, highly 
significant positive (0.98) GCA effects were observed only for 
the line MRJ­08 while there were no significant GCA effects 
among the testers for TPP. To begin with, TPP is a significant 
yield­boosting characteristic that contributes to increased grain 
yield. A higher number of tillers per plant confirms optimal 
plant populations and as a result higher grain yield (Tilley 
et al., 2019). For this point of view, the female line MRJ­08 
showed better performance. These findings are in accordance 
with the results of (Iqbal M.M., 2007; Khan A. et al., 2020; 
Rashmi et al., 2020).

GCA effects ranging between –1.16 and 1.39 were observed 
for peduncle length (PL). Highly significant positive (1.39) 
and negative (–0.76) GCA effects were observed for the lines 
(female) FSD­08 and ZRG­09, respectively. In the same way, 
highly significant positive (0.65) and negative (–1.16) GCA 
effects were observed for the testers BOR­16 and PAK­13, 
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Fig. 1. Proportional contribution of lines, testers, and their interactions to total variance under rainfed conditions.
Here and in Figure  3: DH, days to heading; PH, plant height, cm; FLA, flag leaf area, cm2; TPP, tillers per plant; PL, peduncle length, cm; SL, spike lenth, cm; 
SPS, spikelets per spike; DM, days to maturity; GPS, grains per spike; TGW, 1000-grain weight; GY, grain yield per plant, kg · ha–1; NDVI, normalized difference in 
vegetative index, and CT, canopy temperature, °C.
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respectively. Likewise, in PH, shorter PL is preferred because 
an increase in PL ultimately increases the PH and we prefer 
a plant with short stature. In current study, two female parents, 
ZRG­79 (–0.76) and MRJ­08 (–0.70), showed negative general 
combining ability. Also, one male parent, PAK­13, showed 
superior general combining ability for this trait. So, it can be 
concluded that the above­mentioned parents are desirable for 
use in the breeding program. The findings of (Sharma, Garg, 
2005) supported the results.

Greater spike length (SL) and larger number of spikelets 
per spike (SPS) are essential for enhanced yield. Among pa­
rents, one line (female), MRJ­08, showed significant positive 
va lues (0.77) for SPS. One tester, Pakistan­2013, exhibited 
high GCA for SPS. These results were quite close to the 
findings of (Awan et al., 2005; Sharma, Garg, 2005; Hassan 
et al., 2007). Number of grains per spike (GPS) is also an 
im portant factor for enhanced grain yield. Therefore, positive 
GCA effects are more important due to positive contribution 
of grain yield. Among male parents, only NR­09 showed 
positive and higher values (3.26) of GCA effects for GPS. 
Among female parents, MRJ­08 and PS­05 showed positive 
and higher values, i. e. 2.90 and 2.02 respectively. It should 
be noted that values of male parents were higher than those 
of female parents. These findings match with the results of 
(Saeed A. et al., 2001; Ahmadi et al., 2003; Saeed M.S. et al., 
2005; Hassan et al., 2007). These results are different from 
the findings of Nazir et al. (2005).

For grain yield per plant (GY), only one female parent 
MRJ­08, and among the male parents, BOR­16 and NR­09, 
exhibited positive general combining ability effects. Similar 
results were also found by (Malik et al., 2005).

Specific combining ability
Specific combining ability (SCA) estimates for all the traits 
are given in Table 6. Both positive and negative SCA effects 
were observed among the crosses.

As for SCA effects for DH, all the fifteen crosses were of 
non­significant nature with positive and negative magnitude 
(see Table 6). The result indicates the involvement of both 
additive and non­additive genetic effects in the inheritance of 
DH, with greater proportion of additive genetic effect. Lines 
with maximum SCA effects can be used in development of 
hybrid cultivars. Only six among fifteen crosses depicted nega­
tive SCA effects for plant height. If parents with tallness are 
the ideal ones, then the crosses FSD­08 × NR­09, FSD­08 × 
PAK­ 13, PB­11 × NR­09, PB­11 × PAK­13, PS­05 × BOR­16 
and MRJ­08 × BOR­16 would be considered good. However, 
the remaining crosses exhibited higher SCA effects. These 
findings confirmed the results of (Arshad, Chowdhry, 2002; 
Hasnain et al., 2006; Chowdhary et al., 2007). Furthermore, 
non­additive type of gene action is detected for PH and sup­
ported by (Babar et al., 2022). Also, our results concur with 
Ali F.K.H. and Abdulkhaleq (2019) for plant height.

GCA effects for flag leaf area range from negative –3.80 to 
positive 3.33. Roughly 50 % of the crosses showed smaller 
values of SCA effects for flag leaf area, which is desirable. 
As less flag leaf area is required for drought tolerance, the 
crosses with significant SCA effects, i. e. FSD­08 × BOR­16 
and PB­11 × PAK­13 may be used in a future breeding pro­
gram because they have high negative SCA values contribut­

ing towards minimum FLA. However, the remaining crosses 
exhibited higher positive SCA effects for FLA. Comparable 
results have also been stated by (Saeed A. et al., 2001; Arshad, 
Chowdhry, 2002; Chowdhary et al., 2007). 

Negative SCA effects are needed to reduce the peduncle 
length (PL). In this study, two crosses showed significantly 
negative SCA effects. FSD­08 × NR­09 and MRJ­08 × BOR­ 16 
are the best hybrids for reduced PL. Similar results were re­
ported by (Chowdhary et al., 2007). 

In case of spike length (SL), all the fifteen crosses were of 
non­significant nature with positive and negative magnitude 
(see Table 6). For a number of SPS, positive specific combin­
ing ability effects were shown in 6 out of 15 crosses but only 
two crosses, FSD­08 × NR­09 and PB­11 × BOR­16, have 
significant GCA effects. These hybrids performed best and 
can be suggested for future breeding programs. These results 
are in the conformity with those of (Mahantashivayogayya 
et al., 2004).

For grain yield per plant, SCA effects found varied much 
among crosses. The poorest cross with respect to SCA for 
grain yield per plant was ZRG­79 × PAK­13 whereas the cross 
that appeared to be the best and the most promising specific 
combination was ZRG­79 × NR­09. Positive specific com­
bining ability effects were displayed in 8 out of 15 crosses. 
But only ZRG­79 × NR­09 showed such significant positive 
effects among crosses. Similar results were also reported by 
(Saeed A. et al., 2001).

Mid-parent heterosis estimation for grain yield
Mid­parental heterosis (MPH) for GY was estimated for 
15 F1 hybrids (Fig. 2). F1 hybrids ZRG­79 × PAK­13 showed 
higher mid­parental value (62 %) followed by FSD­08 × 
PAK­  13, ZRG­79 × BOR­16, and PB­11 × NR­09, which 
revealed mid­parent heterosis value above 30 % (34, 33, 
31 % respectively). Cross combinations PS­  05 × PAK­ 13, 
MRJ­ 08 × NR­09, MRJ­08 × PAK­13, FSD­ 08 × NR­ 09 de­
picted mid­parental heterosis value more than 15 %. Three 
cross combinations, ZRG­79 × NR­09, MRJ­08 × BOR­  16 
and PB­11 × BOR­16, depicted negative heterosis.

Cross combinations with more than 30 % mid­parental 
heterosis can be used in hybrid breeding in wheat. Heterotic 
studies for increasing wheat grain yield has been an interest 
of early wheat researchers. Pal and Alam (1938) reported 
mid­parent heterosis in the pre­green revolution era. After the 
introduction of semi­dwarf wheat in the post­green revolution 
era, various wheat researchers reported mid­parent heterosis 
in wheat, i. e. (Knott, 1965; Shamsuddin, 1985; Uddin et al., 
1992). Barbosa­Neto et al. (1996) reported MPH in red soft 
winter wheat in the range of –20 to 57 %. Liu et al. (1999), 
Dreisigacker et al. (2005), Basnet et al. (2019) studied MPH 
in CIMMYT wheat varieties and reported MPH in the range 
of 9.5 to 14 %. Parental lines and tester used in present studies 
have CIMMYT background and the majority of the genotypes 
exhibited similar results for MPH. However, crosses combi­
nation ZRG­79 × PAK­13 has one indigenous parent ZRG­79 
and exhibited a high percentage of MPH. These finding can 
demonstrate that crosses among parents with CIMMYT back­
ground have low heterotic potential and additive gene action 
governed the GY potential in these cross combinations and 
selection in the filial generation will be key for transgressive 
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Combining ability analysis and heterosis  
of Pakistani wheat varieties for yield and rust response
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segregants, but in case of crosses among indigenous parents 
and genotypes with a CIMMYT parent it will be good source 
of hybrid breeding.

Correlation study of agronomic traits
Correlation study among yield and related traits under rainfed 
conditions of eight parents and 15 wheat crosses is mentioned 
in Figure 3. High significance was observed between PH and 
TGW with the value of 0.9 ( p < 0.001), SL and SPS had a 
correlation coefficient value of 0.72 ( p < 0.001) followed by 
DH and DM with 0.57 ( p < 0.01). PL also showed highly 
significant and positive correlation with TGW and PH (0.74 
and 0.65 respectively, p < 0.001). PL and TGW also revealed 
significant but negative correlation with DH –0.6 and –0.5, 
respectively ( p < 0.01).

Positive and significant correlation among PH and PL with 
TGW showed that the higher the plant height the higher the 
thousand grain weight and peduncle length. Careful conside­
ration should be made while selecting the genotypes with stiff 
and strong stem girth to avoid lodging. Correlation between 
SL and SPS revealed that an increase in spike length leads 
to an increase in spikelets per spike, genotypes with long 
spikes will be a good selection criterion for increasing yield 
due to the increase in number of spikelets per spike. Positive 
and significant correlation among DH and DM depicted that 
genotypes with early DH would mature earlier, so selection 
of genotypes with early flowering is good for early maturity 
and short duration variety development. Significant but nega­
tive correlation between TGW and DH indicated that a delay 
in days to flowering leads to a reduced TGW and vice versa. 
TGW showed negative correlation with TPP and these findings 
are in line with the results of Almutairi (2022). Low correla­
tion of GY with other parameters in wheat was also reported 
by Gowda et al. (2010).

Stripe rust responses of parental lines  
and their cross combinations
The response to stripe rust (Puccinia striiformis f. sp. tri­
tici) on parental lines used in the study and their offspring 
(crosses) is recorded for disease scoring, coefficient of infec­
tion (CI), average coefficient of infection (ACI), country ave­
rage relative percentage attack (CARPA) and rust resistance 
index (RRI) (Table 7). All the parental lines showed moderate 
resistant (MR) to highly resistant (R) reaction against stripe 
rust (Pst). The female parents (lines) FSD­08, PB­11, PS­05, 
MRJ­08 and ZRG­79 showed 20M, 20M, 5M, 30M and 40M 
scores respectively, while the pollen parents (testers) viz. 
PAK­13, BOR­16 and NR­09 depicted 10MR, 5R and 40M 
response against stripe rust. All these parents showed a slow 
rusting response against rust pathogen that is under the control 
of multiple genes.

Cross combinations of these parental lines showed a varied 
response, moderately resistant to moderately susceptible reac­
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Fig. 2. Estimation of mid-parent heterosis for grain yield (GY) as a percentage increase or decrease in the F1 hybrids compared 
to mid-parental value. 

Fig. 3. Correlation study among yield and related traits of eight parents 
and 15 wheat crosses under rainfed conditions.
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tion against stripe rust. The F1 hybrids combinations PS­ 05 × 
PAK­13, PS­05 × BOR­16 and PS­05 × NR­09 showed 10MR, 
10MR and 5MR reaction, the crosses FSD­08 × PAK­  13, 
FSD­08 × BOR­16, PB­11 × PAK­13, PB­11 × BOR­16, and 
MRJ­08 × BOR­16 showed 20M reaction, the cross combina­
tion MRJ­08 × PAK­13 showed 30M reaction, while the rest 
of the crosses showed moderately susceptible to susceptible 
reaction against stripe rust.

Average coefficient of infection (ACI) for the parents 
PS­ 05, PAK­13, BOR­16 and FSD­08 was recorded as 2.0, 
6.7, 4.3 and 14.0 respectively and these varieties revealed 
a very good level of resistance against stripe rust. Rust resis­
tance index (RRI) of these parents was also high (ranged 5.8 
to 8.5), which indicated a good resistance response of these 
varieties. Among the cross combinations, PS­05 × BOR­16, 
MRJ­08 × PAK­13, PB­11 × BOR­16, PB­11 × PAK­13 and 
PS­05 × NR­09 depicted ACI values of 4.0, 8.3, 12.0, 13.1, and 
14.7, respectively. These F1 hybrids had a resistant response 
to stripe rust. RRI value of the F1 hybrids (PS­05 × BOR­16, 
MRJ­08 × PAK­13, PB­11 × BOR­16, PB­11 × PAK­13 and 
PS­05 × NR­09) was higher (ranging from 5.6 to 8.1). 

The higher the RRI value and the lower the ACI value 
means of genotypes with a resistant response to the disease 
pathogen and under the influence of slow rusting genes, the 

slower the disease progress and the lesser the yield losses. 
Genotypes with higher RRI values (>5.0) represent moderately 
resistant to highly resistant response against rust pathogen. 
The parental genotypes viz. PS­05, PAK­13 and BOR­16 
had higher values for RRI (8.5, 7.5 and 8.0 respectively) 
showing a highly resistant response against stripe rust patho­
gen. Cross combinations revealed an intermediate response 
against stripe rust as compared to parents, especially testes, 
and resistant genes are under the control of additive gene 
action. These results indicate that repeated backcross can be 
a better strategy for accumulation of resistant genes in these 
cross combinations. Selection in these cross combinations by 
following backcrosses with recurrent parents is efficient for 
disease resistance in the filial generations. These results are 
very much in line with the findings of Afzal et al. (2009) and 
Mahmoud et al. (2015). 

Conclusion
According to these findings, it can be concluded that higher 
general combining ability and low broad sense heritability 
for grain yield suggest the presence of additive genes, and 
exploitation of general combining ability for high grain yield 
is important due to presence of additive gene action, and selec­
tion in the filial generations and family rows will be effective. 

Table 7. Response of parental genotypes and their cross combinations against stripe rust infection under rainfed conditions

Parents and their crosses Stripe rust observations CI total ACI CARPA RRI

Rep-1 Rep-2 Rep-3

FSD-08 20M 20M 30M    42 14.0 35.90 5.8

PB-11 20M 30M 40S    70 23.3 59.83 3.6

PS-05 5M 5R 5MR      7    2.0    5.13 8.5

MRJ-08 30M 50MS 50MSS 103 34.3 88.03 1.1

ZRG-79 40M 5MS 60S    88 29.3 75.21 2.2

PAK-13 10MR 20MR 20MR    20    6.7 17.09 7.5

BOR-16 5R 10MR 20MR    13    4.3 11.11 8.0

NR-09 40M 40M 40M    72 24.0 61.54 3.5

FSD-08 × PAK-13 20M 30MS 40M    60 20.0 51.28 4.4

FSD-08 × BOR-16 20M 30MS 40M    60 20.0 51.28 4.4

FSD-08 × NR-09 30MSS 30MR 60S    99 33.0 84.62 1.4

PB-11 × PAK-13 20M 4MS 30MS    39 13.1 33.50 6.0

PB-11 × BOR-16 20M 30R 30M    36 12.0 30.77 6.2

PB-11 × NR-09 30MSS 60MSS 40MSS 117 39.0 100 0.0

PS-05 × PAK-13 10MR 50MSS 30MR    61 20.3 52.14 4.3

PS-05 × BOR-16 10MR 10MR 10MR    12    4.0 10.26 8.1

PS-05 × NR-09 5MR 40M 30M    44 14.7 37.61 5.6

MRJ-08 × PAK-13 30M 5R 10M    25    8.3 21.37 7.1

MRJ-08 × BOR-16 20M 10M 10M    72 24.0 61.54 3.5

MRJ-08 × NR-09 40MS 40S 30MS    96 32.0 82.05 1.6

ZRG-79 × PAK-13 20MS 40MS 30MSS    75 25.0 64.10 3.2

ZRG-79 × BOR-16 20MS 30MSS 30MSS    70 23.3 59.83 3.6

ZRG-79 × NR-09 30M 30MSS 30MSS    72 24.0 61.54 3.5

Note. R, resistant; S, susceptible; MR, moderately resistant; MS, moderately susceptible; MSS, moderately susceptible to susceptible; CI, coefficient of infection; 
ACI, average coefficient of infection; CARPA, country average relative percentage attack; RRI, relative rust index. 
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For development of heterotic population, it is important to 
exploit specific combining ability for dominant gene action 
by crossing indigenous genotypes with exotic germplasm 
with improved rust resistance, which will be a useful future 
breeding strategy.
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Abstract. Triticum timopheevii Zhuk. attracts the attention of bread wheat breeders with its high immunity to the leaf 
rust pathogen. However, introgressions from this species in Triticum aestivum L. are little used in practical breeding. 
In the presented study, the agronomic value of T. aestivum/T. timopheevii line L624 was studied in comparison with 
the parent cultivars Saratovskaya 68, Dobrynya and the standard cultivar Favorit during 2017–2022. Introgressions 
from T.  timopheevii in L624 were detected by the FISH method with probes pSc119.2, pAs1 and Spelt1, as well as 
micro satellite markers Xgwm312, Xgpw4480 and Xksum73. Translocations of 2AS.2AL-2AtL and on 2DL were detected 
as well. Line L624 is highly resistant to Puccinia triticina both under the background of natural epiphytotics and under 
laboratory conditions. PCR analysis with the DNA marker of the LrTt1 gene (Xgwm312) revealed that it is not identi-
cal to the Lr gene(s) in L624. According to a five-year study, the grain yield of L624 was, on average, higher than that 
of Favorit and Dobrynya, but lower than that of Saratovskaya 68. Line L624 had a lower weight of 1000 grains than 
the recipients, and was at the same level with the standard cultivar Favorit. Introgressions from T. timopheevii in L624 
increased the grain protein content by comparison with Saratovskaya 68 and Favorit, but it was at the same level as 
in Dobrynya. As for parameters of flour and bread, L624 was not inferior to the recipient cultivars, but by volume and 
porosity of bread, it surpassed Saratovskaya 68. Moreover, L624 surpassed Favorit by the elasticity of the dough, the 
ratio of the elas ticity of the dough to the extensibility and the strength of the flour. Thus, the results obtained suggest 
that introgressions in chromosomes 2A and 2D in L624 do not impair baking properties.
Key words: Triticum aestivum/T. timopheevii line; 2AS.2AL-2AtL translocation; leaf rust resistance; impact on produc-
tivity and grain quality.
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Аннотация. Вид Triticum timopheevii Zhuk. привлекает внимание селекционеров мягкой пшеницы высоким 
иммунитетом к возбудителю листовой ржавчины. Однако интрогрессии от этого вида в T. aestivum L. мало 
используются в практической селекции. В представленном исследовании изучена агрономическая цен-
ность T. aestivum/T. timopheevii линии Л624 по сравнению с родительскими сортами Саратовская 68, Добрыня 
и сортом-стандартом Фаворит в течение 2017–2022 гг. Интрогрессии от T. timopheevii у Л624 выявлены с по-
мощью метода FISH с зондами pSc119.2, pAs1 и Spelt1, а также микросателлитных маркеров Xgwm312, Xgpw4480 
и Xksum73. Обнаружены транслокации 2AS.2AL-2AtL и в длинном плече хромосомы 2D. Линия Л624 высоко-
устойчива к Puccinia triticina как на фоне естественной эпифитотии, так и в лабораторных условиях. С исполь-
зованием ПЦР-анализа с ДНК-маркером гена LrTt1 (Xgwm312) установлена его неидентичность Lr-гену(ам) у 
ли нии Л624. По данным пятилетнего изучения, урожайность зерна у Л624 была в среднем выше, чем у сортов 
Фаворит и Добрыня, но ниже, чем у сорта Саратовская 68. По массе 1000 зерен Л624 уступала реципиентам и 
была одного уровня с сортом-стандартом Фаворит. Интрогрессии от T. timopheevii у Л624 увеличили содержа-
ние белка в зерне по сравнению с сортами Саратовская 68 и Фаворит, но с сортом Добрыня оно было на одном 
уровне. В целом по показателям качества муки и хлеба линия Л624 не уступила сортам-реципиентам, а по объ-
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ему и пористости хлеба превзошла Саратовскую 68. В то же время Л624 превышала сорт-стандарт Фаворит по 
упругости теста, отношению упругости теста к растяжимости и силе муки. Таким образом, полученные резуль-
таты позволяют сделать предположение, что интрогрессии в хромосомах 2А и 2D у линии Л624 не ухудшают 
хлебопекарные свойства.
Ключевые слова: Triticum aestivum/T. timopheevii линия; 2AS.2AL-2AtL транслокация; устойчивость к листовой 
ржавчине; влияние на продуктивность и качество зерна.

Introduction
Leaf rust (caused by the fungus Puccinia triticina Eriks.) is 
a harmful disease both in Russia and abroad. Despite the fact 
that the importance of this disease has decreased for a number 
of grain-growing Russian regions, the damage remains quite 
extensive (Gultyaeva et al., 2021). The production of resistant 
bread wheat cultivars makes it possible to avoid economically 
significant damage to plants by this pathogen. Resistance to 
P. triticina in bread wheat is controlled by Lr-genes. To date, 
82 Lr-genes have been identified (McIntosh et al., 2022), but 
most of them have been overcome by the pathogen. In general, 
the following genes are used in Russian bread wheat cultivars: 
Lr1, Lr3, Lr9, Lr10, Lr19, Lr20, Lr24, Lr26, Lr34, Lr37 and 
Lr6Agi1, Lr6Agi2, LrSp. These genes are used in various 
combinations, but only the LrSp, Lr6Agi1, and Lr6Agi2 genes 
are not overcome (Gultyaeva et al., 2021). 

The low genetic diversity of effective resistance genes to the 
leaf rust pathogen can be solved by involving species related 
to bread wheat in hybridization. Thus, out of 82 identified 
Lr-genes, 39 were transferred from alien species (McIntosh et 
al., 2013, 2018, 2022). Triticum timopheevii Zhuk. (AtAt GG, 
2n = 28) is one of the sources of effective resistance genes. 
This species is very popular among breeders because of its 
unique high resistance to a complex of diseases. Both in Russia 
and abroad, numerous attempts have been made to transfer 
pathogens resistance genes from T. timopheevii into bread and 
durum wheat by direct hybridization followed by backcrossing 
to cultivated species (Allard, Shands, 1954; Jørgensen, Jensen, 
1972; Skurygina, 1984; Tomar et al., 1988; Kozlovskaya et 
al., 1990; Budashkina, Kalinina, 2001; Brown-Guedria et al., 
2003; Singh et al., 2017). 

In addition, synthetic alloploid forms from crossing 
T. timopheevii with Aegilops tauschii Coss. were produced 
as an intermediate form – a “bridge”. As a result, forms with 
2n = 42 and genome composition AtAtGGDD – T. kiharae 
Dorof. et Migusch. were obtained (Dorofeev et al., 1979), as 
well as the synthetic of Dr. Savov (Leonova et al., 2007). With 
similar hybridization with the natural mutant T. timopheevii –  
T. militinae Zhuk. et Migusch, a synthetic form Triticum 
miguschovae was obtained (Zhirov, Ternovskaya, 1984). 

Subsequently, when bread wheat was crossed with these 
synthetics, a number of lines that were resistant to leaf and 
stem rust pathogens were obtained. Thus, a set of pathogen-
resistant lines in the gene background of the Saratovskaya 29 
cultivar, the so-called С29 immune (С29im), as well as the 
spring bread wheat cultivar Pamyati Maistrenko, was obtained 
at the Institute of Cytology and Genetics of the Siberian 
Branch of the Russian Academy of Sciences (Laikova et al., 
2013). 

However, despite numerous studies, only two Lr-genes 
from T. timopheevii have been identified – Lr18 in the 
5BS.5BL-5G#1L translocation and Lr50 localized on 2BL 
(McIntosh et al., 2013). In addition, the “Catalogue of 
Genes Symbols for Wheat” (McIntosh et al., 2013) lists 
three Lr-genes with a temporary (laboratory) designation: 
LrTt1 located on chromosome 2A, LrTt2 located on 
chromosome 5BL (Leonova et al., 2004, 2010), LrSelG12 
located on chromosome 3BL (Singh et al., 2017). Thus, the 
list of Lr-genes from T. timopheevii is small. 

The effectiveness of these genes varies. Thus, the pathogen 
of leaf rust has virulence to the Lr18 gene in Germany, 
Switzerland and Russia (McIntosh et al., 1995; Sibikeev et al., 
2020), but this gene is more effective in Australia (McIntosh 
et al., 1995). The MBRL and PNMQ races are virulent to the 
Lr50 gene at the seedling stage, but this gene is effective at 
the adult plant stage in Kansas and Texas (Brown-Guedria et 
al., 2003). The LrTt1 gene is effective at the seedling phase 
(Leonova et al., 2004), while LrTt2 and LrSelG12 are effective 
both at seedlings and adult plants (Leonova et al., 2010; Singh 
et al., 2017). 

However, practical wheat breeding has shown little use 
of these genes in commercial cultivars. Only Lr18 is used in 
Australia in the Timvera cultivar and its derivatives, and in 
the Sabikei cultivar and its derivatives (McIntosh et al., 2013). 
One of the reasons for the insignificant use of introgressions 
with leaf rust resistance genes from T. timopheevii is their 
insufficient prebreeding study, which leads to caution in 
their use by breeders due to fear of linkages with genes that 
negatively affect agronomic valuable traits.

The purpose of our research was: based on the results of 
studying the spring T. aestivum/T. timopheevii line L624, to 
identify its prospects for practical breeding both in terms of 
effectiveness against P. triticina and in terms of its effect on 
grain productivity and the quality of flour and bread.

Materials and methods
The material used included the following genotypes:  
1) cultivars of spring bread wheat Saratovskaya 68 (S68), 
Dobrynya and standard cultivar Favorit; 2) T. aestivum/ 
T. timopheevii line L624 = Saratovskaya 68/T. timopheevii*4//
Dobrynya. The cultivars Saratovskaya 68 and Dobrynya 
differ from each other by morphotype, presence of different  
Lr-genes, and flour and dough quality. The first cultivar 
is awned, red-grained, white-haired, tall, mid-ripening, 
susceptible to the leaf rust pathogen, contains the ineffective 
Lr10 gene (Gultyaeva et al., 2020), belongs to the category 
of valuable wheat in terms of the quality of flour and bread. 
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The second cultivar is awnless, red-grained, white-haired, 
tall, mid-ripening, according to the quality of flour and bread, it 
belongs to the category of strong wheat. The cultivar Dobrynya 
contains the 7DS-7DL-7Ae#1L translocation from Agropyron 
elongatum (Host) Beauv. with Lr19/Sr25 genes resistant to 
leaf and stem rust. These resistance genes have been overcome 
by pathogens in the Middle and Lower Volga, Central and 
Central Black Earth regions of Russia (Sibikeev et al., 1996; 
Baranova et al., 2021). 

The standard cultivar Favorit is awnless, red-grained, white-
haired, tall, and mid-ripening, according to the quality of flour 
and bread, it belongs to the category of valuable wheat. The 
cultivar is resistant to leaf rust and powdery mildew pathogens 
and is characterized by the substitution of the bread wheat 
chromosome 6D by the chromosome 6Agi A. intermedium 
(Host) Beauv. (Sibikeev et al., 2017). 

For production of L624, a sample of T. timopheevii of 
unknown origin was provided by Dr. S.A. Stepanov (Saratov 
State University after name N.G. Chernyshevsky, Saratov). 
T. aestivum/T. timopheevii line L624 was obtained from direct 
crossing of S68 (female form) with T. timopheevii followed 
by fourfold backcrossing to the Dobrynya cultivar. Since S68 
is susceptible to the leaf rust pathogen, and Dobrynya carries 
the overcome Lr19 gene, resistance to P. triticina was the 
main selection criterion during backcrossing. To do this, in 
artificial infection with P. triticina, we used a population of a 
pathogen with a high presence of the pp19 pathotype, virulent 
to Lr19. The stable pathogen-resistant line was isolated from 
the sixth generation after the last crossing. 

The studies included three stages. The first stage was an 
evaluation of the L624 line resistance to the leaf rust pathogen 
in the field conditions – the phase of milky-wax ripeness 
(experimental field of the Agricultural Research Center for 
Southeast Regions, conditions of strong pathogen epiphytoty 
in 2017 and of medium pathogen epiphytoty in 2022) and in 
laboratory conditions – at the seedling phase (third leaf) in 
2018–2020. The main differences in P. triticina populations 
of 2017 and 2022 were that the latter had a decreased 
percentage of the presence of the pp19 pathotype virulent to 
the Lr19 gene. In the field conditions, the resistance degree 
was evaluated according to the scale of A.P. Roelfs et al. 
(1992), where R is resistance, MR is moderate resistance, MS 
is moderate susceptibility and S is susceptibility. The degree 
of rust damage (%) was evaluated according to the scale of 
R.F. Peterson et al. (1948).

For laboratory evaluation, we used combined Saratov 
populations of P. triticina with an artificially increased 
presence of the pp19 pathotype, virulent to the Lr19 gene. 
Seedlings grown in pots with soil were sprayed with an 
aqueous suspension of population spores with the addition of 
Tween 80 detergent. The suspension concentration was 1 mg 
of inoculum per 1 ml of water. After plant infection, a dark 
stage was created for 20 hours with 100 % relative humidity, 
then seedlings were grown at a temperature of 20–22 °C, 
photoperiod consisted of two stages: day (16 hours) and night 
(8 hours). 

The type of wheat reaction to the pathogen was determined 
according to the scale of E.B. Mains, H.S. Jackson (1926), 
where 0 is the absence of symptoms; 0; – necrosis without 
pustules; 1 – very small pustules surrounded by necrosis; 2 – 

pustules of medium size, surrounded by necrosis or chlorosis; 
3 – pustules of medium size without necrosis; 4 – large 
pustules without necrosis; X – pustules on the same leaf of 
different types, chlorosis and necrosis are present. Plants with 
reaction types 0, 0; 1, 2 were considered resistant (R), and 3, 
4 and X (S) were considered susceptible.

The second stage was the cytogenetic evaluation of 
T. aestivum/T. timopheevii line L624. The purpose of 
the cytogenetic analysis of the introgressive line was to 
identify alien genetic material and determine its state in the 
reconstructed genome of bread wheat, in the form of additional 
or substituted chromosomes, translocations. This made it 
possible to evaluate the stability of inheritance of the target 
trait – resistance to P. triticina. 

Preparations of mitotic chromosomes were prepared 
from the meristem of seedling roots in accordance with 
the method of E.D. Badaeva et al. (2017). To analyze the 
L624 line karyotype, we used the FISH method (f luorescent  
in situ hybridization) using probes based on various 
repeating sequences. The probe pSc119.2 (Bedbrook et 
al., 1980) is localized mainly on the chromosomes of the 
B genome of bread wheat, while pAs1 (Rayburn, Gill, 1986) 
is localized mainly on the chromosomes of the D genome. 
Simultaneous use of these probes makes it possible to 
identify all chromosomes of the B and D genomes, and some 
chromosomes of the A genome (Schneider et al., 2003). In 
addition, the chromosomes of the G genome of T. timopheevii 
can be identified by the localization of hybridization signals 
with the pSc119.2 probe (Jiang, Gill, 1994). 

The repeating sequence Spelt1 was isolated from the 
genomic DNA of Ae. speltoides Tausch. (Salina et al., 1997); 
the repeat blocks are localized in the subtelomeric regions of 
the chromosomes of this species. Individual Spelt1 sites are 
found in some accessions of tetra- and hexaploid wheats, in 
particular T. timopheevii, and can serve as markers of these 
chromosomes (Salina et al., 2006). FISH was performed 
according to the method of E.A. Salina et al. (2006) with 
minor modifications. Microscopic analysis was carried out 
at the Multiple-Access Centre for Microscopy of Biological 
Subjects (Institute of Cytology and Genetics SB RAS, 
Novosibirsk, Russia).

In addition to cytogenetic analysis, molecular genetic 
analysis was performed. Total DNA was isolated from 5–7 
day old seedlings by the method of J. Plaschke et al. (1995). 
Microsatellite markers were used for analysis: Xgwm312 
(Röder et al., 1998), most closely located to the LrTt1 
resistance gene on the long arm of chromosome 2A (Leonova 
et al., 2004); markers of the long arm of chromosome 2D – 
Xgpw4480 (http://www.graingenes.org.) and Xksum73 (Yu et 
al., 2004). The polymerase chain reaction (PCR) procedure 
was carried out according to the protocols of the authors. 
Separation of the amplification products was performed in a 
2 % agarose gel.

The third stage was the evaluation of grain productivity 
traits, physical and baking properties of dough and bread in 
the recipient cultivars S68, Dobrynya, the standard cultivar 
Favorit and the T. aestivum/T. timopheevii line L624. The 
studies were carried out in 2017–2022. 

The hydrothermal coefficient (HTC) for the growing season 
of bread wheat in 2017 was 1.0 (satisfactorily moistened 
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conditions), in 2018 and 2019 the HTC was 0.6 (very dry 
conditions), in 2020 – 0.8 (dry conditions), in 2021 – 0.9 (dry 
conditions), and in 2022 – 0.8 (dry conditions). The main dif-
ferences in weather conditions in 2018, 2019 and 2021 were 
high temperatures during the flowering period (above the 
long-term average by 5.0, 4.2 and 8.0 °C, respectively) with a 
reduced precipitation amount (below the long-term average by 
13–15 mm), which sharply reduced grain yield. At moderate 
temperatures, the most humid was the growing season of 2017, 
but in 2020, as in 2017, during the flowering phase, the air 
temperature was lower than the long-term average, namely 
by 0.7 and 1.0 °C, while the precipitation amount was 23 and 
48 mm higher, respectively, in 2017 and 2020, which increased 
grain yield. The weather conditions in 2022 were characterized 
by an increased air temperature during the flowering phase by 
1.0 °C with a precipitation amount reduced by 12 mm, but in the 
next ten days (beginning of July) an increase in precipitation 
by 16 mm was noted at a low temperature by 1.0 °C, which 
in general allowed to neutralize the harmful effect. 

The experimental material was randomly sown in 7 m2 
plots in three replicates. The seeding rate was 400 grains per 
1 m2. The bread making and flour quality was evaluated by 
the content of raw gluten, gluten strength and the indicators 
of the IDK-3 device (deformation index of gluten) and the 
Chopin alveograph with the baking of experimental bread 
samples. The protein content of grain, harvested in 2020–2022, 
was determined on the grain analyzer Infratec TM 1241. The 
obtained data on T. aestivum/T. timopheevii line L624 and 
recipient cultivars S68, Dobrynya and the standard cultivar 
Favorit were subjected to one-way analysis of variance with 
multiple comparisons according to Duncan using the Agros 
2.10 breeding and genetic software package (Martynov et 
al., 2000).

Results

Phytopathological analysis of resistance  
to the leaf rust causative agent 
Under strong leaf rust epiphytotic condition in the growing 
season of 2017, and medium epiphytoty in 2022, line L624 
showed a resistant reaction type (R) (severity 0 %, type 
of reaction – (IT) = 0;), while recipient cultivars: S68 – 
susceptibility to the pathogen (S, IT = 3+ in 2017 and S,  
IT = 3 in 2022) (severity 20–40 %) and Dobrynya – 

susceptibility to the pathogen (S, IT = 3 in 2017 and RS, IT = 
0;/3 in 2022). Similar results were obtained during artificial 
inoculation of cultivars and line L624 at the seedling phase 
under greenhouse conditions (Table 1).

Thus, the phytopathological analysis of resistance to the leaf 
rust pathogen T. aestivum/T. timopheevii line L624 under field 
and laboratory conditions showed its high level in comparison 
with the recipient parental cultivars and the donor species. It 
should be clarified that the artificial inoculation of cultivars 
and L624 was carried out three times during 2018–2020 by 
Saratov populations of the pathogen with the addition of the 
pp19 pathotype collected from the infected cultivar Dobrynya. 
All three evaluations (for 2018, 2019 and 2020) had the same 
results in terms of ITs for all studied cultivars and L624. The 
high efficiency of L624 resistance to P. triticina both at the 
seedlings and at milky ripeness stages indicates the juvenile 
nature of resistance.

Cytogenetic analysis  
of T. aestivum/T. timopheevii line L624
In general, according to the results of cytogenetic analysis, 
line L624 is cytologically stable and is characterized by a 
number of chromosomes standard for hexaploid wheat – 42 
chromosomes. Chromosomal substitutions and translocations 
with chromosomes of the T. timopheevii G genome have not 
been identified. FISH results with pSc119.2 and pAs1 probes 
on L624 metaphase chromosomes are shown in Fig. 1.

Hybridization with pSc119.2 and pAs1 probes did not 
reveal any changes in the B and D genomes chromosomes of 
the L624 line, except for chromosome 2D. Chromosome 2D 
lacks the pAs1 signal at the end of the long arm (Schneider et 
al., 2003) (see Fig. 1), which may indicate a translocation of 
unknown origin. The performed molecular genetic analysis 
showed that when using microsatellite markers of the 2DL 
chromosome (Xgpw4480, Xksum73) (Fig. 2, b), the L624 line 
amplification fragments correspond in length to the fragments 
of control wheat samples. Thus, it can be concluded that the 
detected translocation from T. timopheevii in the long arm of 
chromosome 2D does not include the localization area of the 
Xgpw4480, Xksum73 markers, i. e. it is subtelomeric.

One of the chromosomes of the A genome had a weak 
pSc119.2 signal at the end of the long arm (see Fig. 1, Fig. 3, 
a). Hybridization with pSc119.2 and Spelt1 probes (see 
Fig. 3) showed that this chromosome also carries the Spelt1 

Table 1. Resistance of line L624, parental cultivars and standard cultivar to P. triticina under field conditions 
(natural epiphytotics) and under greenhouse conditions (artificial inoculation)

Cultivar,  
line

Lr-genes Infection type (IT) and resistance degree

2017 2022 2018–2020 

Field conditions, milky ripeness phase Greenhouse conditions,  
seedling phase

Saratovskaya 68 10 3+, 40S 3, 20S 3

Dobrynya 19 3, 15S 0;/3, RS* 3

L624 ? 0, R 0, R 0;

Favorit 6Agi 0;, R 0;, R 0;

T. timopheevii ? 0;, R 0;, R 0;

* This infection type and resistance degree are caused by the low presence of the pp19 pathotype in the P. triticina population. 
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repeat block at the end of the long arm (see Fig. 3, b). Since 
similar localization of these probes was previously shown 
on 2Аt chromosomes in some specimens of T. araraticum 
Jakubz. [syn. T. timopheevii (Zhuk.) Zhuk. subsp. armenia-
cum (Jakubz.) van Slageren)] (Salina et al., 2006), it could be 
assumed that the L624 line had the whole 2Аt chromosome 
of T. timopheevii or a translocation in the long arm of 2A 
chromosome (T2AS.2AL-2AtL).

However, molecular genetic analysis using the Xgwm312 
marker (see Fig. 2, a) showed that the L624 amplification 
fragment differs in length from the T. timopheevii fragment and 
corresponds to a fragment of one of the parent wheat cultivars 
(Saratovskaya 68). This indicates the absence of chromosomal 
substitution 2At(2A) in line L624 and indicates a terminal 
translocation in the long arm of chromosome 2A (T2AS.2AL-
2AtL), which does not include the area of localization of the 
Xgwm312 marker. In addition, there is reason to assume that 
the Lr gene(s) in L624 are not identical to the LrTt1 gene, 
which is located close to the Xgwm312 microsatellite marker.

Prebreeding study  
of T. aestivum/T. timopheevii line L624
The results of the study of grain productivity in T. aestivum/ 
T. timopheevii line L624, resistant to the leaf rust causative 
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Fig. 1. FISH on metaphase chromosomes of the line of spring bread 
wheat L624 = Saratovskaya 68/T. timopheevii *4//Dobrynya with pSc119.2 
probe (green signal) and pAs1 probe (red signal). 
The arrows indicate the sites of hybridization with the pSc119.2 probe on the 
long arms of one of the A genome chromosomes. The asterisks indicate the 
long arms of the 2D chromosomes.

Fig. 2. Electrophoregram of the results of PCR amplification of microsatellite markers with DNA of the L624 line and 
parental forms.
a – Xgwm312; b – Xgpw4480 (1–4), Xksum73 (5–8): 1, 5 – T. aestivum (Saratovskaya 68), 2, 6 – T. aestivum (Dobrynya), 3, 7 – line L624, 
4, 8 – T. timopheevii. M – marker of fragment length. 

Fig. 3. FISH on metaphase chromosomes of spring bread wheat line L624 = Saratovskaya 68/T. timopheevii *4//Dobrynya 
with pSc119.2 probe (red signal) and Spelt1 probe (green signal). 
Localization of pSc119.2 probe only is shown on the same metaphase plate (a); arrows indicate pSc119.2 signals on long arms  
of presumably 2A chromosomes; (b) arrows indicate Spelt1 signals on 2AL.
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agent, showed that, on average, from 2018 to 2022 there were 
no significant differences for grain yield in the line compared 
to the recipient cultivars Saratovskaya 68 and Dobrynya, as 
well as the standard cultivar Favorit. It is expected, since the 
productivity traits in 2020 and 2022 are three to five times 
higher than the yield in 2019 and 2021 (Table 2). 

However, the analysis of grain productivity by years 
revealed that out of five years of study, two years of grain 
yield (2018 and 2020) in L624 were significantly lower than 
that of the recipient cultivar Saratovskaya 68 and three years  
(2019, 2021 and 2022) were on the same level. Compared to 
the cultivar Dobrynya, the grain productivity of L624 was 
at the same level for four years (2019–2022) and surpassed 
the recipient cultivar Dobrynya in 2018. Compared to the 
standard cultivar Favorit, the grain yield of T. aestivum/ 
T. timopheevii line L624 was higher than of Favorit for four 
years (2018, 2020–2022) and was at the same level only in 
2019 (see Table 2).

As mentioned above, the growing seasons of 2018, 2019 
and 2021 were characterized by a hard drought, while the 
2020 season was characterized by excess moisture and 
moderate air temperature from germination to the beginning 
of flowering, and then a drought with high temperatures was 
noted until full maturity. At the same time, the 2022 season 
was characterized by the opposite distribution of precipitation, 
that is, from germination to the beginning of flowering – a 
lack of moisture, and during grain filling (July), an excess of 
moisture. However, the entire period of 2018–2022 relates to 
arid conditions to varying degrees. Thus, there are grounds 
to state that L624 has a high drought resistance and that the 
introgressive material from T. timopheevii has a neutral effect 
on drought resistance in this line.

On average for 2018–2022, an analysis of 1000 grain 
weight, as an important element of grain productivity, showed a 
significant decrease in the line L624 (27.96 g) compared to the 
cultivars Saratovskaya 68 (31.12 g) and Dobrynya (30.32 g), 
but a slight decrease compared to the standard cultivar Favorit 
(28.48 g) (see Table 2).

In terms of the “germination–earing period” trait for the 
growing seasons of 2018–2022, in L624, compared with 

recipient cultivars, there were significant differences, namely 
44.2 days versus 42.0 days in S68 and 41.6 days in Dobrynya, 
LSD05 = 1.3 days. At the same time, there were no significant 
differences with the standard cultivar Favorit (43.8 days). 

Plant height of L624 did not differ from S68, Dobrynya, 
and Favorit. However, lodging resistance differed between 
L624 (4.24 points) and Dobrynya (4.60 points), but the line 
did not differ from S68 (4.22 points) and Favorit (4.26 points), 
LSD05 = 0.15.

The study of the effect of chromosomes or translocations 
from bread wheat related species on bread making qualities 
in introgressive lines of bread wheat is an important step in 
the evaluation of their breeding value. In general, a number 
of studies of T. aestivum/T. timopheevii lines (Timonova 
et al., 2012), as well as lines obtained on the spring bread 
wheat cultivar Saratovskaya 29 using Dr. Savov’s synthetic 
(AtAtGGDD), revealed a positive or neutral effect of the 
T. timopheevii genes material on the quality of flour and bread 
(Laikova et al., 2007, 2013).

In 2020–2022, grain protein content in T. aestivum/ 
T. timopheevii line L624 was significantly higher than in S68 
and Favorit (16.9 versus 16.2 % for cultivars), but was on the 
same level as Dobrynya (17.1 %) (see Table 2). According to 
the indicators of the IDK-3 device, gluten content in line L624 
was significantly lower than in S68 and Dobrynya, namely 
38.7 and 39.7 % versus 36.4 % in L624, with LSD05 = 2.0. 
At the same time, the line was on the same level with the 
standard cultivar Favorit (37.2 %). Gluten strength in L624 
was significantly higher than in the recipient cultivars and 
the standard cultivar Favorit, namely 78.1 u.d. against 85.8 
(S68), 83.5 (Dobrynya) and 91.3 u.d. (Favorit), LSD05 = 4.0.

When studying the alveograph indicators (Table 3), it was 
found that dough tenacity, tenacity to extensibility ratio  and 
flour strength  in line L624 did not differ significantly from the 
recipient cultivars. However, all these traits were significantly 
increased in T. aestivum/T. timopheevii line L624 compared 
to the standard cultivar Favorit. Crumb porosity and bread 
volume in L624 were on the same level as in Dobrynya and 
Favorit, but significantly higher than in S68. Differences in 
the color of the breadcrumb were observed. Thus, in S68 

Table 2. Indicators of grain productivity in T. aestivum/T. timopheevii line L624

Cultivar,  
line

Germination-
earing,
days
average,
2018–2022 

Grain yield, kg/ha 1000 grain 
weight, g
in 2018–2022 

Protein, %
in 2020–2022

2018 2019 2020 2021 2022 Average

S68 42.0 1427 668 3485 797 2699 1815 31.12 16.2

Dobrynya 41.6 852 670 2805 651 2829 1561 30.32 17.1

L624 44.2 1095 590 2873 759 2797 1623 27.96 16.9

Favorit (St) 43.8 861 602 2631 519 2401 1403 28.48 16.2

LSD05 1.3 188 NS 240 193 343 240 2.05 0.5
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and L624, the crumb is white, in Favorit, it is cream, and in 
Dobrynya, it is yellow, which is associated with the presence 
of 7DS-7DL-7Ae#1L, a translocation that carries genes for 
high carotenoid content (Prins et al., 1996) (see Table 3).

Discussion
As noted above, the T. timopheevii species attracts breeders 
with its high immunity to a complex of fungal diseases. A set 
of T. aestivum/T. timopheevii lines with resistance genes to 
various diseases was obtained: to the leaf rust pathogen – 
Lr18, Lr50, LrTt1, LrTt2, LrSelG12; to the causative agent of 
stem rust (P. graminis Pers.) – Sr36, Sr37, Sr40; to powdery 
mildew pathogen (Blumeria graminis DC.) – Pm6, Pm27 
(Adonina et al., 2021). The T. aestivum/T. timopheevii lines 
resistant to pathogens mainly carry introgressive material from 
chromosomes 6G, 2G, 5G, in addition, from chromosomes 
1At, 2At, 3At, 5At, 7At, 3G, 4G, 7G (Badaeva et al., 2010). 

In our studies, introgressions from T. timopheevii affected 
chromosome 2A (T2AS.2AL-2AtL – translocation), and 
chromosome 2D lacks the pAs1 signal at the end of the long 
arm, which may indicate a translocation of unknown origin. 
Previously, in the long arm of chromosome 2A (translocation 
2AS-2AtS.2AtL-2AL) of line 842 = Saratovskaya 29 
*2/T. timopheevii spp. viticulosum between Xgwm817 and 
Xgwm312 markers, the LrTt1 gene was mapped (Leonova et 
al., 2004, 2008, 2011). This gene was found to be inherited 
in a recessively monogenic manner (Leonova et al., 2004). In 
L624, the leaf rust resistance gene (according to segregation in 
the F2 families Saratovskaya 68/T. timopheevii *4//Dobrynya) 
is also inherited in a recessively monogenic manner (Sibikeev, 
unpublished data). 

However, in our studies, using PCR analysis with the DNA 
marker of the LrTt1 gene (Xgwm312), it was established that 
it is not identical to the Lr gene(s) in L624. In addition, LrTt1 
is effective against the European population of P. triticina at 
the seedling stage, but only has a restraining effect (infection 
type IT = 3) at the stage of adult plants against the West 
Siberian population of the pathogen (Leonova et al., 2004; 
Timonova et al., 2012). In addition, translocation with LrTt1 
is not linked to resistance to the stem rust causative agent 

in Western Siberia, the share of damage is 80 % (Timonova 
et al., 2012). 

Introgressions from T. timopheevii in L624 protected against 
the Saratov population of P. triticina, both at the seedlings 
stage (three-leaf phase) and at the stage of adult plants (phase 
of milky ripeness), infection type IT = 0;. Line L624 was 
affected by the stem rust causative agent at the seedlings stage 
during artificial inoculation of both the Saratov and Omsk 
populations, IT = 3. 

When trying to identify in L624 genes of resistance to 
P. graminis (Sr-genes): Sr2, 22, 24, 25, 26, 31, 32, 35, 36, 38, 
39, 57 using DNA markers, none of the indicated resistance 
genes was identified (Baranova, unpublished data). At the 
same time, earlier in our studies, the effectiveness of L624 (in 
these studies, L624 is designated by serial number 49) was 
shown at the seedling stage against the Saratov, Krasnodar, 
Dagestan and Chelyabinsk populations of P. triticina collected 
in 2018, as well as against test clones of the pathogen with 
virulence to the leaf rust resistance genes – Lr9, Lr19, Lr26, 
the infection type to the pathogen was IT = 0. 

In addition, the use of DNA markers for genes Lr1, 3, 9, 
10, 19, 20, 21, 22a, 24, 25, 28, 29, 34, 35, 37, 39 = 41, 47, 50, 
53, 66, 6Agi made it possible to identify the Lr10 and Lr28 
genes in L624. The Lr19 gene from the Dobrynya cultivar was 
not identified. The detection of the SCS421 gene marker for 
Lr28 indicates the presence of T. timopheevii (LrTtim) genetic 
material in the L624 since this marker is not strictly specific 
for determining the Lr28 gene transferred from Ae. speltoides, 
and is also present in specimens of T. timopheevii (Gultyaeva 
et al., 2014). Among the Lr genes from T. timopheevii, the 
Lr18 gene belongs to the group of ineffective in the conditions 
of the Volga region and has a different infection type to the 
pathogen (IT = 3) from IT = 0 in L624. 

The infection type of the line with Lr50 (the second Lr gene 
from T. timopheevii) at inoculation with the Saratov population 
of the leaf rust pathogen varied from 0–1 to 2+ points and 
differed from that in L624. The Xgwm382 marker of the Lr50 
gene indicated the absence of Lr50 in this line (Gultyaeva et 
al., 2020). Thus, there are grounds to suggest that L624 in the 
T2AS.2AL-2AtL translocation contains a leaf rust resistance 

Table 3. Bread making quality traits in T. aestivum/T. timopheevii line L624 in 2018–2022 

Cultivar,
line

Alveograph* Bread**

P, mm P/L W, units V, см3 Porosity, score Crumb color

Saratovskaya 68 88.8 1.75 195 761 4.50 White

Dobrynya 84.4 1.68 204 814 4.88 Yellow

L624 84.7 1.51 203 799 4.85 White

Favorit 69.1 1.20 170 780 4.75 Cream

LSD05    8.0 0.3    25    30 0.26

  * Indicators of the alveograph: P – dough tenacity; P/L – tenacity to extensibility ratio; W – flour strength. 
** Indicators of bread evaluation: V – bread volume, porosity.
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gene that is different from Lr18, Lr50 and, possibly, non-allelic 
to the LrTt1 gene.

Analyzing the effect of introgressive material with pathogen 
resistance genes from T. timopheevii on agronomically 
important traits, its multidirectional influence should be noted 
(Leonova, 2018). However, there are very few data on the 
specific effect of introgressions involving the 2At chromosome 
on productivity indicators. 

There is a study of T. aestivum/T. timopheevii lines 5352-
104 and 5360-191/5, obtained by three backcrosses of hybrid 
parental lines 744 and 832 (T. aestivum−T. timopheevii,  
2n = 42) with Saratovskaya 29 and subsequent self-pollination 
(Timonova et al., 2012). Line 5352-104 contains introgressive 
fragments of chromosomes 1At and 2At, while line 5360-191/5 
contains 2At and 5GL. In terms of plant height, these lines 
did not differ from Saratovskaya 29 (S29), and the ear length 
of the line 5352-104 was higher than that of the S29 cultivar. 

According to the number of spikelets per spike, no 
differences from S29 were found, but in terms of the number 
and weight of grains per spike, the line’s indicators were 
higher than those of the recipient cultivar. In terms of grain 
weight per plant and of 1000 grain weight, line 5352-104 did 
not differ from S29. Line L 5360-191/5, as a possible carrier 
of the LrTt1(2At) and LrTt2 (5GL) genes, did not differ from 
the recipient cultivar S29 in all parameters of ear productivity, 
as well as grain weight per plant and 1000 grain weight and 
plant height (Timonova et al., 2012). 

In our studies, introgressions in L624 affected chromosomes 
2A and 2D, resulting in highly effective leaf rust resistance. 
Of the five years of studying L624, in 2018 and 2020, the 
grain yield was significantly lower than that of the recipient 
cultivar Saratovskaya 68, in 2019, 2021 and 2022, it was on 
the same level. Compared to Dobrynya, the grain productivity 
of L624 was at the same level for four years (2019–2022) 
and surpassed the recipient cultivar Dobrynya in 2018. 
Compared to the standard cultivar Favorit, the grain yield of 
T. aestivum/T. timopheevii line L624 surpassed Favorit for four 
years (2018, 2020–2022) and was on the same level only in 
2019. In general, it can be assumed that L624 does not reduce 
grain productivity. However, by the weight of 1000 grains, 
L624 was inferior to both recipients and was on the same level 
with the standard cultivar Favorit. L624 differs from lines 
L5352-104 and 5360-191/5 in terms of its effect on this trait. 

Unfortunately, the results of other researchers on the study 
of the effect of introgressions involving the 2At chromosome 
from T. timopheevii on the bread making quality traits is not 
known to us. It can be stated that introgressions on the 2A 
and 2D chromosomes in L624 increased the grain protein 
content compared to the recipient cultivar S68 and the standard 
cultivar Favorit, but this trait remained at the same level as 
Dobrynya. In terms of flour and bread quality, L624 was not 
inferior to cultivar recipients; moreover, it surpassed S68 in 
terms of bread volume and porosity. At the same time, L624 
surpassed the standard cultivar Favorit in all parameters of 
the alveograph: dough tenacity, tenacity to extensibility ratio  
and flour strength. Thus, introgressions in chromosomes 2A 
and 2D in L624 do not impair baking properties. However, the 
decrease in gluten content in comparison with the recipient 
cultivar should be noted. For comparison, introgressions from 
T. timopheevii in the cultivar Pamyati Maystrenko – 2B(2G), 

6B(6G) and 1D(1Dt ) increased protein and gluten content, 
as well as traits of flour strength and bread volume (Laikova 
et al., 2013). 

The 7DS-7DL-7Ae#1L translocation from Ag. elongatum 
with Lr19/Sr25 genes linked to yellow flour was lost in L624 =  
Saratovskaya 68/T. timopheevii *4//Dobrynya, despite four 
backcrosses for the Dobrynya cultivar. As a result, L624 
has a white color of flour and bread. The absence of the 
7DS-7DL-7Ae#1L translocation in L624 was confirmed 
using a DNA marker for Lr19/Sr25, SCS265 (Gultyaeva et 
al., 2020). A possible reason for this is that during the L624 
breeding, a constant selection of resistant plants was carried 
out under the background of inoculation with a population 
of P. triticina with a high presence of the pp19 pathotype 
virulent to Lr19. 

Conclusion
In general, regarding the entire complex of agronomic traits, 
T. aestivum/T. timopheevii line L624 is promising, both in 
comparison with the recipient cultivars and in comparison 
with the standard cultivar Favorit. L624 did not reduce grain 
yield during five years of study, which is apparently due to a 
fairly high level of drought resistance. The leaf rust resistance 
gene in L624 is highly effective both at the seedling stage and 
at the stage of adult plants. For further use of L624 in breeding 
programs, it is necessary to carry out additional studies on the 
combination of resistance to P. triticina with resistance genes 
to the stem rust causative agent, which has become necessary 
for the Lower Volga region.
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Abstract. Orthotopic transplantation of glioblastoma cells in the brain of laboratory mice is a common animal model 
for studying brain tumors. It was shown that 1H magnetic resonance spectroscopy (MRS) enables monitoring of the 
tumor’s occurrence and its development during therapy based on the ratio of several metabolites. However, in study-
ing new approaches to the therapy of glioblastoma in the model of orthotopic xenotransplantation of glioma cells into 
the brain of mice, it is necessary to understand which metabolites are produced by a growing tumor and which are the 
result of tumor cells injection along the modeling of the pathology. Currently, there are no data on the dynamic meta-
bolic processes in the brain that occur after the introduction of glioblastoma cells into the brain of mice. In addition, 
there is a lack of data on the delayed effects of invasive brain damage. Therefore, this study investigates the long-term 
dyna mics of the neurometabolic profile, assessed using 1H MRS, after intracranial injection of a culture medium used in 
orthotopic modeling of glioma in mice. Levels of N-acetylaspartate, N-acetylaspartylglutamic acid, myoinositol, taurine, 
glutathione, the sum of glycerophosphocholine and phosphocholine, glutamic acid (Glu), glutamine (Gln), and gamma 
aminobutyric acid (GABA) indicate patterns of neurometabolites in the early stage after intracranial injection similar to 
brain trauma ones. Most of the metabolites, with the exception of Gln, Glu and GABA, returned to their original values on 
day 28 after injection. A progressive increase in the Glu/Gln and Glu/GABA ratio up to 28 days after surgery potentially 
indicates an impaired turnover of these metabolites or increased neurotransmission. Thus, the data indicate that the re-
covery processes are largely completed on day 28 after the traumatic event in the brain tissue, leaving open the question 
of the neurotransmitter system impairment. Consequently, when using animal models of human glioma, researchers 
should clearly distinguish between which changes in neurometabolites are a response to the injection of cancer cells 
into the brain, and which processes may indicate the early development of a brain tumor. It is important to keep this in 
mind when modeling human glioblastoma in mice and monitoring new treatments. In addition, these results may be 
important in the development of approaches for non-invasive diagnostics of traumatic brain injury as well as recovery 
and rehabilitation processes of patients after certain brain surgeries.
Key words: magnetic resonance spectroscopy; animal model of human glioma; neurometabolites; traumatic brain injury.
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Прижизненное МРС исследование долгосрочных последствий 
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Аннотация. Ортотопическая ксенотрансплантация клеток глиобластомы в головной мозг лабораторных мышей – 
распространенная животная модель для изучения опухолей головного мозга. Показано, что 1Н магнитно-резо-
нансная спектроскопия (МРС) позволяет отслеживать возникновение опухоли и ее развитие в процессе терапии 
по соотношению нескольких метаболитов. Однако при изучении новых подходов в терапии глиобластомы на мо-
дели ортотопической ксенотрансплантации клеток глиомы в головной мозг мышей необходимо понимать, какие 
изменения уровней метаболитов являются следствием роста опухоли, а какие – результатом инъекции опухоле-
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вых клеток в головной мозг в процессе моделирования патологии. В настоящее время отсутствуют данные о ди-
намике метаболических процессов в головном мозге, возникающих после введения клеток глиобластомы в мозг 
мышей. Мало также данных об отсроченных последствиях инвазивного повреждения головного мозга. Поэтому 
в нашей работе исследуется долговременная динамика нейрометаболического профиля, оцененного с примене-  
нием 1H МРС, после внутричерепной инъекции культуральной среды, используемой при ортотопическом модели-
ровании глиомы у мышей. Уровни N-ацетиласпартата, N-ацетиласпартилглутаминовой кислоты, мио-инозитола, 
таурина, глутатиона, суммы глицерофосфохолина и фосфохолина, глутаминовой кислоты (Glu), глутамина (Gln) и 
гамма-аминомасляной кислоты (ГАМК) указывают на паттерны нейрометаболитов на ранней стадии после внутри-
черепной инъекции, схожие с таковыми при травме головного мозга. Большинство метаболитов, за исключением 
Gln, Glu и ГАМК, возвращались к исходным значениям на 28-й день после инъекции. Прогрессирующее увеличе-
ние соотношения Glu/Gln и Glu/GABA до 28 дней после операции потенциально указывает на нарушение обмена 
этих метаболитов или усиление нейропередачи. Таким образом, данные свидетельствуют о том, что восстано-
вительные процессы в основном завершаются на 28-й день после травматического события в ткани головного 
мозга, оставляя открытым вопрос о нарушении нейромедиаторной системы. Соответственно, при использовании 
животных моделей глиомы человека исследователи должны четко различать, какие изменения нейрометаболи-
тов являются реакцией на саму инъекцию раковых клеток в головной мозг, а какие процессы могут свидетель-
ствовать о раннем развитии опухоли головного мозга. Это важно иметь в виду при моделировании глиобластомы 
человека у мышей и мониторинге новых методов лечения. Кроме того, полученные данные могут быть важны при 
разработке подходов к неинвазивной диагностике черепно-мозговой травмы, а также при мониторинге процес-
сов восстановления и реабилитации пациентов после некоторых операций на головном мозге.
Ключевые слова: магнитно-резонансная спектроскопия; животная модель глиобластомы человека; нейрометабо-
литы; черепно-мозговая травма.

Introduction
Glioblastoma (GBM) is the most common and aggressive 
tumor of the central nervous system (Goodenberger, Jen-
kins, 2012). Even in the case of aggressive therapy of the 
brain glioma, such as surgical resection, radiotherapy, and 
chemotherapy, many types of gliomas almost always have 
a pessimistic prognosis for the patients’ survival (Tykocki et 
al., 2018; Ostrom et al., 2019). Despite the efforts of scientists 
and clinicians to increase the life expectancy of GBM patients, 
survivors do not easily exceed the 15th month (3–5) and the 
5-year survival rate is as low as 5.8 % (Ostrom et al., 2018, 
2019; Tan et al., 2020). 

Xenograft mice models are widely used for modeling GBM 
and testing developmental therapeutics (Haddad et al., 2021). 
Orthotopic transplantation of glioblastoma cells in the brain 
of laboratory mice is a common animal model for studying 
brain tumors (Zavjalov et al., 2016; Miyai et al., 2017; Had-
dad et al., 2021). This model is characterized by rapid glioma 
growth following injection of tumor cells into the subcortical 
structures of the brain, resulting in destruction of blood ves-
sels and neurons, compression of individual brain structures, 
impairment of cognitive function and deep irreversible lesions 
(Hall et al., 2005; Maas et al., 2008). Currently, the most 
ac cessible way to detect and visualize glioma is magnetic 
resonance imaging (MRI), which is widely used in the clinic. 
The main advantage of MRI is its non-invasiveness with the 
ability to image unlabeled cells, while optical methods require 
stable expression of fluorophore-labeled protein in tumor 
cells, which can lead to a change in the behavior of tumor 
cells (Dass, Choong, 2007). Finally, MRI is a reliable and 
sufficiently accurate method that can be used to repeatedly 
study the dynamic processes for the same organism.

To visualize tumors, reliable MRI contrast agents are used, 
which, however, do not always allow a correct diagnosis. Up 
to 45 % of abnormalities in a patient’s brain detectable with 
MRI require biopsy and subsequent histological studies. There 
is another significant drawback of this approach for intracereb-
ral tumors. Contrast does not always lead to an increase in the 

MRI signal, and although this happens quite rarely – about 4 % 
of gliomas, the life of the patient is on the line in every such 
case (Barker et al., 1997; Ginsberg et al., 1998; Sugahara et 
al., 1998; Castillo et al., 2001; Nelson, Cha, 2003; Atkinson 
et al., 2008; Stockhammer et al., 2008).

Recently, in vivo studies of the functional state of the brain 
are increasing due to attempts to assess the metabolic profile 
using 1H magnetic resonance spectroscopy – MRS (Ratai, 
Gilberto González, 2016). It was shown that MRS enables 
monitoring of the tumor’s occurrence and its development 
during therapy based on the ratio of several metabolites (Hishii 
et al., 2019; Tiwari et al., 2020). However, at study of new 
approaches in the therapy of glioblastoma in the model of 
orthotopic xenotransplantation of glioma cells into the brain 
of mice, it is necessary to understand which metabolites are 
produced by a growing tumor and which are the result of tumor 
cells injection along the modeling of the pathology. Currently, 
there are no data on the dynamic metabolic processes in the 
brain that occur after the introduction of glioblastoma cells into 
the brain of mice. Furthermore, there is a lack of data on the 
delayed effects of invasive brain damage (Singh et al., 2016; 
Li Y. et al., 2021). These studies require multiple animal MRI 
sessions under anesthesia, and so this study investigates the 
long-term dynamics of the neurometabolic profile by 1H MRS 
repeated sessions after intracranial injection of a culture me-
dium used at orthotopic modeling of glioma in mice.

Materials and methods
The study was carried out in the Center for Collective Use 
“SPF-vivarium” of the Institute of Cytology and Gene-
tics, Siberian Branch of the Russian Academy of Sciences 
(RFMEFI62119X0023). This study was approved by the 
Inter-Institutional Commission on Biological Ethics at the 
Institute of Cytology and Genetics, Siberian Branch of the 
Russian Academy of Sciences (Permission #78, April 16, 
2021). Ten SPF male SCID mice aged 6–7 weeks were used. 
Their health status was investigated in accordance with the 
recommendations of the Federation of European Laboratory 
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Animal Science Associations (FELASA working group…, 
2014). The animals were kept in single-sex family groups of 
2–5 mice in individually ventilated cages using the Optimice 
system (Animal Care Systems, Centennial, CO, USA). The 
mice were maintained under controlled conditions: tempera-
ture, 22–26 °C; relative humidity, 30–50 %; and 12/12 light/
dark periods with dawn at 02:00. Standart V1534-300 ssniff® 
diet (ssniff Spezialdiäten GmbH, Soest, Germany) and reverse 
osmosis water enriched with minerals were provided to the 
animals ad libitum. 

Before the operation, the animal was placed in a chamber 
with an air flow of 300–350 ml/min and an isoflurane con-
centration of 1.5 % (Baxter International Inc., Deerfield, IL, 
USA). After 3–5 min, the animal was transferred to a heated 
operating table with a surface temperature of 37 °C and placed 
under an anesthetic mask with 1.5 % isoflurane. The culture 
medium (DMEM\F-12, Thermo Fisher Scientific, Waltham, 
MA, USA) used for orthotopic glioma modeling was intro-
duced into the subcortical structures of the brain through a 
hole in the cranium (Zavjalov et al., 2016). A 3–4 mm skin 
incision was made on the animal’s head in the caudal-cranial 
direction in the region of the bregma, and 5 μl of medium 
was injected through the hole in the skull. Intravital MRS was 
performed on the anesthetized animals before surgery and on 
days 7, 14, 21 and 28 after the injection.

Magnetic resonance imaging and MRS protocols. Neu-
rometabolite analyses were performed on a horizontal to-
mograph with a magnetic field strength of 11.7 Tesla (Bio-
spec 117/16; Bruker, Billerica, MA, USA). Five minutes prior 
to the analysis, animals were immobilized with gas anesthesia 
(Isofluran, Baxter International Inc.) using an anesthesia ma-
chine (The Univentor 400 Anaesthesia Unit; Univentor Ltd., 
Zejtun, Malta). The body temperature of the animals was 
maintained using a water circuit in a tomographic bed-table 
with a surface temperature of 30 °C. A pneumatic breathing 
sensor (SA Instruments Inc., Stony Brook, NY, USA) was 
placed under the lower torso, which made it possible to control 
the depth of anesthesia.

All proton spectra of the mouse brain were obtained using 
a 1H volumetric radiofrequency coil (T11440V3). Correct 
positioning of spectroscopic voxels (2.5 × 2.5 × 2.5 mm3) was 
performed using the RARE method (rapid acquisition with 
relaxation enhancement), with the parameters of the pulse 
sequence set at TE = 11 ms and TR = 2.5 s. T2-weighted 
high-resolution mouse brain images (slice thickness, 0.5 mm; 
field of view, 2.0 × 2.0 cm; and matrix size, 256 × 256 points) 
were obtained. The voxel location is shown in Fig. 1, a. All 
proton spectra were obtained using spatially localized single-
voxel spectroscopy using the STEAM method (stimulated 
echo acquisition mode spectroscopy) with pulse sequence 
parameters of TE = 3 ms, TR = 5 s, and the number of ac-
cumulations = 180. Before each spectroscopic measurement, 
the uniformity of the magnetic field was adjusted within the 
selected voxel using the FastMap technique (Gruetter, 1993). 
The water signal in the spectra was suppressed using a vari-
able power pulse and an optimized relaxation sequence delay 
(VAPOR) (Tkac et al., 1999).

MRS processing. The LCModel software package was used 
to process the experimental 1H MRS spectra and determine 
the number of individual metabolites (Provencher, 2001). 

This software package has a high degree of automation with 
minimal user intervention, which minimizes biased input 
data, thus allowing data exchange, acceptance, and reliable 
comparison with values obtained using different equipment 
or under different conditions. Metabolites with Cramer-Rao 
lower bounds, which represent the estimates of the percent-
age standard deviation of the fit for each metabolite, < 20 % 
were considered reliable and are presented in this study. MRS 
processing is described in more detail in (Singh et al., 2016). 
According to the manual for the LCModel, the following levels 
were estimated: the sum of N-acetylaspartate and N-acetyl-
aspartylglutamic acid (tNAA), myoinositol (mIno), taurine 
(Tau), glutathione (GSH), the sum of glycerophosphocholine 
and phosphocholine (tCho), glutamic acid (Glu), glutamine 
(Gln), gamma aminobutyric acid (GABA) as a relation to the 
sum of creatine and creatine phosphate (tCr). Moreover, the 
ratios of neurotransmitters and their precursors Glu/GABA 
and Glu/Gln were estimated (see Fig. 1).

Statistical analysis. We used Student’s t-test for dependent 
samples to process the results. The values of the studied pa-
rameters are presented as means ± standard error of the mean.

Results
In studies using in vivo MRS, data are presented both as 
concentrations or relative units of individual metabolites, 
and as the ratio of individual metabolites to tCr, using it as an 
internal control. Since in our work the level of tCr in animals 
did not differ from the base level at all the studied time points 
( p > 0.19), it would be appropriate in the future to present the 
data as the ratio of individual metabolites to tCr.

Evaluation of indicators of brain cell viability, including 
tNAA/tCr (indicator of neuronal viability), mIno/tCr (indicator 
of glial cell viability), tCho/tCr (integrity of cell membranes), 
Tau/tCr (osmolyte, neuromodulator, and trophic factor) and 
GSH/tCr (antioxidant) showed that all of the metabolites re-
turned to their initial levels on day 28 after injection ( p > 0.12), 
except mIno (Fig. 2).

The levels of metabolites reflected the viability and in-
tegrity of cells decreased in the first week of the study and 
then recovered two weeks after the injection significantly for 
tNAA/tCr ( p = 0.0152) and slightly for tCho/tCr ( p = 0.062) 
whereas the mIno/tCr level was significantly lower than the 
original on the 21st and 28th day after injection ( p = 0.0059 and 
p = 0.0484, respectively). A different picture was observed for 
Tau/tCr and GSH/tCr, which reflect the energy processes that 
take place in cells (see Fig. 2). It was found that the relative 
values of these metabolites increased significantly for Tau/
tCr and slightly for GSH/tCr with maximum at 14 days after 
administration: p = 0.001 and p = 0.054, respectively. The 
levels of Tau/tCr and GSH/tCr returned to the original values 
28 days after the injection (see Fig. 2).

The analysis of the relative level of metabolites perform-
ing the functions of neurotransmitters (Glu/tCr, Gln/tCr and 
GABA/tCr) also showed the dynamic processes in brain tis-
sue after injection (Fig. 3). The Gln/tCr level progressively 
decreased from 7 to 28 days after the injection and was sig-
nificantly lower than the original level on the 14th and 28th day 
after the surgery ( p = 0.028 and p = 0.026, respectively). The 
GABA/tCr level had the same dynamic profile, but on the 7th 
day, there was a dip before minimal values ( p = 0.015) with 
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a following recovery and the next extinction on the 28th day 
( p = 0.034). On the contrary, Glu/tCr increased, but only on 
14 days after injection, maintaining high values up to 28 days 
( p = 0.017, p = 0.019 and p = 0.045, respectively).

A particularly interesting results were found at analyzing 
the Glu/GABA and Glu/Gln ratios that reflect the effectiveness 
of neurotransmitters metabolism, because both the GABA 
and Gln have converted from Glu (Fig. 4). It was found that 
on the 7th day after the injection of the culture medium, the 

Glu/ GABA ratio significantly increased indicating a shift in 
the balance of neurotransmitters towards excitatory. These 
differences had disappeared by the 14th day post-injection, 
but with some progressive growth to 28th day. These differen-
ces were significant only for 21 and 28 days ( p = 0.024 and 
p = 0.002, respectively). Contrarily, the Glu/Gln ratio steadily 
increased during the experiment before a significant difference 
appeared on 14, 21 and 28 days after injection ( p = 0.003, 
p = 0.027 and p = 0.015, respectively).

Fig. 1. Voxel location (a), characteristic spectra and FIDs (LCModel) before (b) and 7 (c), 14 (d ), 21 (e) or 28 (f ) days after injection.

2R

1A

1

4.0 4.0
Chemical shift (ppm) Chemical shift (ppm)

3.0

0

0

0

0

0

3.02.0 2.01.0 1.0

a

c

e

b

d

f



Прижизненное МРС исследование долгосрочных последствий 
внутричерепной инъекции культуральной среды у мышей

О.Б. Шевелев, О.П. Черкасова 
И.А. Разумов, Е.Л. Завьялов

2023
27 • 6

637ГЕНЕТИКА ЖИВОТНЫХ / ANIMAL GENETICS

Discussion
The change in the tNAA/tCre ratio serves as an indicator of the 
dynamics of neuronal integrity and is an important biomarker 
of brain injury (Moffett et al., 2007). tNAA is involved in 
important processes such as lipid and myelin synthesis (Van 
Horn et al., 2017). In our study, the decrease in the tNAA 
level on day seven after surgery may indicate both potential 
neuronal loss and diffuse axonal injury characteristic of the 
early stages of brain trauma (Moffett et al., 2007), and its 
eventually recovery may indicate the stabilization process 
and the restoration of neurons and their viability.

Another metabolite, mIno, is an osmolyte found mainly in 
astrocytes and glial cells of the microglia. Increased mIno le-
vels are observed during both the subacute and chronic stages 
after experimental brain trauma, as well as after moderate or 
severe head trauma in humans (Brooks et al., 2001; Ashwal et 
al., 2004; Kierans et al., 2014). These changes are associated 
with reactive astrocytosis and microgliosis, accompanied by 
increased glial content and proliferation in response to brain 
injury (Ashwal et al., 2004), accelerated myelin breakdown, 
or hypertensive stress (Fisher et al., 2002). However, we 
found that mIno did not increase but rather decreased during 
the 28 days of the experiment, reaching the minimum values 
on day 21. Based on the data obtained, it can be assumed that 
the destruction of the integrity of the brain tissue caused by 
the needle injection of the culture medium did not lead to the 
changes in glial cell function.

tCho, including choline compounds such as acetylcholine, 
phosphatidylcholine, and phosphocholine, is considered to 

be a product of nerve myelin disintegration and measures the 
membrane turnover (Xu et al., 2011; Li J. et al., 2017). In a 
study on rats (Lescot et al., 2010), two days after brain damage, 
a slight increase in the tCho level was detected, followed by 
recovery to the control value by seven days. In our study, we 
found a slight decrease in the tCho level seven days after the 
surgery, followed by its recovery to the baseline level, which is 
consistent with the behavior of the NAA level and may reflect 
the violation of membrane integrity and myelin degradation 
processes in the first week after surgery.

Another important indicator of brain cell activity is the 
ba lance of  Tau levels. Tau is an endogenous amino acid syn-
thesized in large quantities by neurons and astrocytes in the 
central nervous system. Tau acts as an osmolyte, neuromo-
dulator, trophic factor, stabilizer of membrane integrity, and 
regulator of intracellular calcium homeostasis (Niu et al., 
2018; Gupte et al., 2019). The significant increase in Tau at 
the injection region at 14 and 21 days post-injection, with 
the subsequent decrease at 28 days, may act as an adaptive 
brain tissue response to reduce the negative effects of the 
brain damage.

In response to the brain injury, markers of oxidative stress 
are produced in the brain, while levels of antioxidant defense 
enzymes (including GSH) are reduced (Rodríguez-Rodríguez 
et al., 2014). The addition of Tau to the culture medium in a 
neuron model with trauma led to an increase in GSH levels 
and, accordingly, a decrease in the effect of oxidative stress 
and in the levels of pro-inflammatory cytokines (Niu et al., 
2018). In our study, it is likely that the increased Tau levels 

Fig. 2. Dynamics of the relative levels of 5 metabolites (tNAA/tCr, mIno/tCr, Tau/tCr, GSH/tCr, tCho/tCr) with levels before (0 days) and 7, 14, 21, and 
28 days after the intracranial injection. 
Here and in Fig. 3 and 4: * Significant difference from 0 days ( p < 0.05; Student’s t-test for dependent samples). 

Fig. 3. Dynamics of the relative levels of neurotransmitters (Glu/tCr, 
Gln/ tCr and GABA/tCr) before (0 days) and 7, 14, 21, 28 days after the in-
tracranial injection. 

Fig. 4. The Glu/GABA and Glu/Gln ratios before (0 days) and 7, 14, 21, 
28 days after the intracranial injection. 
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slowed the decline in GSH levels in the first three weeks after 
injection. The increase in the Tau level in the injection area led 
to a slight growth of the level of GSH in 14 days. Then there 
was a subsequent decrease in Tau levels by 21 and 28 days 
after the injection, ultimately accompanied by the reduction of 
GSH levels, which may indicate a completion of the traumatic 
process in 28 days after the traumatic event.

The Glu level in brain trauma models decreases starting 
from the first hours after trauma and remains at a low level up 
to two weeks post-exposure (Xu et al., 2011). This decrease 
may be due to an increased release of Glu into the synaptic 
cleft in response to brain injury, its capture by astrocytes, and 
its subsequent accelerated conversion to Gln, as evidenced by 
an increase in Gln (Guerriero et al., 2015; Van Horn et al., 
2017). This is confirmed by the analysis of the Glu/Gln ratio. 
Changes in the Glu/Gln ratio may indicate neuronal death or 
glial cell abnormalities. In our study, the Glu/Gln ratio was 
the only indicator the change in which in the injected area 
intensified over time. There are two potential reasons for 
this. First, it may indicate a disturbance in the conversion of 
Glu to Gln in astrocytes, caused both by the transport of Glu 
into the astrocyte and its conversion to Gln under the action 
of glutamine synthetase. Second, the change in the Glu/Gln 
ratio may have been caused by hyperactivity of the reverse 
conversion of Gln to Glu in neurons, likely due to glutaminase 
hyperactivation (Guerriero et al., 2015; Van Horn et al., 2017). 
Regardless, both of these processes indicate a breakdown of 
the Gln to Glu conversion system specific to brain trauma 
processes.

Analysis of the GABA level showed a two-wave decline: 
on 7 and 28 days. These results generally agree with those 
in the literature, where it was shown that in the acute phase 
of brain trauma, the GABA level decreases from the first day 
after injury (Harris et al., 2012). We attribute this decrease to 
the reduced conversion of Glu to GABA. The same effect can 
be caused by the accelerated uptake and conversion of GABA 
to Gln by oligodendrocytes (Van Horn et al., 2017). Additio-
nally, the Glu/GABA ratio reflects the balance of excitatory 
and inhibitory neurotransmitters and its displacement may 
indicate the development of post-traumatic pathology, for 
example, to epileptogenesis (Cantu et al., 2015).

In a study on rats with mild traumatic brain injury caused 
by the blast, it was shown that the NAA level did not change, 
changes were observed only for mIno, Glu, and Tau, and 
only the Tau level was restored to the initial values after 
seven days, while the other metabolites showed an increase 
(Li Y. et al., 2021). In our study, metabolites characterizing 
the viability of neurons returned to their original level on 
day 28. However, the levels of mIno, as an indicator of the 
glial cells state, and the levels of neutotransmitters and their 
predictor (Glu, GABA and Gln) did not return to their initial 
values within 28 days, which may indicate some incomplete 
processes of tissue repair (Rodríguez-Rodríguez et al., 2014; 
Guerriero et al., 2015). All this results in longitudinal changes 
to the functional state of the brain cells obtained during the 
modeling surgery procedure of glioma.

Many studies have aimed to determine methods of early 
diagnosis of  brain tumor diseases, including the use of in vivo 
1H MRS (Porcari et al., 2016; Hyare et al., 2017). It is known 
that during the development of glioblastoma, especially at 

its later stages, the amount of NAA is significantly reduced. 
Also, at the early stages of tumor development, the level of 
mIno increases significantly, decreasing towards the later stage 
(Bulik et al., 2013). At the same time, our data show that the 
process of cell xenotransplantation itself leads to a decrease 
in NAA on the 7th day after the surgery and a decrease in 
the level of mIno on the 21st day. Besides, glioma cells that 
secrete Glu lead to an increase in extracellular Glu. Although 
Gln concentrations in the contralateral brain tissue in patients 
with glioblastoma were significantly elevated compared with 
the levels found in normal brain (Chaumeil et al., 2015). In 
our study, we found an elevated level of Glu and an increased 
level of Gln.

The data obtained on the dynamics of the level of neuro-
transmitters in the brain during the simulation of the xeno-
transplantation process, on the one hand, can be the result 
of surgical intervention, as well as the result of multiple 
MRS procedures using anesthesia. At the same time, there is 
evidence of minimal effects of isoflurane anesthesia on the 
metabolomic profile in animals (Menshanov, Akulov, 2015; 
Söbbeler et al., 2018).

Taking together, when using animal models of human 
glioma, researchers should clearly distinguish between the 
changes in neurometabolites that are a response to brain 
injury caused by the injection of cancer cells into the brain, 
and the processes that may indicate the early development of 
a brain tumor. Therefore, this is important for understanding 
how the level of metabolites changes during the process of 
tumor development.

Conclusion
For modeling orthotopic xenotransplantation of glioma cells 
into the brain of mice, it is necessary to understand which 
metabolites are produced by a growing tumor and which are 
the result of surgery invasion of the tumor cells injection. 
The dynamic of nine neurometabolites in the mouse brain 
after needle injection with in vivo 1H magnetic resonance 
spectroscopy was studied. On the 28th day after injection, 
only metabolic levels of cells reflecting neurons’ viability in 
the area of the injection were restored. However, the levels 
of neutotransmitters and their predictor (Glu, GABA and 
Gln) did not return to their initial values within 28 days. So, 
the recovery processes are largely completed on the 28th day 
after the traumatic event in the brain tissue, leaving open the 
question of the neurotransmitter system impairment. It is im-
portant to keep in mind when modeling human glioblastoma 
in mice and monitoring new treatments. In addition, these 
results may be important at the development of approaches for 
non-invasive diagnostics of traumatic brain injury as well as 
recovery and rehabilitation processes of patients after certain 
brain surgeries.
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Abstract. Germline-restricted chromosomes (GRCs) are present in the genomes of germline cells and absent from so-
matic cells. A GRC is found in all species of the songbirds (Passeri) and in none of the other bird orders studied to date. 
This indicates that GRC originated in the common ancestor of the songbirds. The germline-restricted chromosome is 
permanently absent from somatic cells of the songbird, while female germline cells usually contain two copies of GRC 
and male ones have one copy. In females, GRCs undergo synapsis and restricted recombination in their terminal regions 
during meiotic prophase. In males, it is almost always eliminated from spermatocytes. Thus, GRC is inherited almost 
exclusively through the maternal lineage. The germline-restricted chromosome is a necessary genomic element in the 
germline cells of songbirds. To date, the GRC genetic composition has been studied in four species only. Some GRC 
genes are actively expressed in female and male gonads, controlling the development of germline cells and synthesis 
of the proteins involved in the organization of meiotic chromosomes. Songbird species vary in GRC size and genetic 
composition. The GRC of each bird species consists of amplified and modified copies of genes from the basic genome 
of that species. The level of homology between GRCs of different species is relatively low, indicating a high rate of ge-
netic evolution of this chromosome. Transmission through the maternal lineage and suppression of the recombination 
contribute significantly to the accelerated evolution of GRCs. One may suggest that the rapid coordinated evolution 
between the GRC genes and the genes of the basic genome in the songbirds might be responsible for the explosive 
speciation and adaptive radiation of this most species-rich and diverse infraorder of birds.
Key words: germline-restricted chromosomes; avian genome evolution; programmed DNA elimination.
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Хромосомы певчих птиц, ограниченные зародышевой линией
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Аннотация. Хромосомы, ограниченные зародышевой линией (germline-restricted chromosomes – GRC), присут-
ствуют в геномах герминативных клеток и запрограммированно элиминируются из соматических клеток в ходе 
развития. Они крайне редко возникают в ходе эволюции. Еще реже они становятся необходимыми элементами 
геномов герминативных клеток крупных таксонов. Такая хромосома, ограниченная зародышевой линией, была 
обнаружена у всех исследованных представителей подотряда воробьинообразных певчих птиц. Ни у одного из 
представителей других отрядов птиц GRC не выявлено. Это свидетельствует о том, что GRC возникла у общего 
предка воробьинообразных певчих птиц. У всех представителей этого подотряда GRC присутствует, как прави-
ло, в двух копиях в герминативных клетках самок и в одной копии у самцов и отсутствует в соматических клет-
ках. У самок GRC синаптируют и рекомбинируют в профазе мейоза. У самцов они почти всегда элиминируются 
из сперматоцитов. Таким образом, GRC наследуется почти исключительно по материнской линии. Хромосомы, 
ограниченные зародышевой линией, – необходимый элемент генома герминативных клеток певчих птиц. На се-
годняшний день исследованы геномы GRC четырех видов. Некоторые гены GRC активно экспрессируются в гона-
дах самцов и самок, контролируют развитие герминативных клеток, синтез белков, вовлеченных в организацию 
мейо тических хромосом. GRC разных видов различаются по размерам и генетическому составу. Геном GRC каж-
дого вида птиц состоит из амплифицированных перестроенных копий генов основного генома данного вида. 
Уровень гомологии между GRC разных видов довольно низок. Это указывает на высокую скорость эволюции 
генетического состава хромосомы. Значительный вклад в ускорение эволюции GRC вносят передача этой хромо-
сомы по материнской линии и подавление рекомбинации в ней. Можно считать, что быстрая согласованная эво-
люция генов GRC и генов основного набора воробьинообразных певчих птиц играет важную роль в видообразо-
вании и адаптивной радиации представителей этого самого богатого видами и разнообразного под отряда птиц.
Ключевые слова: хромосомы, ограниченные зародышевой линией; эволюция генома птиц; запрограммирован-
ная элиминация ДНК.

© Borodin P.M., 2023

This work is licensed under a Creative Commons Attribution 4.0 License

ANIMAL GENETICS
Review

Вавиловский журнал генетики и селекции. 2023;27(6):641-650
DOI 10.18699/VJGB-23-75

Original Russian text  https://vavilovj-icg.ru/

https://vavilovj-icg.ru/


P.M. Borodin

642 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 6

Germline-restricted chromosomes  
of the songbirds

Programmed DNA elimination
In the late 19th century, A. Weismann proposed one of the 
most influential ideas in modern biology. He suggested a 
fundamental distinction between somatic cells and germ line 
cells (Weismann, 1890, 1893). According to A. Weismann, 
germline cells possess a complete set of hereditary material 
(germ plasm), while somatic cells undergo unequal divisions 
during their differentiation and specialization, which leads to 
a fragmentation of the germ plasm, with different daughter 
somatic cells acquiring its different fragments.

The former part of Weismann’s hypothesis became 
the basis of modern evolutionary biology, genetics, 
and developmental biology. The latter part underwent 
significant modifications. Unequal division of somatic 
cells during early development in the vast majority of 
modern multicellular organisms does not lead to genome 
fragmentation (as suggested by Weismann), but rather to 
the uneven distribution of its products (proteins and RNAs) 
among the daughter cells. This, in turn, leads to progressive 
differentiation of their gene activity and, ultimately, to their 
specialization (Dröscher, 2014).

However, somatic cells in some species behave according 
to Weismann’s hypothesis: they lose a portion of their 
genomes during the differentiation. This phenomenon was 
previously referred to as “chromatin diminution”. The 
prevailing term now is “programmed DNA elimination” 
(Wang, Davis, 2014). The first example of chromatin 
diminution was discovered by T. Boveri in the nematode 
Ascaris megalocephala (Boveri, 1887). During the early 
stages of its development, the nuclei of certain cells 
progressively lose a portion of their chromosomal material. 
T. Boveri suggested that chromatin diminution is part of a 
normal developmental program necessary for the formation 
of specific tissues and organs in the worm (Maderspacher, 
2008).

Programmed DNA elimination is observed in various taxa 
of multicellular organisms. It plays a key role in regulating 
gene expression and maintaining genomic stability. Various 
molecular pathways involved in selective DNA removal 
during chromatin diminution have been identified (Wang, 
Davis, 2014; Smith, 2018; Smith et al., 2021; Dedukh, 
Krasikova, 2022). It has been shown that the regions of the 
genome that are eliminated are the homologous counterparts 
of those undergoing silencing in other multicellular 
organisms, such as oncogenes and other early developmental 
genes (Wang et al., 2012; Streit et al., 2016; Smith, 2018; 
Smith et al., 2018). 

Thus, programmed DNA elimination can be considered 
a radical form of silencing, a specific way to resolve the 
problem of antagonistic pleiotropy between early and 
late genetic programs. Apparently, this mechanism of 
developmental regulation through programmed DNA 
elimination has emerged repeatedly in evolution and has 
proven to be an evolutionary dead end. Its erratic distribution 
across the phylogenetic tree of multicellular animals 
supports this hypothesis (Smith et al., 2021).

Whole chromosome elimination
Elimination in somatic cells usually affects chromosome 
fragments rather than entire chromosomes. Cases of 
whole chromosome elimination are less frequent (Dedukh, 
Krasikova, 2022). In several species of mammals and 
invertebrates from different taxa, chromosome elimination 
serves as a mechanism of sex determination and/or dosage 
compensation of genes on heterogametic sex chromosomes 
(Watson et al., 1998; Wang, Davis, 2014; Smith et al., 2021).

Conflict between host genomes and their genomic 
parasites sometimes leads to the emergence of additional  
(i. e., nonessential for survival) chromosomes. They are 
called B-chromosomes, in contrast to A-chromosomes 
of the basic karyotype. B-chromosomes vary in size, 
morphology, and genetic content between species, among 
individuals within a species, and even among individual 
cells of an organism (Houben et al., 2014; Camacho, 2022). 
Several studies detected a tendency for B-chromosomes 
to accumulate in germ cells and be lost in somatic cells 
(Camacho et al., 2000; Camacho, 2022).

B-chromosomes may not be present in all populations 
of a particular species. Species with B-chromosomes also 
exhibit erratic phylogenetic distribution (D’Ambrosio et 
al., 2017). For example, B-chromosomes are present in 
only 16 species from 11 rather species-rich genera out 
of 1130 species described in the “Atlas of Mammalian 
Chromosomes” (Graphodatsky et al., 2020). This suggests 
that B-chromosomes are typical genomic parasites that 
occasionally arise in some species, sometimes gain pyrrhic 
victories and spread in populations, but ultimately either 
become completely eliminated from the genomes of these 
species or go extinct along with their hosts (Camacho et al., 
2000; Houben et al., 2014; Houben, 2017; Camacho, 2022; 
Chen et al., 2022).

In some cases, however, such parasitic chromosomes may 
achieve evolutionary success and become an indispensable part 
of the genome in germ cells of all or most species within larger 
taxa. Such germline-restricted chromosomes (GRCs) have been 
discovered in almost all studied species from three dipteran 
families: fungus gnats (Sciaridae), gall midges (Cecidomyiidae), 
and non-biting midges (Chironomidae) (Hodson, Ross, 
2021), as well as in all studied species of passerine birds 
(Passeriformes) – the most species-rich and diverse order 
of birds (Torgasheva et al., 2019; Borodin et al., 2022). 

A comprehensive review of current knowledge on GRCs 
in Diptera was provided by C.N. Hodson and L. Ross (2021). 
A recent review of GRCs in passerines was published by a 
group of authors, including nearly all European researchers 
of this chromosome and the author of this article (Borodin 
et al., 2022), in a special issue dedicated to non-Mendelian 
inheritance and meiotic drive (Hanlon, Larracuente, 
2022). It paid special attention to hypotheses regarding the 
mechanisms of GRC transmission in the germline and its 
elimination from somatic cells. Another review analyzing 
GRC in the context of genomic conflicts appeared online in 
September 2023 (Vontzou et al., 2023).
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This review will address issues related to the structure, 
function, and evolution of this enigmatic chromosome.

Discovery of GRC in birds
GRC in birds was first identified by Argentine cytogeneticists 
M.I. Pigozzi and A.J. Solari in the zebra finch (Taeniopygia 
guttata) (Pigozzi, Solari, 1998). They stumbled upon 
it entirely by chance during a comparative study of 
chromosome synapsis and recombination in bird meiosis. 
Among the numerous bird species they examined (Solari, 
Moses, 1973; Rahn, Solari, 1986; Solari, 1992; Solari, 
Pigozzi, 1993; Pigozzi, Solari, 1997), the zebra finch was 
the first representative of Passeriformes. In the meiotic cells 
of this species, they observed something that had not been 
seen in any previously studied species.

The germline cells of both male and female zebra finches 
contained an additional chromosome that was not present 
in bone marrow and other somatic cells. This additional 
chromosome was larger than all other chromosomes. 
It was euchromatic in oocytes and heterochromatic in 
spermatocytes (Pigozzi, Solari, 1998). Furthermore, in 
female germline cells, it was usually present in two copies, 
whereas in males, it was present in a single copy (Pigozzi, 
Solari, 2005).

Another unexpected feature of this chromosome was its 
absence not only in somatic cells but also in spermatozoa. 
During pachytene, diplotene, and metaphase I of meiosis, 
the GRC was localized at the periphery of chromosomal 
plates. However, it was absent in metaphase II of male 
meiosis. Additionally, round dense DAPI-positive bodies 
were observed adjacent to some spermatocytes. Electron 
microscopy revealed that these round bodies were 
surrounded by a double membrane. M.I. Pigozzi and her 
colleagues hypothesized that these micronuclei contained 
GRCs eliminated after the first meiotic division (Pigozzi, 
Solari, 1998, 2005; Itoh et al., 2009; Goday, Pigozzi, 2010; 
Schoenmakers et al., 2010). 

Subsequently, A.A. Torgasheva et al. (2019) confirmed 
this hypothesis in a direct experiment. They microdissected 
these micronuclei, prepared DNA probes from them, and 
hybridized these probes to preparations of pachytene 
spermatocytes and oocytes. In all cases, they observed 
a strong, specific hybridization signal on the GRCs 
(Torgasheva et al., 2019). Since the GRC was absent from 
spermatozoa, M.I. Pigozzi and A.J. Solari (2005) and Y. Itoh 
et al. (2009) suggested that it must be inherited exclusively 
through the maternal lineage.

Initially, M.I. Pigozzi and A.J. Solari (1998) classified 
the zebra finch GRC as a B-chromosome. However, they 
noted its unique characteristics. B-chromosomes usually 
vary in number in somatic cells and tend to accumu late in 
germline cells. The zebra finch GRC was absent in somatic 
cells and always present in every germline cell. From the 
outset of the GRC investigation, it became clear that this 
chromosome was not a facultative but an obligate element 
of the germline cell genome, essential for gametogenesis.

GRC at the phylogenetic tree of birds
The zebra finch GRC has long been considered an intriguing 
genetic curiosity, the sole instance of the B-chromosome 
in birds. The discovery of GRC in germline cells of the 
Bengalese finch (Lonchura striata domestica) (del Priore, 
Pigozzi, 2014) did not alter this opinion. However, the 
situation changed dramatically in 2018–2019, when three 
independent research groups published data indicating the 
presence of GRC in the germline of many species of birds 
(Biederman et al., 2018; Kinsella et al., 2019; Torgasheva 
et al., 2019).

A.A. Torgasheva et al. (2019) obtained direct evidence 
of the antiquity of GRC in birds and its wide distribution 
among songbirds. They conducted cytogenetic screening of 
15 songbird species and 8 bird species outside this suborder. 
They used immunolocalization of SYCP3, the major protein 
of the synaptonemal complex (axial scaffold of meiotic pro-
phase chromosomes), centromeric proteins, and MLH1, the 
mismatch repair protein, which marks sites of homologous 
recombination (Fig. 1).

A.A. Torgasheva et al. (2019) demonstrated that GRC is 
present in all pachytene cells of all investigated individuals 
of songbird species, including the rook (Corvus frugile-
gus), a representative of the Corvida infraorder, the sister 
group to the Passerida infraorder, which includes all other 
songbird families (Fig. 2). The size of GRC varies widely, 
with some species having macrochromosomal GRC of size 
rank 1 to 3, and others having micro-GRC. No phylogenetic 
clustering has been observed for this trait: closely related 
species differ greatly in the size of their GRC (see Fig. 2). 
However, GRC exhibits considerable conservatism in terms 
of its morphology; in nearly all investigated species, GRC 
is an acrocentric chromosome. The exception is the pied 
flycatcher, whose GRC is metacentric (Torgasheva et al., 
2019; Malinovskaya et al., 2022). 

GRC has not been detected in any bird species outside 
the order Passeriformes, including the budgerigar (Melop-
sittacus undulatus), a representative of the order Psittaci-
formes, which is the sister group to the order Passeriformes 
(Torgasheva et al., 2019). The list of species examined for 
the presence of GRC now includes 27 songbird species with 
GRC and 9 bird species without GRC outside this suborder 
(see Fig. 2) (Borodin et al., 2022).

Based on cytogenetic screening, A.A. Torgasheva et al. 
(2019) concluded that GRC is likely present in the germline 
cell genomes of all songbirds and absent in all other birds. 
They suggested that GRC originated in the common ances-
tor of the Passeri suborder, which includes approximately 
5000 species. The germline cells of representatives of the 
Tyranni suborder, consisting of approximately 1200 species, 
and the Acanthisitti suborder, which includes two species of 
New Zealand wrens, have not been analyzed yet. Therefore, 
it is still unknown whether they have GRC. If they have it, 
this would indicate that GRC emerged much earlier, in the 
common ancestor of all passerine birds.
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Fig. 1. Germline cells of the great tit at the pachytene stage after immunostaining with antibodies against SYCP3 (red), centromeric 
proteins (blue), and MLH1 (green).
a – oocyte containing a GRC bivalent; b – spermatocyte with a GRC univalent. 
The arrowheads indicate the centromeres of the GRC, the three largest macrobivalents, and the heteromorphic ZW bivalent with 
misaligned centromeres. The arrow points to the MLH1 signal in the pericentromeric region of the GRC bivalent. Scale 5 μm. Photographs 
from the article (Torgasheva et al., 2019), published in “Proceedings of the National Academy of Sciences”, USA, under the CC-BY-SA 4.0 
license (modified).
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Independent evidence of the evolutionary antiquity of the 
GRC has been obtained by comparing the results of sequen-
cing the generative and somatic tissues of the zebra finch 
(Kinsella et al., 2019) and subtractive transcriptomic analysis 
(Biederman et al., 2018). Over a hundred GRC-specific 
genes (gametologs) and their somatic paralogs (somatologs) 
have been identified on at least 19 A-chromosomes.

The results of phylogenetic analysis enabled the cate-
gorization of GRC-specific genes into five evolutionary 
strata based on the degree of divergence from their somatic 
paralogs (Kinsella et al., 2019). 

The level of divergence between gametologs of the 
youngest stratum 5 and their somatic counterparts is com-
parable to the level of divergence among the subspecies of 
the zebra finch. Gametologs of stratum 4 emerged during 
the divergence of the zebra finch from the long-tailed finch 
(Poephila acuticauda) and the diamond firetail (Stizoptera 
bichenovii). Stratum 3 comprises gametologs that originated 
from a common ancestor of estrildid species (Estrildidae), 
stratum 2 corresponds to the ancestor of the Passerida in-
fraorder. The most ancient stratum 1 arose in the common 
ancestor of the suborder Passeri.

Thus, both cytological and molecular genetic data 
unambiguously indicate the monophyletic origin of the GRC.

Genetic content of GRC
What does GRC contain that makes it an obligate element of 
the germline genome of all songbirds? At the time of writing 
this article, the results of genomic analysis of GRC have been 
published for only four species of songbirds: the zebra finch 

(Kinsella et al., 2019), two species of nightingales: western, 
Luscinia megarhynchos and eastern, L. luscinia (Schlebusch 
et al., 2023), and the Eurasian blue tit, Cyanistes caeruleus 
(Mueller et al., 2023).

The most extensively studied zebra finch GRC contains 
a set of genes crucial for the development of the reproduc-
tive system. Contrary to expectations, mobile elements and 
satellite DNA are not more abundant in GRC compared to 
A-chromosomes; in fact, they are less abundant (Kinsella et 
al., 2019; Torgasheva et al., 2019). Transcriptomic analysis 
revealed the transcription of at least six GRC-specific genes 
in the testes and 32 genes in the ovaries. Mass spectrometry 
analysis confirmed the translation of mRNA from some of 
these genes in the gonads of both sexes. Gene categories 
related to gonad formation in females and reproduction are 
overrepresented in the list of GRC-specific genes. Orthologs 
of many zebra finch GRC-specific genes are predominantly 
expressed in the chicken gonads of both sexes (Kinsella et 
al., 2019). Both the macro-GRC of the zebra finch and the 
micro-GRC of the blue tit contain a functional paralog of 
the BMP15 transcription factor, which plays an important 
role in follicle maturation in the ovaries of birds and other 
vertebrates (Mueller et al., 2023). In the GRC of the blue 
tit, J.C. Mueller et al. (2023) revealed the genes controlling 
the formation of the synaptonemal complex and other genes 
controlling chromosome synapsis and recombination. 

Some of the gametologs found in the zebra finch GRC, 
including the most ancient ones (bicc1 and trim71), are 
subjected to purifying selection (Kinsella et al., 2019). 
The products of their orthologs play an important role in 
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the differentiation of mammalian embryonic cells (Uhlén 
et al., 2015). The bicc1 gene encodes an RNA-binding 
protein that modulates protein translation during embryo-
nic development. The product of the trim71 gene binds to 
microRNAs and supports the growth and proliferation of 
embryonic stem cells. It is also involved in cell cycle control. 
The gametolog of the puf60 gene shows signs of recent posi-
tive selection. It encodes a protein playing an important role 
in multiple nuclear processes, including pre-mRNA splicing 
and transcriptional regulation (Kinsella et al., 2019). These 

data clearly indicate the functional significance of at least 
some of the gametologs. However, some genes in the GRC 
of the blue tit and many genes in both species of nightingales 
have undergone pseudogenization and presumably lost their 
functional significance (Schlebusch et al., 2022; Mueller et 
al., 2023). 

Interestingly, the duplication of genes from the somatic 
genome into GRC did not lead to the loss of their “original” 
copies. Moreover, in the blue tit, a positive correlation in the 

Fig. 2. Phylogenetic tree of birds with investigated pachytene karyotypes.
Black circles indicate species with macro-GRC, white circles indicate species with micro-GRC, and the absence of circles denotes the 
absence of GRC. Symbols represent data sources: * Torgasheva et al., (2019); # Malinovskaya et al., (2022); ^ Sotelo-Muñoz et al. (2022); & 
Poignet et al. (2021). The diagram is adapted from the article by P.M. Borodin et al. (2022) published in “Chromosome Research” under the 
CC-BY-SA 4.0 license. (modified).
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number of copies was found between gametologs and their 
somatologs (r = 0.35,  P = 0.001) (Mueller et al., 2023).

Thus, GRCs of all four investigated species contain co-
pies of A-chromosome genes, many of which control the 
development and functioning of germ cells. 

Sexual dimorphism in the number  
of GRCs in the germ cells and its behavior  
in the meiotic prophase 
In almost all male pachytene cells (with rare exceptions, 
which I will discuss below), at least one GRC is present. It 
appears as a univalent with a twisted, sometimes fragmented, 
single axial element of the synaptonemal complex sur-
rounded by chromatin, intensely labeled with anticentromere 
antibodies. The univalent does not undergo synapsis and 
recombination neither with itself nor with A-chromosomes. 
In almost all female pachytene cells (with rare exceptions, 
which I will discuss below), two GRCs are present. They 
synapse along their entire length, forming bivalents, and 
undergo recombination. The only difference between GRC 
bivalents and A-chromosome bivalents is the distribution of 
the recombination sites. There are fewer recombination cites 
on GRC bivalents compared to A-chromosome bivalents of 
similar size, and they occupy more distal positions on the 
GRC bivalents (Pigozzi, Solari, 1998, 2005; Torgasheva et 
al., 2019, 2021; Malinovskaya et al., 2020). 

With an increase in the number of species and individuals 
studied, and the use of molecular probes, many exceptions 
were identified. Five females (one zebra finch and four sand 
martins) out of 50 individuals of seven species examined 
had one GRC (instead of two) in all their pachytene cells 
(Borodin et al., 2022). Four females of the great tit out of 
seven examined were mosaic for the number of GRCs: one 
GRC was observed in a small fraction of their cells (from 2 
to 26 %), while the rest contained two GRCs (Torgasheva 
et al., 2021).

Among 76 males of  26 investigated species, no individu-
als with more than one GRC in all germ cells have been 
found so far. However, nine males (seven pale martins, one 
great tit, one pied flycatcher, and one black-headed munia) 
exhibited mosaicism in the number of GRCs (Borodin et 
al., 2022). Some germ cells of mosaic males contained two 
or even three GRCs (Malinovskaya et al., 2020). The male 
black-headed munia was mosaic not only in the number but 
also in the size of GRCs. Some of its cells contained one 
macro-GRC and one micro-GRC (Sotelo-Muñoz et al., 2022).

Sexual dimorphism in the meiotic behavior of GRC is 
maintained even in the germ cells, which contain atypical 
numbers of GRC for their respective sexes. The two axial 
elements of GRC in male pachytene cells show incomplete 
synapsis and extremely rare recombination (Malinovskaya 
et al., 2020). However, even in the case of such recombina-
tion occurring in male meiosis, it would not play a role in 
the evolution of the genetic composition of the GRC due 
to the extremely low chance of GRC transmission through 
males (Pei et al., 2022).

The almost exclusive transmission of the GRC through 
the maternal lineage, coupled with the fact that recombina - 
tion in most regions of the GRC is suppressed, suggests 
that the GRC in songbirds represents a new genomic ele-
ment subject to the action of the Meller’s ratchet, in addi-
tion to the sufficiently gene-rich W chromosome and the 
mitochon drial genome. Non-recombining genomic elements 
are characterized by an exceptionally high rate of fixation  
of point and structural mutations (Gabriel et al., 1993). It 
can be hypothesized that the GRC should evolve at a high 
rate and accelerate the evolution of the entire suborder of 
songbirds. 

Evolution of the GRC
The rate of GRC evolution can be assessed by the degree of 
divergence in the genetic composition of the GRC among 
different bird species. A rough estimation of the degree 
of homology between GRCs of several bird species was 
obtained using reciprocal fluorescent in situ hybridization 
(FISH). This method revealed an astonishingly low degree of 
homology between GRCs of different species, which could 
indicate a rapid evolution of the genetic composition of the 
GRC (Torgasheva et al., 2019).

The initial results of the genomic analysis of GRCs from 
different species confirm the assumption of an exception-
ally high rate of GRC evolution. The GRCs of the western 
nightingale (L. megarhynchos) and the common nightingale 
(L. luscinia), which have undergone independent evolution 
for only 1.8 million years, show considerable divergence. 
Among the 585 gametologs of the western nightingale and 
the 406 gametologs of the common nightingale, only 192 
of them are shared. Among them, only 25 are shared with 
the GRC of the zebra finch. In other words, only one-third 
of the identified gametologs is inherited from a common 
ancestor of the closely related nightingale species. For ex-
ample, nearly half of the GRC of the common nightingale 
consists of a large, albeit fragmented, segment homologous 
to the undivided segment of A-chromosome 2. This genetic 
material has not been identified in the western nightingale 
at all (Schlebusch et al., 2023).

Segmental copying of A-chromosome regions into the 
GRC, followed by the dispersal of these regions within the 
GRC, is observed in all species that have been sufficiently 
studied. For example, a major portion of the GRC of the 
zebra finch consists of dispersed sequences homologous 
to a segment from the short arm of chromosome 3 (Itoh 
et al., 2009; Torgasheva et al., 2019). The fragments from 
the long arm of the same chromosome and from one of the 
microchromosomes were found to be homologous to the 
GRC sequences of the siskin. The GRC of the sand martin 
contains material from chromosomes 4 and W, while the 
GRC of the great tit is partly homologous to one of the 
microchromosomes (Torgasheva et al., 2019).

The mechanisms of copying and dispersing fragments 
of A-chromosomes in the GRC remain unknown. Recom-
bination between the GRC and A-chromosomes is unlikely. 
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A.A. Torgasheva et al. (2019, 2021) and L.P. Malinovskaya 
et al. (2020) did not observe in females of four studied 
songbird species any ectopic contacts between GRC and 
A-chromosomes, which could lead to recombination  
and/or conversion. They did not detect a self-synapsis of 
the GRC synaptonemal complexes, which could lead to 
deletions, duplications, and dispersal of sequences within 
the GRC, either.

The remarkable range of inter-species variability in size 
and heterogeneity in the genetic composition of GRC indi-
cate an extraordinary evolutionary fluidity of this remark-
able chromosome. Gametologs constantly accumulate point 
mutations, gradually diverging from their somatologs and 
gametologs of other species. At the same time, different 
gametologs constantly emerge within the GRCs of differ-
ent species by copying from different regions of different 
A-chromosomes. Some gametologs amplify in the GRC, 
increasing its size, while the deletion of others (or the same 
ones?) results in its reduction. These processes of growth and 
contraction of the GRC affect different regions in different 
species, enhancing the divergence of their GRCs. 

The distribution of GRC among birds (Torgasheva et al., 
2019) and the estimates of the divergence time between 
gametologs and somatologs of the zebra finch (Biederman 
et al., 2018; Kinsella et al., 2019) unequivocally indicate a 
monophyletic origin of GRC in the songbirds.

A.A. Torgasheva et al. (2019) hypothesized that the first 
GRC could have arisen in the genome of ancestral songbirds 
through a trisomy of one of the microchromosomes. The 
ancient nature of GRC in songbirds and its extraordinary 
genetic fluidity leave no hope of finding A-chromosome 
paralogs, which would be the last common ancestor of GRC 
in all songbirds.

An analysis of B-chromosomes in different species 
suggests that they are derived from fragments of A-chro-
mosomes containing the centromere, which arise during 
chromosomal rearrangements in the germ line (Camacho 
et al., 2000; Rubtsov, Borisov, 2018; Poignet et al., 2021). 
Interchromosomal rearrangements are fixed in bird evolu-
tion much less frequently than in other vertebrate taxa. 
The diploid number (2n) of the absolute majority of bird 
species varies within a very narrow limit: 80 ± 2, and most 
of the chromosomes in modern birds are syntenic to the 
reptilian chromosomes (Warren et al., 2010; Griffin, Burt, 
2014; Damas et al., 2018). Intrachromosomal rearrange-
ments, particularly inversions, play a significant role in the 
evolution of bird karyotypes, sometimes acting as one of 
the mechanisms of speciation (Hooper, Price, 2017; Bravo 
et al., 2021). Recombination within the inversion loops in 
heterozygotes for inversion may lead to the formation of 
chromosome fragments containing functional centromeres. 
One of such fragments could have become the ancestor of 
GRC in songbirds.

It can be hypothesized that the proto-GRC became a 
chromosome restricted to germ cells at the earliest stages 
of its evolution. Many B-chromosomes exhibit genotaxis, 

accumulating in generative tissue and being deficient in so-
matic cells (Camacho, 2022). The evolutionary significance 
of this phenomenon is evident: it reduces the pressure of 
natural selection on genes localized on these chromosomes. 
However, the mechanisms underlying this phenomenon 
remain unknown.

A.A. Torgasheva et al. (2019) suggested that the proto-
GRC might already contain multiple copies of somatic genes 
controlling the development and functioning of reproductive 
organs. Therefore, it could be selected for because it provid-
ed a higher dosage of these genes. This suggestion appears 
plausible given the extreme economy of the avian genome 
(Griffin, Burt, 2014). However, it is more likely that at the 
time of its origin, the GRC was a typical B chromosome, 
i. e., an efficient parasite that ensured its transmission without 
considering the host’s interests. Useful genes were probably 
copied into the GRC at later stages of its evolution. The few 
B-chromosome variants that persist in host genomes for 
extended periods and are widespread in populations become 
gradually “domesticated” acquiring properties beneficial to 
the hosts (Johnson Pokorná, Reifová, 2021). 

The question is what these properties are. By analogy 
with other examples of programmed DNA elimination 
discussed above, it can be hypothesized that the GRC may 
contain unique or amplified copies of the genes controlling 
early development that exhibit antagonistic pleiotropy. Such 
genes may be necessary for early development, but their 
expression in later stages of life can be dangerous. In that 
case, the GRC can be considered the genetic equivalent of 
a startup disk or a boot drive. Supporting this hypothesis 
is the discovery of the evolutionarily ancient gametologs 
bicc1, trim71, and puf60, the products of which may play 
important roles in embryonic cell differentiation and cell 
cycle control (Kinsella et al., 2019).

Another class of genes that could have been evolutionarily 
advantageous when additional copies were created within 
the GRC are genes involved in the control of development 
and proliferation of germ cells (e. g., prdm1 and BMP15 in 
the zebra finch and the blue tit), as well as in the regulation 
of synapsis and chromosome recombination (SIX6OS1, 
SYCE2, SYCP1, TEX12, RNF212B in the blue tit and the 
nightingale) (Mueller et al., 2023).

It has been suggested that the GRC may participate in sex 
determination and serve as the basis for a new system (where 
GRC/0 = X/0 – males, GRC/GRC = X/X – females), which 
has already emerged or is emerging in the songbirds on top 
of the typical ZZ-ZW system found in all birds (Stöck et al., 
2021). However, I find this proposal highly questionable. As 
I showed above, females with a single GRC exist and appear 
to develop normally, while certain males possess two GRCs 
in a significant portion of their germ cells.

The suppression of recombination between the GRCs, 
along with the extensive trafficking between the GRCs and 
A-chromosomes, should lead to rapid incompatibilities 
between the genomes of closely related species. Following 
the Dobzhansky–Muller model (Orr, Turelli, 2001), it can 
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be hypothesized that within each species, the emerging 
GRC variants are tested for compatibility with A-chromo-
somes, which already exhibit considerable homology due 
to constant trafficking. We have already discussed that the 
mechanisms underlying the massive trafficking of genes 
from A-chromosomes to the GRC remain unknown. 

Furthermore, we do not know the extent to which this 
trafficking is unidirectional or if there is a reverse movement 
from the GRC to A-chromosomes. If the trafficking occurs 
in both directions, the GRC may serve as a generator and 
incubator of new A-genes. If the trafficking is unidirectional, 
bird species should rapidly diverge into matrilines based 
on GRC composition. This could lead to genetic incom-
patibilities not only between individuals from geographically 
isolated populations but also within populations, offering 
broad opportunities for allopatric and sympatric speciation.

Passerines represent the most species-rich suborder of 
birds, encompassing 6,500 species out of the known 10,500 
bird species. All passerines, and only they, possess the GRC. 
Could this be a contributing factor to their high species 
number and diversity?
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Abstract. The hippocampus plays the key role in stress response regulation, and stress response appears to be 
 weakened in domesticated animals compared to their wild relatives. The hippocampus is functionally heteroge-
neous along its dorsoventral axis, with its ventral compartment being more closely involved in stress regulation. 
An earlier series of experiments was conducted with a unique breeding model of animal domestication, the farm 
silver fox (Vulpes vulpes), which included tame, aggressive, and unselected animals. A decrease in many indices of 
the hypothalamic–pituitary–adrenal activity was observed in tame animals. Also, adult hippocampal neurogenesis 
was more intense in tame foxes, and this fact may relate to reduced stress levels in this experimental population of 
foxes. Nevertheless, the molecular mechanisms responsible for the reduced stress response in tame animals remain 
obscure. In this study, serum cortisol levels and the mRNA levels of 13 genes in the dorsal and ventral hippocampus 
have been measured and compared in tame, aggressive, and unselected foxes. At the current stage of domestication, 
stress-induced cortisol levels in tame, aggressive, and unselected animals differ significantly from each other: tame 
foxes show the lowest levels, and aggressive ones, the highest. Twelve genes tested demonstrate significant gene ex-
pression differences between the dorsal and ventral hippocampi. These differences are mainly consistent with those 
found in rodents and humans. In tame foxes, significantly elevated mRNA levels were recorded for several genes: 
CYP26B1 for cytochrome P450 26B1 and ADRA1A for α1A adrenergic receptor in the dorsal hippocampus, whereas 
the level of NR3C2 mRNA for mineralocorticoid receptor was higher in the ventral. It is presumed that these genes 
constitute an important part of the mechanism reducing stress induced by contacts with humans and contribute to 
linking stress regulation with adult neurogenesis in tame foxes and domesticated animals in general.
Key words: tame behavior; aggression; domestication; silver fox; cortisol.
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Профиль экспрессии генов, связанных с регуляцией стресса, 
поведения и нейрогенеза, вдоль дорзовентральной оси  
в гиппокампе у взрослых ручных и агрессивных лисиц
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Аннотация. Гиппокамп является ключевой структурой в регуляции стресс-ответа, который, по-видимому, 
снижен у домашних животных по сравнению с их дикими сородичами. Известно, что гиппокамп функциональ-
но неоднороден вдоль дорзовентральной оси, и в регуляции стресса в большей мере участвует вентральная 
часть. В серии экспериментов на уникальной селекционной модели одомашнивания животных – серебри-
сто-черной лисице (Vulpes vulpes), включающей ручных, агрессивных и неселекционированных животных, 
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ранее было показано снижение активности гипоталамо-гипофизарно-надпочечниковой системы во многих 
звеньях. Кроме того, известно, что уровень нейрогенеза в гиппокампе повышен у взрослых ручных лисиц, 
что может быть взаимосвязано со снижением уровня стресса. Тем не менее молекулярно-генетические ме-
ханизмы снижения стресс-ответа у доместицированных животных по-прежнему не ясны. В настоящей работе 
выполнено сравнение мРНК 13 генов в дорзальном и вентральном гиппокампе и проведен анализ кортизола 
в крови у ручных, агрессивных и неселекционированных лисиц. Установлено, что на данном этапе доместика-
ции стресс-индуцированный уровень кортизола у ручных, агрессивных и неселекционированных животных 
достоверно отличается друг от друга, причем у ручных животных он самый низкий, а у агрессивных – самый 
высокий. Выявлены достоверные различия в экспрессии 12 генов между дорзальной и вентральной частями 
гиппокампа, что в большинстве случаев соответствует аналогичным различиям, найденным у грызунов и че-
ловека. У ручных лисиц обнаружен достоверно повышенный уровень в дорзальном гиппокампе мРНК генов 
цитохрома P450 26B1 (CYP26B1) и адренергического рецептора α1A (ADRA1A), а в вентральном гиппокампе – 
мРНК гена минералокортикоидного рецептора (NR3C2). Эти гены могут быть важной частью механизма сни-
жения стресса по отношению к человеку и взаимосвязи регуляции стресса и нейрогенеза у взрослых ручных 
лисиц в частности и доместицированных животных вообще.
Ключевые слова: ручное поведение; агрессия; доместикация; серебристо-черные лисицы; кортизол.

Introduction
The hippocampus is an important brain region involved in 
the regulation of stress response, learning, spatial memory, 
social recognition, and memory consolidation. Hippocam-
pus sizes in mammals and birds and adult neurogenesis in 
mammals are likely to correlate with the capacity for spatial 
orientation and memory. Also, changes in hippocampus 
morphology may be associated with adaptive evolution 
(Jacobs et al., 1990; Jacobs, Spencer, 1994; Rehkämper et 
al., 2008; Croston et al., 2015; Sonnenberg et al., 2019). 
However, other scientists presume that neurogenesis rate 
and hippocampus size, albeit adaptive, are not related to 
memory or spatial orientation (Lipp, 2017). The 15-fold in-
crease in neurogenesis rate in adult red foxes as compared 
to dogs (Amrein, Slomianka, 2010) may be related to spatial 
memorization, typical of foxes hoarding food (Sklepko vych, 
Montevecchi, 1996). It is known that the CA2 region takes 
part in social recognition memory (Tzakis, Holahan, 2019). 
The CA1 and CA3 volumes in primates appear to be related 
to social and environmental signals, such as group and home 
range sizes (Todorov et al., 2019).

The hippocampus is among the key elements of the central 
regulation of the hypothalamic–pituitary–adrenal (HPA) 
axis. It is known to be functionally and structurally hete-
rogeneous along its dorsoventral axis. It is believed that 
the regulation of HPA axis action and stress and emotional 
responses are governed primarily by the ventral hippocam-
pus, and cognitive functions, by the dorsal (O’Leary, Cryan, 
2014; Gulyaeva, 2019). This specialization may be due to 
the locations of these hippocampus compartments, and, 
correspondingly, the greater number of dorsal hippocampus 
projections to the crust and of ventral hippocampus projec-
tions to regions belonging to the limbic system (O’Leary, 
Cryan, 2014). 

Along with the lateral ventricle subependymal zone, the 
hippocampus is a region where neurogenesis occurs con-
stantly, even in adulthood (Ming, Song, 2011). The neu-
rogenesis rate is reduced by stress in most cases, and, vice 
versa, high neurogenesis rate mitigates the effect of stress on 

the hippocampus (Levone et al., 2015). Thus, stress and the 
hippocampus functional response exert reciprocal actions. 
Apparently, the effect of stress on neurogenesis varies along 
the dorsoventral axis (O’Leary, Cryan, 2014). This inference 
may explain the fact that the hippocampus neurogenesis 
rate in tame foxes, whose stress response is much weaker, 
is higher than in unselected ones, and the most pronounced 
differences are recorded in the ventral and intermediate com-
partments of the hippocampi (Huang et al., 2015). Studies 
on dogs have shown that differences between the dorsal and 
ventral hippocampi are at the same level despite considerable 
variations in the overall neurogenesis rate among individuals 
(Lowe et al., 2015).

Experiments with hippocampus samples from rats, mice, 
and humans reveal differences in gene expression between 
the dorsal and ventral hippocampi. They are likely to reflect 
the functional and structural heterogeneity along the axis 
(Cembrowski et al., 2016; Lee et al., 2017; Floriou-Servou 
et al., 2018; Vogel et al., 2020). However, the expression 
profiles of these genes along the hippocampus dorsoventral 
axis have not been studied in other taxa, in spite of their 
functional and structural features. 

These data motivated us to investigate gene expression 
variation along the dorsoventral axis and seek molecular 
mechanisms linking neurogenesis and stress by quantitation 
of mRNAs of 13 genes in the dorsal and ventral hippocampi 
of silver foxes. This species serves as a model of animal 
domestication. Its “tame” and “aggressive” populations had 
been raised by long-term selection for friendly or aggressive 
attitude to humans, respectively, and foxes not subjected to 
targeted selection for behavior served as control. 

These populations differ significantly in many links of 
their glucocorticoid stress response and HPA axis activity, 
which seems to be a common feature of domestic animals 
(Belyaev, 1979; Price, 2000; Trut et al., 2004, 2009), and in 
adult neurogenesis in the hippocampus (Huang et al., 2015). 
Genes of the retinoic acid pathway, associated with neuro-
genesis activity, which are located in regions presumably 
affected by the selection, have been found in genome-wide 
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analysis of the tame foxes (Kukekova et al., 2018; Trut et 
al., 2021). Also, it has been found that the amount of mRNA 
of one of these genes, CYP26B1, in the dorsal hippocampus 
of tame foxes differs from aggressive ones (unpublished 
results). This may be one of the mechanisms altering adult 
neurogenesis in foxes, which can also modulate stress level, 
learning, memory, and social behavior. For all that, nothing 
is known about changes in CYP26B1 mRNA levels in the 
ventral hippocampi of foxes with contrasting behaviors, 
although its elevated expression characterizes the dorsal 
hippocampus in mice, rats, and humans.

We also measured the dorsal and ventral hippocampus 
levels of mRNAs of other genes related to neurogenesis, 
stress, or behavior whose expression is known to vary 
significantly along the dorsoventral axis in mice, rats, and 
humans (Vogel et al., 2020) (see Table 1). The genes asso-
ciated with HPA axis regulation include NR3C1, NR3C2, 
and HSD11B1 for glucocorticoid receptors 1 and 2 and 
hydroxysteroid 11β-dehydrogenase 1, respectively (de Kloet 
et al., 2016). NR2F2 is one of the most reliable markers of 
the position along the dorsoventral hippocampus axis, and 
it supposedly acts as a mediator of the transcription activity 
induced by receptors of glucocorticoids and retinoic acid. 
This action is likely to be associated with relationships 
between stress and neurogenesis (de Martino et al., 2004; 
Vogel et al., 2020). The ADRA1A gene for the α1A adrenergic 
receptor is presumed to act in the regulation of behavior 
and neurogenesis (Doze et al., 2011; Vogel et al., 2020). 
KCND2, KCND3, CADM2, and CPNE2 are associated 
with K+- and Ca2+-dependent synaptic and glutamatergic 
transmissions (Corradini et al., 2014; Truvé et al., 2020; 
Haddjeri-Hopkins et al., 2021; Xiao et al., 2021), which are 
likely to play the key role in domestication-driven behavior 
changes (O’Rourke, Boeckx, 2020; Trut et al., 2021). The 
expression levels of TRHR, on the one hand, and LCT, NTS, 
on the other hand, have been used as markers of the ventral 
and dorsal hippocampi, respectively (Cembrowski et al., 
2016; Lee et al., 2017). 

Earlier data on the glucocorticoid-mediated stress re-
sponse in foxes demand re-research at the present phase 
of selection. After over sixty generations of the selection 
of Norway rats according to approximately the same cri-
teria as foxes as an alternative experimental domestication 
model, differences between tame and aggressive animals 
in the glucocorticoid-mediated stress response vanished. 
This might result from the adaptation of rats selected to ag-
gression toward humans (Prasolova et al., 2014). Besides, 
previous studies employed nonsocial restriction stress (Trut 
et al., 2004, 2009). This procedure is less adequate than the 
use of social stress in studies of animal–animal and animal–
human contacts. It has been shown that restriction stress in 
rats selected for anxiety-like behavior induces a stronger 
corticosterone-mediated response than in animals selected 
for low levels of such behavior, whereas social stress in the 
resident–intruder test shows quite the opposite (Veenema, 

Neumann, 2007). Here we studied the stress response to a 
combined treatment: manual fixation of foxes by a social 
subject, human. Manual fixation for 15 min was a stress 
factor for all the three fox populations, because foxes had 
never been picked in arms during selection and they had 
had an opportunity to avoid close contacts with humans.

Materials and methods
Experimental animals. Experiments were conducted with 
three experimental populations of silver foxes (Vulpes 
vulpes): tame, aggressive, and unselected. The first two 
populations had been selected for friendly and aggressive-
fearful reactions to humans, respectively, at the Shared 
Access Center for Gene Pools of Fur and Farm Animals, 
Institute of Cytology and Genetics, Novosibirsk, for over 
60 years (Belyaev, 1979; Trut et al., 2004, 2009).

Blood was sampled from the vena saphena of 6–7-month-
old males prior to experimental stress (manual fixation for 
15 min) and immediately after it. Naïve (having experienced 
no experimental stress) 7–8-month old males were eutha-
nized by injections of 5 % sodium thiopental. Fragments of 
the dorsal and ventral hippocampi were sampled. All samples 
were stored at –70 °C. Experimental protocols followed the 
Guidelines for Accommodation and Care of  Laboratory Ani-
mals, Species-specific Provisions for Laboratory Predatory 
Mammals, GOST 33217-2014, and Directive 2010/6106/ EU 
for the Protection of Laboratory Animals. 

Chromatography. Blood serum cortisol was assayed by 
high-performance liquid chromatography with an Agi-
lent 1200 Series LC chromatograph equipped with a diode-
array detector and a ZORBAX C18 2 × 150 mm × 5 μm 
column, as in previous studies (Ovchinnikov et al., 2018). 
Samples were concentrated by liquid extraction with 1,2-di-
chloroethane. Elution was done with 30 % aqueous aceto-
nitrile at the rate 1 mL/min. Absorption was measured at 
λ = 246 nm. Concentrations were calculated against dexa-
methasone as an internal standard.

Total RNA isolation and real-time PCR. RNA was 
isolated with TRI Reagent (Molecular Research Center, 
Inc.) according to manufacturer’s recommendations, as in 
(Ovchinnikov et al., 2018). Absorption values were mea-
sured with a NanoPhotometer N50 (Implen, Germany). For 
RNA purity assessment, A260/A280 and A260/A230 ratios 
were calculated. Genomic DNA was removed from RNA 
samples with a DNase I, RNase-free kit (Thermo Fisher 
Scientific, Lithuania). cDNA was synthesized in a 20 μL 
volume with 0.2 μg of DNA-free RNA and a Maxima First 
Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher 
Scientific, Lithuania).

Primers for the genes studied were designed using the 
online web resource Primer-BLAST (Ye et al., 2012). The 
sequences are shown in Table 1.

Real-time PCR was conducted in a Roche LightCycler 96 
Real-Time PCR System (Roche Diagnostics, Switzerland). 
The reaction volume 20 μL contained 4 μL of twentyfold 
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Table 1. Primers for real-time PCR

Gene Primer sequences

NTS fNTS-F1: 5’-TGGTGTGCATGATACTTCTGG-3’ 
fNTS-R1: 5’-ACACTTGCTTTGCTGATCTTTG-3’ 

NR2F2 fNR2F2-F3: 5’-AGCCAAGGAATGTGTCCAAG-3’ 
fNR2F2-R3: 5’-CAATTCAGGAACTAAGCGGGA-3’ 

ADRA1A fADRA1A-F: 5’-CGTGCTCCAGTCAAGAGTTT-3’ 
fADRA1A-R: 5’-AAGGTATAGCCCAGGGTGTG-3’ 

CPNE2 fCPNE2-F6: 5’-CCAGGTCATGTGTTACGACT-3’ 
fCPNE2-R6: 5’-CCTTTGCTTCTTGGGGTTGA-3’ 

CYP26B1 fCYP26B1-F1: 5’-TTCTTTGGCCTGGACTCGAA-3’ 
fCYP26B1-R1: 5’-GGCTAGGCGCAGTTAGAC-3’ 

CADM2 fCADM2-F3: 5’-GTAGCCATAACAACCAGCCC-3’ 
fCADM2-R3: 5’-AGAACACAGCGTGACAAATACA-3’ 

KCND2 fKCND2-F1: 5’-GAAAACCTTCCGCATCCCAAA-3’ 
fKCND2-R1: 5’-ACATTCTTCCATCTTGGCGTT-3’ 

KCND3 fKCND3-F6: 5’-CAGAGAGCCGATAAACGCAG-3’ 
fKCND3-R6: 5’-GTGCAGATAGGCATTGGAGC-3’ 

TRHR fTRHR-F1: 5’-GACTCAACCCATCAGAACAAGA-3’ 
fTRHR-R1: 5’-GGGCATCCATAAAAGGGCAA-3 

LCT fLCT-F1: 5’-AAGAACGGCGATTACAACGA-3’ 
fLCT-R1: 5’-TGCCATTGATCCTCCTCTTCT-3’ 

HSD11B1 fHSD11B1-F2: 5’-GCAAGGGGATTGGAGAACAG-3’ 
fHSD11B1-R2: 5’-GGTGCCAGGAATGTAGTGTG-3’ 

NR3C1 fNR3C1-F6: 5’-CAAGCTGGGATGAACTTGGA-3’ 
fNR3C1-R6: 5’-AGTTTCTTGTGACGCTCCTG-3’ 

NR3C2  fNR3C2-F7: 5’-AAAGGCTACCACAGTCTCCC-3’ 
fNR3C2-R7: 5’-TCATCGGTCCTCTCTGTAGG-3’ 

CANX CANX-F1: 5’-GATGCCCCTGCTAAGATTCC-3’ 
CANX-R1: 5’-CTTCATCCCAATCCTCTGGC-3’ 

Fig. 1. The basal and stress-induced blood serum cortisol levels in tame, 
aggressive, and unselected foxes (n = 11 in each group).

* p < 0.05, *** p < 0.001 in comparison with unselected foxes.  
# p < 0.05, ### p < 0.001 in comparison with aggressive foxes.
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diluted cDNA, 0.3 μL of primers (10 pmol/μL), 7.4 μL 
of Milli-Q H2O, 8 μL of 2.5× reaction mix for Real-Time 
PCR, and SYBR Green I dye (Mfr. Part No. M-427, Syn-
tol, Russia). Each reaction was performed in two technical 
replications.

The results were processed by the modified ∆∆Ct me thod 
(Livak, Schmittgen, 2001) implemented in GenEx ver.6 
software (Multi-D, Sweden). This method allows the reac-
tion efficacy to be estimated. The CANX gene for calnexin 
was used as reference, because its expression is high, little 
variable among individual foxes, and uniform in the dorsal 
and ventral hippocampi, as confirmed by analysis with 
NormFinder software (Andersen et al., 2004). The mean 
expression of each gene was taken to be an arbitrary unit 
for the evaluation of relative expression. An additional ex-
ternal reference sample was present in all plates for proper 
comparison of the results obtained in different plates. 

Statistical evaluation. The statistical significance of 
hor mone assays in the experimental groups was assessed 

by repeated measures factor analysis followed by post hoc 
Fisher’s LSD test. The increase in cortisol level was assessed 
by Student’s t test. 

Real-time PCR results were compared by the Kruskal–
Wallis test. Pairwise comparisons were done by the Mann–
Whitney test. We applied nonparametric criteria, because 
the samples did not conform to the Gaussian distribution 
according to the Kolmogorov–Smirnov test. 

Use was made of software packages Statistics 10 (Stat-
Soft, United States) and GenEx ver.6 (Multi-D, Sweden). 
All differences were considered significant at p < 0.05. The 
results are shown in figures as mean ± SEM.

Results

Blood serum cortisol in response to stress
Repeated measures factor analysis reveals the effects of 
genotype (F2.28 = 9.62, p < 0.001) and stress (F2.28 = 179.72, 
p < 0.001) on blood serum cortisol. The interaction of the 
genotype and stress factors was also significant (F2.28 = 9.36, 
p < 0.01). The basal serum cortisol level in tame foxes was 
lower than in aggressive (Fig. 1, p < 0.05) but did not differ 
significantly from unselected ones. The increase in serum 
cortisol level was statistically significant in all genotypes, 
but it was less pronounced in tame foxes than in aggressive 
or unselected. Thus, the cortisol level under stress in aggres-
sive and unselected foxes exceeded the value in tame ones 
( p < 0.001, see Fig. 1) and was higher in aggressive foxes 
than in unselected ( p < 0.05, see Fig. 1).

Levels of mRNAs in the dorsal  
and ventral hippocampi of foxes
Quantitative real-time PCR revealed in the dorsal hippo-
campus significantly higher levels of the genes HSD11B1, 
CYP26B1, CADM2, KCND2, NR3C1, LCT, and NR3C2 
and in the ventral, TRHR, CPNE2, ADRA1A, and NR2F2, 
whereas KCND3 showed no difference (Fig. 2, Table 2). 
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Table 2. Differences between the dorsal and ventral hippocampi in gene expression in mammals

Species HSD11B1 CYP26B1 CADM2 KCND2 NR3C1 LCT NR3C2 TRHR CPNE2 ADRA1A NR2F2 KCND3 NTS Reference

Mouse v (DG)
d (CA1)

d (CA3) d (DG, 
CA3, 
CA1)

d (DG, 
CA3, 
CA1)

– d (DG, 
CA3)

d (DG, 
CA1)

– v (CA3, 
CA1)

v (CA1) v (CA3, 
CA1)

v (CA3, 
CA1)

– Cembrowski  
et al., 2016

d d d d – d d v v v v v v Floriou-Servou 
et al., 2018

Rat – d d da dc – db v v – v – d Lee et al., 2017

Human v d d – – v – v v v v – d Vogel et al., 
2020

Fox d d d d d d d v v v v – v Our data

p <0.001 <0.001 <0.001 <0.001 <0.001 0.018 0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.001

Notе. CA1, CA3, and DG (dentate gyrus) are hippocampus regions; d, mRNA level is higher in the dorsal hippocampus; v, mRNA level is higher in the ventral 
hippocampus; –, no difference or not known. p values are indicated according to the Mann–Whitney test.
a 28 and 45 days (growing animals); b 28 days; c rat Nr3c1 mRNA according to Kvichansky et al. (2017).

Fig. 2. Differences between the dorsal and ventral hippocampi in relative mRNA levels (n = 18 in each group).
* p < 0.05, *** p < 0.001 as compared to the dorsal hippocampus.
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Fig. 3. Relative amounts of CYP26B1 (a) and ADRA1A (b) mRNA in the dorsal hippocampi of tame 
(n = 7), aggressive (n = 6), and unselected (n = 6) foxes.
## p < 0.01 as compared to aggressive foxes; * p < 0.05 as compared to aggressive and unselected foxes.

Tame

Aggressive

Unselected

1.2

1.0

0.8

0.6

0.4

0.2

0

*

Fig. 4. Relative amounts of NR3C2 mRNA in the 
ventral hippocampi of tame (n = 7), aggressive 
(n = 6), and unselected (n = 6) foxes. 

* p < 0.05 as compared to unselected foxes.
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NTS mRNA levels showed a broad variation among hip-
pocampi of individuals, but the expression in the ventral 
compartment was always higher (see Fig. 2, Table 2), and 
so was the neurogenesis rate in a study on dogs reported by 
Lowe et al. (2015).

Levels of mRNAs in the hippocampi  
of tame, aggressive, and unselected foxes
We compared the levels of mRNAs indicated in Table 2 in 
tame, aggressive, and unselected fox groups by the Kruskal–
Wallis test and revealed effects of genotype on mRNAs of 
the genes (1) CYP26B1 (H (2, n = 19) = 8.89; p = 0.02) and 
ADRA1A (H (2, n = 19) = 7.81; p = 0.02) in the dorsal com-
partment and (2) NR3C2 for a mineralocorticoid receptor  
(H (2, n = 19) = 7.07; р = 0.03) in the ventral compartment. 
Tame foxes showed a significant increase in the CYP26B1 
mRNA as compared to aggressive animals ( p = 0.003) 
(Fig. 3, a) and in ADRA1A as compared to both aggres-
sive ( p = 0.027) and unselected ( p = 0.038) (see Fig. 3, b). 
Also, the NR3C2 mRNA level in the ventral hippocampus 
of tame foxes was significantly higher than in unselected 
ones ( p = 0.011) (Fig. 4). 

Discussion
The presented data point to significant differences between 
the dorsal and ventral  hippocampi in the levels of some 
mRNAs in foxes, as well as in other species: rats, mice, 
and humans (Cembrowski et al., 2016; Lee et al., 2017; 
Floriou-Servou et al., 2018; Vogel et al., 2020). Our results 
are by and large consistent with literature data on rats and 
mice (see Table 2). Recent studies of human gene expression 
(Allen Brain Atlas) demonstrate variation in the expression 
of about 5,000 genes along the hippocampus dorsoventral 
axis (Vogel et al., 2020). Some of these genes show linear 
or near-linear variation; thus, they can be regarded as axial 
position markers. Others demonstrate nonlinear expression 
profiles.

The NR2F2 gene for transcription factor COUP-TFII is 
one of the markers most precisely indicating axial position. 
The amount of its mRNA in the ventral hippocampus is 
much greater than in the dorsal in all studies on rats, mice, 
and humans and in our study on foxes. Its expression in the 
adult hippocampus is confined mainly to GABAergic and 
glutamatergic neurons. The density of GABAergic neurons 
increases along the dorsoventral axis (Jinno, Kosaka, 2010), 
and so does NR2F2 expression. Nevertheless, its expression 
in the dorsal hippocampus is confined to GABAergic neu-
rons, which is indicative of their high density in the dorsal 
hippocampus as well (Fuentealba et al., 2010). The different 
functions of hippocampus compartments may be related to 
neuron distribution along the dorsoventral axis. It is known 
that the expression of acetylcholine receptor α7 (CHRNA7) 
in the hippocampus, also confined to GABAergic neurons, 
is involved in aggression regulation (Lewis et al., 2018). 
However, we found no difference in NR2F2 expression 

amongst the behavior groups; hence, aggression is controlled 
by other mechanisms. 

Different species demonstrate inverse ratios between 
mRNA levels of some genes in the dorsal and ventral hip-
pocampus compartments or no variation at all (see Table 2). 
For example, in our study such genes included KCND3 
and NTS. These differences can be explained by nonlinear 
expression profiles along the dorsoventral axis and putative 
sampling from nonidentical hippocampus sites in different 
experiments. In other cases, the species-specific expression 
of some genes may be related to morphological and func-
tional features of the hippocampus itself. For instance, it is 
known that hippocampal neurogenesis in foxes consider-
ably surpasses that in many mammals (Amrein, Slomianka, 
2010). Morphological and functional features of various 
species may also stem from their ecology, in particular, spa-
tial behavior in hoarding food (Jacobs et al., 1990; Jacobs,  
Spencer, 1994; Rehkämper et al., 2008; Amrein, 2015; Cros-
ton et al., 2015; Lipp, 2017; Sonnenberg et al., 2019). It is 
pre sumable that the 15-fold hippocampal neurogenesis in 
red foxes as compared to dogs (Amrein, Slomianka, 2010) 
is related to this characteristic behavior (Sklepkovych, Mon-
tevecchi, 1996).

As the entire hippocampus and, especially, its ventral 
com partment, is the key region in stress response regula-
tion, we investigated the glucocorticoid-mediated response 
of foxes at the present stage of selection: tame, aggressive, 
and unselected. The necessity of studying stress response 
at different stages of selection has been shown on another 
model, tame and aggressive Norway rats, which show no 
significant differences in the glucocorticoid-mediated re-
sponse at the current stage (Prasolova et al., 2014). The de-
tected significant differences amongst tame, aggressive, and 
unselected animals are consistent with earlier data (Trut et 
al., 2009). Thus, we can see that the restraint and combined 
restraint–emotional stresses induce similar differences in the 
cortisol-induced stress response in the experimental foxes, 
and these differences persist at the current stage of selection. 
However, the unselected animals showed an intermediate 
level of the glucocorticoid stress response between the tame 
and aggressive foxes. These discrepancies may be related 
to both the elevated stress response in the selection for ag-
gressiveness and the unintentional selection of  “unselected” 
foxes towards adaptation to coexistence with humans. Dif-
ferences can also stem from different experiment designs 
(restraint stress with limited space in a shed vs. manual 
fixation) and measurement protocols (radioimmunoassay 
vs. HPLC). 

It is likely that the weak response to different stress types 
in tame foxes is the main cause of high adult neurogenesis 
rate in the hippocampus, as shown in many studies on 
other species (Levone et al., 2015). Therefore, in search 
for molecular mechanisms modulating neurogenesis we 
first considered the levels of mRNAs for glucocorticoid 
(NR3C1, GR) and mineralocorticoid (NR3C2, MR) receptors 
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in the hippocampus. However, we found no differences in 
the levels of NR3C1 mRNA amongst animals of different 
behavior genotypes in neither dorsal nor ventral hippo-
campus, although some research teams believed that these 
genes were important in domestication (Oskina et al., 2008; 
Pörtl, Jung, 2017). It is known that neuron progenitors in the 
subventricular zone express NR3C1 but not NR3C2 (Garcia 
et al., 2004). Apparently, NR3C1 activation in these cells is 
the direct way by which glucocorticoids affect neurogenesis 
(Saaltink, Vreugdenhil, 2014). It is conceivable that NR3C1 
expression in this subpopulation of hippocampus cells varies 
amongst foxes differing in behavior. 

In contrast, the ventral hippocampi of tame foxes con-
tained more NR3C2 mRNA than those of aggressive ani-
mals. It is likely that the mRNA level in the ventral hip-
pocampi of unselected foxes is intermediate between tame 
and aggressive, but this difference is below the limits of 
qPCR accuracy. However, we may expect that in studies 
of individual splice variants (Three are known in rodents: 
α, β, and γ.) differences amongst groups in the expression 
of a particular splice variant will be more pronounced. It 
has been shown that their expression in cellular stress in a 
primary culture of cortex cells varies irregularly (Kang et 
al., 2009). Here we analyze only the total pool of NR3C2 
mRNA, because the fox genome had not been annotated in 
sufficient detail. It is known that NR3C2 levels in various 
types of hippocampus cells are different (Le Menuet, Lom-
bès, 2014). Note that the difference was found just in the 
ventral hippocampus, whose contribution to stress response 
and emotion regulation is thought to be greater than that of 
the dorsal (Gulyaeva, 2019).

Studies on rodents demonstrate that elevated MR amount 
is associated with lower anxiety and active strategy of 
coping with stress. In females, it is also associated with 
weaker stress response (Lai et al., 2007; Rozeboom et al., 
2007; Kanatsou et al., 2015; de Kloet et al., 2016). In addi-
tion, postmortem studies of humans show that depression 
lowers MR in the frontal (corresponding to rodent ventral) 
but not occipital (dorsal) hippocampus compartments, with 
no variation in GR (Medina et al., 2013). Changes in MR 
expression in rats under stress alter synaptic plasticity in the 
ventral but not dorsal hippocampus (Maggio, Segal, 2009; 
O’Leary, Cryan, 2014). It is likely that NR3C2 expression in 
neuroglia can increase neurogenesis in the ventral hippocam-
pus under acute stress (Le Menuet, Lombès, 2014; O’Leary, 
Cryan, 2014). Also, progenitor cell proliferation is lowered 
in mice with NR3C2 knockout  (Gass et al., 2000), whereas 
enhanced NR3C2 expression in the forebrain accelerates 
progenitor proliferation and increases the population of 
young neurons in the dentate gyrus  (Kanatsou et al., 2017). 
On the other hand, MR signaling in the hippocampus is in-
volved in the regulation of the start and amplitude of stress 
response (Ratka et al., 1989; Harris et al., 2013; de Kloet et 
al., 2016), and stress initiation increases the MR level in the 
hippocampus (Veenema et al., 2003; de Kloet et al., 2016).  

The opposite effects of MR and their agonists and antago-
nists found in various studies may be related to different 
MR levels in animals at the start of the experiment (de Kloet 
et al., 2016). We conjecture that the detected high level of 
mRNA for MR (but not for GR) in the ventral hippocampus 
of tame foxes is one of the mechanisms that  mitigate stress 
and anxiety in experimental domestication and, probably, 
indirectly enhance neurogenesis in this compartment. Fur-
ther studies should be dedicated to the expression of splice 
variants of MR and their distribution in the hippocampus.

Foxes of different behavior genotypes differed in the 
contents of СYP26B1 mRNA in the dorsal hippocampus  
and ADRA1A in the ventral one. As mentioned above, 
these contents varied along the dorsoventral axis of the 
hip pocampus. The variation in mRNA contents found in 
the analysis of few samples from the dorsal hippocampi of  
tame and aggressive foxes by the RNAseq method (unpub-
lished data) also points to the necessity of a comprehensive 
study of CYP26B1 expression in hippocampus regions of 
the three fox populations. The CYP26B1 gene encodes an 
enzyme of the cytochrome P450 superfamily. This enzyme 
catalyzes the degradation of all-trans retinoic acid (atRA), 
a vitamin A derivative. Changes in CYP26B1 expression 
may be associated with different atRA concentrations in the 
hippocampi of tame and aggressive foxes.

It is known that atRA affects neurogenesis, but its effect 
looks graphically as an inverted U curve.  All-trans retinoic 
acid deficiency reduces neuron differentiation, whereas 
higher concentrations enhance neurogenesis by stimulating 
both proliferation and differentiation of neural stem cells, 
and still higher atRA concentrations inhibit cell prolifera-
tion and affect the cognitive function and behavior (Kane et 
al., 2010; Hu et al., 2016, 2020; Stoney, McCaffery, 2016; 
Stoney et al., 2016; Mishra et al., 2018). High CYP26B1 
expression, apparently decreasing the atRA level, is asso-
ciated with intense neurogenesis in the hippocampus of adult 
tame rats, earlier demonstrated by Huang et al. (2015). Our 
results seem to be consistent with the negative effect of atRA 
on neurogenesis in studies by P. McCaffery’s (Stoney et al., 
2016) and Zhou’s (Hu et al., 2016, 2020) teams. It appears 
that CYP26B1 inhibition reduces cell proliferation in the 
subgranular zone of the hippocampus in mice  (Stoney et 
al., 2016). Probably, the atRA content in the hippocampus 
of tame foxes is close to the maximum level enhancing 
neurogenesis. The lower expression of CYP26B1 in aggres-
sive animals is associated with even higher atRA contents 
and, probably, lower neurogenesis. The unselected foxes, 
demonstrating lower neurogenesis than tame ones, seem to 
be in the middle between tame and aggressive. Note that 
genome-wide comparisons between village dogs and wolves 
and between humans and chimpanzees has also demon-
strated differences in the atRA system (Theofanopoulou et 
al., 2017; Pendleton et al., 2018).

The effects of vitamin A and atRA on the HPA axis are 
complex and controversial. Dexamethasone upregulates the 
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expression of the Aldh1a1 gene for an enzyme involved in 
atRA synthesis (Gil-Ibáñez et al., 2014). Chronic exposure 
to atRA and other retinoic acid forms enhances HPA axis 
activity and causes depression (Bremner, McCaffery, 2008; 
Cai et al., 2015). In particular, atRA induces overexpression 
of the Crf, Crfr1, and  Avp genes in the hypothalamus (Cai 
et al., 2015). Probably, the lower HPA activity in tame foxes 
is partly related to the weakening of the atRA system. How-
ever, it should be noted that retinoic acid can, in contrast, 
lower the level of glucocorticoids, and, besides, it can exert 
an inverse effect on target tissues (Bonhomme et al., 2014; 
Hélène et al., 2016). 

The detected high level of ADRA1A mRNA in the dor-
sal hippocampus of tame foxes is of special interest. This 
change may reflect the lower anxiety and elevated adult 
neurogenesis in the hippocampus as a result of lower HPA 
axis activity in the selection for tame behavior. Although 
the dorsal hippocampus contributes less to the regulation 
of stress responses and anxiety, its effects have been de-
scribed in (Weaver et al., 2004; Gulyaeva, 2019). ADRA1A 
is presumed to play a role in the attention deficit disorder 
(Elia et al., 2009). The mechanisms mediating the effect of 
ADRA1A in behavior regulation are poorly understood, but 
it is known that long-term ADRA1A stimulation mitigates 
depression-like behavior and anxiety, and tricyclic anti-
de pressants increase the ADRA1A receptor density in the 
forebrain of rodents  (Deupree et al., 2007; Doze et al., 
2009, 2011). Studies of the subependymal zone of lateral 
ventricles, which is another adult neurogenesis region along 
with the subgranular zone of the hippocampus, in transgenic 
mice demonstrate an association between high ADRA1A 
expression and high neurogenesis rate (Gupta et al., 2009). 
It is conceivable that ADRA1A also participates in hippo-
campal neurogenesis (Doze et al., 2011).

Conclusion
To sum up, we analyzed separately the dorsal and ventral 
hippocampi of foxes selected for contrasting behaviors and 
revealed differential expression of the NR3C2, CYP26B1, 
and ADRA1A genes, associated with both hippocampal 
neurogenesis and HPA axis regulation. Further studies of 
the expression of functional groups to which these genes 
belong are expected to shed light on hitherto unknown 
molecular mechanisms of domestication in general and 
on stress response weakening, elevated neurogenesis, and 
changes of the attitude to humans in domesticated animals in  
particular. 
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Abstract. Single nucleotide polymorphisms (SNPs) are the most common type of variation in the human genome. The vast 
majority of SNPs identified in the human genome do not have any effect on the phenotype; however, some can lead to 
changes in the function of a gene or the level of its expression. Most SNPs associated with certain traits or pathologies are 
mapped to regulatory regions of the genome and affect gene expression by changing transcription factor binding sites. In 
recent decades, substantial effort has been invested in searching for such regulatory SNPs (rSNPs) and understanding the 
mechanisms by which they lead to phenotypic differences, primarily to individual differences in susceptibility to di seases 
and in sensitivity to drugs. The development of the NGS (next-generation sequencing) technology has contributed not only 
to the identification of a huge number of SNPs and to the search for their association (genome-wide association studies, 
GWASs) with certain diseases or phenotypic manifestations, but also to the development of more productive approaches 
to their functional annotation. It should be noted that the presence of an association does not allow one to identify a 
functional, truly disease-associated DNA sequence variant among multiple marker SNPs that are detected due to linkage 
disequilibrium. Moreover, determination of associations of genetic variants with a disease does not provide information 
about the functionality of these variants, which is necessary to elucidate the molecular mechanisms of the development of 
pathology and to design effective methods for its treatment and prevention. In this regard, the functional analysis of SNPs 
annotated in the GWAS catalog, both at the genome-wide level and at the level of individual SNPs, became especially rele-
vant in recent years. A genome-wide search for potential rSNPs is possible without any prior knowledge of their association 
with a trait. Thus, mapping expression quantitative trait loci (eQTLs) makes it possible to identify an SNP for which – among 
transcriptomes of homozygotes and heterozygotes for its various alleles – there are differences in the expression level of 
certain genes, which can be located at various distances from the SNP. To predict rSNPs, approaches based on searches for 
allele-specific events in RNA-seq, ChIP-seq, DNase-seq, ATAC-seq, MPRA, and other data are also used. Nonetheless, for a 
more complete functional annotation of such rSNPs, it is necessary to establish their association with a trait, in particular, 
with a predisposition to a certain pathology or sensitivity to drugs. Thus, approaches to finding SNPs important for the 
development of a trait can be categorized into two groups: (1) starting from data on an association of SNPs with a certain 
trait, (2) starting from the determination of allele-specific changes at the molecular level (in a transcriptome or regulome). 
Only comprehensive use of strategically different approaches can considerably enrich our knowledge about the role of 
genetic determinants in the molecular mechanisms of trait formation, including predisposition to multifactorial diseases.
Key words: regulatory single-nucleotide polymorphism; transcription factor-binding sites; gene expression; genome-wide 
studies.
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Аннотация. Однонуклеотидные замены, также называемые однонуклеотидными полиморфизмами (single nucleo-
tide polymorphism, SNP), – это наиболее распространенный тип вариаций генома человека. Подавляющая часть вы-
явленных в геноме человека SNP не оказывает какого-либо воздействия на молекулярный фенотип, однако неко-
торые способны приводить к изменению функции гена или уровня его экспрессии. В то же время большинство SNP, 
ассоциированных с некими признаками или патологиями, картируются в регуляторных областях генома, изменяют 
потенциальные сайты связывания транскрипционных факторов и, соответственно, могут влияют на экспрессию ге-
нов. В последние десятилетия значительные усилия были направлены на поиск таких регуляторных SNP (rSNP), а так-
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же на понимание механизмов, посредством которых они приводят к фенотипическим различиям, в первую очередь 
к разной предрасположенности к заболеваниям и индивидуальной чувствительности к лекарственным препаратам. 
Развитие технологии NGS (next generation sequencing) способствовало не только выявлению огромного количества 
SNP и поиску их ассоциации (genome wide association studies, GWAS) с некими заболеваниями или фенотипическими 
проявлениями, но и развитию более производительных подходов для их функциональной аннотации. Стоит отме-
тить, что наличие ассоциации не позволяет выделить функциональный, действительно связанный с болезнью ва-
риант последовательности ДНК из множества маркерных, которые выявляются за счет неравновесия по сцеплению. 
Более того, установление ассоциаций генетических вариантов с заболеванием не дает сведений о функциональ-
ности этих вариантов, что необходимо для выяснения молекулярных механизмов развития патологии и разработки 
эффективных методов ее лечения и профилактики. В связи с этим функциональный анализ SNP, аннотированных в 
GWAS каталоге, как на полногеномном уровне, так и на уровне отдельных SNP в последние годы стал особенно акту-
альным. В настоящее время активно развивается полногеномный поиск потенциально регуляторных SNP без каких- 
либо предварительных знаний об их ассоциации с признаком. Так, картирование локусов количественных призна-
ков экспрессии (eQTL, expression quantitative trait loci) позволяет выявить SNP, для которого в транскриптомах гомо-
зигот по разным его аллелям, а также гетерозигот наблюдаются различия в уровне экспрессии неких генов, причем 
как близко расположенных, так и на значительном удалении. Для предсказания регуляторных SNP используют также 
подходы, основанные на поиске аллель-специфических событий в данных RNA-seq, ChIP-seq, DNase-seq, ATAC- seq, 
MPRA и т. д. Однако для более полной характеристики таких rSNP необходимо устанавливать их ассоциацию с при-
знаком, в частности с предрасположенностью к некой патологии или с чувствительностью к лекарственным пре-
паратам. Таким образом, именно комплексное использование двух основанных на противоположных принципах 
подходов к поиску значимых для развития признака (патологии) SNP: с одной стороны, исходящего из данных по 
ассоциации SNP с неким признаком, а с другой стороны, идущего от определения аллель-специфичных изменений 
на молекулярном уровне (в транскриптоме или регуломе) – существенно обогащает картину наших знаний о роли 
генетических детерминант в молекулярных механизмах формирования признаков, включая предрасположенность 
к многофакторным заболеваниям.
Ключевые слова: регуляторный однонуклеотидный полиморфизм; сайты связывания транскрипционных факторов; 
экспрессия генов; полногеномные исследования.

Introduction
One of the main tasks of human genetics is to clarify the 
mechanisms by which genome variations lead to phenotypic 
differences, primarily to individual differences in susceptibili­
ty to diseases and in sensitivity to drugs. Single­nucleotide 
polymorphisms (SNPs) are the most common type of genome 
variation (Chanock, 2001). Currently, due to the development 
of next­generation sequencing (NGS) technologies, more 
than 950 million SNPs of the human genome are registered 
in database dbSNP (https://www.ncbi.nlm.nih.gov/projects/
SNP/snp_summary.cgi) (Sherry et al., 2001); furthermore, 
rare SNPs with a frequency (prevalence in the population) of 
less than 1 % constitute more than 90 % of the total number 
of SNPs. It seems unlikely that the vast majority of identified 
variations can be important for the phenotype, but some of 
them certainly form the genetic basis of phenotypic traits, 
including predisposition to various diseases. In recent decades, 
major efforts have been applied to the search for such SNPs.

The most popular approach (which started back in the 
1980s) to the identification of trait­related SNPs has been the 
determination of associations with diseases for SNPs found 
in candidate genes (Lander, Schork, 1994; Ring, Kroetz, 
2002), and in this context, only SNPs affecting the protein­
coding part of a gene have been investigated (Cooper, 1998). 
Somewhat later, there has been some interest in elucidating 
the functiona li ty of variants located in noncoding regions of 
genes, i. e., in determining an effect of such variants on a cer­
tain molecular phenotype. In particular, it has been shown that 
such SNPs affect transcription factor­binding sites (TFBSs), 
thereby leading to changes in the expression of the respective 
genes (Ludlow et al., 1996; Piedrafita et al., 1996; Knight 
et al., 1999; Vasiliev et al., 1999). Nonetheless, these few 

functional studies have remained almost invisible against the 
backdrop of a huge wave of research aimed at identifying asso­ 
ciations.

The productivity of detection of disease­associated SNPs 
increased dramatically with the advent of the genome­wide 
association study (GWAS) technology in the mid­2000s 
(Fig. 1, a), which is based on an unbiased – not based on any 
ideas about the formation of a trait – principle of a genome­
wide search for SNPs associated with the trait (Visscher et 
al., 2012; Tam et al., 2019). To date, more than 72 thousand 
associations of genetic variants with traits have been found 
by GWASs (GWAS Catalog, https://www.ebi.ac.uk/gwas/), 
thus allowing to find many new genes and systems of genes 
associated with predisposition to various diseases (Buniello et 
al., 2019; Tam et al., 2019; Claussnitzer et al., 2020). 

Nevertheless, GWAS technology does not provide any in­
for mation about the functionality of the detected variants, 
thereby making it very difficult to elucidate the molecular 
mechanisms underlying the development of a pathology 
and hence to develop effective methods for its treatment and 
prevention. Additionally, based on results of GWASs, it is 
almost impossible to distinguish a truly disease­associated 
variant from the many marker variants that are detected due to 
linkage disequilibrium (Lappalainen, 2015; Tam et al., 2019; 
Zhao et al., 2020). It is also known that most SNPs identified 
by GWASs are located in the noncoding part of the genome 
and, as a rule, in its regulatory regions (e. g., promoters and 
enhancers) (Hindorff et al., 2009; Maurano et al., 2012; 
Bryzgalov et al., 2013; Farh et al., 2015); these data imply 
an influence of such SNPs on the binding of transcription fac­
tors (TFs) and on gene expression. Thus, a need for research 
on functional interpretation of data from GWASs – both at 
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Fig. 1. Genome-wide approaches to the analysis of SNPs.
a, The principle of GWASs; b, the scheme of eQTL analysis for each SNP. A search for allele-specific events: c, expression (allele-specific expression, ASE) and  
d, binding (allele-specific binding, ASB).

the level of individual potentially regulatory SNPs (rSNPs) 
and at the level of all such variants collectively – has become 
obvious. In addition, because the GWAS technology greatly 
underestimates the actual number of associations owing to 
the required strict thresholds in statistical processing (Tam et 
al., 2019), investigators have recognized the need to develop 
GWAS­unrelated large­scale function­based approaches to 
the search for rSNPs (Westra, Franke, 2014; Maurano et al., 
2015; Cavalli et al., 2016b; Korbolina et al., 2018).

Of the genome­wide function­based approaches, the first 
in timing of emergence (almost simultaneous with the start 
of the application of the GWAS technology) is analysis of 
expression quantitative trait loci (eQTLs) (see Fig. 1, b). This 
analysis, by means of transcriptome data (earlier, microarray 
data have been employed, then data from high­throughput 
RNA sequencing [RNA­seq] started to be used), determines 
for each SNP a difference in the level of expression of in­
dividual genes among homozygotes and heterozygotes for 
different alleles of this SNP (Westra, Franke, 2014; GTEx 
Consortium, 2020). Somewhat later, techniques were devised 
for finding allele­specific events both in data from RNA­seq 
(allele­specific expression [ASE] events) (see Fig. 1, c) (Cas­
tel et al., 2020; Fan et al., 2020) and in data from ChIP­seq, 
DNase­seq, and ATAC­seq (allele­specific binding [ASB] 
events) (see Fig. 1, d ) (Maurano et al., 2015; Cavalli et al., 
2016a, b; Xu et al., 2020; Korbolina et al., 2021). Massive 
function­based approaches also include massively parallel 
reporter assay (MPRA), SNP­seq, and SNP­SELEX (Zhang 
et al., 2018; Lu et al., 2021; Yan et al., 2021). 

At the beginning of this review, using the latest studies as 
examples, we examine rSNPs that are (i) associated with the 
development of pathologies according to results of GWASs 

and are (ii) characterized in detail in terms of their influence 
on an interaction with a TF and on the expression of nearby 
or distant genes. Next, the review describes the application of 
functional genomics methods to interpretation of data from 
GWASs and to the search for new regulatory variants without 
GWASs. In the course of the presentation, strengths and weak­
nesses of these approaches are shown, as is the importance 
of comprehensive use of GWASs and functional genomics 
methods to reveal the role of SNPs in molecular aberrations 
underlying the development of a pathology.

Functional interpretation of data from GWASs  
at the level of individual rSNPs
A wide range of experimental methods are utilized to func­
tionally study individual possible rSNPs. At initial stages, 
classical methods are usually used: analysis of DNA­probe 
re tardation in a gel by nuclear extract proteins (electrophoretic 
mobility shift assay, EMSA) and a reporter assay (analysis of 
reporter gene expression under the control of allelic variants 
of the SNP region), which allow a researcher to detect an 
influence of an SNP on the binding of some TF or on reporter 
gene expression, respectively (Antontseva et al., 2015; Fang 
et al., 2017). To identify the TFs the binding sites of which are 
affected by nucleotide substitution, scientists perform EMSA 
using appropriate antibodies or purified TFs (Piedrafita et al., 
1996; Knight et al., 1999; Vasiliev et al., 1999; Jiang et al., 
2020), chromatin immunoprecipitation with detection of al­
lele asymmetry in a PCR product (ChIP­AS­qPCR) (Gao et 
al., 2018; Choi et al., 2020; Thynn et al., 2020; Protze et al., 
2022), and mass­spectrometric analysis of proteins isolated 
from complexes with oligonucleotides containing minor al­
leles (Fang et al., 2017; Liu D. et al., 2018; Choi et al., 2020). 
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An impact of a nucleotide substitution in the identified 
TFBSs on their potential target genes is confirmed by ex­
periments with downregulation or artificial upregulation of 
genes of the corresponding TFs or by studying the effect of 
point mutations introduced into the TFBS using CRISPR/
Cas9 technology (Prestel et al., 2019; Gutierrez­Arcelus et 
al., 2020; Pan et al., 2020; Thynn et al., 2020; Wang Y. et al., 
2020; Wang X. et al., 2021). Lately, an increasingly popular 
approach in this field of research on SNPs has also been the 
determination of allelic imbalance of the expression for SNPs 
located in transcribed regions of genes. Nonetheless, it is worth 
noting that such an SNP can be either an rSNP proper (Syddall 
et al., 2013; Klein et al., 2019) or a marker SNP in a linkage 
group with an rSNP located in a nontranscribed region (Fang 
et al., 2017; Li X.­X. et al., 2019; Peng et al., 2020).

Various combinations of these techniques are employed in 
modern research, as illustrated by the examples below.

rs36115365
A textbook example of a well­studied rSNP is rs36115365 
(G/C), which is situated at a locus associated with various 
types of cancer according to data from GWASs (chr5p15.33: 
region 2). At this locus, a correlation analysis has revealed 
nine SNPs (r2 > 0.60, 1000G EUR population) associated with 
pancreatic cancer, testicular germ cell tumor, lung cancer, and 
melanoma. To screen all nine SNPs for regulatory acti vity, 
EMSA and reporter assay were performed by means of eight 
human cell lines (Fang et al., 2017). The use of several cell 
lines is a common practice in such studies (Bryzgalov et al., 
2013; Boldes et al., 2020) and is aimed at the highest possible 
coverage of events of interaction of TFs with their binding 
sites; the reason is substantial differences in the sets of  TFs ex­
pressed in different cell types (Tobias et al., 2021). The screen­
ing analyses identified only SNP rs36115365 as potentially 
regulatory, and its C allele showed both much better binding to 
a certain protein in the EMSA and greater activation of reporter 
gene expression as compared to the G allele (Fang et al., 2017).

rs36115365 is located ~18 kilobase pairs (kbp) upstream 
of the start of the TERT gene (encoding reverse transcrip­
tase of the telomerase complex) and approximately 5 kbp 
downstream of the end of the CLPTM1L gene. According 
to the results of ChIP­seq (chromatin immunoprecipitation 
followed by sequencing of DNA from the precipitates) from 
project ENCODE (Moore et al., 2020), this SNP’s location 
overlaps with many TFBSs, and this region is enriched with 
active chromatin histone marks, which is typical for enhancer 
regions. Inactivation of this region by small­interfering­RNA­
mediated transcriptional silencing (Malecová, Morris, 2010) 
results in downregulation of only the TERT gene. To identify 
the TF the binding site of which changes as a consequence 
of the substitution of G with C, the binding of proteins from 
nuclear extracts to oligonucleotides containing minor alleles 
was implemented, followed by mass­spectrometric analysis of 
the bound proteins. After an analysis of the obtained peptides, 
four TF candidates that prefer the C allele were proposed: 
ZNF148, VEZF1/ZNF161, ZNF281, and ZNF740. In EMSA 
involving specific antibodies to these TFs, only ZNF148 was 
confirmed, which was subsequently verified by means of 
the purified ZNF148 protein in an experiment. A small­in­
terfering­RNA­mediated knockdown of ZNF148 gave a de­  

finitive answer because it reduced TERT expression and te­
lomerase activity and shortened telomere length. Thus, the 
C allele corrects the binding site of ZNF148, enhances the 
expression of TERT and, as a consequence, increases the risk 
of carcinogenesis (Fang et al., 2017).

rs174575
According to GWASs, rs174575 (C/G) correlates with an 
elevated risk of colorectal cancer (Tian et al., 2020). This 
SNP is located in the first intron of the delta­6­desaturase 
gene (FADS2) at a distance of +41.5 kbp from its transcription 
start site and at a distance of –178.8 kbp from the transcription 
start site of the gene of long noncoding RNA AP002754.2. 
The rs174575 region in chromatin is enriched with histone 
modifications characteristic of active regulatory regions 
(H3K4me1, H3K4me3, or H3K27ac), and judging by DNase­
seq data (identification of sites of  hypersensitivity to DNase I) 
and findings of ATAC­seq (assay for transposase­accessible 
chromatin), corresponds to open chromatin (ENCODE). The 
hypothesis of a regulatory role of rs174575 is supported by 
eQTL analysis data, which show an association of the G allele 
with overexpression of FADS2 and AP002754.2.

Computer analysis of  DNA motifs using Web services Cis­
trome (Zheng et al., 2019) and JASPAR (Fornes et al., 2020) 
has revealed that in the case of rs174575, the replacement of 
G with C damages the binding site of TF E2F1, and the data 
of ChIP­seq from ENCODE, obtained on colorectal cancer 
LoVo cells, indicate that E2F1 is mapped to the location of 
this SNP. A cross­competitive EMSA has confirmed better 
binding of a certain nuclear extract protein to the G allele, 
and that this protein is E2F1 has been demonstrated by ChIP­
qPCR with appropriate antibodies. For instance, in cell lines 
with different genotypes – HCT116 (CG), SNU­C1 (CG), and 
HT115 (CC) – a stronger binding of E2F1 is observed in cells 
carrying the G allele. A study involving reporter constructs has 
also confirmed a higher enhancer activity of a DNA fragment 
containing the G allele (Tian et al., 2020).

Direct contact between the region containing rs174575 and 
promoters of FADS2 and AP002754.2 has been detected by the 
chromosome conformation capture (3C) method, and it turned 
out that the interaction was much more pronounced in cell lines 
carrying the G allele. Further experiments indicated that over­
expression of AP002754.2 sharply raises the level of FADS2 
expression in HCT116 and LoVo cells, and a knockdown of 
AP002754.2 by microRNA causes a decrease in the expression 
of this gene, indicating a stimulatory role of AP002754.2 in 
the regulation of the FADS2 gene. On the other hand, over­
expression of FADS2 or AP002754.2 significantly increases 
the proliferation rate of HCT116 and LoVo cells, whereas a 
knockdown of FADS2 or AP002754.2 significantly reduces 
it. It has also been shown that overexpression of FADS2 and 
AP002754.2 accelerates tumor growth in in vivo experiments 
in mice. It is known that the product of the FADS2 gene is a key 
enzyme in the biosynthesis of polyunsaturated fatty acids, 
including arachidonic acid, which in turn is a precursor of 
prostaglandin E2 (PGE2), which promotes tumor growth and 
metastasis. Thus, rs174575 acts as an allele­specific enhancer 
that stimulates the transcription of FADS2 and AP002754.2, 
leading to an elevated risk of colorectal cancer in the case of 
the G allele (Tian et al., 2020).
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rs4903064 
According to GWASs, rs4903064 (T/C) is associated with 
renal cell carcinoma, the most common type of kidney cancer 
(Scelo et al., 2017). rs4903064 is located in the third intron 
of the DPF3 gene, which encodes a protein of the BAF sub­
family of the SWI/SNF chromatin­remodeling complex. The 
predominance of the C allele of rs4903064 in tumor tissue 
samples from patients with clear­cell renal carcinoma has 
been demonstrated, in contrast to both normal kidney tissues 
and tumor tissue from individuals with papillary renal cell 
carcinoma and individuals with chromophobe renal cell carci­
noma. In this context, a measurement of the ratio of alleles in 
DPF3 pre­mRNA in patients with clear­cell renal carcinoma 
heterozygous for rs4903064 has confirmed a skew toward the 
C allele (Protze et al., 2022).

According to ATAC­seq data obtained on primary renal 
cancer cells, rs4903064 is located in an open chromatin 
region, in a putative enhancer. Given that the substitution of 
T with C (rs4903064) creates a potential binding site for TF 
HIF, a reporter analysis has been performed on HeLa and 
MCF­7 cell lines, showing that an increase in reporter gene 
expression takes place only in the case of the C allele and 
only when cells are treated with a specific stabilizer of HIF: 
dimethyloxalylglycine. Knockouts of various isoforms of 
HIF have revealed that the increase in reporter activity upon 
stimulation with dimethyloxalylglycine depends on HIF­1α. 
By means of ChIP­qPCR in primary renal tubular cells with 
different genotypes of rs4903064 (TT, CT, and CC), enhanced 
binding of HIF­1α and HIF­1β to risk allele C has been con­
firmed. To elucidate the role of overexpression of DPF3 in 
the development of clear­cell renal carcinoma, a knockout of 
DPF3 has been performed in cells of proximal renal tubules 
using CRISPR/Cas9 technology. It was demonstrated in that 
report that cells with defective expression of DPF3 grow more 
slowly than control clones of the corresponding cells, suggest­
ing that increased expression of DPF3 in proximal tubule cells 
stimulates proliferation (Protze et al., 2022). 

rs17114036
rs17114036 (T/C) is associated with coronary heart disease 
and ischemic stroke according to GWASs (Dichgans et al., 
2014). This SNP is located in the 5th intron of the PLPP3 
gene, encoding phospholipid phosphatase 3, which inhibits 
inflammation of endothelium and contributes to the integrity 
of its mono layer (Panchatcharam et al., 2014; Wu et al., 2015). 
Experiments with ATAC­seq and ChIP­seq (H3K27ac and  
 H3K4me2) performed on human aortic endothelial cells 
(HAECs) have identified the region containing rs17114036 as 
a potential enhancer. The enhancer activity of this region was 
confirmed by reporter analysis, whereas protective allele C (as 
compared to the T allele) significantly increased the activity of 
luciferase upon transfection of vector constructs into HAECs. 
A deletion of a 66­bp region containing rs17114036 by means 
of CRISPR/Cas9 significantly reduced the expression of 
PLPP3 as compared to the unedited genome and enhanced the 
permeability of the monolayer of edited HAECs. As a result of 
modeling hemodynamic processes, an increase in the activity 
of the studied enhancer (containing the C allele) in HAECs was 
shown with an 18­hour “atheroprotective” flow as compared 
to an “atherogenic” flow, while no effect of the T allele was 

found. It turned out that the substitution of the T nucleotide 
with C creates a binding site (CACC) for the KLF2 protein, 
as confirmed by ChIP­AS­qPCR analysis in HAECs hetero­
zygous for rs17114036. Cotransfection experiments with a 
plasmid causing overexpression of KLF2 also showed higher 
luciferase activity in the case of the tested enhancer carrying 
the C allele (Krause et al., 2018).

rs4407214 
rs4407214 (T/G) is associated with estrogen receptor­negative 
breast cancer. In the HMEC cell line, an analysis of ChIP­seq 
data from the ENCODE project regarding locations of marks 
of active chromatin (H3K4m1, H3K4m2, H3K4m3, H3K9ac, 
H3K27ac, H3K36m3, H3K79m2, H4K20m1, EZH2, and 
H2AZ) has helped to find in the rs4407214 region a regulatory 
locus in intron 1 of the WDR43 gene (a protein­coding gene 
associated with rRNA processing and ribosomal biogenesis). 
By EMSA, the researchers showed ASB of nuclear proteins 
from MCF10A and CAL­51 cells to DNA probes mimicking 
the region of this SNP’s location in the genome. Reporter gene 
expression under the control of the identified regulatory region 
on the same cell lines was also found to be allele­dependent 
(Couch et al., 2016; Fachal et al., 2020).

Bioinformatic analysis was then performed using the 
 JASPAR database and available ChIP­seq data for this region 
from the ENCODE project to identify the TFs the bind ing sites 
of which are altered by the G­to­T substitution (rs4407214). 
As a result, USF1 was identified as such a TF. A competi­
tive EMSA with nuclear proteins isolated from CAL­51 and 
MCF10A cells confirmed the ASB of USF1 in the case of  
the G allele. It was also demonstrated that CRISPR/Cas9­
mediated removal of the presumed regulatory region contain­
ing rs4407214 results in underexpression of PLB1 (phospho­
lipase B1), which is located at a distance of ~400 kbp from 
WDR43.

Mass interpretation of GWAS data  
by functional genomics methods
Because results of GWASs tend to associate a trait (disease) 
with multiple loci (Goldstein, 2009; Boyle et al., 2017), most 
of which in turn contain many often coinherited SNPs (Tak, 
Farnham, 2015; Schaid et al., 2018), it is very difficult to 
choose among them the potential rSNPs involved in a disease’s 
pathogenesis. To date, several effective experimental solutions 
to this problem have been developed. First of all, these are 
scaled up versions of the approaches utilized to investigate 
individual rSNPs: a reporter assay (MPRA) and methods for 
studying protein–nucleic acid interactions (Reel­seq, SNP­
seq, and SNP­SELEX) (Zhao et al., 2020; Lu et al., 2021; 
Yan et al., 2021).

In particular, MPRA has been successfully used to find the 
rSNPs that play a key role in the genetic predisposition to 
lupus erythematosus (Lu et al., 2021). According to GWAS 
findings, 3,073 SNPs in 91 loci are associated with this disease. 
Those researchers constructed a barcoded library containing 
12,396 170­bp oligonucleotides containing in the middle all 
known variants of these 3,073 SNPs; these oligos were inserted 
upstream of a minimal promoter placed before the eGFP gene. 
An influence of a minor allele on enhancer activity of inserts 
for 51 SNPs from 27 loci was demonstrated in the GM12878 
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cell line. The small number of identified rSNPs can most likely 
be explained by transfection of only one cell line; if several 
cell lines had been tested, the number of rSNPs would have 
been much larger due to expansion of the set of TFs involved 
in the study. Similarly, in MPRA, 30 out of 832 SNPs (as­
sociated with melanoma risk according to GWASs) showed 
a significant difference in the impact of minor alleles on re­
porter gene expression in the UACC903 melanoma cell line 
(Choi et al., 2020). For one of these 30 SNPs (rs398206), 
which is located in intron 1 of the MX2 gene, the difference 
was the largest. It turned out that risk allele A of rs398206 
significantly enhances the binding of TF YY1 in vitro (in 
EMSA) and in vivo (according to ChIP­AS­qPCR), thereby 
upregulating MX2 and thus contributing to the initiation of 
melanoma (Choi et al., 2020). Other examples can be found 
in refs (Ulirsch et al., 2016; Liu S. et al., 2017; Kalita et al., 
2018; Klein et al., 2019).

By methodically similar Reel­seq and SNP­seq, which are 
based on a comparative analysis of the binding of a TF to 
oligonucleotides containing minor alleles, 521 potential rSNPs 
have been selected out of 4,316 SNPs correlating with breast 
cancer according to GWASs (Zhao et al., 2020) as well as 
403 possible rSNPs out of 903 SNPs associated with prostate 
cancer (Zhang et al., 2018). The largest study involving the 
approach from this research group was published in 2021 
(Yan et al., 2021). The approach was named SNP­SELEX. To 
implement it, those authors used a library of 383,544 40­bp 
oligonucleotides containing in the middle all possible alleles 
of 95,886 SNPs. SNPs were chosen based on either their as­
sociation with type 2 diabetes mellitus in GWASs or localiza­
tion within a 500­kbp window containing a variant associated 
with this pathology. By means of 270 recombinant TFs, those 
authors conducted a multiplex analysis of their binding to 
the oligonucleotides and identified 11,079 SNPs having an 
appreciable allele effect on binding to at least one TF.

For mass interpretation of the results of GWASs, functional 
genomics data from available databases are also widely used, 
such as data on genome­wide profiles (ChIP­seq) of TFs’ bind­
ing (Li S. et al., 2020) and of histone modifications (Jones et 
al., 2020), on open­chromatin genome­wide profiles (ATAC­
seq) (Corces et al., 2020), on three­dimensional chromatin 
contacts (Corces et al., 2020), and on locations of enhancer 
and superenhancer regions (Gong et al., 2018; Sun W. et al., 
2018; Nasser et al., 2021) as well as data from eQTL analysis 
(Gamazon et al., 2018; Zheng et al., 2019; Barbeira et al., 
2021). 

For example, 8,005 SNPs – either directly associated by 
GWASs with major depressive disorder or present in the same 
linkage group – have been mapped to ChIP­seq peaks obtained 
from a brain tissue or cells of neuronal origin by means of 
antibodies to 34 various TFs (Li S. et al., 2020). After that, 
a search was performed for binding sites of the corresponding 
TFs in the regions of the SNPs using a database containing 
7,699 position weight matrices (Whitington et al., 2016), 
and it was revealed that 34 SNPs disrupt the binding sites of 
15 TFs. A reporter assay confirmed the effect of an allele on 
gene expression for 29 SNPs. One of them, rs3101339, proved 
to be located at a potential binding site of TF REST in the 
promoter region of the NEGR1 gene, whereas the substitution 
of A with C considerably damaged the structure of this site, 

as evidenced by a decrease in reporter gene expression under 
the control of an insert carrying the C allele. The influence of 
rs3101339 on NEGR1 gene expression in vivo was confirmed 
by elimination of an appropriate DNA fragment via CRISPR­
Cas9 genomic editing. Since the product of NEGR1 plays 
an important part in the maintenance of required density of 
dendritic spines, its underexpression when A is replaced by C 
may substantially contribute to the development of a depres­
sive state (Li S. et al., 2020).

Data on genome­wide profiles of active­chromatin histone 
marks are also turning out to be very informative for the 
functional interpretation of GWAS results. For example, to 
analyze many SNPs correlating with epithelial ovarian cancer, 
they have been mapped in the region of ChIP­seq peaks for 
H3K27Ac; these peaks were obtained by the researchers in 
a study on 26 tissue samples of this type of cancer (Jones et 
al., 2020). Then, using the motifbreakR tool (Coetzee et al., 
2015), among the mapped SNPs, 469 SNPs were selected in 
which the nucleotide substitution substantially altered a bind­
ing site of some TF. The most frequent was the change in the 
sequence of the binding site of TF REST, for which there are 
data on its tumor­suppressive and oncogenic functions (Jones 
et al., 2020). Besides, the use of ChIP­seq datasets on various 
histone modifications from relevant databases in combination 
with data and tools from a database of potential regulatory 
variants (rVarBase) (Guo et al., 2016) has made it possible to 
detect in superenhancers 286 and 366 possible rSNPs asso­
ciated with type 2 diabetes mellitus (Sun W. et al., 2018) and 
coronary heart disease (Gong et al., 2018), respectively, that 
alter the predicted TFBSs.

GWAS-unrelated function-based  
approaches to identifying potential rSNPs
Modern massive function­based approaches to the identifica­
tion of potential rSNPs are mainly based on the registration 
of an effect of a nucleotide substitution on some molecular 
phenotype. This may be (i) determination (in transcriptomes) 
of a difference in the expression level of individual genes 
among homozygotes and heterozygotes for different alleles of 
each SNP (eQTL analysis), (ii) identification of SNPs showing 
asymmetry of enrichment within transcriptome data (RNA­
seq: ASE events) or within epigenomic data (DNase­seq, 
ChIP­seq, and ATAC­seq: ASB events), or (iii) determina­
tion of an influence of an allele on reporter gene expression 
by MPRA.

eQTL analysis
The term “eQTL” either means that there is a correlation 
between a variant (eVariant) and the expression level of 
a certain gene(s) (eGene[s]) (GTEx Consortium, 2017, 2020) 
or refers directly to an SNP the alleles of which show such 
a correlation; the term is used much more frequently in the 
latter sense (Fairfax et al., 2014; Fan et al., 2020; Jiang et 
al., 2020; Werling et al., 2020). Transcriptomic data obtained 
 using either microarrays (Fairfax et al., 2014; Westra, Franke, 
2014) or RNA­seq (GTEx Consortium, 2020) are suitable 
for finding eQTLs. These data are quite sufficient for the 
detection of eQTLs located in transcribed regions (Göring et 
al., 2007), whereas the identification of their entire set also 
requires genome sequencing data (GTEx Consortium, 2020; 
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Werling et al., 2020). In contrast to GWASs, which require 
biological samples from many thousands of individuals (Tam 
et al., 2019), several hundred participants are sufficient for 
eQTL analysis (Westra et al., 2013; Fairfax et al., 2014; GTEx 
Consortium, 2020). Nonetheless, just as in GWASs, in eQTL 
analyses, the problem of distinguishing an SNP that is indeed 
relevant to the formation of a trait – among marker variants 
detected through linkage disequilibrium – is still relevant (Zou 
et al., 2019; Umans et al., 2021).

The largest­scale project on obtaining transcriptomic data 
and identifying eQTLs is international consortium GTEx, 
within which RNA­seq data on 15,201 postmortem samples 
of 49 tissues collected from 838 donors have been collected, 
allowing to identify 4,278,636 eQTLs associated with changes 
in the expression of 18,262 and 5,006 genes encoding proteins 
and long intergenic noncoding RNAs, respectively (GTEx 
Consortium, 2020).

There are other datasets of eQTLs, including those obtained 
not on postmortem but on biopsy materials (Fairfax et al., 
2014; Stolze et al., 2020). For example, in a study by Stolze 
et al., in an analysis of transcriptomes (RNA­seq) of the aor­
tic endothelium of 157 donors, the investigators identified 
thousands of eQTLs not registered in the GTEx Consortium 
data (Stolze et al., 2020). Fairfax et al. have employed CD14+ 
monocytes (derived from healthy individuals) treated in vitro 
with either interferon gamma (for 24 h, 367 individuals) or 
bacterial cell wall lipopolysaccharide (LPS) (2 and 24 h, 261 
and 322 individuals, respectively). CD14+ monocytes from 
414 people served as controls there. Through microarray 
RNA profiling and genotyping, 609,704 SNPs (minor allele 
frequency > 0.04) were examined and 21,516 eQTLs were 
detected, 24.6 % of which manifested themselves in control 
cells, 21.6 % of which manifested themselves after 2 h of 
treatment with LPS, and 25.4 and 28.3 % after 24 h treatment 
with LPS and IFN­γ, respectively. The results of this work 
point to an important role of genomic variants in the nature 
of transcriptomic response to a drug (Fairfax et al., 2014). In 
conclusion, it should be noted that any dataset of transcrip­
tomic data obtained from hundreds or more individuals can be 
used to search for eQTLs, as, for example, has been done by 
us (Korbolina et al., 2021) with the help of data from RNA­
seq analysis of postmortem brain samples from 96 individuals 
(Ramaker et al., 2017).

At present, quantitative expression trait loci analysis is 
mainly utilized to identify groups of genes participating in 
trait formation (Hormozdiari et al., 2016; Morrow et al., 
2018; Gamazon et al., 2019; Ratnapriya et al., 2019; Jaffe et 
al., 2020). Additionally, its results are often used to prioritize 
GWAS­identified SNPs for their subsequent rigorous expe­
rimental investigation. An example is rs13239597, which is 
located in the TNPO3 gene promoter and associated with lupus 
erythematosus and multiple sclerosis according to GWASs. 
eQTL analysis of transcriptomes of  lymphoblastoid cell lines 
derived from 373 individuals has not revealed any impact of 
rs13239597 on TNPO3 expression but uncovered a significant 
association of the A allele of this SNP with overexpression of 
the IRF5 gene [which is located 118 kbp away (Thynn et al., 
2020)], in agreement with findings of the GTEx Consortium 
(GTEx Consortium, 2017). Next, an analysis of available 
Hi­C data showed that IRF5 is one of 12 genes that are in 

direct contact with the rs13239597 region. A computational 
analysis of motifs that potentially change affinity for a TF as 
a result of a nucleotide substitution (Coetzee et al., 2015) has 
revealed four such TFs: EVI1, ERF, GATA1, and TAL1. By 
ChIP­AS­qPCR, it has been demonstrated that EVI1 binds 
much better to the rs13239597 region in the case of the A al­
lele as compared to the C allele (Thynn et al., 2020). Similar 
examples can also be found in refs (Roca­Ayats et al., 2019; 
Jiang et al., 2020; Tian et al., 2020).

A large-scale search for ASE and ASB events
The development of next­generation­sequencing­based me­
thods of transcriptomic analysis (RNA­seq) and epigenomic 
analysis (ChIP­seq, DNase­seq, and ATAC­seq) has opened up 
a unique opportunity for quantifying a difference in the enrich­
ment of two alleles (an allele imbalance) of each heterozygous 
polymorphic site of a diploid organism within the respective 
dataset (Maurano et al., 2015; Cavalli et al., 2016a, b; Castel 
et al., 2020; Fan et al., 2020; Xu et al., 2020; Korbolina et 
al., 2021). An important feature of these approaches to the 
identification of potential rSNPs – in contrast to eQTL analysis 
(and even more so in contrast to GWASs investigating SNPs 
of many individuals in various genomic contexts and living 
conditions) – is that allele­asymmetric events are recorded 
for each individual and the backgrounds are identical. This 
arrangement enables researchers to obtain reliable data when 
studying a very small number of individuals, down to one 
(Harvey et al., 2015). An increase in sample size is required 
only for involving in the analysis a larger number of SNPs that 
are in a heterozygous state. For instance, calculations show 
that data from 20 individuals theoretically allow to determine 
ASE or ASB events for 65–70 % of SNPs that have a popula­
tion frequency of  ≥5 % (Cavalli et al., 2016a).

For this reason, possibilities of pharmacogenetic and phar­
macogenomic projects become much more abundant. The 
most striking example of such a project is a simultaneous 
analysis of allele­specific effects of 50 substances (steroid 
and peptide hormones, nutrients, commonly used drugs, and 
a number of environmental pollutants) in primary cultures of 
five cell types (LCLs, PBMCs, HUVECs, SMCs, and mela­
nocytes), each of which is represented by cell samples from 
three individuals (Moyerbrailean et al., 2016). An analysis 
of the resultant transcriptomic data helped to identify more 
than 300 SNPs, an imbalance in the enrichment of the al­
leles of which within transcriptomes emerged or increased 
significantly in response to treatment with one or another 
drug. Via the same approach, inducer (LPS of the bacte­
rial cell wall)­dependent ASE events have been identified in 
19 im mune response genes by an analysis of transcriptomes 
of blood mononuclear cells from eight individuals (Edsgärd 
et al., 2016) as well as 561 ASE events responsive to treat­
ment of CD4+ T cells (from 24 genotyped individuals) with 
immobilized anti­CD3/CD28 antibodies (Gutierrez­Arcelus 
et al., 2020). These results open up a new – unrelated to any 
a priori hypothesis – way to elucidate mechanisms of indi­
vidual sensitivity to drugs.

The largest dataset of ASE events at present, containing 
431 million such events, is derived from data on RNA­seq and 
whole­genome sequencing from the GTEx Consortium (GTEx 
Consortium, 2020) and is published in a paper by Castel et 
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al. (Castel et al., 2020). This dataset can serve as a source for 
mass discovery of rSNPs, for example, in a comparison with 
data from GWASs or from eQTL analysis. It is worth noting 
that in the absence of whole­genome sequencing data, relevant 
information can be acquired by more sophisticated methods 
of bioinformatic search for allele­specific events directly in 
RNA­seq data (Harvey et al., 2015; Moyerbrailean et al., 2016; 
Fan et al., 2020; Korbolina et al., 2021).

ChIP­seq experiments based on antibodies to various TFs 
make it possible to directly register events of allele­asym­
metric interaction of these proteins with their binding sites 
in the case of a heterozygous state of SNPs at these sites. 
In a pioneering work in the laboratory of Claus Wadelius, 
they analyzed all the then­available data from the ENCODE 
project on binding profiles of TFs in cell lines GM12878 
(B cells), H1­hESC, K562, and SK­N­SH, thereby revealing 
9,962 SNPs featuring an allelic imbalance in the binding of 
a TF (ASB) (Cavalli et al., 2016b). By the same approach, 
3,713 SNPs have been found showing an allelic imbalance 
in the binding of TFs in HepG2 and HeLa­S3 cells; testing 
39 of them in a luciferase reporter system has confirmed the 
effect of an allele on reporter gene expression for 27 SNPs 
(Cavalli et al., 2016a). A detailed analysis of one of them, 
rs953413, indicates that the A allele disrupts the binding site 
of TF FOXA, resulting in reduced binding of not only this 
TF but also of TF HNF4α cooperatively interacting with it, 
thereby ultimately leading to underexpression of ELOVL2 
and possibly serving as a factor in the pathogenesis of non­  
alcoholic fatty liver disease (Pan et al., 2020).

Because allele­asymmetric alterations in profiles of  histone 
modifications and of open chromatin can reflect SNP­induced 
changes in the binding of TFs (Kar et al., 2014; Hatayama, 
Aruga, 2018; Huang et al., 2018; Yi et al., 2020), these data 
are also widely utilized to find ASB events. For instance, Mau­
rano et al. (Maurano et al., 2015) have examined 493 open­
chromatin profiles (DNase­seq) obtained in various cell 
lines, where 64,599 SNPs with ASB have been found. Their 
bioinformatic analysis using position weight matrices for 
2,203 motifs of TFBSs from different sources indicates that 
most of the identified SNPs can affect the binding of TFs 
and hence the accessibility of the respective DNA regions 
to DNase I (Maurano et al., 2015). A newer technique for 
detecting open chromatin, ATAC­seq, is based on the ability 
of a hyperactive mutant of Tn5 transposase to detect open  
DNA regions in chromatin (Marinov, Shipony, 2021) and is 
also used to search for ASB events. In particular, it has been 
employed to identify 53 rSNPs in breast cancer MCF­7 cells 
and 125 rSNPs in a line of human mesenchymal stem cells 
(MSCs); in total, 30 % of the rSNPs found in MCF­7 cells and 
43 % of those found in MSCs have been identified as eQTLs 
in GTEx data, indicating their influence on gene expression 
(Xu et al., 2020). Examples of use of data from ChIP­seq 
(involving antibodies to histone marks) for registering ASB 
events can be found in refs (Sun J. et al., 2016; D’Oliveira 
Albanus et al., 2021; Li M. et al., 2021). 

The combination of searches for ASE events and ASB 
events can be considered the most productive approach to 
identifying rSNPs. For example, in our work (Korbolina et 
al., 2018), at first, ASB events were identified in ChIP­seq 
data from the ENCODE project for histone modifications 

H3K27ac, H3K4me1, H3K4me2, H3K4me3, and H3K27me3 
as well as for 456 TFs and their associated proteins in human 
cell lines K562, MCF­7, and HCT­116. Then, by means of 
RNA­seq data obtained from the same cell lines, SNPs (rSNPs) 
that are associated with changes in gene expression levels were 
identified. According to GWASs, out of 1,633 rSNPs found in 
this way, 27 have shown associations with cancers (Korbolina 
et al., 2018), and 14, with cognitive disorders (Bryzgalov et al., 
2018). Another 30 rSNPs have been implicated in colorectal 
cancer with the help of data from the International Cancer Ge­
nome Consortium (ICGC) (Seshagiri et al., 2012). Genotyping 
of patients with colorectal cancer and healthy individuals for 
six of these SNPs has revealed an association of rs590352, 
rs4796672, and rs2072580 with this disease (Leberfarb et al., 
2020). A correlation with breast cancer has been found for 
rs2072580 (Degtyareva et al., 2020). Later, the same approach 
has allowed to identify 14,266 rSNPs during the processing 
of data obtained in a study by Reyes­Palomares et al. (Reyes­
Palomares et al., 2020) on H3K4me3 histone marker profiling 
(ChIP­seq) and RNA­seq data on pulmonary­artery epithelial 
samples from 19 individuals (Korbolina et al., 2021).

MPRA
Research into the effect of polymorphic­site alleles on reporter 
gene expression via simultaneous transfection of  hundreds 
and thousands of  barcoded plasmid constructs into eukaryotic 
cells with subsequent transcriptome sequencing is also an 
infor mative approach to finding rSNPs (Vockley et al., 2015; 
Tew hey et al., 2016; Movva et al., 2019). The largest­scale 
study based on this approach has been conducted in the labora­
tory of  Bas van Steensel (van Arensbergen et al., 2019). Using 
a promoterless plasmid and fragmented genomes (fragment 
length 150–500 bp) of four individuals belonging to diffe­
rent ethnic groups, two barcoded libraries were constructed 
for each individual, where inserts were expected to play the 
role of a promoter. At the same time, on the basis of data on 
transcription initiation in enhancer regions (Natoli, Andrau, 
2012; van Arensbergen et al., 2017), those authors expected 
to detect not only promoters but also enhancers. The use of 
DNA from humans of genetically distant ethnic groups al­
lowed those investigators to hope for an analysis of the largest 
possible number of polymorphic sites that are homozygous 
for different alleles in at least two of those people.

After transfection of K562 and HepG2 cells with the result­
ing libraries, 19 and 14 thousand potential rSNPs, respectively, 
were found, most of which did not overlap, once again indicat­
ing tissue specificity of the supragenomic (protein) regulatory 
machine. The identified SNPs showed significant enrichment 
within regulatory regions of the genome. In this case, the 
enrichment (approximately 15­fold) was three times higher 
in promoter regions than in enhancer regions (approximately 
5­fold); this outcome is obviously due to the design of the 
reporter constructs. For several rSNPs, by mass­spectrometric 
analysis of proteins interacting with oligonucleotides contain­
ing minor alleles, those authors were able to identify TFs the 
binding sites of which are altered by a nucleotide substitution. 
In particular, the A allele of rs623853 was found to disrupt 
the binding of TFs of the ELF family, whereas the C allele of 
rs554591 weakens the binding of ZNF787 while enhancing 
the binding of KLF and SP (van Arensbergen et al., 2019). 

https://www.mayoclinic.org/diseases-conditions/nonalcoholic-fatty-liver-disease/symptoms-causes/syc-20354567
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Fig. 2. The scheme of an integrative approach to the search for SNPs func-
tionally important for the development of a trait (pathology) on the basis 
of two opposite principles: from an association with a trait to its function 
(solid arrows) and vice versa, from a function to a trait (dashed arrows). 
Cross-containing arrows show ways to increase the evidence base for 
functional significance of sets of SNPs, and dotted arrows represent ways 
to study individual SNPs in detail.
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Conclusion
Programs – of coordinated switching on, switching off, and 
changes of the expression of various genes – that underlie 
(1) ontogenesis events, (2) the existence of many types of 
differentiated cells, and (3) the abilities of cells to respond to 
various factors of the external and internal environment are 
implemented by the regulatory part of the genome of multicel­
lular organisms. The information encoded in the regulatory 
regions is converted into a desired pattern of gene expression 
primarily via the binding of TFs to specific sequences in the 
regulatory regions (e. g., promoters, enhancers, and silencers) 
(Lan et al., 2012; Merkulova et al., 2013; Dubois­Chevalier 
et al., 2018; Chen, Pugh, 2021; Tobias et al., 2021). Accord­
ing to present­day concepts, the SNPs located in regulatory 
regions of genes, affecting binding sites of  TFs, and changing 
the level of gene expression play a central part in the varia­
tion of phenotypic traits, including predisposition/resistance 
to multifactorial diseases (Maurano et al., 2015; Deplancke 
et al., 2016; Carrasco Pro et al., 2020). In this regard, there 
is a strong interest both in functional interpretation of SNPs 
 having an association with various diseases (primarily ac­
cording to GWAS data) and in the development of massive 
function­based approaches to the discovery of rSNPs. Inter­
pretation of data from GWASs is carried out either at the level 
of individual SNPs or for all SNPs collectively by a variety 
of functional genomics techniques (Fig. 2). Meanwhile, the 
same methods of functional genomics are used for personal 
searches for rSNPs, but at the same time, it is necessary to 
solve the inverse problem: determining a relation between the 
found rSNPs and a trait (disease). The most popular solution 
to this problem is to compare the obtained data with available 
information from GWASs (see Fig. 2). On the other hand, in 
this way, usually only 1.5–3.0 % of found rSNPs are impli­
cated in various traits (Cavalli et al., 2016b, 2019; Korbolina 
et al., 2021). In this regard, it seems very promising to take 
advantage of results of eQTL analysis, enabling an investiga­
tor to determine an influence of many specific rSNPs on the 

expression of fairly large groups of genes, the subsequent 
analysis of which by modern functional annotation tools (Gene 
Ontology, Kyoto Encyclopedia of Genes and Genomes, and 
others) allows to get an idea about a possible affected trait 
(Korbolina et al., 2021).

To sum up, there are two approaches – based on opposite 
principles – to finding SNPs that are important for the develop­
ment of a trait (pathology): on the one hand, starting from data 
on an association of an SNP with some trait, and on the other 
hand, starting from determination of allele­specific changes at 
the molecular level (in the transcriptome or regulome). It can 
be concluded that comprehensive use of the two approaches 
appreciably enriches our knowledge about the participation 
of genetic determinants in molecular mechanisms of trait 
for mation, including predisposition to multifactorial diseases. 
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Abstract. Ectodermal dysplasia (ED) is a heterogeneous group of hereditary diseases of the skin and its ap-
pendages, which are characterized by impaired development and/or homeostasis of two or more ectoderm deriva-
tives, including: hair, teeth, nails, sweat glands and their modifications (mammary glands, for instance). The overall 
prevalence of ectodermal dysplasia remains precisely unknown not only in Russia, but also in the world, nor is 
known the contribution of individual genes to its structure. This complicates the DNA diagnosis establishment of 
this disease due to the lack of an accurate diagnostic algorithm and a universal cost-effective method of analysis. To 
date, the most highly-researched genes involved in the development of anhydrous or hypohidrotic forms of ED are 
EDA, EDAR, EDARADD and WNT10A. The ectodysplasin A (EDA) gene is the cause of the most common X-linked form 
of ED, a gene from the Wnt family (WNT10A) is responsible for the autosomal recessive form of the disease, and two 
other genes (EDAR and EDARADD) can cause both autosomal recessive and autosomal dominant forms. This review 
provides the characteristics of the genes involved in ED, their mutation spectra, the level of their expression in 
human tissues, as well as the interrelation of the aforementioned genes. The domain structures of the correspond-
ing proteins are considered, as well as the molecular genetic pathways in which they are involved. Animal models 
for studying this disorder are also taken into consideration. Due to the cross-species genes conservation, their 
mutations cause the disruption of the development of ectoderm derivatives not only in humans, but also in mice, 
cows, dogs, and even fish. It can be exploited for a better understanding of the etiopathogenesis of ectodermal 
dysplasias. Moreover, this article brings up the possibility of recurrent mutations in the EDA and WNT10A genes. The 
review also presents data on promising approaches for intrauterine ED treatment.
Key words: ectodermal dysplasia; EDA; tooth agenesis; Wnt family.
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Аннотация. Эктодермальные дисплазии – гетерогенная группа наследственных заболеваний кожи и ее при-
датков, которые характеризуются нарушением развития и/или гомеостаза двух и более производных экто-
дермы, включая: волосы, зубы, ногти, потовые железы и их модификации (например, молочные железы). Об-
щая распространенность эктодермальных дисплазий остается точно неизвестной не только в России, но и в 
мире, так же как и вклад отдельных генов в ее структуру. Это затрудняет ДНК-диагностику данного заболева-
ния ввиду отсутствия строгого алгоритма диагностики и универсального, экономически выгодного метода 
анализа. На сегодняшний день наиболее изученными генами, вовлеченными в развитие ангидротической 
или гипогидротической форм эктодермальной дисплазии являются EDA, EDAR, EDARADD и WNT10A. Ген экто-
дисплазина А (EDA) служит причиной самой частой Х-сцепленной формы эктодермальной дисплазии, ген из 
семейства Wnt (WNT10A) отвечает за аутосомно-рецессивную форму заболевания, а два других гена (EDAR и 
EDARADD) могут быть причиной как аутосомно-рецессивных, так и аутосомно-доминантных форм. В настоя-
щем литературном обзоре приведены характеристика генов, вовлеченных в эктодермальную дисплазию, 
спектры их мутаций, уровень их экспрессии в тканях человека, а также взаимосвязь вышеупомянутых генов 
друг с другом. Обсуждается также доменная структура соответствующих белков, рассмотрены молекулярно-
генетические пути, в которые они преимущественно вовлечены, и описаны животные модели для изуче-
ния данной патологии. Ввиду межвидовой консервативности упомянутых генов, мутации в них вызывают 
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нарушения развития производных эктодермы не только у человека, но и у мышей, коров, собак и даже рыб, 
что может быть использовано для лучшего понимания этиопатогенеза эктодермальных дисплазий. Более 
того, в статье поднимаются вопросы о возможных частых мутациях в генах EDA и WNT10A. Приведены также 
данные касаемо разрабатываемых перспективных подходов к внутриутробному лечению эктодермальной 
дисплазии.
Ключевые слова: эктодермальная дисплазия; EDA; агенезия зубов; семейство Wnt.

Introduction
Ectodermal dysplasia (ED) refers to a diverse set of  molecular 
genetic disorders that share a common feature of develop-
mental abnormalities or imbalances affecting two or more 
ectodermal structures (Wright et al., 2019). Despite the fact 
that the ectoderm determines the development of many organs 
and tissues, such as: the central and peripheral nervous system, 
pituitary gland, olfactory neuroepithelium, melanocytes, tooth 
enamel, epidermis, including sweat glands, hair, nails, ED 
primarily affects the latter group of ectodermal derivatives. 

The exact prevalence of ED is uncertain due to limited 
research and differing classification criteria across countries. 
Nonetheless, some estimate that it may affect as many as 70 
out of 100,000 newborns (Itin, Fistarol, 2004). Reported data 
for the Danish population, collected from 1995 to 2010, indi-
cate that the prevalence of ectodermal dysplasia corresponds 
to 21.9 per 100,000, and molecularly confirmed X-linked 
ectodermal dysplasia – 1.6 per 100,000 (Nguyen-Nielsen et 
al., 2013). Thus, ectodermal dysplasias, although they are not 
among the most common hereditary diseases, have a wide-
spread presence and make a significant contribution to the 
structure of dental, dermatological, and genetic pathologies.

This group of pathological conditions may have been 
known since the end of the 18th century, however, the first 
documented case of ectodermal dysplasia dates back to 1838, 
when Wedderburn, in a letter to Charles Darwin, described 
10 men from an Indian family suffering from partial absence 
of teeth, baldness and excessive dry skin (Felsher, 1944). In 
1848, two additional patients were reported by Thurman, and 
another case was documented by Guilford in 1883. However, 
only in 1929 the term “hereditary ectodermal dysplasia” was 
introduced by Weech, who also introduced the term “anhi-
drotic” to describe individuals with ectodermal dysplasia who 
exhibit a diminished ability to sweat. This term was subse-
quently replaced by “hypohidrotic” (Weech, 1929). Following 
an analysis of 19 affected families in 1937, Siemens concluded 
that the genetic etiology of ectodermal dysplasia could not 
be explained by a single gene and one mode of inheritance. 
Thus, it was realized that both dominant and recessive forms 
of the disease were present, along with sex-linked forms that 
exhibited phenotypic overlap but did not entirely replicate it 
(Siemens, 1937). In 1939, Clouston noticed that despite similar 
clinical data patients with manifestations of ectodermal dys-
plasia may differ significantly from each other in the extent of 
sweat gland development. As a result, he classified them into 
two broad categories: hypohidrotic type, which was limited 
to only 4 cases, and hidrotic ectodermal dysplasia, which 
encompassed over 50 patients (Clouston, 1939). 

Further study of this nosological unit resulted in the de ve-
lopment of the initial clinical classification by Freire-Maia and 
Pinheiro (Freire-Maia, 1971; Freire-Maia, Pinheiro, 1988), 

which has been widely employed in routine medical practice. 
Their classification was based on the principle of involvement 
of certain ectodermal structures in the pathological process. 
They assigned to group A all conditions in which at least 
two classical derivatives of the ectoderm were affected, such 
as: hair, teeth, nails and sweat glands. Diseases assigned to 
group B included deviations in only one of the four struc-
tures mentioned above and one additional ectodermal defect, 
such as abnormalities of the ears, lips, or palmar and plantar 
hyperkeratosis. The condition, which was characterized by 
the presence of only ectodermal signs, they called pure ecto-
dermal dysplasia. The combination of ectodermal signs with 
other anomalies was called ectodermal dysplasia syndrome 
by the authors. In addition, all the classical structures of the 
ectoderm were numbered, where 1 – hair, 2 – teeth, 3 – nails, 
4 – sweat glands, in order to distinguish further the main 
groups of ED: ED1 – trichodysplasia, ED2 – dental dyspla-
sia, ED3 – onychodysplasia, ED4 – dyshidrosis (Deshmukh, 
Prashanth, 2012). It is worth mentioning that the classifica-
tion proposed by Freire-Maia and Pinheiro did not consider 
the molecular and genetic aspects of ectodermal dysplasia 
and necessitated revision with the emergence of next-gene-
ration sequencing techniques and advancements in genomic  
medicine. 

At the end of 2019, a group of international experts asso-
ciated with the National Foundation for Ectodermal Dyspla-
sias (NFED) published a revised classification of ectodermal 
dysplasia (ED) in the American Journal of  Medical Genetics. 
This updated classification system is based on the molecular 
pathways involved in the development of ED and provides 
a more precise list of pathologies than previous classifications. 
Specifically, the new classification identifies 102 syndromes 
that fall under the definition of ectodermal dysplasia, reflecting 
a more comprehensive understanding of this complex condi-
tion (Wright et al., 2019). In addition to non-syndromic ecto-
dermal dysplasia, it included such heterogeneous syndromes 
as: Coffin–Siris, Dubowitz, Haller mann–Streiff, Gorlin–Goltz, 
Johanson–Blizzard and others, which does not meet the 
criteria set by domestic terminology. In the Russian Federa-
tion, the term “ectodermal dysplasia” typically refers only to 
non-syndromic forms of the condition, specifically anhidrotic 
(hypohidrotic) and hidrotic forms (Kozlova, Demikova, 2007). 
However, it is worth noting that these isolated forms are fully 
consistent with the molecular etiology proposed by experts 
from NFED.

The current understanding of ED suggests the involvement 
of four major signaling pathways: EDA-mediated, WNT-, 
NF-κB-, and TP63-mediated pathways. Of these, only the first 
three have been implicated in the development of anhidrotic 
forms of ectodermal dysplasia (Fig. 1) (Mikkola, 2009; Sadier 
et al., 2015; Wright et al., 2019).
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Fig. 1. The major proteins involved in the development of ectodermal structures.
EDA is expressed on the cell surface, but its extracellular domain can be proteolytically cleaved to form a soluble signaling molecule 
that binds to the ectodysplasin receptor (EDAR). EDAR interacts with the EDARADD protein, and further downstream signaling via 
activation of the NFκB pathway leads to the expression of genes specific to the epidermis, hair, teeth, and nails. XL-HED – X-linked 
hypohidrotic ectodermal dysplasia, AD-HED – autosomal dominant hypohidrotic ectodermal dysplasia, AR-HED – autosomal reces-
sive hypohidrotic ectodermal dysplasia, HED-ID – hypohidrotic ectodermal dysplasia with immunodeficiency.

Major genes involved in the development  
of ectodermal dysplasia
The human EDA gene (also known as ED1, HED, EDA1, 
EDA2, HED1, ODT1, XHED, ECTD1) is a protein-coding 
gene responsible for the synthesis of ectodysplasin A, a type II 
transmembrane protein belonging to the tumor necrosis fac-
tor (TNF) family, which is involved in the transmission of 
epithelial-mesenchymal signals during the morphogenesis of 
ectodermal structures in humans (Bayés et al., 1998; Mikkola, 
Thesleff, 2003).

The EDA (ectodysplasin A) gene is mapped on the X chro-
mosome, at the Xq13.1 locus, according to the main tran-
script (NM_001399.5), it contains 8 exons, with start and 
stop codons in the first and last exons, respectively. A total 
of 8 protein-coding isoforms have been described, differing 
in length and function, but isoform 1 (EDA-A1), consisting 
of 391 amino acids, is the main one and is the ligand for the 

EDAR receptor. Another isoform, known as EDA-2, is dis-
tinguished by the absence of Val307 and Glu308 in the TNF 
domain and binds only to EDA2R, ensuring the subsequent 
correct postembryonic functioning of various structures and 
tissues (Kere et al., 1996). Both isoforms, EDA1 and EDA2, 
through the EDAR and EDA2R receptors activate the NFκB 
signaling pathway, but only the EDA1/EDAR interaction is 
important in the development of ectoderm derivatives and 
the disease (Newton et al., 2004). The precise reason why the 
disruption of EDA-A2/XEDAR interaction does not lead to 
the ectodermal dysplasia phenotype is currently unknown and 
requires further investigation, however, studies have shown 
that EDA-A2 is expressed primarily in aging adipose tissue, 
arteries, heart, lungs, muscle, and skin, and may also regulate 
glucose metabolism, and serves as a predictor of steatosis 
aggravation in patients with non-alcoholic fatty liver disease 
(Yang et al., 2015; Cai et al., 2021).
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Fig. 2. Domain structure of the main proteins involved in the EDA-me-
diated pathway.
TM – transmembrane domain; Furin cleavage – Furin cleavage site; COL – col-
lagen domain; TNF – tumor necrosis factor domain; LBD – ligand-binding do-
main; DD – death domain.

Besides the C-terminal TNF domain (249–383 aa), ecto-
dysplasin A contains a collagen domain (180–229 aa), a furin 
cleavage site (153–160 aa), and a transmembrane N-terminal 
domain (42–62 aa) (Chen et al., 2001; www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi; www.uniprot.org/uniprot/Q92838) 
(Fig. 2). Ectodysplasin A, as a member of the TNF-ligand fa-
mily, can function locally through direct intercellular contacts 
as a complete membrane form. However, it predominantly acts 
in its secreted form, which is generated through proteolytic 
cleavage at a furin consensus site that releases the C-terminal 
part of the protein as a soluble trimeric ligand. This ligand then 
initiates downstream signaling by activating various proteins 
(Elomaa, 2001) (see Fig. 1).

EDAR is another key protein in this molecular genetic 
pathway, encoded by the gene of the same name at the 
chr2q12.3 locus. As for the topology, the ectodysplasin A 
receptor has an extracellular part, including a ligand-binding 
domain (LBD) (13–148 aa), encoded by exons 2–5 and a cy-
toplasmic part, represented by a death domain, encoded by 
exon 12 (354–428 aa) for interaction with the β-isoform of 
EDARADD (Sadier et al., 2015; Zhang et al., 2020; www.
ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The latter, in turn, 
through the EDAR-associated death domain (124–189 aa) 
and the TRAF6-binding site (27–31 aa) leads to subsequent 
activation of the NF-κB pathway (Morlon et al., 2005; Asano 
et al., 2021) (see Fig. 1).

The high degree of similarity between the human and 
mouse genes facilitated the generation of several mutant 
mouse lines in the 1990s (Headon, Overbeek, 1999; Trzeciak, 
Koczorowski, 2015). It was observed that subjects lacking 
EDA2R(XEDAR) did not exhibit any symptoms of ectodermal 
dysplasia (Newton et al., 2004). However, individuals harbor-
ing recessive (downless) and dominant (Sleek) mutations in 
the EDAR gene demonstrated significant disruption in the 
development of ectodermal structures, such as sparse hair, 
absence of cover behind the ear, and presence of abnormal 
teeth, particularly incisors (Crocker, Cattanach, 1979). In the 
phenotype of Tabby mutant (analog of human EDA) male 
mice, there were found alopecia areata behind the ears, tail 
alopecia, an absence of some vibrissae, abnormal fur texture 
due to the absence of zigzag-shaped and protective hairs, and 
an absence of sweat glands normally found on the paw pads 
(Ferguson et al., 1997; Srivastava et al., 1997). In crinkled and 
swh/swh mice, due to homozygous variants in the  EDARADD 
gene, a similar ectodermal dysplasia phenotype was observed, 
and females were unable to feed offspring due to underdeve-
lopment of the mammary glands (Yan et al., 2002; Kuramoto 
et al., 2005, 2011). 

The highly conserved nature of the EDA-mediated pathway 
has enabled the identification of a common phenotype in other 
vertebrates, as well as distinct mutations in genes of interest 
(Pantalacci et al., 2008). Notably, a long deletion spanning 
exon 3 of the EDA gene was identified in four male calves, 
resulting in a significant reduction in hair density on the head, 
auricles, neck, back, and tail. These areas of the body exhibited 
sparse hair growth, while teeth abnormalities such as partial 
adentia and conical teeth were also observed (Drögemüller 
et al., 2001, 2002). In male dogs with a hemizygous mutation 

in the splicing acceptor site of exon 8 of the EDA gene, all 
sweat glands were absent, they were completely devoid of 
hair in the frontal part and in the pelvic region on the back. 
Most premolars and some incisors were missing, and the 
present teeth were mostly conical. Moreover, affected dogs 
showed increased morbidity and mortality from pulmonary 
infectious diseases compared to other dogs in the same envi-
ronment (Casal et al., 2005). Zebrafish and medaka mutants 
with disturbances in EDA signaling (EDA and EDAR genes) 
were observed to have lost fins and scales, lacked teeth, or had 
abnormally-shaped teeth (Harris et al., 2008; Atukorala et al., 
2010). The situation was similar with marine and freshwater 
sticklebacks: marine representatives of Gasterosteus aculea­
tus, in which the expression of the EDA gene is much higher, 
demonstrated a more developed cover with 32 lateral plates, 
while freshwater individuals were limited to 0–9 lateral plates 
(O’Brown et al., 2015). Based on these data, the EDA pathway 
probably controls the development of ectoderm derivatives in 
all vertebrates (Sadier et al., 2014).

EDA is mostly expressed in endocrine organs (adrenals, 
thyroid, ovaries), various parts of the brain and heart, the low-
est level of expression is observed in blood cells (TPM 0.18). 
For cultured fibroblasts, this indicator is 0.89, which makes 
them the most accessible object for studying EDA-transcripts 
(www.gtexportal.org). Expression of EDAR and EDARADD 
predominantly occurs in the bladder, esophageal mucosa, and 
skin. However, it is also more efficient to study  EDARADD 
expression patterns on a culture of fibroblasts, while studying 
the structure of mRNA and splicing disorders of EDAR-tran-
scripts is possible mainly only when using blood leukocytes 
(www.gtexportal.org).
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According to the HGMD database, mutations in EDA, EDAR 
and EDARADD are relatively evenly distributed throughout 
the genes and affect all significant domains (www.hgmd.cf. 
ac.uk). To date, 371 pathogenic variants have been described 
in the EDA gene, 83 in EDAR, and 19 in EDARADD, includ-
ing missense and nonsense mutations that make up the major 
part, deletions and insertions, including gross ones, as well as 
splicing variants, affecting both canonical splicing sites and 
leading to activation of cryptic ones (www.hgmd.cf.ac.uk).

To date, there is no record of classical recurrent mutations in 
the genes related to the EDA-mediated pathway in any popula-
tion. However, some researchers have reported that variants 
in EDA affecting amino acids R155 and R156 at overlapping 
furin cleavage sites may amount to from 7 to 30 % (Vincent 
et al., 2001; Chaudhary et al., 2022). This phenomenon can, 
in particular, be explained by the presence of a CpG rich 
region in exon 3 in arginine codons 155, 156, which, when  
methylated, causes the so-called C-T transition (Chen et al., 
2001).

Another notable observation is that the majority of muta-
tions occurring in the EDA gene lead to X-linked hypohidrotic 
ectodermal dysplasia (OMIM 305100), characterized by clas-
sic symptoms such as scalp hypotrichosis, nail dystrophy, oli-
godontia with conical incisors, and hypohidrosis (www.omim.
org). While male patients exhibit a more severe phenotype, 
clinical manifestations can also be observed in females, even in 
the absence of an unequal pattern of X-chromosome inactiva-
tion (Vincent et al., 2001). Up to 70 % of heterozygous female 
carriers of pathogenic variants in the EDA gene demonstrate 
one or more disorders: some degree of hypotrichosis, reduced 
sweating, missing one or more teeth, underdevelopment of the 
mammary glands, or problems with breastfeeding – the latter, 
however, can only be fully assessed after puberty or pregnancy, 
respectively (Wahlbuhl-Becker et al., 2017; Wohlfart et al., 
2020). Moreover, even within the same family, there is a cer-
tain variability in the phenotype (Cañueto et al., 2011; Han et 
al., 2020). Cases of selective tooth agenesis (OMIM 313500) 
of the X-linked mode of inheritance, which were also caused 
by pathogenic variants in the EDA gene, are described. Despite 
the fact that mutations leading to this phenotype have been 
described in different protein domains of ectodysplasin A, the 
presence of residual activity of the protein and the possibility 
of its binding to the EDAR receptor is probably the key factor 
(Mues et al., 2010).

For the EDAR and EDARADD genes, both autosomal do-
minant and autosomal recessive forms of anhidrotic ectoder-
mal dysplasia have been described. Some authors believe 
that dominant mutations are mainly localized in the domains 
of protein-protein interactions, which leads to disruption of 
oligomerization and a dominant negative effect (Sadier et 
al., 2014). However, this assumption is not fully justified. 
Thus, functional analysis of missense mutations p.D120Y, 
p.L122R, and p.D123N located near the EDARADD death 
domain proved not only their dominant nature, but also the 
ability to significantly reduce the interaction with TRAF6 and 
suppress the subsequent activation of NF-κB. The p.E152K 
mutation in the heterozygous state, located directly in the 
EDAR-associated death domain, on the contrary, was reces-

sive and showed only a slight decrease in affinity for TRAF6 
(Asano et al., 2021).

The V370A variant is a conservative amino acid substi-
tu tion in the EDAR gene identified in Asian and Latin Ame-
rican populations by whole genome sequencing (Park et al., 
2012). It is believed to be a gain-of-function mutation that 
leads to a 2-fold increase in the activation of the NF-κB 
pathway (Kataoka et al., 2021) and, accordingly, correlates 
with increased hair thickness and special tooth morphology 
in representatives of Asia and indigenous peoples of the USA 
(Bryk et al., 2008). An interesting fact is that this variant was 
selected, presumably in Central China, about 30,000 years 
ago, and the presence in the genotype of pathogenic variants 
in the EDA gene in the presence of V370A reduces the severity 
of clinical manifestations of anhidrotic ectodermal dysplasia 
(Cluzeau et al., 2011).

NEMO is another protein involved in the pathogenetic 
cas cade. Due to the fact that NF-κB also controls the im-
mune response and apoptosis, the clinical manifestations of 
mutations in the NEMO gene are not only limited to damage 
to ectodermal structures, but also include immune system dis-
orders, with the development, in particular, of anhidrotic ecto-
dermal dysplasia with immunodeficiency 1 (OMIM 300291) 
(Smahi et al., 2002).

Mutations in the WNT10A gene are the most common cause 
of non-syndromic selective tooth agenesis (Xu et al., 2017; 
Yu et al., 2019), but are also associated with the develop-
ment of hypohidrotic ectodermal dysplasia, odonto-onycho-
dermal dysplasia, and Schöpf–Schulz–Passarge syndrome. 
The  WNT10A gene encodes a protein of the same name, 
a component of the canonical Wnt/β-catenin signaling path-
way that plays an important role in several stages of dental 
morphogenesis, including activation of the mesenchymal 
odontogenic potential during early tooth development, as well 
as the induction and maintenance of primary and secondary 
enamel nodes (Xu et al., 2017). Conversations are currently 
in progress regarding the contribution of Wnt signaling to the 
development and formation of hair follicles and skin structures 
(Adaimy et al., 2007). The human Wnt-family includes genes 
that show significant similarity to mouse wingless genes, 
and therefore alopecia is consistently observed in WNT10A-
deficient mice (WNT10A–/–), besides growth retardation, 
kyphosis, and reproductive dysfunction (Wang et al., 2018).

Currently, 94 variants for WNT10A are described in the 
HGMD database, however, only p.Cys107Ter (rs121908119) 
and p.Phe228Ile (rs121908120) variants have been suggested 
to be located in hotspots. These mutations were the most 
common among patients of Polish and Italian origin with 
WNT10A-mediated ectodermal dysplasia (Castori et al., 2010; 
Mostowska et al., 2012).

Treatment approaches of ectodermal dysplasia
At present, treatment options for ED are primarily aimed at 
managing the symptoms to prevent complications. A targeted 
and effective treatment approach is yet to be developed. 
However, a phase 2 clinical trial (NCT04980638) involving 
the intra-amniotic administration of ER004 to male fetuses 
with confirmed X-linked ectodermal dysplasia is currently 

http://www.hgmd.cf.ac.uk
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underway. ER004 is a novel signaling protein replacement 
molecule that has been specifically designed to bind with high 
affinity to the endogenous EDAR receptor. ER004 is believed 
to function by providing a replacement for the deficient ecto-
dysplasin A protein in patients who have pathogenic variants in 
the EDA gene. This replacement aims to facilitate the normal 
development of essential ectodermal structures. The proposed 
administration method is intra-amniotic, with a suggested dose 
of 100 mg/kg fetal weight per injection. Treatment would 
consist of a total of three injections administered at intervals 
of three weeks, beginning at 26 weeks of gestation. In order 
to evaluate the long-term efficacy and safety of the treatment, 
individuals will be monitored for a period of 5 years. The end 
of testing is scheduled for April 2029 (www.clinicaltrials.gov/
ct2/show/NCT04980638).

EDI200 is an additional drug currently being developed. 
It is expected to be administered postnatally, between days 2 
and 14 of life, in male patients diagnosed with X-linked ecto-
dermal dysplasia. The treatment would consist of five injec-
tions, each containing 3 mg/kg of the human ectodysplasin A 
molecule. Similar to ER004, EDI200 also targets the activation 
of the EDA-mediated pathway. In vivo experiments conducted 
on XLHED-affected animals have demonstrated that a course 
of EDI200 therapy, whether administered prenatally or post-
natally, can correct EDA deficiency. To evaluate long-term 
efficacy and safety, individuals treated with EDI200 will be 
monitored until they reach the age of 10 years (until March 
of 2025) (www.clinicaltrials.gov/ct2/show/NCT01992289).

Conclusion
In Russia, molecular genetic studies of ectodermal dysplasia 
have not yet been carried out; the contribution of mutations 
of various ED genes remains unknown. The study of the full 
spectrum of mutations in the ED genes will allow developing 
an algorithm for the molecular genetic diagnosis of ectodermal 
dysplasia.
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Abstract. The review describes the main methods for assessing directional selection in human populations. These 
include bioinformatic analysis of DNA sequences via detection of linkage disequilibrium and of deviations from 
the random distribution of frequencies of genetic variants, demographic and anthropometric studies based on a 
search for a correlation between fertility and phenotypic traits, genome-wide association studies on fertility along 
with genetic loci and polygenic risk scores, and a comparison of allele frequencies between generations (in modern 
samples and in those obtained from burials). Each approach has its limitations and is applicable to different periods 
in the evolution of Homo sapiens. The main source of error in such studies is thought to be sample stratification, the 
small number of studies on nonwhite populations, the impossibility of a complete comparison of the associations 
found and functionally significant causative variants, and the difficulty with taking into account all nongenetic 
determinants of fertility in contemporary populations. The results obtained by various methods indicate that the 
direction of human adaptation to new food products has not changed during evolution since the Neolithic; many 
variants of immunity genes associated with inflammatory and autoimmune diseases in modern populations have 
undergone positive selection over the past 2–3 thousand years owing to the spread of bacterial and viral infections. 
For some genetic variants and polygenic traits, an alteration of the direction of natural selection in Europe has been 
documented, e. g., for those associated with an immune response and cognitive abilities. Examination of the cor-
relation between fertility and educational attainment yields conflicting results. In modern populations, to a greater 
extent than previously, there is selection for variants of genes responsible for social adaptation and behavioral 
phenotypes. In particular, several articles have shown a positive correlation of fertility with polygenic risk scores of 
attention deficit/hyperactivity disorder.
Key words: natural selection; Homo sapiens; fertility; adaptation; polygenic index; genome-wide association study.
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Проблемы изучения направленного естественного отбора 
у человека
С.В. Михайлова
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Аннотация. В обзоре описаны основные методы оценки направленного отбора в популяциях человека. В их 
числе биоинформатический анализ последовательностей ДНК, основанный на выявлении неравновесия по 
сцеплению и отклонения от случайного распределения частот генетических вариантов; демографические и 
антропометрические исследования, заключающиеся в поиске корреляции рождаемости с фенотипически-
ми признаками; полногеномные оценки ассоциаций фертильности с генетическими локусами и полигенны-
ми индексами, а также сравнение частот аллелей между поколениями (как в современных выборках, так и в 
полученных из захоронений ДНК). Каждый из этих подходов имеет свои ограничения и применим к разным 
периодам эволюции Homo sapiens. Основными источниками ошибок в таких исследованиях считаются стра-
тификация выборок, ограниченное число исследований на неевропеоидном населении, невозможность 
полного сопоставления найденных ассоциаций и функционально значимых каузативных вариантов, а также 
сложность учета всех негенетических факторов, определяющих фертильность в современных популяциях. 
Полученные с помощью разных методов результаты свидетельствуют о том, что направление адаптации че-
ловека к новым для него пищевым продуктам не меняется в ходе эволюции с неолита; многие из вариан-
тов генов иммунитета, ассоциированных в современных популяциях с воспалительными и аутоиммунными 
заболеваниями, подверглись положительному отбору в период последних 2–3 тыс. лет в связи с распро-
странением бактериальных и вирусных инфекций. По некоторым генетическим вариантам и полигенным 
признакам показана смена направления естественного отбора на территории Европы, среди них связанные 
с иммунным ответом и когнитивными способностями. Анализ корреляции фертильности и уровня образо-
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вания дает противоречивые результаты. В современных популяциях в большей степени, чем ранее, наблю-
дается отбор по вариантам генов, отвечающих за социальную адаптацию и поведенческие фенотипы. В том 
числе в нескольких работах показана положительная корреляция фертильности с полигенными индексами 
синдрома дефицита внимания/гиперактивности.
Ключевые слова: естественный отбор; Homo sapiens; фертильность; адаптация; полигенный индекс; полно-
геномный анализ ассоциаций.

Introduction
It has been shown that the prevalence of some diseases is 
increasing in human populations around the world. These 
include obesity (along with related disorders: type 2 diabetes 
mellitus and coronary heart disease), attention deficit/hyper­
activity disorder (ADHD), autism spectrum disorders, and 
allergic diseases (Charpin, Gouitaa, 2001; Saklayen, 2018; 
Zeidan et al., 2022; Wolf et al., 2023). This phenomenon re­
quires new approaches in medicine, social services, education, 
leisure, and nutrition of children and adolescents.

At the same time, there is no consensus on the causes of 
the observed changes; numerous studies are being conducted 
to find a relation of the diseases with the lifestyle, maternal 
stress, and environmental pollution. The human environment 
has changed dramatically in the last century with the advent of 
new chemical compounds, the growth of anthropogenic pol­
lution, and the progress of medicine, including reproductive 
technologies. Urbanization has led to an increase in population 
density and social stress (Suvorov, 2021). The demographic 
transition has caused the aging of populations; the extended 
life expectancy affected the incidence of metabolic disorders 
and cardiovascular pathologies. In addition, research on the 
contribution of human genetics to the increased disease inci­
dence remains relevant. Standard approaches of medical ge­
netics aimed at finding associations of genetic variants with 
diseases do not allow to answer the question of the direction 
of selection in modern people; this is because (i) these di­
seases – especially in the postreproductive period – are not 
directly related to the number of children an individual has, 
(ii) homozygous or heterozygous carriage of a genetic variant 
can affect fitness in different ways, and (iii) most diseases are 
multifactorial, and the same is true for personality traits. Cur­
rently, several techniques are used to assess natural selection 
in human populations.

Bioinformatic methods
The analysis of DNA sequences in large human cohorts al­
lows to estimate the direction of natural selection over the 
past millennia. For this purpose, methods, algorithms, and 
software packages have been developed based on estimates 
of the frequency of polymorphic variants and linkage disequi­
librium in the areas of their location (Grossman et al., 2013; 
Field et al., 2016; Palamara et al., 2018; Speidel et al., 2019; 
Abondio et al., 2022). It is assumed that (a) longer haplotypes 
(areas that have not undergone recombination) in any region 
of the genome, (b) increased frequencies of derived alleles 
in adjacent loci, (c) a greater difference in allele frequencies 
between populations than could be expected during genetic 
drift, and (d) a higher rate of substitutions at each position 
(calculated from a genomic alignment of 100 vertebrate spe­
cies) may be indicative of directional selection in the genomic 
region in question.

In a study performed on the 1000 Genomes database, 
412 regions with signs of directional selection were analyzed 
(Grossman et al., 2013). These regions proved to be enriched 
with coding variants: 235 regions containing one or more 
protein­coding genes and 177 regions without genes encod­
ing known proteins were found. In addition, 48 genes of long 
intergenic noncoding RNAs were revealed there. Among the 
33 genes containing the most highly ranked single­nucleotide 
variants (SNVs), there are SCL24A5 and MATP (associated 
with reduced skin pigmentation), EDAR (affecting the forma­
tion of hair, sweat glands, and teeth), ARHGEF3 (affecting 
bone mineral density), BTLA (associated with rheumatoid 
arthritis), CTNS (affecting cysteine metabolism), ITPR3 (as­
sociated with type 1 diabetes mellitus), innate­immunity re­
ceptor gene TLR5, ITGAE (involved in cell adhesion and 
lymphocyte activation), and AP4B1 (associated with cerebral 
palsy). A total of 11 loci were associated with height and 
pigmentation, and 79 with a predisposition to infectious and 
autoimmune diseases. The SLC24A5 gene, in addition to pig­
mentation, determines resistance to leprosy. Genes ALMS1, 
CCR9, CXCR4, and VDR are also located in the loci associated 
with resistance to infections and having signs of selection.

Another study, performed on 2,478 people of various 
backgrounds from the 1000 Genomes database, has identified 
several genomic regions with positive selection for multial­
lelic traits, including red and white blood cell counts, hair 
color, and the body mass index (BMI) (Speidel et al., 2019). 
Among the targets of positive selection, enrichment with 
SNVs in functional regions of the genome was observed in 
that paper. Signs of positive selection were found, in the major 
histocompatibility complex (MHC) locus and genes LCT (as­
sociated with lactose tolerance), EDAR, EDARADD, HERC1 
(associated with syndromic mental retardation), and ATXN2 
(associated with type 1 diabetes mellitus, obesity, and hyper­
tension). In the same article, the proposed method of looking 
for signs of positive selection was applied to British Biobank 
data, resulting in a signal for SNVs associated with lighter hair 
in Europeans. The most significant signal identified is related 
to SNVs associated with a reduced BMI in white Americans. 
The largest number of loci with signs of selection was found 
in Europeans, whereas East Asians have the least number of 
signals (presumably owing to the “bottleneck” effect in their 
history) (Speidel et al., 2019).

In an examination of data from the British Biobank, 12 di­
rectional selection signals were detected, including those 
located near immunity genes (TLR1-6-10, HLA, IGHG, STAT4, 
MUC5B, FAM19A5, and ANXA), near the genes that determine 
pigmentation (GRM5 and MC1R), and near LCT (Palamara 
et al., 2018). As a result of the analysis of 3,195 genomes 
from British project UK10K, signs of selection over the past 
2–3 thousand years have been found in MHC locus and in 
LCT and WDFY4 (associated with activation of  T cells during 
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viral infections) genes as well as in the genes responsible for 
skin and hair pigmentation (KITLG, OCA2/HERC2, ASIP, and 
SLC24A4). Polygenic selection has been identified for variants 
predisposing to higher growth and lower total cholesterol in 
both sexes and to a reduced BMI in males (Field et al., 2016). 
By the same method applied to data of the British Biobank, 
other researchers (Song et al., 2021) have analyzed selection 
signals for 870 disease­associated polygenic traits and 15 non­
disease­associated phenotypic traits. It was noted that during 
the last 2–3 thousand years, 88 % of polygenic traits have 
undergone selection. The highest scores were shown by genes 
that determine the ease of skin tanning and lighter hair. Selec­
tion for most disease­related loci, including those asso ciated 
with autism spectrum disorders and elevated cholesterol, was 
negative; an exception was genes predisposing to Crohn’s 
disease and ADHD. For polygenic scores of intelligence and 
insomnia, a change in the direction of adaptation was predicted 
at ~133 generations ago.

Twenty­nine genetic loci with signs of directional selection 
were identified in biological samples from the Japan Biobank 
(Yasumizu et al., 2020). The highest statistical significance 
was registered for the alcohol dehydrogenase (ADH ) gene 
cluster and for genes CIAO2A (metal ion binding), MYOF 
(cell membrane regeneration), GRIA2 (glutamate receptor), 
and ASAP2 (vesicular transport). That work also confirmed 
previously reported selection pressure on EDAR genes and on 
the MHC gene cluster in the Japanese population.

Several studies have assessed the evolution of genes asso­
ciated with inflammatory diseases separately. In an evaluation 
of the length of haplotypes containing 588 SNVs associated 
with 10 inflammatory diseases in European populations, signs 
of relatively recent (within the last 1,200–2,600 years) positive 
selection were identified in 21 loci, while variants associated 
with diseases, not protective alleles, were being selected (Raj 
et al., 2013). As a result of a comparison of several common 
multifactorial diseases and phenotypic traits in terms of the 
number of SNVs under positive selection associated with 
them, most of these SNVs were implicated specifically in 
inflammatory diseases. The genetic variants found are mainly 
involved in the molecular pathways participating in the ac­
tivation of T helper 17 (Th17) lymphocytes (STAT1, STAT3, 
STAT5, IRF1, CSF2, IL2, IL3, IL12A, IL2RA, and SOCS1) (Raj 
et al., 2013). On data from the Estonian Biobank (2,300 whole­
genome sequences), a search for signs of directional selection 
was performed at 535 loci associated with 21 autoimmune 
diseases. As a result, 153 loci showed signs of selection, while 
29 of them were found to be selected due to linkage with other 
variants (Pankratov et al., 2022). The largest number of loci 
found in this work was associated with leukocyte activation 
and cytokine synthesis. 

The search for genetic variants that have been under selec­
tion is difficult because a substantial number of identified ge­
nome loci with signs of directional selection have been found 
in intergenic regions (Grossman et al., 2013; Yasumizu et al., 
2020), for which no functional significance can be predicted. 
As a consequence, there is no answer to the question whether 
this effect is due only to the insufficient level of knowledge 
about noncoding regions of the genome or to the inaccuracy 
of the algorithms used.

Comparison of genomes  
of ancient and modern humans
The accumulation of data on DNA sequences from human 
remains from burial sites makes it possible to compare them 
with genotypes of modern humans. A comparison of geno­
types among people who lived at different times in the same 
geographic area is of particular interest.

When comparing ancient and modern genomes of people 
from Britain, investigators found seven loci to have signs of 
directional selection over the past 4,500 years (Mathieson, 
Terhost, 2022). Most of them are associated with vitamin D 
or calcium metabolism. It was demonstrated that the strength 
of selection for individual loci has changed over time, sug­
gesting that some factors have appeared that have softened it. 
Among the 28 complex anthropometric and metabolic traits 
analyzed in that work, evidence of polygenic selection was 
detected only for skin pigmentation.

Polymorphic sites in innate­immunity genes associated with 
predisposition to mycobacterial infections (SLC11A1, MBL2, 
TLR2, P2RX7, IL10, and TNFA) have been studied in remains 
of 151 people in time series data (1st–18th centuries AD) from 
Northern and Eastern Poland (Lewandowska et al., 2018). This 
DNA analysis indicated that genetic drift has played the main 
role in the evolution of people in this region; however, two 
SNVs (rs17235409 of the divalent cation transporter SLC11A1 
gene and rs1800896 of interleukin IL10 gene) manifested signs 
of nonrandom evolution.

In a collection of 1,013 genomes of Europeans born from 
the Mesolithic Age to the Middle Ages, the frequency of 
rs34536443 of the TYK2 gene has been estimated (Kerner et 
al., 2021). This gene encodes a tyrosine kinase that is involved 
in signal transduction from cytokine receptors. The minor al­
lele of rs34536443 has previously been shown to be associated 
with susceptibility to tuberculosis. In that work (Kerner et al., 
2021), it was found that this rare allele emerged as a single 
mutational event during the Early Neolithic ∼8,500 years 
ago on the Anatolian Peninsula, and then spread to Central 
Europe, where its frequency had remained within 3 % until 
~5,000 years ago. In the Bronze Age, the frequency peaked 
(10 %) ~3,000 years ago, and after the Iron Age, it began to 
decline sharply until it reached 2.9 %. The observed changes 
in the frequency of rs34536443 are associated with the spread 
of tuberculosis in Europe. rs1800562 of the HFE gene (iron 
metabolism regulator) was also investigated by those authors 
(Kerner et al., 2021). Its maximum frequency in Europe 
(~10 %) was reached in the Middle Ages, and then it decreased 
in Europe to an average of 4 %.

Other work researchers have explored 827 ancient samples 
of European origin (from 25,000 years BC to the present) 
(Kuijpers et al., 2022). In accordance with the available data 
on genome­wide polygenic risk scores of inherited traits in 
Europeans, the genomes were compared at different time 
intervals. It was demonstrated that after the Neolithic, height 
and intelligence increased in the European population, skin 
pigmentation diminished, and the risk of coronary heart dis­
ease went up due to decreasing concentrations of  high­density 
lipoprotein cholesterol. It was suggested that the latter trend is 
related to cognitive functions because variations in lipoprotein 
levels are associated with intelligence, learning, and memory. 
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To identify the loci that were selected during the bubonic 
plague epidemic (Black Death) in Europe (1,347–1,351 AD), 
an association analysis has been performed on immunity 
genes in 206 DNA samples originating from burials of two 
European populations before, during, and after this epidemic 
(London: years ~1,000–1,250 and 1,350–1,539, and Denmark: 
~850–1,350 and ~1,350–1,800) (Klunk et al., 2022). Four posi­
tively selected loci (rs2549794, which affects ERAP2 mRNA 
splicing, and three SNVs in noncoding regions: rs11571319, 
rs17473484, and rs1052025) proved to be common between 
British and Danish burials. It was shown that genes located 
near these SNVs (ERAP1, ERAP2, LNPEP, CTLA4, ICOS, 
TICAM2, and TMED7) are differentially expressed in human 
macrophages in response to Yersinia pestis infection.

An analysis of 187 polygenic traits in three sets of ancient 
human genomes (from 8,000–4,200, ~14,000–3,400, and 
~45,000–7,000 years ago) indicates that in Near East genomes, 
selection signals for tan­determining genes varied depending 
on latitude; signs of positive selection were observed at low 
latitudes, and signs of negative one at high latitudes (Song et 
al., 2021). Positive selection signals were also demonstrated 
in that work for 13 disease loci, including Crohn’s disease, 
atopic dermatitis, and periodontitis.

During an analysis of a study population consisting of the 
1000 Genomes database and 230 remains of inhabitants of 
Eurasia (dated from 6,500 to 1,000 BC), the strongest selection 
signal was detected near the LCT gene (rs4988235) (Mathie­
son et al., 2015). Two other independent signals were found: 
near FADS1 (rs174546) and DHCR7/NADSYN1 (rs7940244). 
FADS1 and FADS2 are fatty acid desaturases taking part in 
the synthesis of long­chain polyunsaturated fatty acids from 
short precursors; variants at this locus correlate with plasma 
fatty-acid concentrations. The most statistically significant 
SNV at this locus (rs174546) is associated with a reduced 
level of triglycerides. 7­Dehydrocholesterol reductase (en­
coded by the DHCR7 gene) participates in the metabolism of 
cholesterol and vitamin D. Additionally, directional selection 
was documented for the MHC and TLR1-6-10 immunity gene 
loci, genes HERC2 and SLC45A2 (responsible for pigmen­
tation), loci near genes ATXN2, GRM5 (glutamate receptor), 
ZKSCAN3 (transcriptional regulation), and SLC22A4 (organic 
cation transporter).

The limitations of this approach to the analysis of directional 
selection are as follows: data from burial sites are fragmen­
tary, and the observed alterations in genomes can be due to 
migrations from regions where the genetic pool was formed, 
for example, under the influence of bottleneck effects (Kerner 
et al., 2021) and assortative mating (Mills, Mathieson, 2022). 
In the work performed on Estonian Biobank data and on the 
Allen Ancient DNA Resource (AADR) V44.3 (Marnetto et 
al., 2022), it was shown that in a mixed population formed 
from previously isolated populations of pastoralists, hunter­
gatherers, and farmers, some phenotypes are associated with 
the carriage of DNA sequences specific for ancestral popula­
tions in certain regions of the genome. Among other things, it 
was demonstrated that blood cholesterol levels among modern 
Estonians are positively correlated with the similarity of their 
genomes to those of carriers of the Yamnaya culture at loci 
associated with cholesterol levels. Thus, during the formation 
of a population, the observed difference in allele frequencies 

relative to an ancestral population may not necessarily indicate 
directional selection.

Estimation of the number of children  
in carriers of different phenotypes and genotypes
In addition to changes in the prevalence of genetic variants or 
phenotypic traits over time, the presence of directional natural 
selection is indicated by differing numbers of offspring in car­
riers of certain genotypes or traits. After the demographic tran­
sition that has taken place in many countries and has featured 
a decline of infant and child mortality with a simultaneous 
decrease in fertility, it is the estimation of the number of chil­
dren that is the most accurate method for researching modern 
directional selection in human populations. Cross­sectional 
studies on populations of young people do not reflect the real 
number of offspring because there is a tendency to postpone 
the birth of the first and hence subsequent children (Balbo 
et al., 2013). In an analysis of a sample older than 50 years, 
dead individuals, which nevertheless had offspring, fall out 
of sight. Therefore, long­term studies are the most promis­
ing, especially those that enable a comparison of successive 
generations. The most commonly used indicators of fertility 
are (i) the total number of children ever born (NEB) in women 
over 45 and in men over 55, (ii) the age at first birth, which 
shows a strong inverse correlation with NEB (Tropf et al., 
2015; Kong et al., 2017; Sanjak et al., 2018; Arkhangelskiy 
et al., 2020), (iii) relative reproductive success (the number of 
children per individual divided by the average number of chil­
dren per individual in the population), and (iv) childlessness.

Demographic and anthropometric studies
Fertility is the subject of demographic research. Special 
attention is paid to problems of population reproduction in 
countries that have made the demographic transition because 
the observed decline of the birth rate leads to the “aging” of 
the population, to a decrease in the proportion of working­age 
people, and as a result, to a decline of economic growth rates. 
Demographers seek to predict population size and fertility and 
to detect its possible association with socioeconomic factors, 
which would allow to regulate population reproduction. Thus, 
demography essentially investigates the association of com­
plex phenotypic traits with natural selection in a population.

A search for relations between fertility and income, edu­
cational attainment, religiosity, and anthropometric data has 
yielded mixed results (Table 1).

Some articles point to an inverse correlation between the 
NEB and the income of individuals and households (Arkhan­
gelskiy et al., 2021; Turner, Robbins, 2023), and others have 
revealed correlations of different directions when men are 
compared with women (Fieder, Huber, 2022); it has also 
been noted that after the division of a cohort into subgroups 
by income level, the direction of the correlation changes (Co­
hen et al., 2013; Arkhangelskiy et al., 2021). Demographers 
pay special attention to the analysis of correlations between 
the birth rate and educational attainment. In the vast major­
ity of papers, indicators of education and cognitive abilities 
show an inverse correlation with the number of offspring 
(Beauchamp, 2016; Reeve et al., 2018; Sanjak et al., 2018; 
Arkhangelskiy et al., 2020; Fieder, Huber, 2022) (see Table 1). 
Of note, among men, educational attainment correlates with 
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Table 1. Described correlations of the number of children ever born (NEB) with demographic and anthropometric characteristics,  
if sex is not specified: for both sexes

Phenotypic trait Sex Direction  
of correlation with NEB

Region Reference

BMI + USA Beauchamp, 2016

Educational attainment –

Height Women –

BMI, weight, waist circumference Men + UK Sanjak et al., 2018

Educational attainment –

Body fat Men +

Fluid intelligence score Women –

Height Women –

Income – USA Turner, Robbins, 2023

Income – Russia Arkhangelskiy et al., 2021

Educational attainment Women – Russia Arkhangelskiy et al., 2020

Body fat Women + UK Arner et al., 2021

Years of education – USA Fieder, Huber, 2022

Attendance of religious services +

Educational attainment Men +

Income Men +

Income Women –

General cognitive ability – Asia, Europe, and USA Reeve et al., 2018

Height Women – Europe Byars et al., 2010

Weight +

Total cholesterol level –

income, the above effect may change (Fieder, Huber, 2022). 
A survey of 9,452 women from 27 EU countries indicates 
that the estimated NEB is higher among women with higher 
education, but this study deals with intentions, not actually 
born offspring (Testa, 2014).

Anthropometric studies have uncovered a slow change in 
some parameters in populations. For example, since the 1950s, 
there has been a 0.5 % increment in the number of cases of 
fetal disproportion during childbirth, and this phenomenon is 
associated with a weakening of natural selection as a result 
of the massive use of cesarean section (Mitteroecker et al., 
2016). A positive correlation of the NEB with physical charac­
teristics has been documented, including weight, the BMI, 
and body fat (Byars et al., 2010; Beauchamp, 2016; Sanjak 
et al., 2018; Arner et al., 2021) (see Table 1). Modern data on 
selection for height contradict those obtained from ancient 
specimens; it has been reported that the number of children 
is negatively correlated with females’ height (Byars et al., 
2010; Beauchamp, 2016). The Framingham two­generation 
study revealed reductions in total cholesterol and systolic 
blood pressure in a European population (Byars et al., 2010).

Nevertheless, the NEB depends on historical, cultural, eco­
nomic, and social environments (for example, the availability 
of contraceptives and child care) (Barban et al., 2016). In de­
mographic research, it is often impossible to establish cau sal 

relations between observed phenomena and to take into ac­
count all nongenetic factors, and this state of affairs makes 
it difficult to employ such data. In this regard, proposals are 
being made for the integration of genetic and demographic 
studies (Hugh-Jones, Abdellaoui, 2022).

Analysis of the association  
of fertility with genetic markers
The NEB has one of the highest levels of polygenicity of any 
trait (Mathieson et al., 2023). At the same time, NEB heri­
tability in different articles is estimated at 14–46 % (Barban 
et al., 2016). In a sample of women from the UK and the 
Netherlands, it has been shown that up to 10 % of the NEB 
variance is determined by common genetic variants (Tropf et 
al., 2015). The main way to assess the effect of the genotype 
on fertility is a genome­wide analysis of the association of 
fertility rates in populations of modern people. The results of 
such research are given in Tables 2 and 3.

A meta­analysis of NEB genome­wide association studies 
(343,072 people) has revealed three main loci: rs10908474 
(near genes SLC27A3 and GATAD2B), rs13161115 (between 
genes EFNA5 and FBXL17), and rs2415984 in the intron 
of long intergenic noncoding RNA gene LINC00871 (the 
strongest signal). An additional study identified a locus near 
rs2415984 containing genes ARHGAP27, PLEKHM1, and 
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Table 2. Genome-wide associations identified for the total number of children ever born,  
if sex is not specified: for both sexes

Genetic locus and its functional significance Phenotype associated with nearby genes  
according to  https://www.ncbi.nlm.nih.gov/gene/

Sex Reference

SLC27A3, GATAD2B;  
lipid metabolism, transcription repressor

Autism, intellectual disability Barban et al., 2016

EFNA5, FBXL17; central nervous system development, 
blood vessel growth

Degenerative disorder of the nervous system Men

LINC00871 (ARHGAP27, PLEKHM1, and MIR4315-1);
endocytosis, vesicular transport

 

MC1R; melanocortin 1 receptor Hair pigmentation Mathieson et al., 
2023 

FADS1/2; fatty acid synthesis enzymes Serum triglyceride level

ARHGAP27; clathrin-mediated endocytosis

PLEKHM1; vesicular transport Autosomal recessive osteopetrosis type 6

PIK3IP1; cell cycle regulator Inhibition of  T cell activation

ZFP82; transcription regulator Tumor suppression

LRP4; WNT signaling regulator Senani–Lenz syndrome

GLDN; formation of peripheral neurons Lethal congenital contracture syndrome

RPS11; ribosomal complex protein

PGGHG; carbohydrate metabolism

Table 3. Polygenic associations found for the number of children ever born (NEB),
if sex is not specified: for both sexes

Polygenic trait Direction  
of correlation with NEB

Sex Reference

ADHD risk + Demontis et al., 2019

PolyEduc, educational attainment polygenic score – Men Fieder, Huber, 2022

POLYEDU, educational attainment polygenic score – Kong et al., 2017 

Height + Men Song et al., 2021

Skin color + Men

High intelligence –

Income – Hugh-Jones, Abdellaoui, 2022

Educational attainment –

ADHD risk, depressive-disorder risk +

Coronary heart disease risk +

BMI +

Extraversion +

Years of education – Barban et al., 2016

Risk of autism spectrum disorder –

MIR4315-1. An analysis of potential functional significance of 
these variants indicates linkage disequilibrium of rs13161115 
with a methylation site near the EFNA5 gene (Barban et al., 
2016) (see Table 2). For the loci associated with age at first 
birth, an inverse correlation with educational attainment has 
been shown. The NEB polygenic score inversely correlates 

with the number of years of education (see Table 3). Most of 
the correlations found in the above meta­analysis for the NEB 
and age at first birth polygenic scores are related to behavioral 
and reproductive phenotypes.

A recent genome­wide search for NEB and childlessness 
associations (785,604 Europeans) yielded 43 genomic loci 
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associated with age of puberty, age at first birth, sex hormone 
regulation, endometriosis, and age at menopause (Mathieson 
et al., 2023) (see Table 2). Among them, 28 are common 
between men and women and six are gender-specific to the 
NEB; nine, including a gender-specific one, are associated 
with childlessness. rs12949256 of ARHGAP27 (p.Ala117Thr) 
is associated with a higher NEB but a shorter reproductive 
period. NEB­associated coding variants were found in genes 
PIK3IP1 (rs2040533, p.Thr251Ser), ZFP82 (rs17206365, 
p.Leu59Met), and LRP4 (rs6485702, p.Ile1086Val). A com­
parison of data between modern (Mathieson et al., 2023) 
and ancient (Mathieson et al., 2015) Europeans shows that 
at the FADS1/2 locus (biosynthesis of ω-3 and ω-6 lipids), 
directional selection has continued for several thousand years. 
A yet unknown role of the melanocortin 1 receptor (MC1R) 
gene in reproductive biology has been discovered. Its effect 
on the number of offspring was stronger in women. Although 
variants of this gene determine ~73 % of the heritability of 
the red hair color, phenotypically the red color in the study 
population was not associated with NEB. After exclusion of 
red­haired women from the analysis, observed MC1R effect on 
the number of offspring in the British Biobank persisted. No 
relation was detected between effects of specific SNVs on hair 
color and on NEB. Intron insertion/deletion polymorphism of 
the CADM2 gene manifested the strongest association with 
childlessness. For this gene, which codes for a cell adhesion 
molecule and is expressed in the brain, a strong balancing 
selection signal and an association with risky behavior have 
been shown (Boutwell et al., 2017). A female-specific associa­
tion with childlessness was found for transcription regulator 
gene PPP3R1 (Mathieson et al., 2023). The results obtained 
in that paper were validated for 35 identified loci in a sample 
of 34,367 FinnGen women (Mathieson et al., 2023). None 
of the signals identified in that study showed significant 
genome­wide associations with educational attainment, church 
attendance, or indices of social deprivation. In an assessment 
of potential functional significance of the found variants, it 
was noted that most of the found signals of modern directional 
selection are related to the hypothalamic–pituitary–gonadal 
axis, which regulates fertility and reproductive aging.

In several articles, authors separately studied the relation 
between educational attainment and the NEB. In a sample 
of 129,808 Icelanders born between 1910 and 1990, the 
POLYEDU polygenic index of educational attainment showed 
a negative correlation with the NEB, with gradual diminu­
tion in several observed generations (Kong et al., 2017). In 
particular, an increase in the frequency of the rs62056842 
variant in an intron of the MAPT gene, which is expressed in 
the nervous system and is associated with reduced educational 
attainment, was detected. When children born to mothers aged 
21 or younger (18 % of all children in the sample) and children 
born to men aged 22 or younger (13 %) were excluded from 
the analysis, the correlations disappeared (Kong et al., 2017).

Another study points to a borderline inverse correlation 
between the NEB and the polygenic educational attainment 
score among men, with the number of children regressing 
positively in the interaction of income and the PolyEduc 
polygenic score, thus indicating a positive correlation between 
income and the number of offspring in men with genetic pre­

disposition to higher education (Fieder, Huber, 2022). In an 
analysis of the association of the polygenic score of fertility 
with 33 polygenic traits in two generations of  Europeans from 
the British Biobank (348,595 people of European descent, 
taking into account the number of siblings and the number 
of offspring), it was shown that polygenic scores that predict 
higher income and education attainment are correlated with 
reduced fertility, whereas polygenic risk scores for ADHD, 
depressive disorder, and coronary heart disease as well as a 
higher BMI and extraversion predict more offspring (Hugh-
Jones, Abdellaoui, 2022). That paper indicates that educational 
attainment and the risk of ADHD and a depressive disorder are 
selected among young mothers (age at first birth before 22), 
but the natural selection was reversed among older mothers. 
On the other hand, several anthropometric polygenic scores 
are selected only among older ones. By contrast, the largest 
analysis in terms of sample size (Mathieson et al., 2023) did 
not reveal selection against educational attainment.

In modern society, out of 15 categories of genes that de­
termine phenotypic traits, those responsible for metabolism, 
nutritional habits, psychiatric indicators, dermatological signs 
(in men), social cognition, and reproduction correlate with the 
NEB (Song et al., 2021).

A positive correlation between polygenic risk scores for 
ADHD and fertility was also demonstrated in a comparison of 
a sample of 20,183 people with ADHD and a control sample 
of 35,191 residents of Europe and the United States (Demontis 
et al., 2019).

A limitation of genome­wide association studies is that they 
detect only a genetic locus, not a specific gene or polymorphic 
site associated with a given trait. Just as in a bioinformatic 
analysis, a high proportion of the associations falls into inter­
genic regions and cannot always be interpreted. A lot of con­
troversy is caused by the stratification of a population sample; 
this approach can significantly affect the results (Sohail et 
al., 2019; Mills, Mathieson, 2022). Researchers emphasize 
the nonrandom compilation of cohorts as a source of bias 
because the very consent to participate in the study cor relates, 
for example, with educational attainment not only in the fre­
quently used American commercial sample 23andMe but also 
in the British Biobank (Mills, Mathieson, 2022; Schork et al., 
2022). It is reported that a meta­analysis of small populations 
of Europeans from small geographic areas can give incorrect 
results due to the different proportions of ancestral populations 
of pastoralists, hunter­gatherers, and farmers who partici­
pated in the formation of the modern population of Europe 
in different regions; on the other hand, when examining large 
populations settled in different climatic regions, it is necessary 
to take into account the influence of climatic factors on the 
phenotype. In the UK, geographic clustering of genetic va­
riants was found that affects complex traits, including alleles 
associated with educational attainment, thereby proving the 
influence of demographic factors on the correlation between 
genes and the environment (Abdellaoui et al., 2019). The 
vast majority of genome­wide association studies have been 
performed on populations of European origin, and therefore 
the findings cannot be automatically extrapolated to humanity 
as a whole; in addition, the number of studies with sufficient 
statistical power is small.
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Analysis of frequencies of genetic variants  
in close generations
The direction of selection can be assessed by comparison of 
genotypes among people born in the same population during 
periods adjacent to significant natural, socioeconomic, or 
political events in the region of their birth. The difference in 
allele frequencies in this case may reflect increased perinatal, 
prenatal, and infant mortality or a difference in the number 
of children among reproductive-age people carrying different 
genotypes during the period of the events under study.

Similar work was done on data from the British Biobank 
(Wu et al., 2022). A genome­wide association study of infant 
mortality rates by place and year of birth was performed. 
Cohorts born between 1936 and 1970 in England and Wales 
experienced a decline of infant mortality with spikes during 
World War II. Several statistically significant loci were found, 
including missense variant rs1446585 of the R3HDM1 gene 
near the LCT gene and missense variant rs5743618 of the TLR1 
gene as well as rs2852853 in an intron of  7­dehydrocholesterol 
reductase gene DHCR7 (vitamin D metabolism), rs9944197 
in an intron of the gene of ribosomal protein EFL1, and inter­
genic rs10521293. Those authors were especially interested 
in the LCT and TLR1/6/10 loci, which had previously shown 
natural selection among Europeans (Mathieson et al., 2015). 
The frequency of these alleles did not differ by year of birth in 
regions with low infant mortality but differed in this manner 
in regions with high infant mortality. The biggest difference 
was noted in 1942 (a year after the maximum of the German 
bombing), but the density of the bombings by region did not 
match the level of infant mortality; accordingly, those authors 
attribute the observed effect to harsh living conditions and 
food shortages.

A work comparing genotypes among three groups of ado­
lescents who born before, during, and after the socioeconomic 
crisis of the 1990s in Russia was previously published by us 
(Mikhailova et al., 2022). We analyzed frequencies of com­
mon genetic variants previously found to be associated with 
stress resistance and stress­induced disorders in populations of 
Novosibirsk city schoolchildren aged 14–17 years. A statisti­
cally significant increase in frequencies of stress-protective 
variant rs4680 G of the COMT gene and long (7R+8R) tandem 
repeats in exon 3 of the DRD4 gene was found in the “stress” 
group. Both genes belong to the dopaminergic regulatory sys­
tem. We hypothesized that under the conditions of prolonged 
social stress, carriers of certain genotypes have more offspring 
due to better adaptation to the conditions of socioeconomic 
deprivation because social stress affects fertility.

A limitation of such research is that alterations of allele 
frequencies occur within some short periods and may not af­
fect the genetic pool of the population, especially owing to a 
drop of the birth rate in populations during of major destructive 
events. Furthermore, it is difficult to take into consideration 
all the factors that can potentially alter allele frequencies. 

Conclusion
Despite the limitations of each approach and the lack of in­
formation about directional selection in African and Asian 
populations, several dozen genetic variants and a number of 
polygenic traits have been found that have undergone natural 

selection during human evolution. Genetic loci and phenotypic 
traits have been identified whose direction of natural selection 
has not changed from the Neolithic to our time, although the 
intensity of the selection has varied (LCT and FAD1/2). For 
some genetic variants, the direction of adaptation changed, 
probably as a result of an encounter with pathogens (e. g., 
rs34536443 of the TYK2 gene). In modern populations, 
there has been a reversal of directional selection relative to 
previous evolution for polygenic scores of height in women 
and for the BMI in men. A considerable number of genetic 
variants that are reported to be associated with inflammatory 
diseases (including Crohn’s disease and atopic dermatitis) 
have been positively selected in the past, but it is not clear 
whether these variants are now under selection pressure or 
the observed genotype ratio is already a consequence of ba­
lancing selection due to antagonistic pleiotropy. Conflicting 
data have been obtained about selection of relatively recent 
complex polygenic traits: income and educational attainment. 
It has been shown that the targets of selection – to a greater 
extent than in previous centuries – are genes responsible for 
social adaptation and behavioral phenotypes. For instance, the 
positive association of the ADHD polygenic risk score with 
fertility as documented by several researchers is indicative of 
selection for this phenotype in modern populations.
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Abstract. The diversity of macroinvertebrates, the structure of their communities in Bolshiye Koty Bay (Lake Baikal) was 
studied by a DNA metabarcoding approach using an Illumina MiSeq system. Internal primer mlCOIintF in combina-
tion with jgHCO2198 of the Folmer fragment of the COI gene were used for macroinvertebrate metabarcoding. A total 
of 118009 reads of the COI gene fragment (at least 313 bp in length) were obtained. The correlation of the Spear-
man coefficient (S = 0.6, p < 0.05) with the abundance of macroinvertebrates in the samples before DNA extraction 
showed that the number of reads can serve as an indirect characteristic of the abundance of a species (operational 
taxonomic unit, OTU). 115 OTUs belonging to the higher taxa of macroinvertebrates were identified: Porifera, 1; Platy-
helminthes, 3; Annelida, 38; Arthropoda, 55; Mollusca, 18. At a high level of resolution (with homology with GenBank 
reference sequences ≥ 95 %, coverage ≥ 90 %), 46 taxa of macroinvertebrates comprising three communities were 
registered: one dominated by molluscs (Choanomphalus conf. maacki) and two dominated by chironomids (Orthocla-
dius grega rius Linev., Sergentia baicalensis Tshern.). Communities are characterized by low species diversity according 
to Shannon (from 0.7 to 1.2 bits), high concentration of dominance according to Simpson (from 0.5 to 0.7) and low 
evenness according to Pielou (from 0.3 to 0.4). Dominants and subdominants in the communities account for 91 to 
96 % of COI gene fragment reads. The spatial distribution of the dominant species identified in the communities is in-
fluenced by the geomorphological features of the bottom and the composition of sediments in the area studied. The 
approach proposed for studying the structure of macroinvertebrate communities based on DNA metabarcoding and 
next generation sequencing can be recommended for express assessment of the state of aquatic ecosystems in the  
monitoring.
Key words: communities of macroinvertebrates; diversity; DNA metabarcoding; COI; high-throughput sequencing 
technologies; Lake Baikal.
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Исследование сообществ макробеспозвоночных животных  
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Аннотация. Приводятся сведения о разнообразии макробеспозвоночных животных, структуре их сообществ в 
бухте Большие Коты оз. Байкал, полученные методом ДНК метабаркодинга на основе NGS-технологии (Illumina, 
MiSeq). Для ДНК метабаркодинга макробеспозвоночных был использован внутренний праймер mlCOIintF в 
комбинации с jgHCO2198 для амплификации фолмеровского фрагмента гена СОI. Всего получено 118 009 про-
чтений фрагмента гена СОI (длиной не менее 313 п. н.). Показано, что количество прочтений может служить 
опосредованной характеристикой обилия вида (операционной таксономической единицы – ОТЕ). Корреляция 
количества прочтений с численностью макробеспозвоночных в пробах до экстракции ДНК по коэффициенту 
Спирмена составляет 0.6 ( p < 0.05). Выявлено 115 ОТЕ, принадлежащих высшим таксонам макробеспозвоноч-
ных животных: Porifera – 1, Platyhelminthes – 3, Annelida – 38, Arthropoda – 55, Mollusca – 18. На видовом уровне 
(при гомологии с референсными последовательностями GenBank ≥ 95 % и покрытии не менее 90 %) зарегистри-
ровано 46 таксонов макробеспозвоночных, формирующих три сообщества: одно – с доминированием моллю-
сков Choanomphalus conf. maacki и два – с доминированием хирономид Ortho cla dius gregarius Linev., Sergentia 
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baicalensis Tshern. Сообщества характеризуются невысоким видовым разнообразием по Шеннону (от  0.7 до 
1.2  бит), высокой концентрацией доминирования по Симпсону (от 0.5 до 0.7) и низкой выравненностью по 
 Пиелу (от 0.3 до 0.4). На долю доминантов и субдоминантов в сообществах приходится от 91 до 96 % прочтений 
фрагмента гена СОI. На пространственное распределение доминирующих видов сообществ влияют геоморфо-
логические особенности дна в исследуемом районе и состав донных отложений. Предложенный подход для 
изу чения структуры сообществ макробеспозвоночных на основе ДНК метабаркодинга может быть рекомендо-
ван для экспресс-оценки состояния водных экосистем при мониторинге.
Ключевые слова: сообщества макробеспозвоночных; разнообразие; ДНК метабаркодинг; СОI; высокопроизво-
дительное секвенирование; Байкал.

Introduction
The structure of aquatic organisms communities, in particular 
macroinvertebrates, is one of the indicators characterizing the 
state of water bodies. Research in this direction is relevant in 
connection with global climate change and increasing anthro­
pogenic impact on aquatic ecosystems (O’Reilly et al., 2003; 
Bonada et al., 2007; Burgmer et al., 2007; Moss et al., 2011; 
Hampton et al., 2018).

Community of organisms is a set of populations of diffe­
rent species coexisting in space and time (Begon et al., 1986). 
Their structure is formed under the influence of both abiotic 
environmental factors (Brauns et al., 2007; McGoff et al., 
2013; Rezende et al., 2014; Worrall et al., 2014) and biotic 
in teractions (van den Berg et al., 1997; Arbačiauskas et al., 
2008; Nalepa et al., 2009). As a rule, the species diversity and 
abundance of organisms are the basic characteristics of the 
structure of communities. The study of the diversity of orga­
nisms at a high­resolution species level requires the involve­
ment of a large number of morphologists and is asso ciated with 
a laborious process of taxa identification. Currently, mo lecular 
genetics methods such as DNA metabarcoding using high­
throughput sequencing technologies are used as an alternative 
to the classical methods of the taxonomic diversity studying of 
aquatic ecosystems. This method is widely used to study the 
diversity of both marine and freshwater fauna (Porazinska et 
al., 2009; Hajibabaei et al., 2011; Aylagas et al., 2014; Elbrecht 
et al., 2017; Haenel et al., 2017; Kuntke et al., 2020).

In the early 2000s, the mitochondrial COI gene was adopted 
as a standard for DNA barcoding of animal taxa (Hebert et 
al., 2003). Despite the universality of primers (LCO1490 and 
HCO2198) for the “Folmer fragment” of the mitochondrial 
COI gene amplification (Folmer et al., 1994), many resear­
chers began to use different, more variable regions of it to 
obtain a clear phylogenetic signal. For example, for marine 
nematodes, region I3–M11 was used (Derycke et al., 2010). 
The mini­barcode of the Folmer COI fragment  using a com­
bination of primers mlCOIintF and jgHCO2198 has become 
popular to assess the diversity of  Metazoa (Meus nier et al., 
2008; Leray et al., 2013). The mini­barcode also proved to be 
effective in assessing the diversity of benthic in vertebrates in 
the Listvennichny Bay of Lake Baikal (Krav tso va et al., 2021).

In the last decade, the application of environmental DNA 
(eDNA) approaches for rapid assessment of the biodiversity 
from water and sediment samples has been increased (Yu et 
al., 2012; Lacoursière­Roussel et al., 2018). The advantage of 
this method is a quick result, since no preliminary isolation of 
any organisms from the samples is required. However, it was 
less effective for studying the diversity of Metazoa in water 

bodies. It was shown that DNA metabarcoding of invertebrate 
tissues gives a more accurate estimation of the diversity of 
multicellular organisms (99 % of reads) than DNA from the 
environment (only 12 % of reads) (Gleason et al., 2021). In 
this study, we tried to find out the acceptability of the method 
of DNA metabarcoding from the tissues of organisms for as­
sessing not only the diversity of macroinvertebrates, but also 
for the quantitative ratio of species that form communities.

The aim of this work is to study the features of the structural 
organization of macroinvertebrate communities distributed in 
the coastal zone of open Baikal using DNA metabarcoding.

Materials and methods
Quantitative samples of zoobenthos were collected in July 
2019 in Bolshiye Koty Bay of Lake Baikal along the coastline 
over a 1 km long (Fig. 1).

Macroinvertebrates were collected from different types of 
bottom sediments at three stations (No. 1–3) (see Fig. 1). The 
first type of  bottom sediment included large and small pebbles 
with individual boulders located in the subaqueous part of the 
beach (depths 0.3–0.4 m). The second type of  bottom sedi­
ment was represented by boulders, unrounded rock fragments 
with crushed stone, and the third type was represented by silted 
sand. The last two types of sediments were found mainly on 
a shallow terrace at depths of 2–5 m (see Fig. 1). On the un­
derwater part of the beach and on a shallow terrace samples 
were taken manually and with the help of divers, respectively. 
On each type of bottom sediment, five quantitative samples 
of zoobenthos were collected using a 0.1 m2 counting frame. 
Invertebrates from the surface of stones were brushed off into 
a cuvette with water, and those from silted sand were removed 
by flotation in a saturated sugar solution with a specific gravity 
of 1.12 g/L. Samples were washed through a mill sieve No. 23 
and fixed with 96 % ethanol. In total, 15 quantitative samples 
of zoobenthos were collected and sorted under laboratory con­
ditions using an MBS­10 micro scope (at 20× magnification).

According to Elbrecht et al. (2017), preliminary  sorting 
of organisms by size significantly improves the result of se­
quenc ing of all taxa, regardless of the biomass of the orga nism. 
Since the zoobenthos in Baikal is represented by different 
size groups: mega­, macro­, meioorganisms, in this work 
we limited ourselves to only one size group – macroinver­
tebrates. Their sizes in samples varied from 2 to 50 mm. All 
macroinvertebrates found in the sample were used for DNA 
extraction. First, invertebrates were soaked in distilled water 
(1 hour), small organisms (2–3 mm) were taken as a whole, 
and tissue pieces of 2–3 mm were taken from large indivi­  
duals (more than 5 mm) in order to level the scatter of  biomass 
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Fig.  1.  Map-scheme of sampling localities of macrozoobenthos in 
Bolshiye Koty Bay, Lake Baikal (July, 2019).
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in size. Then, pieces of tissue and small organisms collected 
from the same type of bottom sediment were combined into 
one sample, placed in a porcelain cup with 2 % CTAB solu­
tion, and ground with a pestle. DNA was extracted according 
to a modified (chloroform was used instead of a phenol­
chloroform­isoamyl mixture) method of Doyle and Dickson 
(Doyle, Dickson, 1987). In total, three samples of genomic 
DNA (at least 20 ng each) of invertebrate animals were pre­
pared for metabarcoding.

Primers mlCOIintF: GGWACWGGWTGAACWGTW 
TAYCCYCC (Leray et al., 2013) and jgHCO2198: TAIA 
CYTCIGGRTGICCRAARAAYCA (Geller et al., 2013), 
where “I” is inosine, were used to obtain COI gene amplicons. 
Amplification was performed in a volume of 20 µl containing 
0.2 mM of each dNTP, 0.5 µM of each primer, 2 mM MgCl2, 
5 µM SYTO9, 10 ng of DNA, 25 U/ml of Maxima Hot Start 
Taq DNA Polymerase (Thermo Scientific, Lithuania). Real­
time PCR was performed on a CFX96 Touch Real­Time PCR 
system (Bio­Rad, USA) according to the program: initial 
denaturation at 95 °C, 4 min; 32 cycles at 95 °C – 30 s, 48 °C – 
30 s and 72 °С – 30 s. The primer annealing temperature was 
selected using gradient PCR. PCR products were analyzed 
on an MCE­202 MultiNA Microchip Electrophoresis System 
using a DNA 12000 Reagent Kit (Shimadzu, Japan). The re­
sulting amplicons were quantified on a Qubit 2.0 fluorimeter 
with a Qubit DNA High Sensitivity Assay Kits (Invitrogen, 
USA). NEBNext Ultra II DNA Library Prep Kit for Illumina 
and NEBNext Multiplex Oligos for Illumina (Dual Index 
Primers Set 1) (NEB, UK) were used to obtain DNA libraries 
from amplicons. The resulting libraries were quantified using 
the Kapa SYBR Fast Universal qPCR Kit (KapaBiosystems, 
USA). Library sequencing was performed using the MiSeq 
Reagent Standard Kit v3 PE300 on Miseq (Illumina, USA) 
at the Central Collective Use Center “Genomics” (ICBFM 
SB RAS).

The resulting paired reads were analyzed with UPARSE 
scripts (Edgar, 2013) using Usearch v11.0.667 (Edgar, 2010). 

Bioinformatics analysis included overlapping paired reads, 
filtering by quality and length, accounting for identical se­
quences, discarding singletons, removing chimeras, and ob­
taining an OTU (operational taxonomic unit). The taxonomic 
identification of the OTU sequences was determined using the 
SINTAX algorithms (Edgar, 2016) and the reference database 
MIDORI_UNIQUE_20180221_COI_SINTAX (Machida 
et al., 2017), as well as BLAST. The representativeness of 
OTU samples was analyzed using iNEXT 2.0.15 (Hsieh et 
al., 2016). The nucleotide sequences of the OTUs identified 
were tested for the presence of stop codons using the SeqKit 
v0.16.1 (https://doi.org/10.1371/journal.pone.0163962).

The Spearman correlation coefficient (S) was calculated to 
assess the relationship between the initial abundance of orga­
nisms of  higher taxa in samples (before DNA extraction) and 
the number of reads of the COI gene fragment.

Communities of macroinvertebrates were identified by 
clustering the OTUs of the species rank and their COI reads by 
the Ward method; the Euclidean metric was used as a distance 
measure. Dominants and subdominants in the communities 
were determined by descending ranking of the modified 
density index (occurrence of OTUs in samples and their rela­
tive abundance = reads, in %) (Brotskaya, Zenkevich, 1939; 
Konstantinov, 1986). The communities of macroinvertebrates 
were named according to the dominant species with the 
highest density index. Species with a density index of  ≥10 % 
were classified as subdominants. Species with a density in­  
dex ≤10 % were considered minor. To characterize the degree 
of complexity of the community structure, the Shannon diver­
sity (H, bit), Simpson dominance (D), and Pielou evenness (e) 
indices were used (Odum, 1983).

The spatial distribution of dominants and subdominants 
of communities in Bolshiye Koty Bay was analyzed using 
the principal component method, the relative abundance of 
OTUs and the composition of bottom sediments were used as 
variables. The data for calculations using multivariate statistics 
were previously transformed by the log(X+1) function. Cal­
culations were carried out using the statistical programming 
environment R 3.0.0, package vegan 2.0­7.

Results
A total of 118,009 reads of the COI gene fragment (at least 
313 bp in length) were obtained using high­throughput se­
quencing. Bioinformatics analysis showed that the proportion 
of unclassified COI sequences was less than 1 % of the total 
(1,157). 116,852 reads account for 115 OTUs belonging to 
the higher taxa of macroinvertebrates: Porifera – 1, Platyhel­
minthes – 3, Annelida – 38, Arthropoda – 55, Mollusca – 18.

The Spearman correlation coefficient (S) between the abun­
dance of macroinvertebrates of higher taxa (Platyhelminthes, 
Hirudinea, Polychaeta, Oligochaeta, Isopoda, Amphipoda, 
Trichoptera, Chironomidae, Bivalvia, Gastropoda) found in 
samples before DNA extraction with the number of reads of 
the COI gene fragment is 0.6 ( p < 0.05), which allows us 
to take the indices of the latter as equivalent to the relative 
abundance of organisms.

Forty­six taxa of species and genus ranks with ≥98 % and 
≥95 % homology with GenBank sequences, respectively, were 
identified with coverage of at least 90 % (Table 1). They ac­
count for 88 % of the COI gene fragment reads.
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Table 1. Composition of OTUs with ≥ 95% homology to GenBank reference sequences

Taxon Species GenBank numbers  
of reference sequences

Homology to the GenBank 
reference sequences, %

Porifera Baikalospongia fungiformis Mak. MH985288 99.7

Polychaeta/Fabriciidae Manayunkia baicalensis (Nusb.) MK393734 97.6

Manayunkia godlewskii (Nusb.) MK393737 99.3

Manayunkia zenkewitschii Sit., Shcherb. et Kharch. KF289863 99.2

Oligochaeta Rhynchelmis alyonae Mart., Ferrag. et Kayg. GU328670 98.3

Rhynchelmis sp. AJ577632 95.0

Amphipoda Baikalogammarus pullus (Dyb.) FJ756303 99.7

Eulimnogammarus cyaneus (Dyb.) MK887720 99.7

Eulimnogammarus verrucosus (Gerstf.) MK887569 100.0

Eulimnogammarus vittatus (Dyb.) MK887750 99.7

Linevichella vortex (Dyb.) MN148355 99.7

Micruropus whalii (Dyb.) MN148354 99.7

Diptera/Chironomidae Microtendipes sp. LC329125 95.0

Paratanytarsus baicalensis (Tshern.) MT020734 99.3

Sergentia baicalensis Tshern. AF116586 99.0

Sergentia conf. affinis AF116588 96.5

Cricotopus fuscus (Kieff.) MN673037 98.6

Cricotopus conf. intersectus MN683031 96.9

Cricotopus sylvestris (Fabr.) KC250789 100.0

Cricotopus triannulatus (Macq.) KJ439943 99.6

Diplocladius cultriger Kieff. HQ941599 98.6

Orthocladius gregarius Linev. KC879234 100.0

Orthocladius nitidoscutellatus Lundstr. MT048130 98.6

Orthocladius sp. KT248920 100.0

Orthocladius sp. 2 KT248920 100.0

Paratrichocladius rufiventris (Meig.) HQ941597 99.3

Trichoptera Apatania majuscula MacLach. KX103052 99.3

Baicalina bellicosa Mart. KR153132 99.7

Baicalina thamastoides Mart. KR153144 99.6

Baicalinella foliata (Mart.) KR153101 99.7

Protobaicalina spinosa (Mart.) KR153124 98.9

Mollusca/Bivalvia Pisidium casertanum (Poli) KF483386 99.6

Pisidium henslowanum (Shepp.) KF483398 98.9

Pisidium sp. KF000182 99.3

Pisidium sp. 1 KF483372 95.0

Mollusca/Gastropoda Benedictia fragilis W. Dyb. KX241839 99.3

Choanomphalus amauronius Bourg. Y14721 98.0

Choanomphalus conf. anomphalus Y14714 95.4

Choanomphalus conf. maacki LC429414 95.3

Choanomphalus conf. schrencki Y14713 96.1

Gerstfeldtiancylus conf. roepstorfi KR822550 96.2

Maackia herderiana (Lindh.) KY697388 99.7

Megalovalvata baicalensis (Gerstf.) LC377798 99.7

Pseudancylastrum sibiricum (Gerstf.) KR822557 100.0

Pseudobaikalia contabulata (W. Dyb.) Z92987 99.7

Radix auricularia (Linn.) MH190039 100.0
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Table 2. Structural parameters of macroinvertebrate communities found in Bolshiye Koty Bay, Lake Baikal (July, 2019)

Community Species 
number

Percentage of reads  
of dominants

H, bit D e Number of reads  
per community

Orthocladius gregarius 15 96 1.20 0.45 0.44 39,941

Choanomphalus conf. maacki 15 93 0.74 0.70 0.28 32,573

Sergentia baicalensis 16 91 0.70 0.74 0.25 30,118

Notе. H – species diversity according to Shannon, D – Simpson dominance index, e – Pielou’s evenness index.
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Fig. 2. Dendrogram of OTUs of macroinvertebrates constructed by the Ward clustering method using the Euclidean metric as a measure of distance.
Clusters A, B, C on the dendrogram are macroinvertebrate communities identified based on reads of the COI gene fragment.

Three communities of macroinvertebrates were identified 
in the region studied, one of which was dominated by the 
molluscs Choanomphalus conf. maacki (A) and two were 
chironomid­dominated by Orthocladius gregarius Linev. (B), 
Sergentia baicalensis Tshern. (C) (Fig. 2).

Communities are characterized by a simple structure; 
15–16 species were noted in their composition (Table 2). The 
Shannon index is low, ranging from 0.7 to 1.2 bits. At the 
same time, in the communities, there is a high concentration 
of dominance of one species (D varies from 0.5 to 0.7) and 
low evenness (e varies from 0.3 to 0.4).

In the community C. conf. maacki among the subdominants 
there are molluscs Pseudancylastrum sibiricum (Gerstf.), 
Gerstfeldtiancylus conf. roepstorfi. The subdominants of the 
O. gregarius community include the caddisflies Baicalina 
thamastoides Mart., chironomids Orthocladius sp. 2, O. niti-
doscutellatus Lundstr., and Cricotopus fuscus (Kieff.). The 
community dominated by S. baicalensis contains numerous 
polychaetes Manayunkia godlewskii (Nusb.), molluscs Choa-
nomphalus conf. anomphalus. Dominants and subdominants 
in communities account for 91 to 96 % of COI gene fragment 
reads.
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Fig. 3. Distribution of dominant species (OTUs) of macroinvertebrate communities (A–C) in the space of the first two principal components, taking into 
account 74 % of the variability of the relative abundance data set.

The spatial distribution of the dominant species of mac­
roinvertebrate communities depending on environmental 
factors is shown in Figure 3. The first principal component 
characterizes the distribution of communities depending on 
the composition of bottom sediments. The dominant species 
of macroinvertebrate communities found on fine clastic ma­
terial (pebbles, silted sand) have positive loads on the first 
principal component, and negative loads on coarse clastic 
material (boulders, rock fragments). The second principal 
component characterizes the distribution of dominants of the 
studied macroinvertebrate communities depending on the 
bottom geomorphology. The species found in the beach area 
have positive loads, while those found on the shallow­water 
terrace have negative loads.

Discussion
The studies of Bailey et al. (2001) indicate the effectiveness 
of monitoring observations of the state of water bodies using 
taxonomy at the genus or species level. Metabarcoding, as a 
modern genetic tool, is widely used for express assessment 
of biodiversity in ecosystems (Elbrecht, Leese, 2015). The 
authors of the work recommend using the presence/absence 
metric to characterize diversity, since the high resolution of 
primers makes it possible to take into account mass and minor 
species, but at the same time it does not make it possible to 
measure the absolute values of their abundance or biomass 
in samples. However, to study the structure of communities, 
indicators characterizing not only the composition of taxa, 
but also their quantitative ratio are needed. The number of 
reads, apparently, can be attributed to an indirect characteristic 
of species abundance (OTU). This confirms the presence of 
a positive correlation between the abundance of macroinver­

tebrates before DNA extraction and the abundance of OTUs 
from Lake Baikal not only in the samples collected in Bol­
shiye Koty Bay (S = 0.6, p < 0.05), but also in Listvennichny 
Bay (S = 0.5) (Kravtsova et al., 2021). In addition, a positive 
correlation was noted between the number of reads and the 
biomass of organisms collected in ponds in Germany (El­
brecht, Leese, 2015). Therefore, when studying the structure 
of macroinvertebrate communities, emphasis was placed 
on the number of reads per OTU, as well as the occurrence 
of OTUs in samples. To understand the extent to which the 
molecular genetics me thod using high­throughput sequencing 
technologies is applicable to the study of macro invertebrate 
communities, the same approach was used for comparison 
as in ecological studies of water bodies based on classical 
hydrobiological methods (Brotskaya, Zenkevich, 1939; Begon 
et al., 1986; Konstantinov, 1986).

The fauna of macroinvertebrates on the shallow­water ter­
race and in the underwater part of the beach of the studied area 
of Lake Baikal in Bolshiye Koty Bay (excluding the popula­
tion of the underwater slope and canyon) is quite diverse; in 
1988, at least 177 species were recorded in its composition 
(Kravtsova et al., 2003). Most of the species found using 
DNA metabar coding in 2019 were present here earlier, but 
in general, the diversity of benthic fauna (see Table 1) identi­
fied using molecular genetics methods is lower. This can be 
explained, on the one hand, by the smaller volume of collected 
quantitative samples of macrozoobenthos, and, on the other 
hand, by the absence in GenBank of COI sequences belonging 
to Baikal rich in species groups, for example, oligochaetes. 
In Baikal, 202 species of oligochaetes have been recorded, 
among them 165 are endemic (Semernoy, 2004). It is possible 
that the low representation of COI sequences of this group 
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of invertebrates in GenBank can be connected with the poor 
knowledge of the fauna due to its high endemism. In total, 
Annelida accounts for about 30 % of the total number of 
OTUs identified by DNA metabarcoding both from Bolshiye 
Koty Bay and Listvennichny Bay of Lake Baikal (Kravtsova 
et al., 2021).

Polychaeta, which are not rich in species, are also included 
in Annelida, but they were not previously included in the list 
of taxa from Bolshiye Koty Bay (Kravtsova et al., 2003), 
since their morphological identification had not been carried 
out. However, using DNA metabarcoding, in 2019, all three 
polychaete species found in Baikal were recorded in the 
fauna with high homology (98–99 %) with sequences from 
GenBank (see Table 1) (Pudovkina et al., 2016): Manayunkia 
baicalensis (Nusb.), M. godlewskii, M. zenkewitschii Sit., 
Shcherb. et Kharch.

Chironomids (Diptera) are among the objects, the identifica­
tion of species of which by the morphological characters of 
the larvae is extremely difficult and they are often determined 
to a group of species (gr.) or species (sp.). It is possible that 
O. gregarius, the dominant of one of the three communities 
identified in 2019, was previously listed as O. gr. thienemanni, 
and the subdominant O. nitidoscutellatus was in O. gr. oliva-
ceus (Kravtsova et al., 2003). Despite these species having 
been present in Bolshiye Koty Bay in 1988, they did not play 
a community­forming role among other macroinvertebrates 
(Kravtsova et al., 2004). The species O. gregarius and O. niti-
doscutellatus, as shown by further molecular genetic studies 
(Kravtsova et al., 2014), have a rather long evolutionary 
history and their existence in Lake Baikal is beyond doubt 
(Makarchenko E.A., Makarchenko M.A., 2008).

The low diversity of species rank OTUs indicates that the 
macroinvertebrate communities dominated by C. conf. maac ki, 
O. gregarius, S. baicalensis in Bolshiye Koty Bay are cha­
racterized by a simple structure (see Table 2) due to the above 
reasons.

It is known that abiotic environmental factors play an im­
portant role in the distribution and formation of the diversity 
of macroinvertebrate communities (Rezende et al., 2014). The 
spatial distribution of dominants and subdominants of macro­
invertebrate communities from Bolshiye Koty Bay is consis­
tent with the distribution of these species in the coastal zone of 
Lake Baikal. So, a community dominated by C. conf. maacki 
is confined, as before, to the rocky bottom sediments of the 
shallow terrace. The community of O. gregarius is distributed 
on pebbles with individual boulders in the beach zone, and 
with the dominance of S. baicalensis, on the silty sands of 
a shallow­water terrace, a typical biotope for this species. In 
Lake Baikal, representatives of the genus Orthocladius prefer 
to settle in a hydrodynamically active zone of wave mixing and 
water flow, while Sergentia prefer to settle in conditions where 
sedimentation processes prevail over erosion and transfer of 
terrigenous material, organic matter.

The study of the structure of macroinvertebrate communi­
ties in aquatic ecosystems using DNA metabarcoding has its 
own characteristics, in contrast to the rapid assessment of 
fauna diversity (based on the presence/absence metric). First 
of all, it is necessary to pay attention to the degree of study 
of the diversity of the bottom fauna of the reservoir, the size 

groups of its representatives. Of no small importance for the 
assessment of diversity is the presence of sequences of the 
studied gene fragment in the GenBank database. To obtain 
an adequate characterization of the relative abundance (reads 
of the COI gene fragment) of organisms in the community, 
quantitative sampling of macrozoobenthos should be car­
ried out from a certain area, taking into account the biotopic 
heterogeneity of the bottom. In order to avoid the influence 
of body size of organisms on the number of reads per OTU, 
when preparing samples for DNA extraction, it is necessary 
to select tissue pieces of the same size from all individuals 
found in quantitative samples. This makes it possible to ob­
tain an integral characteristic of the relative abundance of an 
organism (number of reads), taking into account its bio mass, 
leveled by scatter (due to body size), as well as abun dance. 
Since macroinvertebrates make up one third of the representa­
tives of the unique Baikal fauna (2,565 species and subspe­
cies (Timoshkin, 1997)), a more complete database of COI 
reference sequences is required for an objective assessment 
of α­diversity.

Conclusion
DNA metabarcoding using a primer (mlCOIintF) in com­
bination with jgHCO2198 to amplify the Folmer COI gene 
fragment showed its effectiveness in studies of the diversity 
and structure of Baikal macroinvertebrate communities. The 
fauna of Bolshiye Koty Bay contains typical representatives 
of most groups of macroinvertebrates inhabiting the coastal 
zone of Lake Baikal. It is shown that the number of reads, 
as a characteristic of the relative abundance of taxa, can be 
used to study the features of the structural organization of 
macroinvertebrate communities. In general, the proposed 
approach is quite acceptable for assessing the stability of 
macroinvertebrate communities in the temporal aspect in the 
monitoring of aquatic ecosystems.

References
Arbačiauskas K., Semenchenko V., Grabovski M., Leuven R., Pau­

nović M., Son M., Csanyi B., Gumuliauskaitè S., Konopacka A., 
Nehring S., van der Velde G., Vezhnovetz V., Panov V. Assessment 
of biocontamination of benthic macroinvertebrate communities in 
European inland waterways. Aquat. Invasions. 2008;3(2):211­230. 
DOI 10.3391/ai.2008.3.2.12.

Aylagas E., Borja A., Rodríguez­Ezpeleta N. Environmental status 
assessment using DNA metabarcoding: towards a genetics based 
marine biotic index (gAMBI). PLoS One. 2014;9(3):e90529. DOI 
10.1371/journal.pone.0090529.

Bailey R.C., Norris R.H., Reynoldson T.B. Taxonomic resolution of 
benthic macroinvertebrate communities in bioassessments. J. North 
Am. Benthol. Soc. 2001;20(2):280­286. DOI 10.2307/1468322.

Begon M., Harper J., Townsend K. Ecology: From Individuals to Eco­
systems. Malden, MA: Blackwell Publishing, 1986. (Russ. ed.: 
Begon M., Harper J., Taunsend K. Ekologiya. Moscow: Mir Publ., 
1989)

Bonada N., Dolédec S., Statzner B. Taxonomic and biological trait dif­
ferences of stream macroinvertebrate communities between medi­
terranean and temperate regions: implications for future climatic 
scenarios. Glob. Chang. Biol. 2007;13(8):1658­1671. DOI 10.1111/ 
j.1365­2486.2007.01375.x.

Brauns M., Garcia X.­F., Pusch M.T., Walz N. Eulittoral macroinverte­
brate communities of lowland lakes: discrimination among trophic 
states. Freshw. Biol. 2007;52(6):1022­1032. DOI 10.1111/j.1365­
2427.2007.01.



Исследование сообществ макробеспозвоночных… 
с использованием ДНК метабаркодинга

Л.С. Кравцова, Т.Е. Перетолчина, Т.И. Трибой 
И.А. Небесных, А.Е. Тупикин, М.Р. Кабилов

2023
27 • 6

701ЭКОЛОГИЧЕСКАЯ ГЕНЕТИКА / ECOLOGICAL GENETICS

Brotskaya V.A., Zenkevich L.A. Quantitative accounting of the benthic 
fauna of the Barents Sea. Proceedings of Russian Federal Research 
Institute of Fisheries and Oceanography. 1939;4:5­98. (in Russian)

Burgmer T., Hillebrand H., Pfenninger M. Effects of climate­driven 
temperature changes on the diversity of freshwater macroinverte­
brates. Oecologia. 2007;151(1):93­103. DOI 10.1007/s00442­006­
0542­9.

Derycke S., Vanaverbeke J., Rigaux A., Backeljau T., Moens T. Ex­
ploring the use of cytochrome oxidase c subunit 1 (COI) for DNA 
barcoding of free­living marine nematodes. PLoS One. 2010;5(10): 
e13716. DOI 10.1371/journal.pone.0013716.

Doyle J.J., Dickson E.E. Preservation of plant samples for DNA re­
striction endonuclease analysis. Taxon. 1987;36(4):715­722. DOI 
10.2307/1221122.

Edgar R.C. Search and clustering orders of magnitude faster than 
BLAST. Bioinformatics. 2010;26(19):2460­2461. DOI 10.1093/ 
bioinformatics/btq461.

Edgar R.C. UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat. Methods. 2013;10(10):996­998. DOI 10.1038/
nmeth.2604.

Edgar R.C. SINTAX, a Simple Non­Bayesian Taxonomy Classifier for 
16S and ITS sequences. bioRxiv. 2016. DOI 10.1101/074161.

Elbrecht V., Leese F. Can DNA­based ecosystem assessments quantify 
species abundance? Testing primer bias and biomass – sequence re­
lationships with an innovative metabarcoding protocol. PLoS One. 
2015;10(7):e0130324. DOI 10.1371/journal.pone.0130324.

Elbrecht V., Vamos E.E., Meissner K., Aroviita J., Leese F. Assessing 
strengths and weaknesses of DNA metabarcoding­based macroin­
vertebrate identification for routine stream monitoring. Methods 
Ecol. Evol. 2017;8(10):1265­1275. DOI 10.1111/2041­210X.12789.

Folmer O., Hoeh W.R., Black M.B., Vrijenhoek R.C. Conserved pri­
mers for PCR amplification of mitochondrial DNA from different 
invertebrate phyla. Mol. Mar. Biol. Biotechnol. 1994;3(5):294­299.

Geller J., Meyer C., Parker M., Hawk H. Redesign of PCR primers for 
mitochondrial cytochrome c oxidase subunit I for marine inverte­
brates and application in all­taxa biotic surveys. Mol. Ecol. Resour. 
2013;13(5):851­861. DOI 10.1111/1755­0998.12138.

Gleason J.E., Elbrecht V., Braukmann T.W.A., Hanner R.H., Cotte­
nie K. Assessment of stream macroinvertebrate communities with 
eDNA is not congruent with tissue­based metabarcoding. Mol. Ecol. 
2021;30(13):3239­3251. DOI 10.1111/mec.15597.

Haenel Q., Holovachov O., Jondelius U., Sundberg P., Bourlat S.J. NGS­
based biodiversity and community structure analysis of meiofaunal 
eukaryotes in shell sand from Hållö island, Smögen, and soft mud 
from Gullmarn Fjord, Sweden. Biodivers. Data J. 2017;5:e12731. 
DOI 10.3897/BDJ.5.e12731.

Hajibabaei M., Shokralla S., Zhou X., Singer G.A.C., Baird D.J. En­
vironmental barcoding: a next­generation sequencing approach for 
biomonitoring applications using river benthos. PLoS One. 2011; 
6(4):e17497. DOI 10.1371/journal.pone.0017497.

Hampton S.E., McGowan S., Ozersky T., Virdis S.G.P., Vu T.T., Span­
bauer T.L., Kraemer B.M., Swann G., Mackay A.W., Powers S.M., 
Meyer M.F., Labou S.G., O’Reilly C.M., DiCarlo M., Gallo­
way A.W.E., Fritz S.C. Recent ecological change in ancient lakes. 
Limnol. Oceanogr. 2018;63(5):2277­2304. DOI 10.1002/lno.10938.

Hebert P.D.N., Cywinska A., Ball S.L., DeWaard J.R. Biological iden­
tifications through DNA barcodes. Proc. Biol. Sci. 2003;270(1512): 
313­321. DOI 10.1098/rspb.2002.2218.

Hsieh T.C., Ma K.H., Chao A. iNEXT: an R package for rarefaction 
and extrapolation of species diversity (Hill numbers). Methods Ecol. 
Evol. 2016;7(12):1451­1456. DOI 10.1111/2041­210X.12613.

Konstantinov A.S. General Hydrobiology. Moscow, 1986. (in Russian)
Kravtsova L.S., Karabanov E.B., Kamaltynov R.M., Mekhani kova I.V., 

Sitnikova T.Ya., Rozhkova N.A., Slugina Z.V., Izhboldina L.A., 
Weinberg I.V., Akinshina T.V., Krivonogov S.K., Shcherbakov D. Yu. 
Macrozoobenthos of subaqueous landscapes in the shoal of southern 

Lake Baikal: 1. Local diversity of bottom populations and features 
of their spatial distribution. Zoologicheskiy Zhurnal = Zoological 
Journal. 2003;82(3):307­317. (in Russian)

Kravtsova L.S., Kamaltynov R.M., Karabanov E.B., Mekhanikova I.V., 
Sitnikova T.Ya., Rozhkova N.F., Slugina Z.V., Izhboldina L.A., 
Weinberg I.V., Akinshina T.V., Sherbakov D.Yu. Macrozooben­
thic communities of underwater landscapes in the shallow­water 
zone of southern Lake Baikal. Hydrobiol. 2004;522:193­205. DOI 
10.1023/B:HYDR.0000029979.68265.3e.

Kravtsova L.S., Peretolchina T.E., Triboy T.I., Sherbakov D.Y. The 
evolutionary history of two species of Orthocladiinae (Diptera: 
Chironomidae) from Lake Baikal (Eastern Siberia). Aquat. Insects. 
2014;36(3­4):171­185. DOI 10.1080/01650424.2015.1062111.

Kravtsova L.S., Peretolchina T.E., Triboy T.I., Nebesnykh I.A., Kup­
chinskiy A.B., Tupikin A.E., Kabilov M.R. The study of the diver­
sity of hydrobionts from Listvennichny Bay of Lake Baikal by DNA 
metabarcoding. Russ. J. Genet. 2021;57(4):460­467. DOI 10.1134/
S1022795421040050.

Kuntke F., de Jonge N., Hesselsøe M., Nielsen J.L. Stream water qua li­
ty assessment by metabarcoding of invertebrates. Ecol. Indic. 2020; 
111:105982. DOI 10.1016/j.ecolind.2019.105982.

Lacoursière­Roussel A., Howland K., Normandeau E., Grey E.K., 
Archambault P., Deiner K., Lodge D.M., Hernandez C., Leduc N., 
Bernatchez L. eDNA metabarcoding as a new surveillance approach 
for coastal Arctic biodiversity. Ecol. Evol. 2018;8(16):7763­7777. 
DOI 10.1002/ece3.4213.

Leray M., Yang J.Y., Meyer C.P., Mills S.C., Agudelo N., Ranwez V., 
Boehm J.T., Machida R.J. A new versatile primer set targeting 
a short fragment of the mitochondrial COI region for metabarcoding 
metazoan diversity: application for characterizing coral reef fish gut 
contents. Front. Zool. 2013;10(1):34. DOI 10.1186/1742­9994­10­34.

Machida R.J., Leray M., Ho S.­L., Knowlton N. Metazoan mitochon­
drial gene sequence reference datasets for taxonomic assignment of 
environmental samples. Sci. Data. 2017;4(1):170027. DOI 10.1038/
sdata.2017.27.

Makarchenko E.A., Makarchenko M.A. New findings of chironomids 
(Diptera, Chironomidae, Orthocladiinae) in Far East and border­
ing territories. III. Orthocladius van der Wulp. Evraziatskii Ento-
mologicheskii Zhurnal = Euroasian Entomological Journal. 2008; 
7(2):243­262. (in Russian)

McGoff E., Aroviita J., Pilotto F., Miler O., Solimini A.G., Porst G., 
Jurca T., Donohue L., Sandin L. Assessing the relationship between 
the Lake Habitat Survey and littoral macroinvertebrate communi­
ties in European lakes. Ecol. Indic. 2013;25:205­214. DOI 10.1016/ 
j.ecolind.2012.09.018.

Meusnier I., Singer G.A.C., Landry J.­F., Hickey D.A., Hebert P.D.N., 
Hajibabaei M. A universal DNA mini­barcode for biodiversity 
analysis. BMC Genomics. 2008;9(1):214. DOI 10.1186/1471­2164­ 
9­214.

Moss B., Kosten S., Meerhoff M., Battarbee R.W., Jeppesen E., Maz­
zeo N., Havens K., Lacerot G., Liu Z., de Meester L., Paerl H., 
Scheffer M. Allied attack: climate change and eutrophication. Inland 
Waters. 2011;1(2):101­105. DOI 10.5268/IW­1.2.359.

Nalepa T.F., Fanslow D.L., Lang G.A. Transformation of the offshore 
benthic community in Lake Michigan: recent shift from the native 
amphipod Diporeia spp. to the invasive mussel Dreissena rostri-
formis bugensis. Freshw. Biol. 2009;54(3):466­479. DOI 10.1111/ 
j.1365­2427.2008.02123.x.

Odum Yu. Basic Ecology. Philadelphia–New York–Chicago–San Fran­
cisco–Montreal–Toronto–London–Sydney–Tokyo–Mexico City–
Rio de Janeiro–Madrid: Saunders College Publ., 1983. (Russ. ed.: 
Odum Yu. Ekologiya. Moscow, 1986)

O’Reilly C.M., Alin S.R., Plisnier P.­D., Cohen A.S., McKee B.A. Cli­
mate change decreases aquatic ecosystem productivity of Lake Tan­
ganyika, Africa. Nature. 2003;424(6950):766­768. DOI 10.1038/
nature01833.



L.S. Kravtsova, T.E. Peretolchina, T.I. Triboy 
I.A. Nebesnykh, A.E. Tupikin, M.R. Kabilov

702 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 6

A study of macroinvertebrate communities…  
using DNA metabarcoding

Acknowledgements. The work was supported by the project of the Russian Foundation for Basic Research No. 19-05-00398_a. Collection and analysis 
of samples was partially carried out within the state-funded project conducted by LIN SB RAS No. 121032300196-8; bioinformatics analysis was partially 
supported by the state-funded project conducted by LIN SB RAS No. 121031300042-1.
Conflict of interest. The authors declare no conflict of interest.
Received February 20, 2023. Revised May 16, 2023. Accepted May 16, 2023. 

ORCID ID
L.S. Kravtsova orcid.org/0000-0003-0862-4726
T.E. Peretolchina orcid.org/0000-0002-2950-9762
T.I. Triboy orcid.org/0000-0002-4830-0155
I.A. Nebesnykh orcid.org/0000-0001-5961-0514
A.E. Tupikin orcid.org/0000-0002-8194-0322
M.R. Kabilov orcid.org/0000-0003-2777-0833

Porazinska D.L., Giblin­Davis R.M., Faller L., Farmerie W., Kan­
zaki N., Morris K., Powers T.O., Tucker A.E., Sung W.A.Y., Tho­
mas W.K. Evaluating high­throughput sequencing as a method for 
metagenomic analysis of nematode diversity. Mol. Ecol. Resour. 
2009;9(6):1439­1450. DOI 10.1111/j.1755­0998.2009.02611.x.

Pudovkina T.A., Sitnikova T.Y., Matveyev A.N., Shcherbakov D.Y. 
Kindred relations of Baikal polychaete of the Manayunkia genus 
[Polychaeta: Sedentaria: Sabellidae] according to CO1 and settle­
ment history analysis. Russ. J. Genet. Appl. Res. 2016;6(2):129­137. 
DOI 10.1134/S207905971602009X.

Rezende R.S., Santos A.M., Henke­Oliveira C., Gonçalves J.F., Jr. Ef­
fects of spatial and environmental factors on benthic a macroinver­
tebrate community. Zoologia. 2014;31(5):426­434. DOI 10.1590/
S1984­46702014005000001.

Semernoy V.P. Oligochaeta of Lake Baikal. Novosibirsk: Nauka Publ., 
2004. (in Russian)

Timoshkin O.A. Biodiversity of Baikal fauna: state­of­the­art (Prelimi­
nary analysis). In: New Scope on Boreal Ecosystems in East Sibe­
ria. Proc. of the Intern. Workshop, Kyoto, Japan, 23–25 Nov. 1994. 
Novosibirsk: Russ. Acad. Sci. Publ. Siberian Branch, 1997;35­76.

van den Berg M.S., Coops H., Noordhuis R., van Schie J., Simons J. 
Macroinvertebrate communities in relation to submerged vegetation 
in two Chara­dominated lakes. Hydrobiologia. 1997;342:143­150. 
DOI 10.1023/A:1017094013491.

Worrall T.P., Dunbar M.J., Extence C.A., Laize C.L.R., Monk W.A., 
Wood P.J. The identification of hydrological indices for the charac­
terization of macroinvertebrate community response to flow regime 
variability. Hydrol. Sci. J. 2014;59(3­4):645­658. DOI 10.1080/ 
02626667.2013.825722.

Yu D.W., Ji Y., Emerson B.C., Wang X., Ye C., Yang C., Ding Z. Bio­
diversity soup: metabarcoding of arthropods for rapid biodiversity 
assessment and biomonitoring. Methods Ecol. Evol. 2012;3(4):613­
623. DOI 10.1111/j.2041­210X.2012.00198.x.
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Abstract. Microeukaryotes are vital for maintaining soil quality and ecosystem functioning, however, their com-
munities are less studied than bacterial and fungal ones, especially by high throughput sequencing techniques. 
Alveolates are important members of soil microbial communities, being consumers and/or prey for other micro-
organisms. We studied alveolate diversity in soil under the undisturbed steppe (US) and cropped for wheat using 
two tillage practices (conventional, CT, and no-till, NT) by amplifying the ITS2 marker with ITS3_KYO2/ITS4 primers 
and sequencing amplicons using Illumina MiSeq. A total of 198 Alveolata OTUs were identified, with 158 OTUs at-
tributed to the Ciliophora phylum, containing five classes: Litostomatea, Spirotrichea and Oligohymenophorea, 
Nassophorea and Phyllopharyngea. Litostomatea and Phyllopharyngea were more abundant in US as compared 
with CT and NT. The observed OTU richness was higher in US than in CT and NT. The β-biodiversity of soil ciliates 
also very distinctly differentiated the US field from CT and NT. In the US, Nassophorea and Spirotrichea correlated 
positively with sand and negatively with clay, silt and SOM contents. This is the first report about soil ciliates diver-
sity in Siberia as assessed by metabarcoding technique. The revealed clear effect of land use on the relative abun-
dance of some taxa and a lack of tillage effect suggest the importance of the quantity and quality of plant material 
input for shaping the prey for ciliates. The ITS-metabarcoding technique was used for the first time in the research 
of ciliates diversity; further studies, embracing diverse aspects of soil ciliates by combining -omics methodology 
with the traditional one, are needed to get a better insight on the ecological roles of the main ciliate taxa in the 
complex soil system.
Key words: ITS region; ciliates; Chernozem; conventional tillage; no tillage.
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Аннотация. Микроскопические эукариоты крайне важны для обеспечения качества почвы и функциони-
рования экосистем. Однако сообщества почвенных микроэукариот менее изучены по сравнению с сообще-
ствами бактерий и грибов, особенно с применением методов высокопроизводительного секвенирования. 
Значимыми компонентами почвенных микробных сообществ являются альвеоляты, участвующие в ключе-
вых процессах почвенных экосистем (разложение органического вещества, трансформация питательных 
элементов и др.). Цель работы заключалась в изучении разнообразия альвеолят в почве под ненарушенной 
степной растительностью и при возделывании пшеницы с помощью двух методов обработки почвы (тради-
ционная вспашка и нулевая обработка) путем амплификации маркера ITS2 с праймерами ITS3_KYO2/ITS4 и 
последующего секвенирования ампликонов (Illumina MySeq). Всего идентифицировано 198 ОТЕ альвеолят, 
из которых 158 относились к типу Ciliophora и пяти его классам: Litostomatea, Spirotrichea, Oligohymenopho-
rea, Nassophorea и Phyllopharyngea. Litostomatea и Phyllopharyngea оказались более обильны в почве под не-
нарушенной степной растительностью по сравненению с почвой под пшеницей обоих вариантов обработки. 
Богатство ОТЕ в верхнем слое ненарушенной почвы под степной растительностью было также заметно выше, 
чем в обоих вариатах возделываемых полей, которые четко отличались от степи и по β-биоразнообразию. 
Nassophorea и Spirotrichea положительно коррелировали с содержанием песка в ненарушенной и пахотной 
почве; в последней к ним присоединились Litostomatea. Данная работа представляет собой первое иссле-
дование разнообразия почвенных альвеолят с применением метода метабаркодирования. Выявленное воз-
действие землепользования на относительное обилие некоторых таксонов наряду с отсутствием влияния 
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Soil Alveolata diversity in the undisturbed steppe 
and wheat agrocenoses under different tillage

обработки почвы свидетельствует о важном значении количества и качества поступающего в почву расти-
тельного материала для формирования сообществ микроорганизмов, поедаемых инфузориями. Дальней-
шие исследования с применением методолгии -омик и традиционных способов необходимы для лучшего 
понимания экологической роли инфузорий в частности и альвеолят в целом в сложной почвенной системе.
Ключевые слова: ITS район; инфузории; чернозем; традиционная вспашка; нулевая обработка.

Introduction
As it is currently argued, “bridging the gaps between biodiver­
sity science and agricultural practices is crucial to meet food 
security in the Anthropocene” (Cappelli et al., 2022. P. 674). 
Therefore, belowground biodiversity is an ultimately impor­
tant part/mediator of such efforts. Eukaryotic microorganisms, 
such as fungi, alveolates, metazoans, algae and other orga­
nisms with ≤ 5000 μm3 of  body volume (Coleman, 1985) are 
important players in biotic interactions in soil, and, as such, 
involved in key ecosystem processes: organic matter transfor­
mation, nutrient cycling, etc. (Bardgett, Putten, 2014). Proto­
zoa were shown to benefit plant growth (Bonkowski, 2004), 
for instance, by improving N mineralization from soil organic 
matter via stimulating bacterial biomass turnover (Kuikman 
et al., 1990). Thus, microeukaryotes presence is vital for 
maintaining soil quality and ecosystem functioning and sus­
tainability. However, soil microbial eukaryotic communities 
are much less studied as compared with bacterial and fungal 
ones, and especially by the high throughput sequencing tech­
niques. Alveolates are important members of soil microbial 
assemblages, where they serve as consumers or prey for other 
microorganisms. The abundance and taxonomic diversity of 
alveolates used to be studied by culturing (by the so­called 
most probable numbers technique) and microscopy. Currently 
microscopy is the main methodology for the enumeration 
of alveolates (Adl et al., 2008), but species identification, 
requiring a complicated staining protocol (Acosta­Mercado, 
Lynn, 2003), is rather laborious and sometimes not definitive. 
Therefore, metagenomic approach and state­of­the­art high 
throughput sequencing has greatly extended the methodology 
for assessing the biodiversity of alveolates in soil. 

In agricultural ecosystems soil and its residential biota is 
strongly affected by all aspects of production technologies, 
such as tillage, fertilization, crops, pesticides and others. 
Over the last decades the possibility to reduce damage to 
soil by minimizing tillage has gained much attention from 
both researchers and practitioners. Although there are many 
reports about bacterial and fungal biodiversity estimated 
metagenomically under minimal and/or no tillage, alveolates 
have remained relatively understudied (Ritter et al., 2021). 
While assessing the ITS2 region DNA sequence reads diver­
sity, using the ITS3_KYO2/ITS4 primer set (Liu K. et al., 
2012), under different tillage practices in the chernozem in the 
south of West Siberia (Naumova et al., 2022), we found that 
those fungal primers also amplified DNA belonging to other 
domains, specifically Alveolata, Amoebozoa, Heterolobosea, 
Metazoa, Rhizaria and Eukaryota kingdoms of uncertain 
taxonomic attribution. All those reads were discarded for 
the mycobiome analysis (Naumova et al., 2022); however, a 
substantial number of alveolate operational taxonomic units 
(OTUs), with their rarefaction curves reaching plateau with 
increasing number of sequence reads, convinced us to proceed 
with analyzing alveolate ITS­based diversity.

Materials and methods 
Experimental site and conditions. The field trial was de­
scribed earlier (Naumova et al., 2022) (https://www.mdpi.
com/2075-1729/12/8/1169). Briefly, the study area is the 
forest-steppe zone (54°4′6″ N, 79°36′3″ E) with a sharply con-
tinental climate1, the mean monthly temperature in the area 
of experimental site location in October is 3.5 °C with Luvic 
Endocalcic Chernozem (Siltic) (World Reference Base for Soil 
Resources…, 2015) as the widely spread and agriculturally 
significant soil of the region.

Experimental setup. The field trail was described earlier as 
well (Naumova et al., 2022). Briefly, it was started in 2009 on 
the area of 40 ha when a portion of the conventionally tilled 
soil (CT, mouldboard ploughing in the fall and disking in the 
spring) was subjected to the no­till technology (NT); both 
plots were getting the same rates of herbicides and fertilizers 
simultaneously. 

The wheat grain yield, harvested at the beginning of Sep­
tember 2021, reached 4.8 t ha–1 in the NT field and 4.1 t ha–1 
in the CT field. An undisturbed site (Un), located near the 
experimental field and covered by a true bunchgrass steppe 
(with Stipa capillata, Festuca valesiaca, some Poa spp. and 
Puccinellia sp.), was used to get the data about the zonal soil 
bacteriobiome as a reference.

Soil sampling and chemical analyses. Soil was sampled 
in October 2021 from the 0–5 and 5–15 cm layers in five in­
dividual replicates from each layer. In total, 30 soil samples 
were collected and chemically analyzed as described before 
(Naumova et al., 2022): soil pH ranged 6.3–6.8, total soil car­
bon content ranged 3.6–4.2 %, and total soil nitrogen content 
was 0.29–0.37 %.

DNA extraction, amplification and sequencing. Total 
DNA was extracted with the DNeasy PowerSoil Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instruc­
tions. The bead­beating was performed using TissueLyser II 
(Qiagen, Hilden, Germany) for 10 min at 30 Hz. Agarose gel 
electrophoresis was used to assess the quality of the extracted 
DNA; additional DNA purification was not necessary. 

The ITS2 gene marker was amplified with the primer pairs 
ITS3_KYO2/ITS4, combined with Illumina adapter sequences 
(Fadrosh et al., 2014). PCR amplification was performed as 
described earlier (Kryukov et al., 2020). A total of 200 ng 
PCR product from each sample was pooled together and puri­
fied using the MinElute Gel Extraction Kit (Qiagen, Hilden, 
Germany). The obtained amplicon libraries were sequenced 
with 2x300 bp paired­ends reagents on MiSeq (Illumina, 
CA, USA) in the SB RAS Genomics Core Facility (ICBFM 
SB RAS, Novosibirsk, Russia). The read data reported in this 
study were submitted to the NCBI Short Read Archive under 
bioproject accession number PRJNA845814.
1 Hydrometcenter of Russia. Available online at: https://meteoinfo.ru/en/
climate/monthly-climate-means-for-towns-of-russia-temperature-and-
precipitation (accessed on March 27, 2022).
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Bioinformatic analysis. Raw sequences were analyzed 
with the UPARSE pipeline (Edgar, 2013) using Usearch 
v.11.0.667. The UPARSE pipeline included merging paired 
reads; read quality filtering (-fastq_maxee_rate 0.005); length 
trimming (remove less 100 nt); merging identical reads (de­
replication); discarding singleton reads; removing chimeras 
and OTU clustering using the UPARSE-OTU algorithm. The 
OTU sequences were assigned a taxonomy using SINTAX 
(Edgar, 2013) and ITS UNITE USEARCH/UTAX v.8.3 (Aba-
renkov et al., 2021) as a reference. Taxonomic structure of 
 sequences thus obtained was estimated by the ratio of the 
 number of taxon-specific sequence reads (with non-fungal 
removed from the data matrix) to the total number of sequence 
reads, i. e. by the relative abundance of taxa, expressed as 
per centage. 

The OTUs datasets were analyzed by individual rarefaction 
with the help of the PAST software (Hammer et al., 2001): 
the number of alveolate OTUs detected, reaching plateau with 
increasing number of sequences, showed that the sampling ef­
fort was close to saturation for all samples, thus being enough 
for comparing biodiversity (Hughes, Hellmann, 2005). 

Statistical analyses. Statistical analyses (descriptive sta­
tistics, ANOVA and correlation analyses) were performed 
by using Statistica v.13.3 (TIBCO Software Inc., Palo Alto, 
CA, USA). Rarefaction curves, OTUs-based α-diversity in­
dices were calculated and principal coordinates analysis was 
performed using PAST software. Factor effects and mean 
differences in post-hoc comparisons by Fisher’s LSD test 
were considered statistically significant at the p ≤ 0.05 level. 

Results
Alveolata taxonomic diversity. After quality filtering, chi­
mera and other domains’ sequences removal, a total of 198 
different Alveolata OTUs were identified at 97 % sequence 
identity level, with 158 OTUs attributed to the Ciliophora 
phylum, the rest remaining unclassified below the domain 
level. The rarefaction curves showed that the sampling effort 
was enough to compare diversity (Hughes, Hellmann, 2005), 
as the number of OTUs dependent on the total number of 
sequence reads reached plateau (Fig. 1).

Five Ciliophora classes were identified: Litostomatea with 
32 OTUs being the most OTU­rich one, followed by Spiro­
trichea and Oligohymenophorea with 25 OTUs each, Nas so-
phorea and Phyllopharyngea being represented by just three 
OTUs each. Of the total number of Ciliophora OTUs, many 
(70, or 44 %) remained unassigned to the lower taxonomic 
levels.

Taxonomic composition and structure in different fields. 
The relative abundance of the Ciliophora phylum did not 
differ between the fields and the layers (Table 1), whereas 
at the class level there were some differences: Litostomatea 
was much more abundant in the undisturbed soil as compared 
to both cropped ones, and Phyllopharyngea, albeit being a 
minor member of the ciliate assemblage, was also markedly 
increased in the undisturbed soil. At the order level, Spo­
radotrichida was almost seven times more abundant in the 
0–5 cm layer of the undisturbed soil than in the no-till one. 
Oligohymenophorea_is, an order-level cluster, had almost five 
times higher abundance in the 5–15 cm layer of the no-till soil 
as compared with the undisturbed one (Table 1). Haptorida 

(Litostomatea), Hymenostomatida (Oligohymenophorea) 
and Cyrtophorida (Phyllopharyngea) displayed much higher 
abundance in the undisturbed soil.

The number of dominant OTUs slightly exceeded 20 in 
each field and both layers (Fig. 2). The sets, bulked over both 
soil layers, comprised 30–43 dominant OTUs, the number of 
the dominant OTUs being maximal in the undisturbed soil. 
Three OTUs were common for all fields, with two OTUs not 

Fig. 1. The rarefaction curves for alveolate OTUs in the 0–5 (a) and 5–15 
(b) cm soil. 
Un – undisturbed soil, Pl – ploughed and NT – no-till soil; the numbers indicate 
individual soil replicates from a tillage treatment.

Fig. 2. Venn’s diagram of the number of the dominant Alveolata OTUs in 
soil under different tillage treatment. OTUs were considered dominant if 
they accounted for ≥ 1 % of the total number of sequence reads. 
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Table 1. Relative abundance (%, mean) of the dominant Alveolata taxa in Chernozem 0–5 and 5–15 cm layers  
in the experimental fields in the south of West Siberia

Taxon Undisturbed Ploughed No-till

0–5 cm 5–15 cm 0–5 cm 5–15 cm 0–5 cm 5–15 cm

Phylum level

Ciliophora 86.1 87.9 88.0 88.4 86.8 91.6

un. Alveolata 13.9 12.1 12.0 11.6 13.2 8.4

Class level

un. Ciliophora 36.3 34.8 33.1 41.0 39.7 50.7 

Spirotrichea 25.2 40.1 35.0 34.1 23.7 20.5

Oligohymenophorea 15.9ab 6.1a 17.4ab 12.5ab 19.4b 18.9b

Litostomatea 5.5b 6.8b 1.0a 0.5a 0.8a 1.6a

Nassophorea 2.8b 0.0a 1.3ab 0.2ab 3.1b 0.0a

Phyllopharyngea 0.4b 0.1a 0.1a 0.0a 0.1a 0.0a

Order level

un. Spirotrichea 12.3 31.1 31.2 27.9 21.8 14.7

Sporadotrichida 12.9b 8.9ab 3.9ab 6.2ab 1.9a 5.8ab

Oligohymenophorea_is 13.8ab 3.9a 17.4b 11.7ab 19.4b 18.9b

Haptorida 4.9b 6.8b 1.0a 0.5a 0.7a 1.5a

Hymenostomatida 2.1b 2.2b 0.0a 0.4a 0.0a 0.0a

Nassulida 2.8ab 0.0a 1.3ab 0.2ab 3.1b 0.0a

Philasterida 0.0 0.0 0.0 0.4 0.00 0.00

un. Litostomatea 0.6b 0.00a 0.00a 0.00a 0.1ab 0.0a

Cyrtophorida 0.30b 0.07a 0.05a 0.00a 0.06a 0.00a

Exogenida 0.12 0.00 0.00 0.00 0.00 0.00

Note.. “un.” stands for unclassified. Letters in rows indicate that the values are different ( p ≤ 0.05, Fisher’s LSD test); the absence of letters after the values in a row 
indicates that there was no difference.

Table 2. Alpha-biodiversity indices (calculated on the OTU’s basis) of Alveolata OTUs  
assemblages in the Chernozem in the experimental fields in the south of West Siberia

Index Undisturbed Ploughed No-till

0–5 cm 5–15 cm 0–5 cm 5–15 cm 0–5 cm 5–15 cm

OTU richness 48d 28ab 34bc 25a 37c 24a

Chao1 50d 29ab 35bc 26ab 41cd 25a

Simpson (S) 0.91 0.81 0.90 0.84 0.91 0.87

Shannon’s 3.0b 2.4a 2.7ab 2.3a 2.8ab 2.4a

Evenness 0.42 0.44 0.47 0.44 0.43 0.49

Equitability 0.77 0.72 0.78 0.74 0.76 0.77

Berger–Parker 0.21 0.30 0.19 0.30 0.18 0.25

Dominance (1-S) 0.09 0.19 0.10 0.16 0.09 0.13

Note. Letters in rows indicate that the values are different ( p ≤ 0.05, Fisher’s LSD test); the absence of letters after the values in a row indicates that there was 
no difference.
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Fig. 4. Correlation coefficients (Pearson) between the relative abundance 
of the dominant ciliate classes in 0–5 cm layer and soil properties: STC, 
STN – soil total carbon and nitrogen, SOM – soil organic matter, C/N – the 
STC/STN ratio in soil; undisturbed soil (a), ploughed soil (b) and no-tillage 
soil (c). 
The coefficients |r| ≥ 0.88 were statistically significant at p ≤ 0.05 level.
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identified below the class level (Spirotrichea) and one OTU, 
below the phylum level (Ciliophora). As for the 0–5 cm layer, 
the fourth dominant OTU belonged to the Nassulida order of 
the Nassophorea class; in the 5–15 cm layer, in addition to the 
three OTU­level clusters common for all samples, there were 
two unidentified ones below the phylum level and one was 
identified to the Spirotrichida order of the Spirotrichea class.

Alpha- and beta-biodiversity in different fields. The 
observed OTU richness was notably higher in the 0–5 cm 
layer of the undisturbed soil (Table 2) as compared with both 
cropped ones; the cropped soils did not differ from each other 
in this index. As for the potential OTU richness, though its 
estimator (Chao1) in the 0–5 cm layer of the undisturbed soil 
was markedly higher than in the respective layer of the CT soil, 
the same was true, albeit to a lesser extent, for the respective 
layer of the NT soil. Shannon index was much increased in 
the 0–5 cm layer of the undisturbed soil as compared with its 
5–15 cm layer, displaying no difference between the fields.

As for β-diversity, it clearly separated the undisturbed field 
from the cropped ones, and the latter were not separated from 
each other (Fig. 3). 

Ciliate assemblage composition and soil properties. 
Correlation of the ciliate classes abundance with soil pro­
perties in the 0–5 cm layer showed specific spectra for each 
field (Fig. 4), albeit with few correlation coefficients being 
statistically significant. 

In the undisturbed soil, Nassophorea and Spirotrichea 
 correlated positively with sand and negatively with clay, silt 
and soil organic matter contents, being also sensitive to pH. In 
the same soil, Litostomatea and Oligohymenophorea showed 
preference for soil organic matter with a wide C/N ratio. The 
pattern was different in the CT soil, where all major classes, 
except for Spirotrichea, correlated positively with sand and 
negatively with clay, silt and soil organic matter ones. A dif­
ferent correlation pattern was revealed in the NT soil, where 

Oligohymenophorea correlated positively with silt, clay, soil 
organic matter, soil total carbon and nitrogen and negatively 
with sand. 

Discussion
To assess the diversity of microscopic eukaryotes, most studies 
used primers to 18S rRNA genes (Ritter et al., 2021), either 
taxonomically broad (Chaib De Mares et al., 2017) or specific 
for soil ciliates (Lara et al., 2007; Ting et al., 2015). However, 
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Fig. 3. Principal coordinates analysis of the soil alveolate assemblage 
composition (OTU level, Bray–Curtis dissimilarity distance) under differ-
ent soil tillage in the forest-steppe zone in West Siberia: location of sam-
ples in the plane of the first two coordinates. 
Solid circles indicate samples from the 0–5 cm layer, and open circles indicate 
samples from the 5–15 cm layer.
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even with specific primers, non-target taxa sequences are 
commonly amplified (Pastorelli et al., 2022). The ITS pri-
mers we used in this study were designed for fungi (Liu K. 
et al., 2012), but often these primers did not fail to amplify 
a plethora of other domains, such as Alveolata, Amoebozoa, 
Heterolobosea, Metazoa, Rhizaria and Eukaryota kingdoms 
of uncertain taxonomic attribution. That was precisely what 
happened in our research: we analysed and reported the 
mycobiome data (Naumova et al., 2022), but, besides fungal 
sequences, obtained many sequence clusters belonging to 
other domains, including Alveolata. It seemed a waste not 
to attempt an analysis of such sequences; the more so as the 
number of OTUs reached plateau with the increasing number 
of sequence reads, tempting us to compare diversity of am­
plicon sequences. The primers we used were not specifically 
designed for alveolates, and we are far from claiming that 
we examined alveolate assemblages in their entirety (though 
even with specific primers, such claims would be unjusti­
fied). However, the fact that diversity estimates of Alveolata 
OTUs showed agronomically and ecologically meaningful 
differences, together with our humble hope that our study 
would “clearly benefit from incorporating more protistology 
alongside the study of bacteria, fungi and animals” (Geisen 
et al., 2018), strongly encouraged us to discuss how ciliate 
diversity relates to the context of this study.

Averaged over all samples in the study, Ciliophora account­
ed for 88 % of the Alveolata sequence reads. As Ciliophora 
were shown to prefer arid and semi­arid soil environments 
(Bates et al., 2013), the phylum ultimate dominance in Al­
veolata assemblage complies with the climate of the study 
re gion, characterized as semi­arid. Less Ciliophora presence, 
i. e. 45 % of the total number of sequence reads, was reported 
for the meadow soils in the Alps (Seppey et al., 2020). How­
ever, ciliates are relatively more studied and better represented 
in various databases: in particular, they are highly overre-
presented in molecular surveys because of their shorter SSU 
rRNA sequences that ease amplification, and the presence of 
extremely high SSU rRNA gene copy numbers (Gong et al., 
2013), ranging from 103 to 106 (Wang et al., 2019). All these 
might have also been a factor contributing to higher Ciliophora 
presence in our study. 

This study explicitly identified five class-level sequence 
reads clusters, i. e. Spirotrichea, Oligohymenophorea, Litosto­
matea, Nassophorea and Phyllopharyngea. The first four were 
the dominant ones, being commonly found in other studies 
(employing the same or different methodology) as the main 
members of soil ciliate assemblages (and even estuarine ones 
(Jiang et al., 2021)). In the meadow soils in the Alps, the Ci­
lio phora phylum was mostly represented by the Spirotrichea, 
Oligohymenophorea, Litostomatea and Colpodea classes 
(Sep pey et al., 2020). In soil ciliate community at the Baiyun 
Mountain in China, the most species­rich classes were Spiro­
trichea, Colpodea, Litostomatea, Oligohymenophorea, Nas­
sophorea, Armophorea and Phyllopharyngea, as determined 
by microscopy (Li et al., 2010); exactly the same class­level 
composition (by DGGE + sequencing) was reported for the 
oil palm plantation in Malaysia (Ting et al., 2012). Another 
study reported the ultimate (55 %) dominance of colpodids 
(by classical methodology) (Bamforth, 2001) in a range of 
different soils; a notable presence of the group (found by 

metatransciptomics) was also reported (Geisen et al., 2015). 
Another very recent study of ciliates in Castanozems in the 
north-west of China identified nine classes of soil ciliates 
(Liu H. et al., 2022), with Spirotrichea and Litostomatea 
 being the most species-rich and Colpodea ranking third. Un-
like all those studies, here, we did not find any Colpodea. This 
notable and surprising discrepancy concerning the Colpodea 
presence may be explained by differences in methodology, 
primers used, ecosystems, soil, as well as weather conditions 
preceding soil sampling. According to BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi), the primers used for this study 
had poor homology for Colpodea. As for the weather condi­
tions, they could have contributed somewhat as well: we col­
lected soil samples at the end of the growing season with air 
temperatures dropping to negatives at night, but in the Alps 
soil samples were collected in July, i. e. at the height of the 
growing season, whereas at the Baiyun Mountain they were 
collected seasonally throughout a year. Also, as Colpodea are 
well known as r-strategists (Lüftenegger et al., 1985), e. g. 
thriving in unstable environments, they could hardly display a 
notable presence after gradual change of environmental condi­
tions at the very end of the growing season, more than a month 
after harvest in the cropped fields and no disturbance in all 
three fields. Although there exists a discrepancy between the 
morphological and molecular databases used in the molecular 
barcoding of protists (Venter et al., 2018), the factor could have 
hardly contributed to the absence of such conspicuous and 
well­studied taxon as Colpodea in our study. Therefore, the 
primers are the primary culprits, and this difference between 
the ciliate classes might be worth looking into. 

Our finding that the Litostomatea class was markedly 
increased in the undisturbed soil, as compared with the both 
cropped ones, suggests that in the undisturbed soil a) there 
was much more prey available for these free­living preda­
tors of other protists or microscopic animals (Vd’ačný et al., 
2012), or b) these ciliates or their prey were susceptible to 
the agronomic practices in the cropped fields, as protists were 
shown to be the most susceptible soil microbiome component 
to the application of nitrogen fertilizers (Zhao Z. et al., 2019). 
Anyway, the undisturbed soil environment in both layers 
apparently benefited Litostomatea, perhaps indirectly, via 
different chemical composition/stoichiometry of the versatile 
plant litter: nutrient characteristics of the latter were shown 
to be important ecological factors that affect protozoan com­
munity diversity (Jia et al., 2021). And our finding of posi­
tive Litostomatea correlation with the wider C/N ratio of soil 
indirectly corroborates this. 

The Spirotrichea representatives are commonly found 
in various soil environments, ranging from the high Arctic 
deserts (Choe et al., 2021) to meadows in the Alps (Seppey 
et al., 2020). Our results showing that it was the most abun­
dant class in all soil samples from undisturbed and cropped 
fields (averaging 30 %) imply increased availability of their 
various prey, from bacteria to other ciliates (Subphylum 2. 
INTRAMACRONUCLEATA…, 2010), stimulated by dead 
phytomass abundance at the end of the growing season. The 
Spirotrichea diversity was reported to be positively correlated 
with physicochemical parameters such as interstitial water, 
total organic carbon, nitrogen and phosphorous content (Abra­
ham et al., 2019). However, within the context of our study, 



Разнообразие почвенных Alveolata в ненарушенной степи 
и агроценозах пшеницы при разной обработке почвы

Н.Б. Наумова, П.А. Барсуков, О.А. Батурина 
О.А. Русалимова, М.Р. Кабилов

2023
27 • 6

709ЭКОЛОГИЧЕСКАЯ ГЕНЕТИКА / ECOLOGICAL GENETICS

i. e. small gradients of physicochemical properties, we did not 
reveal such a correlation at the wheat­cropped sites, but at the 
undisturbed site, the relative abundance of the Spirotrichea­
specific sequences was found to correlate positively with sand 
content in soil. Such correlation suggests sensitivity of these 
ciliates to soil pore space and aeration, or both. 

The fact that Oligohymenophorea had a substantial presence 
in all soil samples in our study (15 % on average) agrees with 
the notion that the class is a common member of soil ciliate 
assemblages (Zhao F. et al., 2013; Tribun et al., 2022). The 
finding that the class did not show any tillage-related diffe-
rences (in the top layer) may suggest a broad spectrum of the 
class niches within the context of the study. As for the 5–15 cm 
layer, the Oligohymenophorea relative abundance increased 
from the undisturbed site to the ploughed and no-till ones: the 
results suggest the beneficial effect of some environmental 
property (unaccounted in the study) in the no­till soil.

As for the Nassophorea representatives, in this study, the 
class presence seemed to benefit from the unploughed soil 
environment similarly in both the undisturbed and no­tillage 
0–5 cm layers, which indicates mostly the effect of soil pro-
perties, rather than plant species and phytomass. Although 
Phyllopharyngea demonstrated layer­related differential 
abun dance, as the class was the rare member of the soil cili­
ate community at all sites, we would not attempt to draw any 
ecological inference from the finding. 

It is noteworthy that in both soil layers only few OTUs were 
common for all three fields, belonging to the Spirotrichea 
class and not being explicitly attributed to any of its orders. 

Our finding that ciliate relative abundance was in most cases 
positively correlated with sand content in the soil indicates the 
importance of relatively bigger pore space needed for these 
microscopic eukaryotes as typically they are longer than 50 μm 
in body length (Lynn, 2017). 

Temperature is an important factor controlling the ciliate 
community (Oshima et al., 2020) and affects the structure and 
functions of the soil microbial food web. For instance, ciliates 
can be destroyed by freezing temperatures, especially at soil 
moisture content exceeding 30 % (Müller et al., 2010). Some 
researchers suggested that “internally governed encystment 
may be an essential adaptation to an unpredictable environ­
ment in which individual protozoa cannot sense when the soil 
will dry out and will survive desiccation only if they have 
encysted in time” (Ekelund et al., 2002. P. 1096), or, extending 
the statement, when the soil will freeze or experience other 
adverse condition. In general, soil helps to preserve ciliate 
cysts in a viable state. Since the soil for our study was sampled 
at the end of October when freezing temperatures, at least at 
nights, are common, it is most likely that the diversity profile 
reflects the diversity of viable but non-active organisms. 

It should be noted that relationships between ribotypic and 
phenotypic traits of protists across their life cycle stages re­
main largely unknown: recently, encystment and temperature 
were shown to influence intraindividual sequence polymor­
phisms of rDNA and rRNA (Zou et al., 2021). Thus, the rDNA 
copy number may affect the composition and structure of soil 
ciliate assemblages. 

Nowadays, it is commonplace to reiterate that “conventio­
nal agricultural production systems… reduce soil biodiver­

sity” (Harkes et al., 2019); and our finding of reduced ciliate 
OTUs’ richness, both observed and potential, in the top 5-cm 
layer of conventionally ploughed soil as compared with 
the undisturbed one, agrees with the statement. However, 
the same was true for the no­till soil as far as the observed 
OTUs’ richness is concerned. But the potential richness, i. e. 
the Chao1 index, albeit being somewhat lower still, did not 
differ statistically from the value in the undisturbed soil, 
very likely indicating the ongoing, albeit slowly, process of 
ciliate assemblage diversification due to the no-till treatment. 
As for the Shannon index, it showed no difference between 
the soil tillage managements. The same pattern, i. e. reduced 
OTUs’ richness under conventional tillage as compared with 
the undisturbed soil, and no difference in the Shannon index, 
was found by us in the mycobiome of the same soil samples 
(Naumova et al., 2022). This finding implies that the Shan­
non index, calculated on the basis of sequence reads, in the 
case of eukaryotic microorganisms, at least such as fungi and 
alveolates, cannot adequately reflect biodiversity changes.

With ITS primers, this study recorded 158 Ciliophora OTUs 
in the soil samples collected from adjacent fields. Recently, a 
comprehensive study of ciliated protozoans in soils and fresh 
water bodies of the Russian Far East, performed by employ­
ing traditional microscopic techniques to detect and identify 
ciliates, found 307 species (Tribun et al., 2022), which, bear­
ing in mind the number, biotope diversity and area surveyed 
(in total, about 900,000 km2) did not strike us as seriously 
exceeding the species richness in our study. The core of the 
ciliate communities in both studies belonged to the classes 
Oligohymenophorea, Spirotrichea and Litostomatea, together 
accounting for 65 % of species richness in the Far East study 
and 52 % of species richness and 41–50 % of the total number 
of sequence reads in our study. Another very recent study in 
the north­west of China, also employing traditional methodo­
logy to identify and enumerate ciliates, found 114 species of 
ciliates among four sampling sites, varying in vegetation and 
land use (Liu H. et al., 2022). Thus, we can safely conclude 
that soil ciliates diversity data, obtained here by sequencing 
amplicons of ITS2 region of rRNA genes, encompassed a 
significant portion of true ciliate diversity in soil, providing 
ecologically relevant and meaningful assemblage profiles in 
the context of our study. 

Conclusion
This is the first report about soil ciliates diversity, as assessed 
by metagenomic technique, in Siberia, and specifically in 
Chernozem under different land use and tillage practices 
(undisturbed steppe vs. cropped for wheat by conventional or 
no tillage). We found a clear effect of land use on the relative 
abundance of some taxa at the order level, but did not find 
any effect of the tillage treatments: this strongly suggests the 
importance of primary producers, i. e. the quantity and quality 
of plant material input in soil, in shaping the prey available for 
ciliates. Soil ciliate β-diversity differentiated the undisturbed 
field from the cropped ones very distinctly as well. Further 
multifaceted studies, focusing on many aspects of soil ciliates 
by combining ­omics methodology with the traditional one, 
are needed to get a better insight on the ecological roles of 
the main ciliate taxa in the complex soil system.
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Abstract. The monkeypox epidemic, which became unusually widespread among humans in 2022, has brought awareness 
about the necessity of smallpox vaccination of patients in the risk groups. The modern smallpox vaccine variants are intro-
duced either intramuscularly or by skin scarification. Intramuscular vaccination cannot elicit an active immune response, 
since tissues at the vaccination site are immunologically poor. Skin has evolved into an immunologically important organ 
in mammals; therefore, intradermal delivery of a vaccine can ensure reliable protective immunity. Historically, vaccine in-
oculation into scarified skin (the s.s. route) was the first immunization method. However, it does not allow accurate vaccine 
dosing, and high-dose vaccines need to be used to successfully complete this procedure. Intradermal (i.d.) vaccine injec-
tion, especially low-dose one, can be an alternative to the s.s. route. This study aimed to compare the s.s. and i.d. smallpox 
immunization routes in a mouse model when using prototypic second- and fourth-generation low-dose vaccines (104 pfu). 
Experiments were conducted using BALB/c mice; the LIVP or LIVP-GFP strains of the vaccinia virus (VACV) were adminis-
tered into the tail skin via the s.s. or i.d. routes. After vaccination (7, 14, 21, 28, 42, and 56 days post inoculation (dpi)), blood 
samples were collected from the retro-orbital venous sinus; titers of VACV-specific IgM and IgG in the resulting sera were 
determined by ELISA. Both VACV strains caused more profound antibody production when injected via the i.d. route com-
pared to s.s. inoculation. In order to assess the level of the elicited protective immunity, mice were intranasally infected with 
a highly lethal dose of the cowpox virus on 62 dpi. The results demonstrated that i.d. injection ensures a stronger protective 
immunity in mice compared to s.s. inoculation for both VACV variants.
Key words: smallpox; monkeypox; vaccinia virus; vaccination; intradermal injection; skin scarification.
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Противооспенная вакцинация на модели мышей
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Аннотация. Необычно широко распространившаяся в 2022 г. эпидемия оспы обезьян среди людей привела к за-
ключению о необходимости противооспенной вакцинации пациентов из групп риска. При этом современные ва-
рианты противооспенной вакцины вводят либо внутримышечно, либо скарификацией кожи. Внутримышечное вве-
дение не обеспечивает активного иммунного ответа, так как ткани, в которые при этом вводится вакцина, являются 
иммунологически бедными. Кожа эволюционно развилась в иммунологически важный орган млекопитающих, по-
этому введение вакцины в дерму кожи может обеспечивать надежный протективный иммунный ответ. Историче-
ски первым способом иммунизации стал метод инокуляции вакцины в скарифицированную кожу (с/к). Однако этот 
метод не обеспечивает точного дозирования вакцины, для успешного выполнения процедуры нужно использовать 
вакцину в высокой концентрации. Альтернативой методу с/к может служить процедура внутрикожной (в/к) инъек-
ции вакцины, особенно при использовании ее в низкой концентрации. Целью настоящей работы было сравнение 
способов внутрикожной противооспенной иммунизации на модели мышей с применением прототипных вакцин 
второго и четвертого поколений в низкой дозе 104 БОЕ. Эксперименты выполняли на мышах линии BALB/c, штаммы 
LIVP или LIVP-GFP вируса осповакцины (VACV) вводили в кожу хвоста с/к или в/к способами. Через 7, 14, 21, 28, 42 
и 56 дней после вакцинации (дпв) у мышей проводили забор проб крови из ретроорбитального венозного сину-
са и получали сыворотки, в которых методом ИФА определяли титры VACV-специфичных IgM и IgG. Оба штамма 
VACV обусловливали более выраженную продукцию антител при в/к инъекции по сравнению со с/к инокуляцией. 
Для проверки уровня развившегося протективного иммунитета на 62-й дпв мышей интраназально инфицировали 
высоколетальной дозой вируса оспы коров. Полученные результаты показали, что в/к инъекция обеспечивает раз-
витие протективного иммунитета у мышей в значительно большей степени, по сравнению с с/к инокуляцией обоих 
вариантов VACV.
Ключевые слова: оспа; оспа обезьян; вирус осповакцины; вакцинация; внутрикожная инъекция; скарификация кожи.
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Introduction
Smallpox (lat. variola) is an especially dangerous infectious 
disease that has claimed lives of many hundreds of millions 
of people over the past centuries. During smallpox epidemics, 
the death toll among the infected people could be as high as 
30–40 %. The variola virus (VARV) is an infectious agent of 
this disease (Fenner et al., 1998).

The VARV was mostly transmitted amongst humans via the 
airborne or aerosol route during close personal contacts. The 
incubation period lasting one or two weeks was followed by 
abrupt onset of fever, headache, and sacral pain. Several days 
later, rash lesions appeared on the tongue as well as oral and 
oropharyngeal mucosa; maculopapular rash then developed 
on the face and hands, subsequently spreading over the entire 
body and progressing to pustules. By day 10–13 of illness, 
the pustules reached their maximum size, and then gradually 
flattened, dried, and evolved into scabs. By day 30–40 of the 
disease, the scabs fell off to leave reddish spots. These scabs 
subsequently left typical deep scars known as pockmarks 
in some body areas, mostly on the face (the pock-pitted 
face). Hence, smallpox survivors could be easily phenotypi-
cally differentiated from people who had not had this disease 
(Shchelkunov et al., 2005).

It turned out that smallpox survivors were not susceptible 
to it during the later epidemics. Many centuries ago, this 
fact apparently gave an idea to Indian and Chinese doctors 
to develop a procedure that subsequently became known as 
variolation (variola inoculation). According to this method, 
the infectious material obtained by rubbing scabs taken from 
epidemic patients was placed (inoculated) into skin incisions. 
People infected intradermally typically had a milder form of 
smallpox compared to the naturally occurring smallpox. After 
the infectious process, a characteristic scar was formed at the 
site of VARV inoculation into the skin. This procedure made 
people resistant to smallpox. However, 0.5–2.0 % of variolated 
individuals died, so this smallpox protection method has not 
become common (Fenner et al., 1988).

In the XVIII century, a smallpox-like disease in cattle and 
horses, which became known as cowpox, was reported in Eng-
land. This disease was clinically characterized by development 
of skin rashes on animal bodies, most frequently on the udder 
and teats. The skin elements underwent typical evolutionary 
transformation stages (papules to vesicles to pustules); scabs 
and ulcers were subsequently formed. This infection was 
easily transmitted to people who had contacted the infected 
animals. In most cases, cowpox in humans had a mild course 
and was characterized by isolated topical lesions, mostly on 
hands and forearms, at skin microtrauma sites. After infection 
resolution, cicatrices resembling variolation scars were formed 
at former skin lesion sites. Furthermore, people who recovered 
from cowpox did not get infected during smallpox epidemics. 

Having gained this knowledge, an English physician 
Ed. Jenner inferred that people can be protected against small-
pox by being preliminarily infected with cowpox. Starting 
with 1796, he conducted several experimental inoculations 
of the infectious material collected from pustules of cowpox-
infected humans into skin incisions (the skin scarification 
route) in people and, after some time, infected them with 
smallpox using the variolation procedure. In all the cases, 
people infected with the cowpox were resistant to smallpox 

infection. Ed. Jenner  called the developed smallpox protec-
tion procedure “vaccination” (or vaccine inoculation, the 
term derived from Latin vacca – cow) (Fenner et al., 1988; 
Esparza et al., 2017).

It is noteworthy that it was not until one century after the 
invention of the smallpox vaccination method that the king-
dom of viruses was discovered. However, it has only recently 
been found that different vaccinia virus (VACV) strains that 
have been used for immunization for a long time are closest 
to the horsepox virus rather than the cowpox virus in terms 
of their genomic organization (Tulman et al., 2006; Esparza 
et al., 2017).

Smallpox was completely eradicated by 1977 using mass 
smallpox vaccination and strict epidemiologic surveillance 
under the World Health Organization’s Global Smallpox 
Eradication Program (Fenner et al., 1988).

In the overwhelming majority of cases, the VACV was 
inoculated for smallpox vaccination by the skin scarification 
(s.s.) route. This procedure is relatively easy to perform but 
does not allow accurate dosing of the vaccine preparation; 
therefore, high-dose viral preparation needs to be used to 
ensure reliable immunization (Fenner et al., 1988; Jacobs et 
al., 2009; Sanchez-Sampedro et al., 2015).

Intradermal (i.d.) injection of the vaccine preparation can 
be a modern alternative to the s.s. route. This approach allows 
accurate vaccine dosing and ensures higher immunization reli-
ability, so the dose of the administered vaccine can be reduced, 
which is especially important in the case of mass vaccination.

This study aimed to compare the effectiveness of i.d. and 
s.s. smallpox vaccination with low-dose VACV in a model 
of BALB/c mice. For correct comparison, the VACV was 
introduced by both routes within the same region of mouse tail 
skin for both procedures. The clonal variant of the LIVP strain 
and the constructed recombinant LIVP-GFP (mutant with 
respect to viral thymidine kinase), which can be regarded as 
prototypic second- and fourth-generation smallpox vaccines, 
respectively, were used as study objects. 

Materials and methods
Viruses and cell culture. Clonal variant 14 of the VACV 
LIVP strain produced by limiting dilution and triple plaque 
purification using agarose overlay (Yakubitskiy et al., 2015), 
the mutant LIVP-GFP, with inactivated virus thymidine kinase 
gene, generated based on it (Petrov et al., 2013), and the cow-
pox virus (CPXV) strain GRI-90 (Shchelkunov et al., 1998) 
were used in this study. The viruses were grown and titrated 
using the African green monkey kidney cells line CV-1 from 
the collection of the State Research Center of Virology and 
Biotechnology  “Vector”, Federal Service for Surveillance on 
Consumer Rights Protection and Human Wellbeing.

Animals. BALB/c mice were procured from the Labora-
tory Animals Farm of the SRC VB Vector. The experimental 
animals were fed a standard diet with a sufficient amount of 
water, in compliance with the veterinary laws and the require-
ments for the humane care and use of laboratory animals. 
Animal manipulations were approved by the Bioethics Com-
mittee of SRC VB Vector (Protocol No. 02-06.2022 dated 
June 28, 2022).

Pathogenicity assessment of VACV strains. Three-week-
old BALB/c mice weighing 10–12 g (10 animals per group) 

https://www.multitran.com/m.exe?s=Federal+Budget+Institution+of+Science+%22Central+Research+Institute+for+Epidemiology%22+of+the+Federal+S&t1=9515924&l1=1&l2=2
https://www.multitran.com/m.exe?s=Federal+Budget+Institution+of+Science+%22Central+Research+Institute+for+Epidemiology%22+of+the+Federal+S&t1=9515924&l1=1&l2=2
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were used in the studies to assess the pathogenicity of the 
VACV LIVP and LIVP-GFP strains upon intranasal (i.n.) 
infection. Mice preliminarily subjected to inhaled anesthesia 
with diethyl ester received 50 µL of virus-containing fluid 
at a dose of 107 plaque-forming units (pfu) or normal saline 
inoculated into the nasal cavity. The animals were followed 
up for 14 days; clinical signs of infection and animal deaths 
were documented.

The score grading system for assessing the revealed symp-
toms was as follows: 0 – no signs of the disease; 1 – slightly 
ruffled hair coat; 2 – significantly ruffled hair coat; 3 – signifi-
cantly ruffled hair coat and hunched posture or conjunctivitis; 
4 – labored breathing or remaining immobile; and 5 – death.

Each mouse was weighed every two days. The arithmetic 
mean mouse body weight in each group at each time point was 
calculated and expressed as a percentage from the baseline 
value. Data diffusion with respect to the mean value was pre-
sented as standard deviation of the mean and also expressed 
as a percentage.

Immunization of mice. Female BALB/c mice starting with 
age of 6–7 weeks (body weight, 16–19 g) were immunized 
by intradermal (i.d.) injection or skin scarification (s.s.) using 
VACV LIVP or LIVP-GFP at a dose of 104 pfu.

When performing an i.d. injection or s.s. inoculation, the 
inoculation site (the dorsal side of the tail, approximately 
1 cm from its base) was pretreated with 70 % ethanol. In 
the case of i.d. injection, 20 µL of viral material (104 pfu) or 
normal saline (control group) was inoculated according to the 
procedure described earlier (Shchelkunov et al., 2022a). For 
s.s. immunization, 10 skin incisions were made using a 26G 
needle (0.45 × 16 mm) within the uppermost layer of epider-
mis. Viral material (104 pfu) or normal saline (control group) 
(5 µL) was immediately applied onto the damaged skin and 
allowed to be absorbed into the skin. 

On days 7, 14, 21, 28, 42, and 56 post inoculation (dpi) with 
the LIVP or LIVP-GFP viruses, blood samples were collected 
from the retro-orbital venous sinus in mice (six animals from 
each group) according to the procedure described previously 
(Shchelkunov et al., 2022a).

Serum preparations were obtained from individual blood 
samples of mice by centrifuging blood cells. Serum samples 
obtained from mouse blood were stored at –20 °С.

Enzyme-linked immunosorbent assay of serum samples. 
Enzyme-linked immunosorbent assay of individual serum 
samples of mice was carried out according to the procedure 
described previously (Shchelkunov et al., 2020). Purified 
VACV LIVP preparation was used as an antigen. The geomet-
ric means of log reciprocal titer of VACV-specific IgM and 
IgG were determined for the study groups, and the confidence 
intervals were calculated for the 95 % matching between each 
sample and the total population.

Assessment of protectivity in immunized mice. On 
62 dpi, the groups of animals immunized with the LIVP or 
LIVP-GFP viruses and control animals were i.n. inoculated 
with CPXV GRI-90 at a dose of 46 LD50 (9.4 × 105 pfu/mouse). 
The animals were followed up for 14 days, and their deaths 
were documented.

The data were obtained for groups consisting of six ani-
mals immunized, either i.d. or by s.s., with VACV LIVP or 
LIVP-GFP, as well as groups of non-immunized mice and 

non-infected animals (the negative control) or animals infected 
with CPXV GRI-90 (the positive control).

Statistical analysis. Statistical analysis and comparison of 
the results was carried out with standard methods using the 
Statistica 13.0 software package (StatSoft Inc., 1984–2001). 
The 50 % lethal dose (LD50) was calculated using the Spear-
man–Karber method according to the number of animals that 
had died (Sachs, 1972). The p-value < 0.05 was considered 
statistically significant. 

Results

Comparison of the pathogenic properties  
of LIVP and LIVP-GFP strains intranasally  
inoculated to mice
Three-week-old BALB/c mice were used to assess the patho-
genicity of the VACV LIVP and LIVP-GFP strains in this 
study. The mice were i.n. inoculated with the viruses at a dose 
of 107 pfu. For VACV LIVP, pronounced clinical manifesta-
tions of the infection were observed starting with 4 dpi; their 
maximum intensity was detected on 8 dpi; and the animals 
recovered after 10 dpi (Fig. 1, b). The disease was accompa-
nied by significant body weight loss of mice (see Fig. 1, a).

Under the same conditions, the LIVP-GFP virus with 
the mutant thymidine kinase gene caused minimal clinical 
manifestations of infection 6–8 dpi (see Fig. 1, b) and an 
insignificant body weight loss in infected animals compared 
to those in the control group (see Fig. 1, a). I.n. inoculation 
of mice with the LIVP strain resulted in the death of 50 % 
animals, whereas all the animals survived the inoculation with 
the LIVP-GFP strain (Fig. 2).

The results demonstrate that VACV LIVP was significantly 
attenuated in the case of inactivation of the thymidine kinase 
gene that had occurred when producing the recombinant 
LIVP-GFP strain.

Comparison of changes in the development  
of humoral immune response to vaccination  
of mice with the LIVP and LIVP-GFP viruses over time
Adult BALB/c mice, starting with the age of 6–7 weeks, were 
vaccinated by i.d. injection or s.s. inoculation with low-dose 
VACV LIVP or LIVP-GFP (104 pfu).

Upon i.d. injection of the LIVP virus, significant production 
of VACV-specific IgM was observed as early as on 7 dpi; its 
maximum level was reached by 21 dpi, while the IgM titer 
dropped to the level observed for the negative control group 
by 28 dpi and later. Therefore, the results of testing IgM in 
mouse serum samples are shown in Fig. 3 only for the time 
points of 7, 14, 21, and 28 dpi. Immunization of mice with 
the LIVP virus by s.s. inoculation resulted in later and less 
marked IgM production (see Fig. 3, a).

Both in the case of i.d. and s.s. vaccination of mice with 
the LIVP-GFP virus (104 pfu), IgM production was minimal; 
there were no significant differences compared to the IgM 
level in the control serum samples of non-immunized animals 
(see Fig. 3, b).

Much higher titers of VACV-specific immunoglobulins IgG 
were produced compared to those of IgM (see Figs. 3 and 4). 
After i.d. vaccination with the LIVP virus, significant IgG 
production was observed as early as on 7 dpi, reaching its 
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maximum on 21 dpi and remaining at virtually the same level 
until 28 dpi. The titer of VACV-specific IgG then gradually 
decreased by 42 and 56 dpi (see Fig. 4, a). For s.s. inocula-
tion of the LIVP virus to mice, synthesis of specific IgG was 
delayed and had lower intensity compared to i.d. immuniza-
tion (see Fig. 4, a).

When mice were i.d. inoculated with the LIVP-GFP virus, 
the IgG production level was considerably lower compared 
to that observed after vaccination with LIVP; the production 
of these antibodies was maximal on 28 dpi (see Fig. 4, b). 
S.s. inoculation of the LIVP-GFP virus resulted in lower-
intensity production of analyzed IgG (see Fig. 4).

Assessment of protection against the lethal  
orthopoxvirus infection in immunized mice 
In order to assess how the VACV strains under study, as 
well as the i.d. and s.s. vaccine administration routes, 
affect the development of protective immunity against 
orthopoxvirus reinfection in mice, groups of mice im-
munized with the LIVP or LIVP-GFP, as well as control 
(non-immunized) animals, were i.n. inoculated with CPXV 
GRI-90 at a dose of 46 LD50 on 62 dpi. The results of these 
experiments (Fig. 5) demonstrate that only the group of mice 
i.d. immunized with the LIVP virus were fully protected. In 
the group of mice vaccinated with the same virus through 
the s.s. route, 83 % of animals died after being infected with 
CPXV-GRI (see Fig. 5, a).

I.d. injection of the LIVP-GFP virus protected 80 % of 
mice against reinfection with CPXV-GRI under the same 
conditions, while all the mice s.s. inoculated with LIVP-GFP 
died (see Fig. 5, a). The level of protection against the lethal 
CPXV infection in mice correlated with the intensity of clinical 
manifestations of this infection (see Fig. 5, b).

Hence, i.d. low-dose immunization with VACV (104 pfu) 
used in this study for mice is obviously more effective com-
pared to s.s. inoculation in the development of protective 
immunity against heterologous orthopoxvirus infection (the 
cowpox virus).

Discussion
The large-scale epidemic of monkeypox among humans 
that spread to all continents in 2022 (Harapan et al., 2022; 
Shchelkunova, Shchelkunov, 2023) has put the question about 
mass vaccination against this infection in the risk groups on 
the agenda. Important issues were the need to properly choose 
the type of vaccine and the optimal route of smallpox vaccine 
administration.

The first-generation live smallpox vaccine is a VACV 
preparation produced by viral replication in skin of calves or 
other animals. Recent studies have shown that these vaccines 
consist of a mixture of different VACV variants (Osborne et 
al., 2007; Qin et al., 2011).

In present-day conditions, the VACV vaccine strains 
obtained by isolating clonal variants from first-generation 
vaccines are produced on mammalian cell cultures, and these 
preparations are known to be second-generation smallpox 
vaccines (Sanchez-Sampedro et al., 2015). Application of first- 
and second-generation smallpox vaccines for mass vaccination 
is currently limited because of the relatively high risk of severe 
complications (Fenner et al., 1988; Sanchez-Sampedro et al., 
2015), since the number of compromised people, including 
those infected with HIV, has recently increased.

Third-generation attenuated smallpox viruses (having 
reduced pathogenicity) are produced by multiple passages 
of a certain VACV strain in the cell culture of a heterologous 
host. This process is accompanied by emergence of VACV 
variants carrying spontaneous deletions and mutations in the 
viral genome (Jacobs et al., 2009; Olson, Shchelkunov, 2017; 
Albarnaz et al., 2018).

The novel approach to producing fourth-generation 
smallpox vaccines consists in introducing targeted deletions/
insertions that disrupt selected viral genes and lead to VACV 

Fig. 1. Changes in mouse body weight (a) and clinical manifestations of 
infection (b) after intranasal inoculation of the LIVP (shown in blue) or 
LIVP-GFP (shown in violet) viruses at a dose of 107 pfu.
The mean data for groups consisting of 10 animals infected with the respective 
viruses and the control group (shown in green) are presented.

Fig. 2. Deaths of mice intranasally inoculated with the LIVP (shown 
in blue) or LIVP-GFP (shown in violet) viruses at a dose of 107 pfu. The 
control group consisted of non-infected animals (shown in green).
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attenuation by genetic engineering (Yakubitskiy et al., 2015; 
Li et al., 2017; Shchelkunov et al., 2022b).

First-generation live smallpox vaccine based on the VACV 
LIVP strain is used for smallpox immunization in Russia. The 
LIVP strain was produced by epicutaneous passaging of the 
Lister vaccine strain provided by the Lister Institute (Elstree, 
UK) in rabbits and calves. A preparation of this vaccine is the 
virus grown in scarified calf skin (Perekrest et al., 2013). The 
patients receive this vaccine via s.s. inoculation.

We used the LIVP strain to produce and characterize the 
clonal variant of LIVP (Yakubitskiy et al., 2015) that can be 
viewed as a prototype of second-generation smallpox vaccine. 
The recombinant LIVP-GFP strain with inactivated thymidine 
kinase gene generated based on it (Petrov et al., 2013) is a 
prototype variant of fourth-generation smallpox vaccine.

At the first stage of this study, we compared the pathoge-
nicities of the LIVP and LIVP-GFP strains. The sensitivity 
of mice to orthopoxviruses significantly depends on their age 
(Shchelkunov et al., 2005); therefore, young (3-week-old) 
BALB/c mice were used in the experiments. The animals were 
i.n. inoculated with the viruses, since this route imitates the 
natural route of infection and ensures the highest sensitivity 
of mice to this infection (Hughes et al., 2020; Shchelkunov 
et al., 2021).

It turned out that after i.n. inoculation of young mice with 
the LIVP strain (107 pfu), it induced clinically apparent infec-
tion (see Fig. 1) resulting in death of 50 % of animals (see 
Fig. 2). Meanwhile, the LIVP-GFP strain led only to mild signs 
of the disease in mice (see Fig. 1) and complete recovery (see 
Fig. 2). Therefore, inactivation of the thymidine kinase gene in 
LIVP-GFP resulted in its substantial attenuation compared to 
the parental LIVP strain, which is consistent with the results 
obtained for other VACV strains (Taylor et al., 1991; Jacobs 
et al., 2009).

Numerous studies have previously demonstrated that s.s. 
immunization with second- and fourth-generation VACV-
based vaccines at doses of at least 105–106 pfu fully protected 
mice against repeated lethal orthopoxvirus infection (Melamed 
et al., 2007; Jacobs et al., 2009; Shchelkunov et al., 2022a).
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Fig. 4. Titers of VACV-specific IgG in serum samples of mice immunized 
with the LIVP (a) or LIVP-GFP (b) viruses. C – serum samples of mice that 
received normal saline (control group).
* Statistically significant differences with p < 0.05.
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Fig. 3. Titers of VACV-specific IgM in serum samples from mice immunized 
with the LIVP (a) or LIVP-GFP viruses (b). C – serum samples of mice that 
received normal saline (control group).
* Statistically significant differences with p < 0.05.

Fig. 5. Deaths (a) and clinical manifestations of infection in mice (b) 
immunized with the LIVP or LIVP-GFP viruses (104 pfu) after being 
intranasally infected with CPXV GRI-90 at a dose of 46 LD50 on 62 dpi.
The mean data for the groups consisting of six animals immunized with the 
respective viruses, as well as the non-immunized and non-infected mice 
(the negative control group) or mice infected with CPXV GRI-90 (the positive 
control group) are presented.
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In this work, we studied the feasibility of reducing the dose 
of prototypic smallpox vaccines to 104 pfu when performing 
s.s. inoculation or i.d. injection to mice. For correct compari-
son, the VACV was introduced by the s.s. and i.d. routes within 
the same region of mouse tail skin.

Adult mice (aged 6–7 weeks) with a mature immune system 
were used for studying the immunogenicity of VACV LIVP 
and LIVP-GFP. The antibody response is known to make the 
most significant contribution to the development of adaptive 
immune response to VACV vaccination (Belyakov et al., 2003; 
Moss, 2011). Therefore, we studied changes in the synthesis 
of VACV-specific IgM and IgG after i.d. or s.s. vaccination 
of mice with the LIVP or LIVP-GFP strains. The results of 
these experiments demonstrated (see Figs. 3 and 4) that both 
VACV strains ensured more profound antibody production 
upon i.d. injection compared to s.s. inoculation. Meanwhile, 
statistically significant differences in the results between the 
compared groups were revealed only for IgG values on 21 dpi 
for LIVP (see Fig. 4, a) and 14 dpi for LIVP-GFP  
(see Fig. 4, b). No statistically significant differences in the 
results were observed for IgM (see Fig. 3).

In order to assess the level of protective immunity that de-
veloped in mice in response to s.s. or i.d. immunization with 
the LIVP or LIVP-GFP viruses, these animals were subjected 
to i.n. infection with a highly lethal dose of CPXV. It was 
considered to be the most adequate approach to assessing 
the effectiveness of VACV vaccination on the mouse model 
(Ferrier-Rembert et al., 2007; Melamed et al., 2007). The 
results (see Fig. 5) demonstrated that i.d. injection ensured a 
much stronger protective immunity compared to s.s. inocula-
tion of the VACV. Only i.d. low-dose immunization with the 
LIVP strain fully protected mice against the lethal CPXV 
infection. The attenuated LIVP-GFP strain did not form a 
sufficiently strong protective immunity under the same condi-
tions. S.s. inoculation with VACV LIVP or LIVP-GFP at the 
selected low dose did not protect animals against reinfection 
with CPXV (see Fig. 5).

Conclusion
These findings give grounds for inferring that i.d. injection of 
both studied VACV variants induces a much stronger protec-
tive immunity in mice compared to s.s. inoculation of these 
viruses at the same dose. In addition to more accurate vaccine 
dosing for i.d. immunization compared to the s.s. route, the 
former one is associated with less significant skin damage, thus 
substantially reducing the intensity of inflammation reaction 
that impedes efficient VACV replication and lowering the risk 
of bacterial infection at the vaccination site (Shmeleva et al., 
2022). When using an attenuated fourth-generation vaccine 
with reduced specific immunogenicity for smallpox immuni-
zation, a higher dose of VACV needs to be used as compared 
to that of the second-generation vaccine.
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