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Assessment of the genetic diversity of the alleles  
of gliadin-coding loci in common wheat (Triticum aestivum L.) 
collections in Kazakhstan and Russia
M.U. Utebayev 1  , S.M. Dashkevich 1, O.O. Kradetskaya 1, I.V. Chilimova 1, N.A. Bome 2

1 A.I. Barayev Research and Production Centre of Grain Farming, Shortandy-1, Akmola Region, Kazakhstan
2 University of  Tyumen, Tyumen, Russia

 phytochem@yandex.ru

Abstract. The study of genetic resources using prolamin polymorphism in wheat cultivars from countries with different cli-
matic conditions makes it possible to identify and trace the preference for the selection of the alleles of gliadine-coding loci 
characteristic of specific conditions. The aim of the study was to determine the “gliadin profile” of the collection of common 
wheat (Triticum aestivum L.) from breeding centers in Russia and Kazakhstan by studying the genetic diversity of allelic va-
riants of gliadin-coding loci. Intrapopulation (μ ± Sμ) and genetic (H) diversity, the proportion of rare alleles (h ± Sh), identity 
criterion (I) and genetic similarity (r) of common wheat from eight breeding centers in Russia and Kazakhstan have been 
calculated. It has been ascertained that the samples of common wheat bred in Kostanay region (Karabalyk Agricultural 
Experimental Station, Kazakhstan) and Chelyabinsk region (Chelyabinsk Research Institute of Agriculture, Russia) had the 
highest intrapopulation diversity of gliadin alleles. The proportion of rare alleles (h) at Gli-B1 and Gli-D1 loci was the highest 
in the wheat cultivars bred by the Federal Center of Agriculture Research of the South-East Region (Saratov region, Russia), 
which is explained by a high frequency of occurrence of Gli-B1e (86 %) and Gli-D1a (89.9 %) alleles. Based on identity crite-
rion (I), the studied samples of common wheat from different regions of Kazakhstan and Russia have differences in gliadin-
coding loci. The highest value of I = 619.0 was found when comparing wheat samples originated from Kostanay and Saratov 
regions, and the lowest I = 114.4, for wheat cultivars from Tyumen and Chelyabinsk regions. Some region-specific gliadin 
alleles in wheat samples have been identified. A combination of Gli-A1f, Gli-B1e and Gli-Da alleles has been identified in the 
majority of wheat samples from Kazakhstan and Russia. Alleles (Gli-A1f, Gli-A1i, Gli-A1m, Gli-A1o, Gli-B1e, Gli-D1a, Gli-D1f, 
Gli-A2q, Gli-B2o, and Gli-D2a) turned out to be characteristic and were found with varying frequency in wheat cultivars in 
eight regions of Russia and Kazakhstan. The highest intravarietal polymorphism (51.1 %) was observed in wheat cultivars 
bred in Omsk region (Russia) and the lowest (16.6 %), in Pavlodar region (Kazakhstan). On the basis of the allele frequencies, 
a “gliadin profile” of wheat from various regions and breeding institutions of Russia and Kazakhstan was compiled, which 
can be used for the selection of parent pairs in the breeding process, the control of cultivars during reproduction, as well 
as for assessing varietal purity.
Key words: gliadin-coding loci; genetic diversity; genetic similarity; common wheat; electrophoresis.

For citation: Utebayev M.U., Dashkevich S.M., Kradetskaya O.O., Chilimova I.V., Bome N.A. Assessment of the genetic diver-
sity of the alleles of gliadin-coding loci in common wheat (Triticum aestivum L.) collections in Kazakhstan and Russia. Vavi-
lov skii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(3):263-275. DOI 10.18699/vjgb-24-31

Funding. This study has financial support from the Ministry of Agriculture of the Republic of Kazakhstan: BR10764908  
“To develop an agriculture system for the cultivation of agricultural crops (cereals, legumes, oilseeds and industrial crops) 
with the use of cultivation technology elements, differentiated nutrition, plant protection products and equipment for 
cost-effective production based on a comparative study of various cultivation technologies for the regions of Kazakhstan”.

Оценка генетического разнообразия  
глиадинкодирующих локусов у образцов яровой пшеницы 
(Triticum aestivum L.), созданных в различных  
селекционных центрах Казахстана и России
М.У. Утебаев 1  , С.М. Дашкевич 1, О.О. Крадецкая 1, И.В. Чилимова 1, Н.А. Боме 2 

1 Научно-производственный центр зернового хозяйства им. А.И. Бараева, пос. Шортанды-1, Акмолинская область, Казахстан
2 Тюменский государственный университет, Тюмень, Россия

 phytochem@yandex.ru

Аннотация. Изучение генетических ресурсов с использованием полиморфизма проламинов сортообразцов пшени-
цы из стран с различными климатическими условиями позволяет выявить и проследить предпочтительность отбо-
ра аллелей глиадинкодирующих локусов, характерных для конкретных условий. Цель исследования – определить 
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Genetic diversity of the alleles of gliadin-coding loci  
in wheat varieties from Kazakhstan’s and Russia’s collections

«глиа диновый профиль» коллекции яровой мягкой пшеницы (Triticum aestivum L.) из селекционных центров России 
и Казахстана на основе изучения генетического разнообразия аллельных вариантов глиадинкодирующих локусов. 
Проведен расчет внутрипопуляционного (μ ± Sμ) и генетического (Н) разнообразия, доли редких аллелей (h ± Sh), кри-
терия идентичности (I) и генетического сходства (r) яровой мягкой пшеницы из  восьми селекционных центров России 
и Казахстана. Установлено, что наибольшим внутрипопуляционным разнообразием аллелей глиадина отличались 
образцы яровой мягкой пшеницы, созданные в Костанайской (Карабалыкская СХОС, Казахстан) и Челябинской (Челя-
бинский НИИСХ, Россия) областях. Доля редких аллелей (h) по локусам Gli-В1 и Gli-D1 оказалась максимальной у сортов 
пшеницы селекции НИИСХ Юго-Востока (Саратовская область, Россия), что объясняется высокой частотой встречае-
мости аллелей Gli-В1е (86 %) и Gli-D1a (89.9 %). Статистически доказано, что изученные образцы яровой мягкой пше-
ницы из разных областей Казахстана и России отличаются друг от друга по глиадинкодирующим локусам на основе 
критерия идентичности (I). Наибольшее значение I = 619.0 установлено при сравнении образцов пшеницы, происхо-
дящих из Костанайской и Саратовской областей, а минимальное I = 114.4 отмечено для сортов пшеницы из Тюменской 
и Челябинской областей. Выявлены аллели глиадина, которые были идентифицированы только образцах, созданных 
в определенных регионах. Сочетание аллелей Gli-А1f, Gli-B1e, Gli-Da идентифицировано у большинства образцов 
пшеницы Казахстана и России. Аллели Gli-A1f, Gli-A1i, Gli-A1m, Gli-A1o, Gli-B1e, Gli-D1a, Gli-D1f, Gli-A2q, Gli-B2o и Gli-D2a 
оказались характерными и с различной частотой встречались в сортах пшеницы восьми областей России и Казахста-
на. Наибольший внутрисортовой полиморфизм (51.1 %) наблюдался у сортов пшеницы селекции СибНИИСХ ( Омская  
область, Россия), а наименьший (16.6 %) – у образцов Павлодарской СХОС (Павлодарская область, Казахстан). На 
основе частот встречаемости аллелей составлен «глиадиновый профиль» пшеницы из разных областей и селек-
ционных учреждений России и Казахстана, который может быть использован для подбора родительских пар в се-
лекционном процессе, контроле сортов при репродукции, а также для установления сортовой чистоты.
Ключевые слова: глиадинкодирующие локусы; генетическое разнообразие; генетическое сходство; мягкая 
 пшеница; электрофорез.

Introduction
Over the decades, scientists have found that the use of elec-
trophoresis of the wheat storage protein, gliadin, is one of the 
methods that make it possible to distinguish cultivars from 
each other (Autran et al., 1979; Watry et al., 2020). Differences 
in gliadin spectra are associated with the presence of allelic 
diversity of genes localized at the main loci: Gli-A1, Gli-B1, 
Gli-D1, Gli-A2, Gli-B2, Gli-D2. Locus alleles control the 
synthesis of several gliadin components, which are inherited 
linked together and form a block. At the same time, gliadin 
blocks may differ from each other in the number, intensity, 
electrophoretic mobility and molecular weight of the compo-
nents (Sozinov, Poperelya, 1980). 

Based on the study of the world wheat collection, allelic 
blocks of gliadin were identified and cataloged for common 
wheat (Metakovsky et al., 2018) and durum wheat (Melnikova 
et al., 2012). It has been established that the cultivars created 
in different breeding centers can be similar to each other in 
some alleles of gliadin-coding loci (Novoselskaya-Dragovich 
et al., 2011; Melnikova et al., 2012), despite the fact that no 
special allele selection was performed. The reason for this 
is probably the linkage of these alleles with genes or groups 
of genes that affect the selection-relevant traits of wheat 
(Xynias et al., 2006); it may also be due to the involvement 
in the breeding process of the same genotype (“masterpiece 
cultivar”), valuable for many biological and economic traits, 
such as: Saratovskaya 29, Bezostaya 1, Mironovskaya 808, etc. 
Therefore, frequently occurring gliadin alleles in the samples 
created for specific climatic conditions can be used in the 
identification of cultivars and as markers of valuable traits in 
the breeding process, such as grain qualities and resistance to 
abiotic factors (Sozinov, 1985). 

The data obtained on the basis of the polymorphism of 
storage proteins may not be inferior in informativeness to 
DNA markers. An additional advantage of using such mar-
kers for plant breeding is inexpensive equipment and ease of 

analysis. The analysis of the prolamins composition is still 
used in the identification of crop cultivars, i. e. alfalfa (Kakaei, 
Ahmadian, 2021), millet (Ma et al., 2022) and rice (Kaur et 
al., 2023), in the study of genetic control of the synthesis of 
storage proteins in oats (Lyubimova et al., 2020). The method 
of electrophoresis of storage proteins is recommended for use 
in the identification of varietal material in the UPOV rules for 
barley (Barley, UPOV Code(s)…, 2018) and wheat (Wheat, 
UPOV Code(s)…, 2022). For the identification and registra-
tion of wheat samples created in the Russian Federation, a 
methodological guide for electrophoresis of storage proteins 
has been published (Laboratory Analysis…, 2013). The use 
of the electrophoresis method for the identification of wheat 
cultivars is prescribed in the state standard of the Republic 
of Kazakhstan (ST RK, 2018) and the Republic of Mali 
(MN- 01-03, 2001).

The results of the studies of wheat based on protein poly-
morphism can become the basis for a strategy for selecting 
genotypes with a certain combination of gliadin alleles. At 
the same time, the study of genetic resources based on the 
polymorphism of wheat prolamins from countries with dif-
ferent climatic conditions makes it possible to identify and 
trace the preference for selection and to establish the gliadin 
“profile” of the cultivar characteristic of specific conditions. 
In previous studies, the predominant or “leading” alleles of 
wheat prolamins characteristic of Northern Kazakhstan and 
Russia have been identified (Utebayev et al., 2016, 2019a, 
2021, 2022). However, it is important to determine the glia-
din spectrum of common wheat, which is characteristic of a 
specific breeding institution in Kazakhstan and Russia. Such 
information reflects the direction of breeding, the intensity of 
involvement of wheat genotypes from other breeding institu-
tions, and the likelihood of “genetic erosion”.

In this regard, the aim of the study is to determine the 
cha racteristic “gliadin profile” of common wheat (Triticum 
aestivum L.) samples created in various breeding centers in 
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Russia and Kazakhstan, based on the study and statistical 
cal culation of the genetic diversity of allelic variants of glia-
din-coding loci.

Materials and methods
The object of study was 347 (177 Russian and 170 Kazakh) 
cultivars and breeding lines of common wheat (Supplemen-
tary Material 1)1, the gliadin spectra of which were described 
and published earlier (Dobrotvorskaya et al., 2009; Novosel-
skaya-Dragovich et al., 2013; Utebayev et al., 2016, 2019a, 
2022).

Unfortunately, it was not possible to carry out a temporal 
periodization by years of creation for all cultivars and breeding 
lines. Therefore, the calculations were based on the principle 
of belonging of a particular sample to a breeding institution 
(region). The genetic formulas of gliadin from common wheat 
samples created in ten breeding institutions in Russia and 
Kazakhstan were analyzed (see Supplementary Material 1). 
In addition, the electrophoresis of gliadin of a new cultivar 
Tselinnaya Niva (Akmola region) was carried out, the formula 
of which was included in the total number of analyzed wheat 
samples. Gliadin spectra of wheat were obtained accord-
ing to the method proposed by E.V. Metakovsky (Metakov- 
 sky, Novoselskaya, 1991), gliadins were identified according 
to the catalog of alleles of gliadin-coding loci (Metakovsky, 
1991).

Gliadin loci are designated according to the wheat gene 
catalog: Gli-A1, Gli-B1, Gli-D1, Gli-A2, Gli-B2 and Gli-D2 
(McIntosh et al., 2003). Loci alleles were denoted by letters of 
the Latin alphabet in the following sequence, i. e. the genetic 
formula of gliadin of the cultivar Chinese Spring: Gli-A1a, 
Gli-B1a, Gli-D1a, Gli-A2a, Gli-B2a, Gli-D2a has an abbre-
viated notation: a, a, a, a, a, a; while the genetic formula of 
the cultivar Mironovskaya 808: Gli-A1f, Gli-B1b, Gli-D1g, 
Gli-A2n, Gli-B2m, Gli-D2e, in abbreviated form looks like: 
f, b, g, n, m, e.

Statistical analysis. Intrapopulation diversity (μ), which 
demonstrates the frequency of different genotypes, was cal-
culated according to L.A. Zhivotovsky (1991):

μ = (√ p1 + … + √ pn )2,

where p is the frequency of alleles calculated by the formula: 
p = n/N, in which N is the sample size, n is the number of 
alleles of one locus in the cultivar (breeding line). With equal 
frequencies of all alleles of the locus μ = n, with an uneven 
distribution of frequencies μ < n, and with monomorphism 
μ = 1. The standard error of μ was calculated using the for-
mula: Sμ = √μ(n – μ)/N ; where n is the number of alleles of 
one locus.

The calculation of the proportion of rare alleles (h) was 
determined by the formula: 

hμ = 1 – (μ/n).
To calculate the standard error of the proportion of rare 

alleles, the following formula was used:
Sh = √h(1 – h)/N .

1 Supplementary Materials 1–4 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Utebayev_Engl_28_3.pdf

In pairwise comparison of a group of wheat samples of 
different origins, the similarity index (r) was used (Zhivotov-
sky, 1979):

r = ∑√ pq ,    

where p is the frequency of the allele in the first population; 
q is the frequency of the allele in the second population. The 
statistical error of the r indicator was expressed by the formula: 

Sr = 0.5
 
q0 – r 2

N1
 + 

p0 – r 2
N2

.

In the case when all the identified alleles are common in the 
compared groups, the error was calculated using the formula:

Sr = 0.5
N1 + N2

N1N2  
(1 – r) .

Based on the similarity index (r), the identity criterion (I ) 
was calculated: 

I = 8N1N2
N1 + N2

 (1 – r).  

At I exceeding the table value of χ2 with a 95 % signifi-
cance level, cultivar populations were considered to have a 
significant difference. 

The degree of genetic diversity (H ) is calculated according 
to M. Nei (1973):

H = 1 – ∑ p2
  i .  

Results and discussion
The cultivars and breeding lines selected for study are pre-
sented in Supplementary Material 1. It is known that not all 
breeding lines reach the level of a cultivar, and not all cultivars 
reach the level of regionalization, nevertheless, this study 
presents the wheat samples (cultivars and breeding lines) that 
in one way or another used to be or are valuable for breeding, 
regardless of the year of creation or zoning. With this in mind, 
we made an attempt to show the allelic diversity of gliadin-
coding loci that is found in one or another breeding center in 
Russia and Kazakhstan. 

Gli-1 loci
Kazakhstan. The number of identified alleles of A1 locus in 
wheat from Pavlodar and Karaganda regions was nine, from 
Akmola and Kostanay regions, 12 and 14 alleles, respectively 
(Fig. 1, Table 1). According to B1 locus, two alleles were 
identified in the wheat of Karaganda origin, four were from 
Pavlodar, five and six alleles were of Kostanay and Akmola 
regions, respectively. 

According to D1 locus, the greatest diversity was recorded 
in the wheat from Kostanay region (nine alleles), the mini-
mum from Karaganda (two alleles), for Akmola and Pavlodar 
regions, six and four alleles were recorded, respectively. The 
analysis of the gliadin formulas showed that alleles found in 
wheat in one region were absent in another. Thus, Gli-A1d and 
Gli-A1y were identified only in Akmola wheat, and Gli-A1n 
in the sample from Karaganda region.

At the same time, in the wheat samples from Akmola, 
Kostanay, Pavlodar and Karaganda regions, Gli-A1f, Gli-A1i 

https://vavilov.elpub.ru/jour/manager/files/Suppl_Utebayev_Engl_28_3.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Utebayev_Engl_28_3.pdf
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Fig. 1. Frequency of occurrence of alleles (%) of Gli-1 loci of spring soft wheat by regions of Kazakhstan and Russia.

and Gli-A1o alleles were distributed at Gli-A1 locus. Gli-A1f 
allele was common in all regions, its occurrence was 38.5 % in 
Akmola region, 32.9 % in Kostanay region, 46.7 % in Pavlodar 
region, and 46.5 % in Karaganda region (Fig. 1). The second 
most common allele in the wheat of Kostanay selection was 
Gli-A1o (15.3 %), and in Pavlodar, Gli-A1i with a frequency 
of 16.67 %. It should be noted that Gli-A1o and Gli-A1i alleles 
occur in the wheat from Akmola region with a frequency of 
12.50 and 13.54 %, respectively.

It should be added that Gli-A1h allele identified in the wheat 
samples from Karaganda region with a frequency of 19.8 % 
was not widespread in other regions of Kazakhstan. On the 
other hand, the blocks of gliadin components controlled by 
Gli-A1h and Gli-A1i alleles are quite similar in the number 
and electrophoretic mobility of the components, differing only 
in the mobility of one component in the γ zone (Metakovsky, 
1991). 

Since each gliadin locus is characterized by multiple al-
lelisms, it is not uncommon to have a polymorphism of a 
cultivar or line. That is, polymorphic samples are a mixture 
of caryopses that differ in alleles of one or more gliadin-

coding loci. Gli-1 loci polymorphism was 27.9 % (12 out of 
43 samples) for the samples from Karaganda region, 20.4 % 
(10 out of 49 samples) for those from Kostanay region, 18.7 % 
(9 out of 48 samples) and 13.3 % (4 out of 30 samples) for 
the wheat from Akmola and Pavlodar regions, respectively. It 
should be noted that the values given in Table 1 characterize 
the polymorphism of a single locus. In this regard, the largest 
polymorphism at A1 and D1 loci is from Karaganda region – 
18.6 and 9.3 %, respectively. Note that the polymorphism at 
B1 locus is more often represented by the combination e+b, 
while A1 locus is more often represented by f  allele in various 
combinations. The lowest allelic diversity of Gli-B1 locus was 
observed in the wheat samples from Karaganda and Pavlodar 
regions – two and four alleles, respectively. In all regions, the 
highest percentage of occurrence was recorded for Gli-B1e 
allele (Fig. 1).

Gli-B1l found only in the samples of Lutescens 71 and 
Liniya 19CHS (Karabalyk Agricultural Experimental Sta-
tion, Kostanay region) is of interest, since this locus is a 
marker of wheat-rye translocation. The genes included in 
this translocation control the plant’s resistance to a number 
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Table 1. Number of alleles and polymorphism of Gli- loci in varieties of spring soft wheat  
created in various breeding centers in Russia and Kazakhstan

Breeding center (region) Gli-A1 Gli-B1 Gli-D1 Gli-A2 Gli-B2 Gli-D2 Total number, units

Number of alleles, units (polymorphism, %) alleles variety 
samples

Russian breeding centers (N = 177)

Federal Center of Agriculture Research  
of the South-East Region (Saratov region)  

6 (23.2) 5 (2.9) 5 (5.8) 10 (14.5) 13 (21.7) 9 (14.5) 48 69

Siberian Research Institute of Agriculture  
and Omsk State Agrarian University (Omsk region)

8 (22.2) 8 (13.3) 5 (6.7) 9 (13.3) 12 (15.5) 9 (8.9) 51 45

Chelyabinsk Research Institute of Agriculture 
(Chelyabinsk region)

11 (26.6) 7 (30.0) 7 (13.3) 12 (33.3) 15 (30.0) 17 (33.3) 69 30

Research Institute of Agriculture of the Northern 
Trans-Urals and State Agrarian University  
of the Northern Trans-Urals (Tyumen region)

11 (12.1) 6 (9.1) 7 (6.1) 11 (30.3) 14 (18.2) 12 (18.2) 61 33

Kazakhstan breeding centers (N = 170)

A.I. Barayev Research and Production Centre  
of Grain Farming (Akmola region)

12 (10.4) 6 (6.2) 6 (8.3) 10 (8.3) 14 (2.1) 13 (4.2) 61 48

Karabalyk Agricultural Experimental Station 
(Kostanay region)

14 (6.1) 5 (10.2) 9 (8.2) 15 (6.1) 15 (4.1) 15 (4.1) 73 49

Pavlodar Agricultural Experimental Station  
(Pavlodar region)

9 (–) 4 (6.6) 4 (6.6) 9 (6.6) 13 (6.6) 9 (10.0) 48 30

Karaganda Agricultural Experimental Station  
named after A.F. Khristenko (Karaganda region)

9 (18.6) 2 (6.9) 2 (9.3) 10 (11.6) 12 (9.3) 8 (4.6) 43 43

of fungal diseases, such as various types of rust (brown, stem, 
yellow) and powdery mildew (Kozub et al., 2012). However, 
the presence of this translocation turned out to reduce the 
technological characteristics of the grain, which ultimately 
affects the baking quality of wheat (Sozinov, 1985). On the 
other hand, the negative effects of wheat-rye translocation can 
be neutralized by the presence of “good” glutenin subunits 
such as 1Dx5+1Dy10, 1Bx7+1By9 and 1Bx7+1By8 (Sharma 
et al., 2018). It should be stated that the cultivar Lutescens 71 
contains the components 1Dx5+1Dy10 and 1Bx7+1By9 in 
terms of the composition of high-molecular glutenin subunits 
(Utebayev et al., 2019b).

Gli-B1b allele is widely distributed among the studied 
samples, with the exception of the wheat from Akmola region. 
The low frequency of occurrence of this allele is probably 
due to the fact that most of the cultivars of A.I. Barayev Re-
search and Production Centre of Grain Farming were created 
on the basis of the cultivars of Federal Center of Agriculture 
Research of the South-East Region (Saratov region), which 
are characterized by Gli-B1e allele (Novoselskaya-Dragovich 
et al., 2003).

The largest polymorphism at Gli-D1 locus was observed for 
the wheat from Karaganda region, 9.3 %, and was expressed 
by the combination of Gli-D1g+a.

Gli-D1a, Gli-D1f and Gli-D1g alleles are common in the 
wheat from all four regions of Kazakhstan (Fig. 1). At the 
same time, Gli-D1a had the maximum frequency of occur-
rence. It should be noted that Gli-D1a and Gli-D1f alleles 
control gliadin blocks that are very similar in the number and 
electrophoretic mobility of components, with the exception 

of the most mobile component located in the γ zone. There 
is an opinion that the less gliadin blocks differ in component 
composition, the closer they are to each other in terms of 
nucleotide composition (Chebotar et al., 2012). In this case, it 
can be assumed that the influence of such blocks on qualitative 
characteristics may be similar.

Russia. The number of identified alleles of A1 locus in the 
wheat from Chelyabinsk and Tyumen regions was 11, from 
Saratov and Omsk regions, six and eight alleles, respectively. 
The largest number of identified alleles for B1 locus was ob-
served in the wheat from Omsk region – eight, the smallest 
one was in Saratov wheat – five (Fig. 1). Seven alleles were 
identified for D1 locus in the wheat from Chelyabinsk and 
Tyumen regions, while five alleles were identified in the wheat 
from Saratov and Omsk regions. 

The analysis of gliadin formulas showed that for each locus 
there were alleles characteristic only for the samples from 
one region, i. e. Gli-B1h, Gli-B1new and Gli-D1k alleles were 
found only in the wheat of Saratov selection (Dobrotvor skaya 
et al., 2009), Gli-B1i, Gli-B1k and Gli-B1q – Omsk selection 
(Novoselskaya-Dragovich et al., 2013), Gli-A1l and Gli-D1l – 
Tyumen selection, and Gli-B1d – Chelyabinsk region (Fig. 1).

The largest polymorphism of Gli-1 loci was observed in the 
wheat of Chelyabinsk origin – 33.3 % (10 out of 30 samples), 
then in Omsk wheat – 31.1 % (14 out of 45 samples), in Sara-
tov wheat – 26.1 % (18 out of 69 samples) and the smallest one, 
in Tyumen wheat – 18.2 % (6 out of 33 samples). It should be 
noted that such samples as Kukushka 12-6, Milturum 12013, 
Rossiyanka, Chelyabinskaya 17, Selivanovskiy Rusak and 
Omskaya 9 turned out to be polymorphic for all three Gli-1 
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loci, with the largest number of alleles per locus found in the 
cultivar Chelyabinskaya 17 (see Supplementary Material 1).

According to A1 locus, the high frequency of occurrence 
of Gli-A1f allele was recorded in the wheat from Tyumen 
region – 47.8 %, from Chelyabinsk region – 48.5 %, from 
Saratov region – 44.3 %, and from Omsk region – 40.0 % 
(Fig. 1). It should be stated that the allele is common among 
Australian (Metakovsky et al., 1990), Iranian (Salavati et al., 
2008), Ukrainian (Kozub et al., 2009) selection, as well as 
in the cultivars from Western and Eastern Siberia (Nikolaev 
et al., 2009) and may be associated with some economically 
valuable traits of wheat. 

Gli-A1i, Gli-A1m and Gli-A1o alleles were also “common” 
(Fig. 1). As it turned out, Gli-A1m and Gli-A1o alleles make 
up the “gliadin profile” of the wheat from Canada, Mexico, 
Scandinavian countries, Spain, and China (Metakovsky et 
al., 2018).

According to B1 locus, Gli-B1e allele “is in the lead” in 
the wheat of four regions, with different occurrence (Fig. 1). 
It should be added that Gli-B1e has a wide distribution area 
among the wheat cultivars of Kazakh and Russian selection 
(Novoselskaya-Dragovich et al., 2003; Nikolaev et al., 2009; 
Utebayev et al., 2019a). Also, according to B1 locus, the largest 
number of alleles occurring in a certain region was identified 
as following: Gli-B1d in Chelyabinsk region, Gli-B1h and 
Gli-B1new in Saratov region, Gli-B1i, Gli-B1k and Gli-B1q in 
Omsk region. During the analysis of genealogies, it was found 
that the wheat from Federal Center of Agriculture Research 
of the South-East Region (Saratov region), for which Gli-B1e 
allele is characteristic, was actively involved in breeding when 
creating the wheat cultivars of Tyumen and Chelyabinsk 
selection (GRIS, 2017). In their turn, most of the cultivars 
of Federal Center of Agriculture Research of the South-East 
Region (Saratov region), in one way or another, originate from 
two cultivar-populations: the genetic formula of Poltavka is 
Gli-A1o+f+c+j, Gli-B1e+m, Gli-D1a, Gli-A2q, Gli-B2o+s, 
Gli-D2e+a and for Selivanovskiy Rusak it is Gli-A1f+i+j**, 
Gli-B1e+new, Gli-D1a+i, Gli-A2j+q+s, Gli-B2o+q, Gli-
D2e+s (Novoselskaya-Dragovich et al., 2003). Historically, 
most Kazakh cultivars are based on the cultivars from Saratov 
and Omsk regions, so it is quite expected that the gliadin pro-
file of the wheat of the two countries is similar. Nevertheless, 
DNA diagnostics methods have proven the phylogenetic dif-
ference between Kazakh and Russian cultivars (Shavrukov et 
al., 2014). Gli-B1b allele was often found with the frequency 
of 32.0 % in the wheat from Chelyabinsk region, 28.8 %, from 
Tyumen region, and 30.0 %, from Omsk region. Since Gli-
B1b is distributed from Scandinavian countries to Australia 
(Metakovsky et al., 2018), it is likely valuable for breeding.

At Gli-D1 locus, the highest occurrence was found for 
Gli-D1a allele (Fig. 1). In addition, alleles such as Gli-D1b, 
Gli-D1f and Gli-D1i are common to four regions of Russia 
(Saratov, Omsk, Chelyabinsk, Tyumen). It is worth paying at-
tention to Gli-D1b allele, which is characteristic of the wheat 
from France, Mexico, Portugal, Bulgaria, Serbia (Metakovsky 
et al., 2018), Iran (Salavati et al., 2008) and England (Cherna-
kov, Metakovsky, 1994). Based on the study of proteolysis of 
wheat prolamins, it is proposed to use Gli-D1b together with 
Gli-D1a as markers of adaptability in spring bread wheat 
(Upelniek et al., 2003).

Gli-2 loci
Kazakhstan. When analyzing the genetic formulas of glia-
din at Gli-A2 locus, 10 alleles were identified in the wheat 
from Akmola and Karaganda regions. 15 and 9 alleles were 
identified in the wheat of Kostanay and Pavlodar selection, 
respectively. B2 locus is represented by 12 alleles in Kara-
ganda wheat, 13 were found in Pavlodar wheat, 14, in Akmola 
wheat, and 15, in the wheat of Kostanay selection. According 
to D2 locus, eight alleles were identified in the wheat from 
Karaganda, nine, from Pavlodar, 13, from Akmola, and 15, 
from Kostanay regions (Table 1, Fig. 2).

Table 1 shows that the wheat of Karaganda selection is again 
“in the leading position” in terms of polymorphism of a single 
locus, since the values of A2 and B2 are the highest – 11.6 
and 9.3 %, respectively. The “common” alleles were observed 
with varying frequencies in four regions of Kazakhstan: Gli-
A2b, Gli-A2l, Gli-A2q, Gli-B2a, Gli-B2f, Gli-B2l, Gli-B2m, 
Gli-B2t, Gli-D2a and Gli-D2q.

The polymorphism of wheat by Gli-2 loci was 11.6 % 
(5 out of 43 samples) for Karaganda region, 10.4 % (5 out of 
48 samples) for Akmola region, 10.0 % (3 out of 30 samples) 
and 8.2 % (4 out of 49 samples) for Pavlodar and Kostanay 
regions, respectively. Such specimens as Karabalykskaya 9 
(Kostanay region), Lutescens 65, Lutescens 261 (Pavlodar 
region), Lutescens 1220, Lutescens 1242 (Karaganda region) 
turned out to be polymorphic at three Gli-2 loci.

The analysis of gliadin genetic formulas showed that the 
alleles Gli-A2v (2.3 %), Gli-B2k (2.3 %), Gli-B2new (2.3 %), 
Gli-B2p (4.6 %), Gli-D2o (2.3 %) and Gli-D2r (10.5 %) were 
found only in Karaganda wheat cultivars, and Gli-A2h (5.0 %), 
only in the samples of Pavlodar selection. Six alleles were 
identified in the samples from Kostanay region (Gli-A2a, 
Gli-A2w, Gli-B2i, Gli-B2j, Gli-D2f and Gli-B2j) and from 
Akmola region (Gli-B2h, Gli-B2q, Gli-B2s, Gli-D2d and 
Gli-B2g). At the same time, Gli-B2s allele with a frequency 
of 16.67 % is the second most common allele after Gli-B2d 
among the wheat of Akmola selection.

It should be stated that Gli-A2l allele, which occurs among 
Kazakh wheat samples, especially those from Karaganda re-
gion, turned out to be common among English (Chernakov, 
Metakovsky, 1994) and Iranian (Salavati et al., 2008) wheat 
samples. Also, Gli-A2f allele, which is the second most com-
mon wheat of Kostanay origin (15.31 %), was often found in 
Mexico and Portugal (Metakovsky et al., 2018). Gli-A2q allele, 
which has a high percentage of occurrence in Akmola and 
Pavlodar regions – 18.7 and 30.0 %, respectively, is of interest. 
It turned out that it is associated with the qualitative charac-
teristics of grain, which are characteristic of strong cultivars 
of wheat (Dobrotvorskaya et al., 2009). On the other hand, it 
has been established that wheat genotypes with Gli- A2q allele 
have a long stem and low productivity (Khrunov et al., 2011).

Gli-B2s allele with a frequency of 16.7 %, identified only 
among the cultivars of Akmola region, constitutes the “profile” 
of the wheat of Saratov selection (Novoselskaya-Dragovich 
et al., 2003). 

Gli-D2a allele, identified in the wheat samples from four 
regions of  Kazakhstan, is widely distributed in common wheat 
cultivars from England (Chernakov, Metakovsky, 1994), Italy 
(Metakovsky et al., 1994), France (Metakovsky, Branlard, 
1998), and Spain (Metakovsky et al., 2000). This is probably 
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Fig. 2. Frequency of occurrence of alleles (%) of Gli-2 loci of spring soft wheat by regions of Kazakhstan and Russia.

40

35

30

25

20

15

10

5

0

70

60

50

40

30

20

10

0

35

30

25

20

15

10

5

0

35

30

25

20

15

10

5

0

60

50

40

30

20

10

0

80

70

60

50

40

30

20

10

0

Fr
eq

u
en

cy
 o

f 
o

cc
u

rr
en

ce
 o

f 
al

le
le

s,
 %

Gli-A2

a

a

a

a

a

a

b

b

b

b

b

b

c

c

c

e

e

c

c e

e

d

d

d

d

d

d

f

f

f

f

f

h

g

g

g

g

g

g

h

h

h

?

?

?

i

i

i

l

l

l

i

i

i

j

j

j

j

j

j

k

k

k

k

k

k

m

m

m

w m

m

m

n

n

n

n

n

n

new

ne
w

ne
w

?
ne

w
1

ne
w

2
ne

w
ne

w
?

l

l

l

v

v

o

o

o

p

p

p

o

o

new

p

p

p

q

q

q

q

q

q

s

s

s

r

r

s

s

s

t

t

t

t v w x

x

u

r

r

Gli-B2

Gli-D2

Gli-A2

Gli-B2

Gli-D2

Kostanay region
Pavlodar region

Akmola region
Karaganda region

Chelyabinsk region
Saratov region

Tyumen region
Omsk region

due to its association with adaptive traits, since the climate of 
European countries compared to Kazakhstan differs both in 
terms of precipitation, solar activity, and soil cover (Kunan-
bayev et al., 2022). Gli-D2q allele, which is found in the wheat 
from Pavlodar region, is widespread in Australia (Meta kov sky 
et al., 1990), which may also be associated with economically 
valuable traits.

Russia. According to Gli-A2 locus, 12 alleles were identi-
fied in the wheat from Chelyabinsk region, 11, from Tyumen 
region, 10 and 9 alleles, from Saratov and Omsk regions, re-
spectively. According to B2 locus, genetic diversity is repre-
sented by 12 alleles in the wheat from Omsk region, 13 al-  
leles, from Saratov region, 14 alleles, from Tyumen region, 
and 15 alleles, from Chelyabinsk region. According to D2 
locus, 17 and 12 alleles were identified in the wheat from 
Chelyabinsk and Tyumen regions, respectively, whereas 9 al-
leles were found in the wheat of Saratov and Omsk selection 
(Table 1, Fig. 2).

Gli-A2b, Gli-A2k, Gli-A2q, Gli-A2s, Gli-B2c, Gli-B2d, 
Gli-B2o, Gli-D2a, Gli-D2m, and Gli-D2o alleles with dif-
ferent frequencies turned out to be “common” for the wheat 
samples from the analyzed areas. Polymorphism for all Gli-2 
loci was stated for the wheat of Chelyabinsk origin at the level 
of 36.6 % (11 out of 30 samples), of Saratov origin – 34.8 % 
(24 out of 69 samples), of Omsk origin – 31.1 % (14 out 
of 45 samples) and of Tyumen origin – 30.3 % (10 out of 
33 samples).

A high polymorphism of individual loci was observed for 
the wheat of Chelyabinsk origin: Gli-A2 (33.3 %), Gli-B2 
(30.0 %) and Gli-D2 (33.3 %); the lowest one was found in the 
wheat of Omsk selection: Gli-A2 (13.3 %), Gli-B2 (15.5 %) 
and Gli-D2 (8.9 %) (Table 1).

Such samples as Kukushka 12-6, Milturum 12013, Ros-
siyan ka, Uralskaya Kukushka, Chelyaba 2, Chelyabin-
skaya 17, Erythrospermum 24841 (Chelyabinsk region), 
Tyu menskaya 30, Surenta 4, Surenta 6, Rechka, Lutescens 70, 
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Fig. 3. Polymorphism of spring soft wheat samples from various regions 
of Kazakhstan and Russia.
1 – Akmola region (A.I. Barayev Research and Production Centre of Grain Farm-
ing); 2 – Kostanay region (Karabalyk Agricultural Experimental Station); 3 – 
Pav lodar region (Pavlodar Agricultural Experimental Station); 4 – Karaganda 
region (Karaganda Agricultural Experimental Station named after A.F. Khris-
tenko); 5 – Chelyabinsk region (Chelyabinsk Research Institute of Agriculture); 
6 – Tyumen region (Research Institute of Agriculture of the Northern Trans-
Urals and State Agrarian University of the Northern Trans-Urals); 7 – Saratov 
region (Federal Center of Agriculture Research of the South-East Region); 
8 – Omsk region (Siberian Research Institute of Agriculture and Omsk State 
Agrarian University).
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Tyumenskaya Yubileynaya (Tyumen region), Lutescens 55- 11, 
Saratovskaya 50, Selivanovskiy Rusak (Saratov region), Pa-
myati Azieva (Omsk region) are polymorphic for three Gli-2 
loci.

Based on the gliadin formulas, alleles that do not occur in 
other areas have been identified, i. e. eight alleles Gli-A2p, 
Gli-A2u, Gli-B2f, Gli-B2g, Gli-B2j, Gli-D2d, Gli-D2g and 
Gli-D2h have been identified only in the wheat of Chelya binsk 
Research Institute of Agriculture; four alleles Gli-A2a, Gli-
A2g, Gli-B2a and Gli-B2l, only in the cultivars from Tyumen 
region. 11 region-specific alleles Gli-A2o, Gli-A2t, Gli-B2s, 
Gli-B2w and Gli-B2x and several new alleles for each locus 
have been identified in the wheat from Saratov region (Do-
brotvorskaya et al., 2009). Four alleles Gli-A2u and one new 
allele of A2, B2 and D2 loci were identified in the wheat of 
Omsk selection (Novoselskaya-Dragovich et al., 2013) (see 
Supplementary Material 1).

A high percentage of occurrence of Gli-A2q allele (62.5 %) 
was stated for the wheat of Federal Center of Agriculture Re-
search of the South-East Region (Saratov region). At the same 
time, the highest allele frequency was identified for Gli-A2k 
(34.4 %) in the wheat of Omsk region and Gli-A2l (23.5 %) 
and Gli-A2m (27.3 %) for Chelyabinsk and Tyumen regions, 
respectively. It should be noted that Gli-A2l allele is common 
among the wheat from England (Chernakov, Metakovsky, 
1994) and Iran (Salavati et al., 2008), and Gli-A2m allele, 
among the wheat from Canada and France (Metakovsky et 
al., 2018).

Gli-B2o allele turned out to be “common” for four regions of 
Russia. It has been stated that this allele is found in the wheat 
of Iranian (Salavati et al., 2008) and Italian (Metakovsky et 
al., 1994) origin, and in some cultivars of Saratov selection 
(Dobrotvorskaya et al., 2009), as well as in winter forms of 
wheat (Novoselskaya-Dragovich et al., 2015). In general, 
it should be added that according to B2 locus, the wheat of 
Saratov selection has the largest number of unknown alleles 
(Dobrotvorskaya et al., 2009).

In the cultivars of Tyumen origin, a high frequency of 
occurrence was stated for the following alleles: Gli-D2q 
(31.8 %) and Gli-D2a (16.6 %), respectively; whereas for the 
wheat of Chelyabinsk Research Institute of Agriculture, Gli-
D2a (18.3 %) and Gli-D2l (13.7 %) alleles are predominant 
(Fig. 2). It should be noted that Gli-D2a allele is probably 
associated with valuable traits, since it is widely distributed 
among Italian wheat cultivars (Metakovsky et al., 2018), and 
among Omsk cultivars its occurrence reaches 31.1 % (No vo-
selskaya-Dragovich et al., 2013). 

Thus, in eight regions of Russia and Kazakhstan, the fol-
lowing alleles have become widespread: Gli-A1f, Gli-A1i, Gli-
A1m, Gli-A1o, Gli-B1e, Gli-D1a, Gli-D1f, Gli-A2q, Gli-B2o 
and Gli-D2a (Supplementary Material 2). In the analysis of the 
general polymorphism, heterogeneity in all six gliadin-coding 
loci was identified for four wheat samples of Chelyabinsk 
Research Institute of Agriculture (Kukushka 12-6, Milturum 
12013, Rossiyanka, Chelyabinskaya 17) and one cultivar from 
Federal Center of Agriculture Research of the South-East 
Region (Selivanovskiy Rusak). Polymorphisms at five gliadin 
loci (A1, B1, A2, B2 and D2) were observed for the follow-
ing samples: Karabalykskaya 9 (Karabalyk Agricultural Ex-

perimental Station), Lutesсens 1242 (Karaganda Agricultural 
Experimental Station named after A.F. Khristenko), Surenta 4 
(Research Institute of Agriculture of the Northern Trans-Urals 
and State Agrarian University of the Northern Trans-Urals), 
Chelyaba 2 (Chelyabinsk Research Institute of Agriculture); 
heterogeneity of B1, D1, A2, B2 and D2 loci was stated for 
the cultivars Tyumenskaya 30 and Tyumenskaya Yubileynaya 
(Research Institute of Agriculture of the Northern Trans-Urals 
and State Agrarian University of the Northern Trans-Urals); 
the Lutesсens 55-11 sample (Federal Center of Agriculture 
Research of the South-East Region) is polymorphic at A1, 
D1, A2, B2 and D2 loci, and the Omskaya 9 sample (Siberian 
Research Institute of Agriculture and Omsk State Agrarian 
University) is polymorphic at A1, B1, D1, A2, and B2 loci (see 
Supplementary Material 1). The general polymorphism of the 
wheat samples depending on the origin is shown in Figure 3. 

As can be seen, the greatest polymorphism was observed in 
the wheat of Omsk origin. It is believed that the presence of 
biotypes within the cultivar is an additional means to obtain 
a stable yield and increase its resistance to various environ-
mental stress factors (Metakovsky et al., 2020).

Summarizing the results obtained by the frequencies of 
gliadin alleles, a “gliadin profile” of the wheat of Russian 
and Kazakh selection was compiled (Table 2). As can be 
seen, the combination of Gli-1 loci alleles (Gli-A1f, Gli-B1e 
and Gli-D1a) is the same for eight regions, while Gli-2 loci 
are different. The highest occurrence of the combination of 
Gli-A1f, Gli-B1e and Gli-D1a was in the samples of Saratov 
origin (33 out of 69 samples) and Karaganda origin (16 out of 
43 samples) – 47.8 and 37.2 %, respectively; the lowest one 
was observed in the samples of Kostanay origin – 6.1 % (3 out 
of 49 samples). The maximum combination of Gli-A1f and 
Gli-B1e alleles found in the wheat from Akmola region (9 out 
of 48 samples) and Kostanay region (9 out of 49 samples) is 
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Table 2. General “gliadin profile” of spring soft wheat created in various breeding centers from Russia and Kazakhstan

Region (Breeding center) Gli- loci

A1 B1 D1 A2 B2 D2

Akmola (A.I. Barayev Research and Production Centre of Grain Farming) f e a p d a+e

Kostanay (Karabalyk Agricultural Experimental Station) f e a+b f r a+q

Pavlodar (Pavlodar Agricultural Experimental Station) f e a q a+b q

Karaganda (Karaganda Agricultural Experimental Station  
named after A.F. Khristenko)

f e a l r a

Tyumen (Research Institute of Agriculture of the Northern Trans-Urals  
and State Agrarian University of the Northern Trans-Urals)

f e a m+f o+r q

Chelyabinsk (Chelyabinsk Research Institute of Agriculture) f e a l b a

Saratov (Federal Center of Agriculture Research of the South-East Region) f e a q s e

Omsk (Siberian Research Institute of Agriculture  
and Omsk State Agrarian University)

f e a k b a

18.8 and 18.4 %, respectively, the minimum one is 1.4 % in 
the samples from Saratov region (1 out of 69 samples), and 
there are none from Tyumen region.

The association of Gli-B1e and Gli-D1a was most often 
found in the wheat from Saratov region (27 out of 69 samples) 
and Akmola region (13 out of 48 samples) – 39.1 and 27.1 %, 
respectively; only 9.1 % (3 out of 33 samples) are from Tyu-
men region. The information on the relationship between 
gliadin alleles and grain quality indicators is contradictory, 
i. e. the presence of Gli-A1m allele has been shown to cause 
a decrease in flour sedimentation. Later, it turned out that in 
most cases it is associated with Glu-A3e, the “worst” allele. 
On the other hand, Gli-A1m is present in many high-quality 
cultivars of Canadian selection (Metakovsky et al., 2019). 

It was found that Gli-A2b and Gli-B2c alleles were statisti-
cally related to W-energy of the pastry deformation determined 
on the alveograph (Metakovsky et al., 1997). Although it 
has been suggested that alleles encoded by Gli-2 loci have a 
negative effect on grain quality (Masci et al., 2002), nonethe-
less, the use of Gli-A2s and Gli-B2o has been proposed as 
markers of increased protein, gluten content and grain nature 
(Khrunov et al., 2011). Later, on the basis of molecular genetic 
methods, the results were obtained indicating the presence of 
genes localized at Gli-2 loci that have a positive effect on the 
rheological properties of pastry (Noma et al., 2019). 

Gli-B1e allele constitutes the “gliadin profile” of many 
high-quality wheat cultivars of Russian and Kazakh selection 
(Novoselskaya-Dragovich et al., 2013; Utebayev et al., 2019a, 
2022), which is probably due to the fact that it encodes the 
synthesis of the so-called ω-gliadin d4, which is associated 
with increased grain quality (Branlard et al., 2003).

It is worth noting that not all gliadin alleles, which are 
“positioned” as markers of quality grain, increase qualitative 
characteristics. Weather and climatic conditions play a signifi-
cant corrective role in the grain formation. Therefore, till the 
present moment, there is no information about “universal” al-
leles, the presence of which would contribute to the production 
of high-quality wheat grain. Such controversies concerning the 
relationship between gliadin alleles and grain characteristics 

contribute to an in-depth study of this phenomenon. On the 
other hand, the use of gliadin polymorphism for identification 
and determination of varietal purity does not lose its relevance 
due to the simplicity of execution and the constancy of the 
gliadin spectrum.

Statistical analysis
Based on the statistical calculations, the intrapopulation (μ) 
and genetic diversity (H ) at A1, D1 and A2 loci turned out to 
be maximum for the wheat samples from Kostanay region; at 
B2 and D2 loci, for the samples from Chelyabinsk Research 
Institute of Agriculture, and at B1, for the cultivars from Tyu-
men region. The minimum values of μ and H were observed 
for the wheat from Akmola region at Gli-B1 – 2.78 ± 0.43 and 
0.24, respectively (Supplementary Material 3).

It turned out that the applied H indicator cannot always 
describe the genetic diversity of the population satisfactorily, 
since it “underestimates” rare alleles (alleles with a low fre-
quency of occurrence in the population or cultivar). Therefore, 
the additional application of the μ parameter allows for a more 
accurate assessment of the degree of diversity by taking into 
account the number of rare alleles and their frequency, i. e. 
11 alleles were identified at Gli-A1 and Gli-A2 loci in the set 
of the cultivars of Tyumen origin. At the same time, the intra-
population diversity μ for Gli-A1 locus was 8.00 ± 0.85, while 
for Gli-A2 it was 9.12 ± 0.72. This difference is explained by 
the fact that one allele with a frequency of 0.47 was “in the 
lead” for Gli-A1, and two alleles with frequencies of 0.24 and 
0.27 prevailed for Gli-A2 locus. The applied indicator shows 
how variable the population is depending on the frequency 
of alleles. 

The rare allele ratio criterion (h) characterizes the distribu-
tion of frequencies, which is always h > 0 in case of uneven-
ness, compared to μ, which evaluates the degree of diversity 
of the population. Based on this, the genetic and intrapopu-
lation diversity at Gli-B1 and Gli-D1 loci turned out to be 
the lowest for the wheat samples from Saratov region (see 
Supplementary Material 3). Such a low value is explained 
by the predominance of Gli-B1e allele over other alleles 
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Table 3. Average values of the proportion of rare alleles (h ± Sh), genetic (H ) and intrapopulation (μ ± Sμ) diversity  
at the Gli-1 and Gli-2 loci

Region (Breeding center) H μ ± Sμ h ± Sh

Akmola (A.I. Barayev Research and Production Centre of Grain Farming) 0.72 7.78 ± 0.55 0.22 ± 0.05

Kostanay (Karabalyk Agricultural Experimental Station) 0.80 10.15 ± 0.62 0.19 ± 0.05

Pavlodar (Pavlodar Agricultural Experimental Station) 0.73 6.82 ± 0.54 0.18 ± 0.06

Karaganda (Karaganda Agricultural Experimental Station named after A.F. Khristenko) 0.68 5.97 ± 0.48 0.21 ± 0.06

Tyumen (Research Institute of Agriculture of the Northern Trans-Urals  
and State Agrarian University of the Northern Trans-Urals)

0.78 8.34 ± 0.70 0.20 ± 0.06

Chelyabinsk (Chelyabinsk Research Institute of Agriculture) 0.77 9.40 ± 0.76 0.22 ± 0.07

Saratov (Federal Center of Agriculture Research of the South-East Region) 0.46 4.61 ± 0.47 0.44 ± 0.06

Omsk (Siberian Research Institute of Agriculture and Omsk State Agrarian University) 0.74 6.83 ± 0.49 0.20 ± 0.06

Karaganda region

Kostanay region

Pavlodar region

Akmola region

Chelyabinsk region

Tyumen region

A

B

C

Omsk region

Saratov region

Fig. 4. Clustering by frequency of occurrence (%) of alleles of Gli-1 and 
Gli- 2 loci of spring bread wheat depending on the region of origin.

(92.8 % of occurrence). Accordingly, the h indicator will be 
the maximum – 0.56 ± 0.06. The same situation is observed 
in the analysis of allele frequencies at Gli-D1 locus. With a 
high percentage of occurrence of Gli-D1a allele (89.9 %), the 
value of parameters μ (2.46 ± 0.30) and H (0.19) decreases 
and the value of h increases accordingly. On average, the 
samples created in the Kostanay (10.15 ± 0.62) and Chelya-
binsk (9.40 ± 0.76) regions had the highest intrapopulation 
diversity of alleles (Table 3). It should be noted that the 
intrapopulation diversity and the proportion of rare alleles in 
the wheat samples from Chelyabinsk region have increased 
markedly compared to the results that were published earlier: 
μ = 6.15 ± 0.33 and h = 0.12 ± 0.05 (Chernakov, Metakovsky, 
1994). It should be noted that H values of the wheat bred in 
Tyumen are higher (0.78) than in Chelyabinsk wheat (0.77), 
but at the same time, the index of intrapopulation diversity (μ) 
in the wheat in Chelyabinsk region is higher.

If we take into account μ errors of both areas, then the dif-
ference in their values lies within the statistical error, and the 
intrapopulation diversity is approximately at the same level. 
However, the mean values were derived from calculations of 
the diversity of each locus, in which case the allelic diversity 
of cultivars (populations) within the locus must be taken into 
account. It turned out that with the same number (seven) of 
identified alleles of D1 locus, Gli-D1a allele prevailed in 
the wheat of Chelyabinsk Research Institute of Agriculture 
with a frequency of 71 %, and the rest had frequencies of no 
more than 10 %. At the same time, Gli-D1a allele was also 
“leading” in Tyumen cultivars, but with a lower frequency 
of 51.5 %, and Gli-D1b and Gli-D1f alleles with frequencies 
of 18.2 and 12.1 %, respectively, were found together with 
it. In other words, the diversity of Tyumen wheat cultivars 
at D1 locus is higher than that of Chelyabinsk wheat, which 
ultimately affected the average values of genetic and intra-
population diversity.

Comparative analysis of genetic diversity  
of gliadin coding loci of common wheat  
in breeding centers of Kazakhstan and Russia 
To determine the similarities and differences between the 
wheat samples from various breeding centers (regions) of 
Rus sia and Kazakhstan for gliadin alleles, a cluster analysis 
was carried out, as a result of which three groups A, B, and 

C were formed (Fig. 4). Group A consisted of the samples 
from North Kazakhstan regions, while the wheat of  Kostanay 
and Pavlo dar selection turned out to be quite close. This is 
explained by the fact that there were “common” alleles with 
different frequencies and for each locus, for example, out of 
14 alleles identified by A1 locus, nine alleles turned out to 
be common, for a total of six loci out of 77 alleles, 45 were 
common, i. e. 58.4 %. Whereas in the wheat from Akmola 
region only 35.6 % of alleles were common to Kostanay and 
Pavlodar regions, which was reflected in the dendrogram. 
A similar situation was observed with the samples of cluster B. 
The “isolation” of Saratov wheat samples is due to the fact 
that only 10.1 % of gliadin alleles were common to the wheat 
from other regions of Kazakhstan and Russia.

For further establishment of the significant degree of dif-
ferences between the groups of common wheat in terms of 
the frequency of occurrence of gliadin-coding loci alleles, the 
identity criterion (I ) was used. In its essence, if the obtained 
value exceeds the table value of χ2 at a given level of signifi-
cance, then there is a significant difference between the groups 
(Zhivotovsky, 1979).

Supplementary Material 4 shows the values of genetic si-
milarity (r), the criterion of pairwise similarity of the studied 
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Table 4. Average values of genetic similarity (r) and identity criterion (I )  
of spring bread wheat samples for Gli-1 and Gli-2 loci by region of origin

Regions Akmola Kostanay Pavlodar Karaganda Tyumen Chelyabinsk Saratov Omsk

Akmola 0 0.62 ± 0.05
287.1 (106.4)

0.72 ± 0.06
248.2 (92.8)

0.67 ± 0.05
355.7 (95.1)

0.65 ± 0.06
328.5 (104.1)

0.72 ± 0.06
243.6 (104.1)

0.69 ± 0.06
414.4 (103.0)

0.71 ± 0.06
325.1 (99.6)

Kostanay 0 0.85 ± 0.04
135.5 (97.4)

0.75 ± 0.04
271.2 (104.1)

0.86 ± 0.04
135.7 (104.1)

0.86 ± 0.05
128.0 (107.5)

0.55 ± 0.05
619.0 (116.5)

0.74 ± 0.05
296.4 (110.9)

Pavlodar 0 0.69 ± 0.06
260.1 (84.8)

0.80 ± 0.06
152.2 (92.8)

0.79 ± 0.06
147.6 (96.2)

0.55 ± 0.06
455.0 (96.2)

0.72 ± 0.05
244.9 (88.3)

Karaganda 0 0.79 ± 0.05
191.2 (88.3)

0.77 ± 0.06
195.1 (98.5)

0.55 ± 0.05
568.0 (95.1)

0.71 ± 0.05
304.3 (87.1)

Tyumen 0 0.85 ± 0.05
114.4 (97.4)

0.53 ± 0.05
507.2 (104.1)

0.71 ± 0.05
265.0 (98.5)

Chelyabinsk 0 0.57 ± 0.06
430.0 (110.9)

0.78 ± 0.05
187.2 (103.0)

Saratov 0 0.69 ± 0.05
407.5 (90.5)

Omsk 0

Notе. The upper number is the indicator of genetic similarity (r), the lower number is the criterion of identity (I ). In parentheses χ2 for a 5 % significance level,  
if I > χ2, then the differences are significant.

groups and the criterion of identity (I ) for each locus sepa-
rately. Genetic similarity (r) does not exceed 1, but can be 
equal to 1 only if the groups being compared are identical in 
number and frequency of alleles. When averaged, the obtained 
values of the identity criterion (I ) exceeded the tabular value 
of χ2 for all pairwise comparisons. Accordingly, the studied 
groups of common wheat samples from different regions and 
breeding centers of  Kazakhstan and Russia significantly differ 
from each other in gliadin-coding loci (Table 4).

However, when analyzing the I values for individual loci, 
it turned out that even in the presence of alleles characteristic 
of a certain area, a significant difference between the groups 
was not always achieved (see Supplementary Material 4), i. e. 
when comparing the wheat of Tyumen and Omsk origin, the 
difference at D1 locus was insignificant I = 7.6 (12.6), since 
five out of seven identified alleles occurred in both groups, 
and with a fairly high frequency. Note that in most cases, there 
was a slight difference at Gli-1 loci, while at Gli-2 loci, the 
differences were statistically significant.

This is probably due to the fact that wheat breeding has 
traditionally been aimed at increasing yield, grain quality and 
resistance to various stressors, and alleles of Gli-A1, Gli-B1 
and Gli-D1 loci are associated with baking quality (Nieto-
Taladriz et al., 1994; Li et al., 2009; Demichelis et al., 2019), 
and resistance to leaf, stem rust (Czarnecki, Lukow, 1992; 
Cox et al., 1994) and powdery mildew (Hsam et al., 2015).

Conclusion 
Based on the study, description and statistical calculation 
of the genetic diversity of allelic variants of gliadin-coding 
loci of common wheat, a significant difference in genotypes 
from different regions of Kazakhstan and Russia has been 
established. The revealed genetic differentiation on the basis 

of protein polymorphism is likely adaptive. The gliadin alleles 
that are characteristic of a certain region have been identified. 
The “gliadin profile” of the wheat of  Kazakhstan and Russian 
origin has been established, which shows the preference of 
wheat genotypes for gliadin alleles as a result of selection. This 
information can be used for the selection of parent pairs in the 
breeding process, the control of cultivars during reproduction, 
as well as for the establishment of varietal purity.
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Abstract. Beneficial endophytic bacteria can suppress the development of insect pests through direct antagonism, 
with the help of metabolites, or indirectly by the induction of systemic resistance through the regulation of hormonal 
signaling pathways. Lipopeptides are bacterial metabolites that exhibit direct antagonistic activity against many or-
ganisms, including insects. Also, lipopeptides are able to trigger induced systemic resistance (ISR) in plants against 
harmful organisms, but the physiological mechanisms of their action are just beginning to be studied. In this work, 
we studied ten strains of bacteria isolated from the tissues of wheat and potatoes. Sequencing of the 16S rRNA gene 
showed that all isolates belong to the genus Bacillus and to two species, B. subtilis and B. velezensis. The genes for 
lipopeptide synthetase – surfactin synthetase (Bs_srf  ), iturin synthetase (Bs_ituA, Bs_ituB) and fengycin synthetase 
(Bs_fenD) – were identified in all bacterial isolates using PCR. All strains had high aphicidal activity against the Green-
bug aphid (Schizaphis graminum Rond.) due to the synthesis of lipopeptides, which was proven using lipopeptide-
rich fractions (LRFs) isolated from the strains. Endophytic lipopeptide-synthesizing strains of Bacillus spp. indirectly 
affected the viability of aphids, the endurance of plants against aphids and triggered ISR in plants, which manifested 
itself in the regulation of oxidative metabolism and the accumulation of transcripts of the Pr1, Pr2, Pr3, Pr6 and Pr9 
genes due to the synthesis of lipopeptides, which was proven using LRF isolated from three strains: B. subtilis 26D, 
B. subtilis 11VM, and B. thuringiensis B-6066. We have for the first time demonstrated the aphicidal effect of fengycin 
and the ability of the fengycin-synthesizing strains and isolates, B. subtilis Ttl2, Bacillus sp. Stl7 and B. thuringiensis 
B-6066, to regulate components of the pro-/antioxidant system of aphid-infested plants. In addition, this work is the 
first to demonstrate an elicitor role of fengycin in triggering a systemic resistance to S. graminum in wheat plants. We 
have discovered new promising strains and isolates of endophytes of the genus Bacillus, which may be included in the 
composition of new biocontrol agents against aphids. One of the criteria for searching for new bacteria active against 
phloem-feeding insects can be the presence of lipopeptide synthetase genes in the bacterial genome.
Key words: Bacillus spp.; Schizaphis graminum; endophytes; PCR; RT-PCR; plant-microbial interactions; lipopeptides; 
biological control agents.
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Аннотация. Полезные эндофитные бактерии могут подавлять развитие вредителей за счет прямого антаго-
низма, с помощью метаболитов или опосредованно индуцировать системную устойчивость через регуляцию 
гормональных сигнальных путей. Липопептиды – бактериальные метаболиты, проявляющие прямую антаго-
нистическую активность ко многим организмам, в том числе к насекомым. Также липопептиды способны за-
пускать системную индуцированную устойчивость у растений против вредных организмов. В настоящее время 
механизм действия бактериальных метаболитов липопептидов на защитную систему растений только начи-
нают исследовать. В данной работе изучено десять штаммов и изолятов бактерий, выделенных из внутренних 
тканей культурной и дикой пшеницы и картофеля. Секвенирование гена 16S рРНК показало принадлежность 
всех изолятов к роду Bacillus и двум видам – B. subtilis и B. velezensis. У всех бактериальных изолятов методом 
ПЦР были идентифицированы гены липопептид синтаз – сурфактин синтазы (Bs_srf ), итурин синтаз (Bs_ituA, 
Bs_ituB) и фенгицин синтазы (Bs_fenD). Все штаммы обладали афицидной активностью в отношении обыкновен-
ной злаковой тли (Schizaphis graminum Rond.) за счет синтеза липопептидов, что было доказано с помощью ли-
попептид-богатых фракций (ЛБФ), выделенных из штаммов. Эндофитные липопептид-синтезирующие штаммы 
Bacil lus spp. опо средованно влияли на жизнеспособность тли, выносливость растений по отношению к тле и 
запускали системную индуцированную устойчивость у растений, что проявлялось в регуляции окислительно-
го метаболизма и накоплении транскриптов генов Pr1, Pr2, Pr3, Pr6 и Pr9, за счет синтеза липопептидов, что под-
тверждено с помощью ЛБФ, выделенных из трех штаммов – B. subtilis 26D, B. subtilis 11VM и B. thuringiensis B-6066. 
В нашей работе впервые показано афицидное действие фенгицина и способность штаммов и изолятов B. subti­
lis Ttl2, Bacillus sp. Stl7 и B. thuringiensis B-6066, синтезирующих фенгицин, регулировать компоненты про-/анти-
оксидантной системы растений, зараженных тлей. Кроме того, впервые продемонстрирована элиситорная 
роль фенгицина в запуске системной устойчивости растений пшеницы к S. graminum. Обнаружены новые пер-
спективные штаммы и изоляты эндофитных бактерий рода Bacillus, которые могут стать основой будущих био-
препаратов против тлей. Одним из критериев поиска новых бактерий, активных против насекомых, питающих-
ся флоэмным соком, может быть наличие в бактериальном геноме генов липопептид синтаз. 
Ключевые слова: Bacillus spp.; Schizaphis graminum; эндофитные бактерии; ПЦР; ПЦР в реальном времени; рас-
тительно-микробные взаимодействия; липопептиды; биопрепараты.

Introduction
Insects of the order Hemiptera, aphids, whiteflies, planthop-
pers, including the Greenbug aphid Schizaphis graminum, 
which are sap-sucking insects, can cause severe yield losses 
of up to 60–80 % due to their influence on photosynthesis 
processes and biomass growth rate (Koch et al., 2016; Rad-
chenko et al., 2022). Currently, chemical insecticides remain 
the main agents of controlling phloem-feeding pests, leading 
to the emergence of new pesticide-resistant forms of pests. 
Therefore, it is necessary to find environmentally friendly 
biological control agents to defend plants from pests. Such 
effective biological control agents can be endophytic growth-
promoting bacteria that can live inside plants without causing 
diseases in them (Rani et al., 2022).

Currently, many researchers suppose that endophytes 
protect plants from stress through the mechanisms of direct 
or indirect protective effects on harmful organisms due to 
the synthesis and secretion of diverse metabolites (Oukala et 
al., 2021; Xia et al., 2022). The direct action of endophytes 
is carried out due to the biocidal activity of some metabolites 
(bacteriocins, biosurfactants, lipopeptides). Indirect action 
is expressed in the ability of endophytes to stimulate growth 
processes in plants, improve the immune system of plants, 
and build a durable defense of the host against harmful or-
ganisms, which is known as priming (Rashid, Chung, 2017; 
Xia et al., 2022). Bacteria-induced priming provides faster 
and longer-lasting plant protection throughout the growing 
season with low physiological costs, making endophyte-based 
biocontrol agents very promising (Oukala et al., 2021; Rani 
et al., 2022; Xia et al., 2022). Activation of the plant immune 
system and priming by endophytes is realized by triggering 
induced systemic resistance (ISR) against harmful organisms, 
which has been shown by many researchers and summarized 

in recent reviews (Oukala et al., 2021; Rani et al., 2022; Xia et 
al., 2022). Endophyte-activated ISR is regulated by bacterial-
produced hormone-like substances with growth-regulating 
activity such as abscisic (ABA), salicylic (SA), jasmonic 
acids (JA), and ethylene (ET) (Pieterse et al., 2014; Rashid, 
Chung, 2017). The characteristic features of ISR are jumps in 
the generation of reactive oxygen species (ROS) and changes 
in the gene expression with a focus on defense-related genes 
of pathogenesis-related proteins (PR proteins) (Oukala et al., 
2021; Xia et al., 2022).

Bacteria of Bacillus spp. are famous for their ability to syn-
thesize a wide range of diverse metabolites (Miljaković et al., 
2020). Bacterial metabolites are the active ingredient of any 
biocontrol agent. Lipopeptides are one of the major classes of 
bacterial metabolites intensively researched in recent years. 
Lipopeptides are small peptides that have biocidal properties 
against mycoplasmas, bacteria, yeasts, fungi, oomycetes, ne-
matodes, and pests due to their capability to connect to the 
lipid bilayer of the plasmalemma and change its permeability 
(Andrić et al., 2021). Bacteria of the genus Bacillus produce 
lipopeptides of three families: surfactins, fengycins and iturins 
(Andrić et al., 2021). Recently, the insecticidal activity of li-
popeptides against the orders Diptera, Coleoptera, Hemiptera, 
and Lepidoptera have been shown in some studies (Rodríguez 
et al., 2018; Denoirjean et al., 2022). Currently, the eliciting 
role of lipopeptides in triggering systemic resistance in plants 
is being actively studied (Rashid et al., 2018; Tunsagool et al., 
2019; Miljaković et al., 2020). The elicitor role of lipopeptides 
against a wide range of pathogens of plants has been shown 
in many studies (Tunsagool et al., 2019; Jiang et al., 2021). 
However, information on the elicitor role of lipopeptides in 
triggering ISR in plants against sucking insects is limited 
(Rashid et al., 2018; Rumyantsev et al., 2023).
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Endophytic lipopeptide-synthesizing Bacillus ssp. 
for wheat protection against Schizaphis graminum

Thus, the search for highly effective endophytic strains for 
plant protection against sap-sucking insects using the prim-
ing mechanism, the study of the metabolic composition and 
mechanisms of action of endophytes is an urgent task. In 
this regard, the aim of our work was to study the elicitor role 
of lipopeptides and the ability of endophytic bacteria that 
synthesize lipopeptides to protect plants through the priming 
mechanism. To do this, in our work we searched for strains 
and isolates of the genus Bacillus capable of synthesizing 
lipopeptides, studied the insecticidal activity of bacteria in 
relation to Greenbug aphid, and also studied the indirect effect 
of endophytes and lipopeptide-rich fractions (LRFs) of three 
strains – B. subtilis 26D, B. subtilis 11VM and B. thuringien­
sis B-6066 – on the redox status, indicators of resistance 
(antibiosis and endurance) to the pest, and changes in the 
expression of defense-related genes of PR proteins of wheat 
plants populated by S. graminum.

Materials and methods
Bacteria, plants and insects. In this work, gram-positive 
aerobic endophytic bacteria from the collection of the Labo-
ratory of Biochemistry of Plant Immunity of the Institute of 
Biochemistry and Genetics of the Ufa Federal Research Centre 
of the Russian Academy of Sciences (UFRC RAS) were used. 
Three strains of Bacillus subtilis, 26D (Russian Collection 
of Agricultural Microorganisms (RCAM), No. 128), 11VM 
(RCAM No. 519), Ttl2 (isolated from the leaves of Triticum 
timopheevii Zhuk., Republic of Bashkortostan), one strain of 
B. thuringiensis, B-6066 (All-Russian collection of industrial 
microorganisms (ARCIM), No. 6066), and six isolates of Ba­
cillus spp. isolated from leaves of wheat and potatoes growing 
on the territory of the Republic of Bashkortostan were used. 
Bacteria were grown on liquid lysogenic broth (LB) medium 
(1 % tryptone, 0.5 % yeast extract and 0.5 % NaCl) in 50 ml 
flasks at 28 °C using laboratory shakers (120 rpm) within 72 h 
until complete sporulation. 

In this work, we studied the population of Greenbug aphid 
(Schizaphis graminum Rond.), 2020, which was maintained 
under laboratory-controlled conditions on plants of common 
spring wheat (Triticum aestivum L.) cv. Salavat Yulaev (SY) 
as described previously (Rumyantsev et al., 2023). Seeds of 
cv. SY were obtained from the Bashkir Research Institute of 
Agriculture – Subdivision of the UFRC RAS.

Isolation of DNA from bacteria. Genomic DNA from 
bacteria was isolated with a lysis buffer containing 1 % Che-

lex 100 resin (BioRad Laboratories, USA), as described earlier 
(Veselova et al., 2022).

16S rRNA gene sequencing. The gene of 16S rRNA was 
amplified using the universal primers 27F (5′-CAGAGTTT 
GATCCTGGCT-3ʹ) and 1492R (5′-AGGAGGTGATCCAG 
CCGCA-3ʹ). Amplified fragments of the 16S RNA gene of 
Bacillus spp. isolates were visualized on a 1 % agarose gel 
stained with ethidium bromide. Then, PCR fragments of the 
16S RNA gene were excised from the agarose gel and puri-
fied using a diaGene agarose gel DNA elution kit (DiaM, 
Russia). Sanger sequencing of  PCR fragments was performed 
on a 3500xL genetic analyzer from Applied Biosystems 
(Evrogen, Russia). BLAST software was used for alignment 
and comparison of the obtained sequences of Bacillus spp. 
isolates with sequences deposited in GenBank. These results 
were used for identifying what matched the searched sequence 
and what species the isolates under consideration belonged 
to. Data on sequences and species of bacteria were submitted 
in GenBank (see Table 3). 

Detection of genes of lipopeptide synthetase in the Bacil-
lus spp. strains and isolates by PCR. The genes of lipopep-
tide synthetase – surfactin synthetase (srf  ), iturin synthetases 
(ituA, ituB) and fengycin synthetase (  fenD) – were identified 
in bacterial strains and isolates using PCR with gene-specific 
primers. Primers to the bac gene encoding 16S RNA of Bacil­
lus spp. were used as an inner control. The sequences of all 
primers are presented in Table 1.

Isolation of the lipopeptide-rich fraction (LRF) from the 
Bacillus spp. strains. LRFs from the acidified liquid bacterial 
culture medium of three Bacillus spp. strains B. subtilis 11VM, 
B. subtilis 26D and B. thuringiensis B-6066 and two isolates 
Bacillus sp. Tas2.1 and Bacillus sp. Tas8.2 were obtained by 
ethanol extraction followed by purification on an Amicon 
Ultracel-3K filter (Merck KGaA, Darmstadt, Germany) as 
described previously (Maksimov et al., 2020). The purified 
lipopeptide fraction was weighed and dissolved in 80 % 
ethanol, the growth-promoting concentrations selected earlier 
were used (Maksimov et al., 2020).

Aphicidal activity of the Bacillus spp. strains and iso-
lates. Aphicidal activity of  bacterial strains and LRF was 
studied on first cut leaves of  wheat seedlings cv. SY, placed in 
test tubes with 5 ml of the bacterial suspension at the concen-
tration of 107 cells/ml (control tubes contained 5 ml of sterile 
water) or those with 5 ml of LRF at various concentrations 
from 2.5 to 200 μg/ml according to a method modified for 

Table 1. Nucleotide sequences of primers, bacterial genes encoding lipopeptide synthases

Genes GenBank Accession number Sequence (5’–3’) Amplicon size, bp

Bs_srf EU882341 F – ATGAAGATTTACGGAATTTATATG
R – TTATAAAAGCTCTTCGTACGAG

675

Bs_ituA D21876.1 F – ATGAAAATTTACGGAGTATATATG
R – TTATAACAGCTCTTCATACGTT

674

Bs_ituB KR149331 F – AAGAAGGCGTTTTTCAAGCA
R – CGACATACAGTTCTCCCGGT

508

Bs_fenD AJ011849 F – TTTGGCAGCAGGAGAAGTTT
R – GCTGTCCGTTCTGCTTTTTC

964

Bs_Bac NR102783 F – ACCAGAAAGCCACGGCTAACTAC
R – GGCGGAAACCCCCTAACACT

356



Эндофитные липопептид-синтезирующие Bacillus ssp. 
для защиты пшеницы от Schizaphis graminum

С.Д. Румянцев, В.Ю. Алексеев, А.В. Сорокан, Г.Ф. Бурханова 
Е.А. Черепанова, И.В. Максимов, С.В. Веселова

2024
28 • 3

279СЕЛЕКЦИЯ РАСТЕНИЙ НА ИММУНИТЕТ И КАЧЕСТВО / PLANT BREEDING FOR IMMUNITY AND QUALITY

wheat and described earlier (Veselova et al., 2019). Aphicidal 
activity was expressed as mortality rate (%) among the total 
number of aphids (Veselova et al., 2019). 

Experimental conditions. Before planting, some wheat 
seeds were treated with a liquid culture of bacteria in a semi-
dry manner at growth-stimulating concentrations selected 
earlier (Alekseev et al., 2021; Rumyantsev et al., 2023). The 
cell titer in the suspension was counted at 600 nm  using 
a SmartSpectm Plus spectrophotometer (Bio-Rad, USA) cer-
tified for this task. The cell titer of the studied cultures was 
(1.8–2)·109 cells/ml; by adding distilled water, the suspensions 
were diluted to a final titer of (2–4)·106 cells/ml and the result-
ing suspensions were used for seed treatment. The final titer 
of B. subtilis 26D, Bacillus sp. Tas2.1 and B. thuringiensis 
B-6066 was 4·106 cells/ml. The final titer of Bacillus sp. 
Tas8.2, B. subtilis 11VM, B. subtilis Ttl2 and Bacillus sp. 
Stl7 was 2·106 cells/ml.

Wheat seedlings were grown in 1-liter vessels on an aquatic 
culture (10 % Hoagland–Arnon solution) under aphid breeding 
conditions. Solutions of LRFs at growth-stimulating concen-
trations selected earlier (Alekseev et al., 2021) were added 
to the plant nutrient medium 24 h before aphid colonization. 
After 24 h, the medium was replaced with Hoagland–Arnon 
solution without LRFs. Growth-promoting concentrations of 
LRF of Bacillus spp. strains B. subtilis 11VM, B. subtilis 26D 
and B. thuringiensis B-6066 and isolates Bacillus sp. Tas2.1 
and Bacillus sp. Tas8.2 were 1.5, 2.5, 1.5, 2.5 and 2.0 μg/ml, 
respectively (Alekseev et al., 2021). Plant treatment with LRFs 
was carried out to establish the elicitor role of  lipopeptides in 
the induction of defensive signaling pathways in plants and 
did not pursue the goal of studying these metabolites as in-
dependent biocontrol agents. The colonization of 4-day-old 
wheat seedlings by aphids was carried out as described earlier 
(Rumyantsev et al., 2023).

Antibiosis test and endurance test. The antibiosis test 
was carried out as described earlier (Veselova et al., 2019). 
Mortality and fecundity of aphids were expressed as % of 
the total number of aphids. The propagation coefficient was 
calculated as described earlier (Veselova et al., 2019). Plant 
endurance was assessed by measuring the length of the first 
and second leaves of seedlings as described previously and 
expressed as % leaf growth compared to uninfected control 
(Veselova et al., 2019).

The content of hydrogen peroxide (H2O2) and the ac-
tivity of enzymes – peroxidase (POD) and catalase (CAT) 
were analyzed according to standard methods (Rumyantsev 
et al., 2023). To measure the content of hydrogen peroxide 
(H2O2) and enzyme activity, plant material was homogenized 
24 and 72 hours after colonization by S. graminum in 0.05 M 
Na-phosphate buffer (PB), pH 6.2, in a ratio of 1:5 (wt/vol) and 
incubated at 4 °C for 30 min. The supernatant was separated 
by centrifugation at 15,000 g for 15 min (5415K Eppendorf, 
Germany). The concentration of Н2О2 in the supernatant was 
determined according to the method of (Bindschedler et al., 
2001; Maksimov et al., 2011), using orange xylenol in the pre-
sence of  Fe2+ ions. After coloring, the mixture was centrifuged 
for 5 min at 10,000 g and the optical density was measured 
at a wavelength of 560 nm on an LS 55 Luminescence Spec-
trometer (Perkin Elmer, USA). H2O2 content was calculated 
using a calibration curve and expressed in µmol H2O2/g fresh 

weight (FW). POD activity was determined by a micromethod 
in 96-well plates (Corning-Costar, USA) by the oxidation of 
(o-)phenylenediamine in the presence of H2O2 at 490 nm on 
a Benchmark Microplate Reader spectrophotometer (Bio-Rad 
Laboratories, USA) (Veselova et al., 2014). The enzyme ac-
tivity was expressed in optical density/mg protein per minute, 
which corresponded to the amount of oxidized substrate caus-
ing an increase in optical density in 1 min. CAT activity was 
determined by a micromethod based on the ability of H2O2 to 
form a stable colored complex with molybdate salts (Veselova 
et al., 2014). Optical density was measured at 405 nm on 
a Benchmark Microplate Reader spectrophotometer. CAT 
activity was calculated using a calibration curve and expressed 
in µmol H2O2/(mg protein per min). Protein content was de-
termined by the Bradford method. 

Performing qPCR. Isolation of RNA from wheat leaves 
(five plants per repeat) fixed in liquid nitrogen 1, 3, and 6 days 
after aphid infestation was performed using Lira® (Biolabmix, 
Russia) according to the manufacturer’s instructions. cDNA 
synthesis was performed as described previously (Veselova 
et al., 2022). Expression of genes encoding PR proteins was 
analyzed by quantitative real-time PCR using a CFX Con-
nect real-time PCR Detection System device (BioRad Labo-
ratories, USA) and a set of predefined reagents EvaGreen I 
(Sintol, Russia). In the work, primers for the genes encoding 
PR1 protein, PR2 protein – glucanase, PR3 protein – chi-
tinase, PR6 protein – proteinase inhibitors and PR9 protein 
peroxidase were used. To standardize the data, the wheat gene 
TaRli (RNaseLinhibitor-like) was used as an inner reference 
for the real-time qPCR analysis. Primers for qRT-PCR were 
designed using a web-based primer designing tool from IDT 
(http://eu.idtdna.com/Scitools/Applications/Primerquest) 
(USA). Primer sequences were validated by the presence of 
only a single peak on the thermal dissociation (Tm) curve 
generated by the thermal denaturing protocol. The sequences 
of all primers are presented in Table 2.

To quantify relative gene expression, the delta-delta Ct 
me thod was applied using the CFX Connect real-time PCR 
De tection System (BioRad Laboratories, USA) as described 

Table 2. Nucleotide sequences of primers  
for wheat genes encoding PR-proteins

Genes GenBank  
Accession number

Sequence (5’–3’)

TaPr1 AF384143 F – ATAACCTCGGCGTCTTCATC
R – GCTTATTACGGCATTCCTTTT

TaPr2 DQ090946 F – CTGACCTACACATCCCTGTTC
R – CTCGGAAATCACCACCTTCA

TaPr3 AB029936 F – CCATCCAGATCTCACACAACTAC
R – ACCACAACGCCGTCTTAAA

TaPr6 EU293132.1 F – GGGCCCTGCAAGAAGTACTG
R – ACACGCATAGGCACGATGAC

TaPr9 AK333699 F – CAACTGCAGGGTTCCCAATA
R – CCTAGCTACCCGTTCATCTTTC

TaRli AY059462 F – GCTGTGTATTGGTTGTGGTATTT
R – GCGATGGGTAGTATCTTTCTCC
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for wheat protection against Schizaphis graminum

pre viously (Veselova et al., 2022). Three independent biologi-
cal and three technical replications were performed for each 
experiment.

Statistical analysis. The experiments were carried out in 
triplicate with a different number of biological repetitions, 
from 3 to 10, depending on the type of analysis. The exact 
number of replicates for each analysis is indicated in the table 
note or figure legend. Experimental data were expressed as 
means ± SE, which were calculated in all treatments using 
MS Excel. The significance of differences was assessed 
by ANOVA followed by Duncan’s test ( p ≤ 0.05) with 
 STATISTICA 10.0 software.

Results

Characterization of bacteria isolated  
from the inner tissues of plants
Two strains, B. subtilis 26D and B. subtilis 11VM, were used in 
the work as reference endophytic strains with known pro per-
ties and protective action against Greenbug aphid (Rumyan-
tsev et al., 2023). Previously, it was shown that the B. sub ti­  
lis 26D strain synthesizes surfactin, and the B. subtilis 11VM 
strain synthesizes iturin (Rumyantsev et al., 2023). B. thurin­
giensis B-6066 also induced resistance against aphids, but was 
not tested for the ability to synthesize lipopeptides (Veselova 
et al., 2019).

Two isolates from the UFRC RAS collection of microorga-
nisms were previously sequenced using 16S RNA gene frag-
ments: Bacillus sp. Stl7 (GenBank: MT613864) (isolated from 
the inner tissues of leaves of Solanum tuberosum L., Republic 
of  Bashkortostan) and B. subtilis Ttl2 (GenBank: OK427265) 
(Sorokan et al., 2020; Veselova et al., 2022) (Table 3). For the 
remaining five isolates, presented in Table 3, fragments of the 
16S RNA gene were sequenced in this work. Isolate of Bacil­
lus sp. Ttl1 was isolated from the inner tissues of the leaves 
of T. timopheevii, the remaining isolates of Bacillus sp. Tas2, 
Tas8.2, TV2 and Tas2.1 were isolated from the inner tissues 
of common spring wheat leaves (T. aestivum) (Table 3). Iso-
lates of Bacillus sp. Ttl1 and TV2 were designated as Bacillus 
velezensis. Isolates of Bacillus sp. Tas2, Tas2.1, Tas8.2 were 
designated as B. subtilis (Table 3).

Detection of genes of lipopeptide synthetases  
in the Bacillus spp. strains and isolates
Ten strains and isolates of the Bacillus spp. were tested for the 
presence of lipopeptide synthetases genes (Fig. 1).

As in B. subtilis 26D, in the strains of B. subtilis Tas2, Tas8.2 
and Tas2.1, gene encoding surfactin synthetase srf  was found 
(Fig. 1). As in the B. subtilis 11VM strain, in the B. subtilis Ttl2 
strain and the Bacillus sp. Stl7 isolate, genes encoding iturin 
synthetase ituA and ituB and fengycin synthetase fenD were 
found, and in the strains of B. velezensis, TV2 and Ttl1, only 
genes encoding inturin synthetase were detected. The genes 
encoding surfactin and fengycin synthetase were identified in 
the B. thuringiensis B-6066 strain (Fig. 1). 

Direct aphicidal effect of endophytic strains and isolates  
of bacteria Bacillus spp. and LRF on the S. graminum
Analysis of the aphicidal activity of ten strains and isolates of 
the genus Bacillus showed that all bacteria had high insecti-
cidal activity against Greenbug aphid (Table 4).

Aphid mortality increased from 8 to 50–77 % during 
feeding on bacterial suspension (Table 4). Accordingly, the 
fecundity of aphids decreased. In addition, bacteria reduced 
the propagation coefficient of aphids by 2–5 times (Table 4). 

Table 3. Characterization of bacteria isolated from the inner tissues of plants

Isolate number Source of origin Species designation Accession number in GenBank

Ttl1 Triticum timopheevii Bacillus velezensis OR775749

Tas2 Triticum aestivum Bacillus subtilis OR775745

Tas2.1 Triticum aestivum Bacillus subtilis OR775746

Tas8.2 Triticum aestivum Bacillus subtilis OR775748

TV2 Triticum aestivum Bacillus velezensis OR775756

Ttl2 Triticum timopheevii Bacillus subtilis OK427265

Stl7 Solanum tuberosum Bacillus sp. MT613864

srf

1 2 3 4 5 6 7 8 9 10

ituA

ituB

fenD

bac

Fig. 1. PCR analysis of bacteria Bacillus spp. for the presence of lipopep-
tide synthetase genes: srf  – surfactin synthetase, ituA and ituB  – iturin 
synthetase, and fenD  – fengycin synthetase, bac  – reference gene. The 
samples are indicated as follows: 1  – B.  subtilis  26D; 2  – B.  subtilis Tas2; 
3 – B. subtilis Tas8.2; 4 – B. subtilis Tas2.1; 5 – B. subtilis11VM; 6 – B. vele­
zensis TV2; 7  – B.  velezensis Ttl1; 8  – B.  subtilis Ttl2; 9  – Bacillus  sp. Stl7; 
10 – B. thuringiensis B-6066.
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The greatest aphicidal activity was shown by the B. subtilis 
26D, B. subtilis 11VM, B. subtilis Ttl2, B. subtilis Tas2.1, 
B. subtilis Tas8.2 and B. thuringiensis B-6066 strains and the 
Bacillus sp. Stl7 isolate (Table 4).

All studied strains synthesized lipopeptides (Fig. 1). To 
confirm the hypothesis about the role of lipopeptides in the 
aphicidal activity of Bacillus spp. LRFs were isolated from 
five strains. First of all, the aphicidal activity of LRFs was 
tested. The aphicidal activity of LRFs of the strains B. subti­
lis 26D (LRFBs26D) and B. subtilis 11VM (LRFBs11VM) 
was studied previously (Rumyantsev et al., 2023). And it 
was shown that the concentration of 25 μg/ml of  LRFBs26D 
or LRFBs11VM caused the death of 50 % of aphids, and 
100 % death of aphids was caused by 150 μg/ml already on 
the 5th day of feeding (Rumyantsev et al., 2023). LRFs of 
the strains B. subtilis Tas8.2, B. subtilis Tas2.1 and B. thurin­
gien sis B-6066 (LRFBsTas8.2, LRFBsTas2.1 and LRFBt 
B-6066) as well as the strains themselves had a negative effect 
on the viability of S. graminum at direct influence (Fig. 2). 
The concentration of 25 μg/ml of LRFBsTas8.2 and LRFBt 
B-6066 caused death in more than 50 % of aphids, but not 
LRFBsTas2.1. However, 100 % of aphids died on the 5th day 
of feeding with solutions of LRFBsTas8.2, LRFBsTas2.1 and 
LRFBt B-6066 at a concentration of 50 μg/ml (Fig. 2).

The plant-mediated effect of endophytes of Bacillus spp. 
and LRF on various types of resistance (antibiosis,  
endurance) of wheat plants against S. graminum
In further study of the indirect effect of bacteria on the pest, 
seven strains and isolates were taken that showed the high-
est aphicidal activity, which are presented in Table 5. All 
seven bacterial strains and isolates had an indirect effect on 
aphid mortality and propagation coefficient. Aphid mortal-
ity increased from 10.9 to 36.3 % during aphid feeding on 
bacteria-treated plants (Table 5). Some bacteria reduced the 
propagation coefficient of aphids by 1.5–2 times (Table 5). 
The B. subtilis 26D and B. thuringiensis B-6066 strains and 
the Bacillus sp. Stl7 isolate had the greatest effect on aphid 
mortality, and the propagation coefficient was most strongly 
influenced by the B. subtilis 26D, B. subtilis Ttl2, B. subtilis 

Tas2.1 and B. subtilis Tas8.2 strains (Table 5). Mo derate sus-
ceptible cv. SY showed low tolerance (endurance) to S. gra­
minum, which manifested itself in inhibition of the growth 
of the first and second leaves in seedlings by 20 and 30 %, 
respectively (Table 5). Treatment of plants with bacterial 

Table 4. Aphicidal (insecticidal) effect of endophytic strains and isolates of the genus Bacillus against S. graminum

Isolate/Strain Mortality, % Fecundity, % Propagation coefficient

Control    8.0 ± 1.1a 89.1 ± 4.5a 2.47 ± 0.15a

B. subtilis 26D 66.7 ± 5.3b 33.3 ± 1.8b 0.78 ± 0.07b

B. subtilis Tas2 61.2 ± 5.3c 38.8 ± 2.9c 1.07 ± 0.12c

B. subtilis Tas8.2 76.7 ± 6.7d 23.3 ± 1.3d 0.71 ± 0.04b

B. subtilis Tas2.1 73.3 ± 5.7d 26.7 ± 1.5d 0.80 ± 0.10b

B. subtilis 11VM 72.3 ± 8.1d 27.7 ± 1.6d 0.50 ± 0.02d

B. velezensis TV2 49.8 ± 2.3e 50.2 ± 4.2e 0.92 ± 0.05c

B. velezensis Ttl1 58.3 ± 4.1c 41.7 ± 2.2f 1.03 ± 0.08c

B. subtilis Ttl2 69.5 ± 5.5b 30.5 ± 1.7b 1.10 ± 0.05c

Bacillus sp. Stl7 68.2 ± 6.4b 31.8 ± 1.9b 0.80 ± 0.03b

B. thuringiensis B-6066 76.8 ± 8.7d 23.2 ± 1.4d 0.10 ± 0.001e

Note. The same Latin letters in one column indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p ≤ 0.05).
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Fig. 2. Aphicidal activity of LRFs of the strains B. subtilis Tas8.2 (а), B. sub­
tilis Tas2.1  (b) and B.  thuringiensis B-6066  (c) against Greenbug aphid 
S. graminum.
Concentrations used for LRFs were 2.5, 5, 10, 25, 50, 100, 150 and 200 μg/ ml. 
Figures present means ± SE (n = 15). Columns of each histogram marked with 
the same Latin letters indicate that the values aren’t statistically different 
 according to Duncan’s test ( p ≤ 0.05). 
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strains and isolates increased plant resistance to Greenbug 
aphid by accelerating leaf growth by 10–20 % compared to 
the control and by 30–50 % compared to plants infested with 
aphids (Table 5).

Since the effect of bacteria on plants and pests depends on 
the synthesis of various metabolites, we tested the indirect 
effect of LRF from five bacterial strains presented in Table 6 
on the aphid indices of vitality and endurance of wheat plants.

Major lipopeptides in the LRFBs26D and LRFBs11VM 
were surfactin and iturin, respectively, which was confirmed 
by HPLC (Rumyantsev et al., 2023). LRFBt B-6066 pre-
sumably contained a mixture of fengycin and surfactin and 
 LRFBsTas8.2, LRFBsTas2.1 contained surfactin (Fig. 1). 
Growth-promoting concentrations of  LRFBs26D, LRFBs 
11VM, LRFBt B-6066, LRFBsTas8.2, and  LRFBsTas2.1 
increased plant tolerance to the pest and increased aphid mor-
tality, but to a lesser extent than bacterial strains (Table 6).

However, the propagation coefficient of aphids decreased 
much more during feeding on LRF-treated plants than on 
plants treated with the B. subtilis 11VM and B. thuringiensis 
B-6066 strains. LRFBt B-6066 had the greatest influence on 
the propagation coefficient of aphids, which indicates the role 

of fengycin in the indirect effect on aphid indices of vitality 
(Table 6). Thus, the results of this work show that lipopeptides, 
besides the direct insecticidal effect (Rumyantsev et al., 2023), 
manifest an indirect effect on the pest.

The plant-mediated effect of endophytes of Bacillus spp. 
and LRFs on changes in the redox status  
of S. graminum-infested wheat plants
The plant-mediated effect of endophytes of Bacillus spp. 
and their LRFs on plant endurance and indices of vitality of 
aphids may be connected with the start of induced systemic 
resistance (ISR) in plants (Rashid, Chung, 2017; Veselova et 
al., 2019). During the development of ISR, bacteria can af-
fect the accumulation of ROS, both locally and systemically 
(Rashid, Chung, 2017). 

The infestation of non-bacterial control plants by aphids led 
to a decrease in the content of  hydrogen peroxide (Fig. 3a, b), 
the absence of an increase in peroxidase activity (Fig. 3c, d ) 
and an increase in catalase activity (Fig. 3e, f  ) 24 and 72 hours 
post aphid infestation and was accompanied by low aphid 
mortality and low plant endurance (Table 5). In wheat plants 
treated with strains and isolates of Bacillus spp. and infested 

Table 5. The effect of endophytes of Bacillus spp. on the vitality of aphids and endurance of S. graminum­infested wheat plants

Isolate/Strain Aphid indices of vitality (antibiosis) Plant endurance

Mortality,
%

Propagation
coefficient

Growth rate of the 1st leaf, 
% of control 

Growth rate of the 2nd leaf, 
% of control 

Control (Water) 10.9 ± 1.5a 2.47 ± 0.15a    79.2 ± 6.1a    69.9 ± 5.1a

B. subtilis 26D 31.5 ± 2.2b 1.32 ± 0.10b 114.7 ± 7.3b 142.0 ± 12.9b

B. subtilis Tas2.1 22.6 ± 1.1c 1.54 ± 0.12c 110.0 ± 6.6b 111.0 ± 4.7c

B. subtilis Tas8.2 28.7 ± 1.4b 1.25 ± 0.09b 113.2 ± 8.1b 116.0 ± 5.8c

B. subtilis 11VM 24.3 ± 3.4c 2.10 ± 0.13d 103.2 ± 5.6c 115.0 ± 9.2c

B. subtilis Ttl2 22.4 ± 2.5c 1.60 ± 0.11c 107.8 ± 5.8c 122.5 ± 12.3d

Bacillus sp. Stl7 35.5 ± 3.8d 1.95 ± 0.12d    97.8 ± 4.6d 117.6 ± 9.5c

B. thuringiensis B-6066 36.3 ± 3.5d 2.08 ± 0.15d 103.6 ± 2.5c 121.0 ± 7.1d

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial strains and non-infested with aphids is 100 %. The same Latin letters in one column 
indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p ≤ 0.05).

Table 6. Effect of lipopeptide-rich fractions (LRFs) of three Bacillus spp. strains  
on the vitality of aphids and endurance of S. graminum­infested wheat plants

LRF from strain Aphid indices of vitality (antibiosis) Plant endurance

Mortality,
%

Propagation
coefficient

Growth rate of the 1st leaf, 
% of control

Growth rate of the 2nd leaf, 
% of control

Control 10.9 ± 1.5a 2.47 ± 0.15a    79.2 ± 6.1a    69.9 ± 5.1a

LRF of B. subtilis 26D (surfactin) 24.9 ± 2.3b 1.3 ± 0.09b 107.0 ± 5.7b 102.1 ± 5.0b

LRF of B. subtilis 11VM (iturin) 20.9 ± 2.6c 1.2 ± 0.08b    98.1 ± 6.2c 102.3 ± 8.0b

LRF of B. thuringiensis B-6066  
(fengycin + surfactin)

21.5 ± 3.9c 0.9 ± 0.03c 113.0 ± 8.2b    95.3 ± 3.0c

LRF of B. subtilis Tas8.2 (surfactin) 18.6 ± 4.9c 2.2 ± 0.30d    99.5 ± 3.6c    93.6 ± 5.4c

LRF of B. subtilis Tas2.1 (surfactin) 14.1 ± 5.1d 1.5 ± 0.20b 113.0 ± 4.0b 100.0 ± 2.8b

Note. Growth rate of the 1st or 2nd leaf of control, non-treated with bacterial suspensions and non-populated with aphids is 100 %. The same Latin letters in one 
column indicate that the values aren’t statistically different according to Duncan’s test (n = 30, p ≤ 0.05).
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with S. graminum, a sharp accumulation of  H2O2, an increase 
in POD activity, no change in CAT activity compared to the 
control ones were found (Fig. 3).

The accumulation of H2O2 that was observed in bacterized 
plants of colonized aphids was associated with high pest mor-
tality (Table 5, Fig. 3a, b). Treatment with strains B. subtilis 
26D, B. subtilis 11VM, and B. thuringiensis B-6066 had the 
greatest effect on H2O2 accumulation 24 hours after aphid 
infestation. All strains and isolates equally increased the con-
tent of H2O2 after 72 hours post aphid infestation (Fig. 3a, b).

Treatment with strains B. thuringiensis B-6066, B. subtilis 
11VM, B. subtilis Tas8.2 and Bacillus sp. Stl7 isolate increased 
POD activity earlier than treatment with strains of B. subtilis 
26D, B. subtilis Ttl2 and B. subtilis Tas2.1 (Fig. 3c, d ). The 
first bacteria mentioned acted 24 hours after plant infesta-
tion by aphids, and the second bacteria mentioned activated 
POD 72 hours after plant infestation by aphids (Fig. 3c, d ). 
LRFs affected components of the pro-/antioxidant system of 
plants in the same way as bacterial strains (Fig. 4). However, 
LRFBs26D, LRFBt B-6066, and LRFBs11VM signi ficantly 
induced the accumulation of H2O2 only 72 hours after plant 
colonization with the pest (Fig. 4a), unlike bacteria that in-
duced H2O2 accumulation after 24 hours of feeding (Fig. 3). 

LRFBs11VM and LRFBs26D increased POD activity in 
plants infested with aphids, as well as in plants treated with 
bacterial strains B. subtilis 11VM and B. subtilis 26D (Fig. 4b, 
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Fig. 3. The effect of endophytes of Bacillus spp. on the content of hydrogen peroxide (H2O2) (a, b), activity of peroxidase (c, d ), and activity of catalase (e, f ) 
of S. graminum­infested wheat plants.
Designations in the figure: 0 h – plants uninfested by aphids; Control – unbacterized plants; Bs 26D, Bs Tas8.2, Bs Tas2.1, Bs 11VM, Bs Ttl2, B Stl7 and Bt B-6066 – 
plants treated by the appropriate strain or isolate. Figures present means ± SE (n = 9). Columns of each histogram marked with the same Latin letters indicate that 
the values aren’t statistically different according to Duncan’s test ( p ≤ 0.05).

Fig. 3). LRFBt B-6066 increased POD activity later than 
treatment with the bacterial strain, only 72 hours after aphid 
infestation (Fig. 4b). Treatment of wheat plants with LRFs 
did not lead to an increase in CAT activity  during aphid feed-
ing (Fig. 4c). Such results may indicate the possible role of 
lipopeptides in the induction of systemic re sistance against 
Greenbug aphid in wheat.

The plant-mediated effect of endophytes  
of Bacillus spp. and LRFs on changes in the expression 
of defense-related genes of PR proteins of wheat plants 
populated by S. graminum
Another indicator of the formation of systemic resistance in 
plants is considered to be an increase in the expression of 
defense-related genes of pathogenesis-related (PR) proteins, 
which is regulated by intermediate products of cell signaling 
systems (for example, H2O2) and phytohormones (Pieterse  et 
al., 2014). The expression of defense-related Pr genes, sali-
cylate (SA)-regulated and ethylene/jasmonate (JA)-regulated 
markers have been studied to test the bacteria-mediated acti-
vation of systemic resistance in S. graminum-infested plants. 
Proteins PR1, PR2 (glucanases) are markers of the SA signal-
ing pathway. PR3 proteins (chitinases) are considered ethyle ne 
(ET)-regulated markers, and PR6 proteins (proteinase inhi-
bitors) are considered JA-regulated markers. Proteins of PR9 
(peroxidases) are both SA-responsive and JA-responsive 
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pa thogenesis-related proteins (Pieterse et al., 2014). In this 
work, in the moderately susceptible cv. SY, a slight increase 
of transcripts level of the Pr3 and Pr6 genes, markers of the 
ET- and JA-signaling pathways, respectively, and an increase 
of the expression levels of the Pr9 gene 72 hours after aphid 
colonization were found (Table 7).

The effect of bacterial treatment on the expression of 
Pr genes had a different pattern. All seven bacterial strains 
and isolates increased the transcripts level of the Pr9 gene in 
aphid-infested plants compared to the control (Table 7). Six 
strains and isolates, excluding the B. subtilis Tas2.1 strain, 
increased the expression levels of the Pr3 gene, an ET-re-
gu lated marker, in S. graminum-infested plants. However, 
only two strains, B. thuringiensis B-6066 and B. subtilis Ttl2, 
influenced the expression levels of the Pr3 gene more strongly 
than others (Table 7).

Only four strains of B. subtilis 26D, 11VM, Tas8.2 and 
Tas2.1 significantly increased the expression levels of SA-re-
gulated markers genes Pr1 and Pr2 in S. graminum-infested 
plants compared to the control. Only one strain of B. thurin­
giensis B-6066 increased the expression levels of the Pr6 gene, 
a marker of the JA-signaling pathway, in S. graminum-infested 
plants (Table 7).

LRFs affected the expression of defense-related Pr genes 
of plants in the same way as bacterial strains, however, the 
degree of influence of LP was much higher (Fig. 5). Treat-
ment with LRFBs26D, in which the major lipopeptide was 
surfactin, affected the accumulation of mRNA levels of the 
Pr1 and Pr2 genes in S. graminum­infested plants more than 
treatment with the B. subtilis 26D strain (Fig. 5a). Treatment 
with LRFBs11VM, in which the major lipopeptide was iturin 
and which also contained fengycin, increased the expression 
levels of the Pr1 and Pr3 genes in S. graminum­infested plants 
twice as much as treatment with the B. subtilis 11VM strain 
(Fig. 5a, b). The effect of LRFBt B-6066 on the expression of 
Pr genes resembled the effect of the B. thuringiensis B-6066 
strain (Fig. 5, Table 7).
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Fig.  4.  Effect of lipopeptide-rich fractions (LRFs) of the B.  subtilis 26D 
(LRFBs26D), B.  subtilis 11VM (LRFBs11VM) and B.  thuringiensis B-6066 
(LRFBt B-6066) strains on the content of hydrogen peroxide (H2O2)  (a), 
activity of peroxidase  (b), and activity of catalase  (c) of S. graminum­in-
fested wheat plants.
Designations in the figure: 0 h – plants uninfested by aphids; Control – unbac-
terized plants; LRFBs26D, LRFBs11VM and LRFBt B-6066 – plants treated by the 
appropriate LRFs 24 h before aphid infestation. Figures present means ± SE 
(n = 9). Columns of each histogram marked with the same Latin letters in-
dicate that the values aren’t statistically different according to Duncan’s test 
(p ≤ 0.05).

Table 7. The effect of endophytes of the Bacillus spp. on changes in the expression of Pr genes  
of wheat plants infested by S. graminum

Isolate/Strain Genes

TaPr1 TaPr2 TaPr3 TaPr6 TaPr9

Control 100 ± 5a 100 ± 4a 100 ± 62a 100 ± 3a 100 ± 7a

Aphid 66 ± 3a 126 ± 5a 143 ± 5ac 270 ± 18b 200 ± 16b

Bs 26D + Aphid 382 ± 23c 223 ± 15b 240 ± 12b 180 ± 6c 375 ± 22c

Bs Tas2.1 + Aphid 80 ± 4a 200 ± 18b 130 ± 4ac 140 ± 4d 180 ± 15b

Bs Tas8.2 + Aphid 250 ± 17d 300 ± 24c 160 ± 13c 123 ± 5a 260 ± 6d

Bs 11VM + Aphid 170 ± 15e 120 ± 5a 200 ± 18b 70 ± 10a 405 ± 29e

Bs Ttl2 + Aphid 80 ± 2a 85 ± 4a 300 ± 19d 83 ± 3a 402 ± 32e

B Stl7 + Aphid 110 ± 3a 100 ± 6a 250 ± 17b 90 ± 4a 452 ± 37e

Bt B-6066 + Aphid 70 ± 3ab 140 ± 5d 350 ± 19d 380 ± 9e 180 ± 17b

Note. The same Latin letters in one column indicate that the values aren’t statistically different according to Duncan’s test (n = 9, p ≤ 0.05).
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However, it is worth noting that LRFBt B-6066 contained 
two lipopeptides – surfactin and fengycin. Treatment with 
LRFBt B-6066 increased the transcripts level of the Pr3 gene 
as LRFBs11VM, increased the mRNA content of the Pr9 gene 
as LRFBs26D and, in addition, only LRFBt B-6066 affected 
the expression of the Pr6 gene in S. graminum-infested plants 
(Fig. 5). Importantly, the expression of some Pr genes induced 
by LRFs was activated later than during the treatment with the 
corresponding bacterial strains, 6 days after plant colonization 
by aphids (Fig. 5, Table 7). Thus, the results of this work show 
that lipopeptides have elicitor activity and induce the expres-
sion of defense-related Pr genes in aphid-infested plants.

Discussion
In this research, ten endophyte isolates of the genus Bacillus 
from the collection of the Laboratory of  Biochemistry of  Plant 
Immunity of the Institute of  Biochemistry and Genetics UFRC 
RAS were studied. Although the bacteria have been isolated 
from the inner tissues of various plants, many of them have 
been tested for their ability to colonize the inner tissues of 
other host plants (Veselova et al., 2019, 2022; Sorokan et al., 
2020; Rumyantsev et al., 2023). All studied strains and isolates 
were found to have lipopeptide synthetase genes (Fig. 1) and 
all strains and isolates showed aphicidal activity (Table 4), 
which was due to the synthesis of lipopeptides as the results 
showed (Fig. 2).

In this work, using LRF isolated from Bacillus spp. strains, 
it was proven that the aphidicidal activity of bacterial strains 
against Greenbug aphid was due to lipopeptides – surfactin, 
iturin and fengycin (Fig. 2). This coincides with the results of 
other authors. Nowadays, the insecticidal  activity of surfactin, 
plipastatin (fengycin family), bacillopeptin and iturin against 
some species of phloem-feeding insects has been shown 
(Rashid et al., 2018; Rodríguez et al., 2018; Denoirjean et 
al., 2022). Our studies have recently shown that surfactin 
and iturin exhibit aphicidal activity against Green bug aphid 
(Rumyantsev et al., 2023). In addition, the results of our recent 
work showed that commercial surfactin (Sigma, USA) ex-
hibited the same aphicidal activity as LRF from the B. subtilis 
26D strain (Maksimov et al., 2020). In this work, the aphicidal 
effect of fengycin was demonstrated for the first time (Fig. 2).

This work also shows that bacterial strains, isolates, and 
LRFs of three Bacillus spp. strains had an indirect effect on 

the indices of vitality of aphids and endurance of S. graminum-
populated wheat plants (Tables 5, 6). The weaker effect of  
bacteria on the mortality of aphids under the indirect eff ect 
compared to the direct effect was possibly due to the dif - 
ferent degree of plant tissue colonization of the strains and 
isolates, which we showed in another work using the B. sub­
tilis 11VM strain as an example (Rumyantsev et al., 2023). 
Thus, when testing for endophyticity, the B. subtilis 26D strain 
showed the greatest ability to reproduce in the plant tissues, 
the other strains and isolates studied in this work reproduced 
in the tissues of plants by an order of magnitude less, and the 
Bacillus sp. Stl7 isolate reduced the number of cells by two 
orders of quantity compared to the B. subtilis 26D strain (Ve-
selova et al., 2019, 2022; Sorokan et al., 2020; Rumyantsev 
et al., 2023).

LRFs increased plant tolerance, but to a weaker extent than 
bacterial strains and isolates (Tables 3, 4). The influence of 
bacteria on plant growth may be associated with the synthesis 
of  hormone-like compounds by bacteria and the effect on the 
availability of nutrients for plants (Eid et al., 2021). Also, the 
effect on plant growth may be indirect through the synthesis 
of metabolites with biocidal activity, which reduce the infec-
tion load on plants, and may trigger systemic resistance in 
plants (Eid et al., 2021). Presumably, the effect of LRFs on 
plant growth was indirect and was related to the stimulation 
of systemic resistance in plants. 

Verification of the indirect action of bacterial strains and 
isolates and LRFs showed that both bacteria and LRFs are 
able to change the redox status of plants inhabited by aphids 
(Fig. 3, 4) and cause an oxidative burst, which subsequently 
induces the expression of defense-related Pr genes (Rashid et 
al., 2018; Tunsagool et al., 2019; Oukala et al., 2021). Thus, 
the generation of ROS during attack by phloem-feeding in-
sects is discussed as a resistance response against pests (Koch 
et al., 2016; Veselova et al., 2019). The jump in the ROS 
generation, including H2O2, can lead both to direct damage 
to aphids and their death, and to the circumstantial effect of 
H2O2 through signaling regulation of resistance and gene 
expression (Rashid, Chung, 2017; Rashid et al., 2018). In 
addition, bacterial strains and isolates, and LRFs affected the 
activity of redox enzymes – POD and CAT in aphid-infested 
plants (Fig. 3, 4). Low catalase activity was found in aphid 
resistant crop phenotypes (Zhu-Salzman et al., 2004). An 
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Endophytic lipopeptide-synthesizing Bacillus ssp. 
for wheat protection against Schizaphis graminum

increase in POD activity under the influence of bacteria led 
to an improvement in the strategy of plant resistance against 
insects (Rashid et al., 2018; Veselova et al., 2019; Ling et 
al., 2022). To date, the role of lipopeptides in the regulation 
of ROS generation and the work of redox enzymes has been 
studied only during infection of plants with pathogenic fungi 
(Farzand et al., 2019; Tunsagool et al., 2019). These works 
showed the positive effect of fengycin, surfactin and iturin on 
the activity of peroxidases in plants during the attack of fungal 
pathogens (Farzand et al., 2019; Tunsagool et al., 2019). This 
work demonstrates for the first time the ability of strains and 
isolates B. subtilis Ttl2, Bacillus sp. Stl7 and B. thuringien­
sis B-6066, which synthesize fengycin, regulate components 
of the pro-/antioxidant system of aphid-infested plants.

Bacterial strains and isolates and LRFs induced the ex-
pression of defense-related Pr genes, markers of hormonal 
signaling pathways such as JA, SA and ethylene (Table 7, 
Fig. 5). All three hormonal signaling pathways are known to 
play a role in plant defense against phloem-feeding insects 
and other pests (Morkunas et al., 2011; Pangesti et al., 2016). 
B. subtilis induced resistance against the whitefly Bemisia 
tabaci on tomato plants by activating SA- and JA-responsive 
genes. Rhizobacteria Pseudomonas simiae WCS417r induced 
Arabidopsis defense reaction against Mamestra brassicae by 
activating the synthesis of camalexin and aliphatic glucosino-
lates, which is regulated by the ORA59-branch of the JA/ ethy-
lene signaling pathway (Pangesti et al., 2016). A series of 
studies have shown that the ethylene signaling pathway is 
re quired for the polymerization of phloem proteins, which 
block phloem pores and therefore prevent aphids feeding (Fu 
et al., 2014; Lu et al., 2023). 

Unfortunately, there are very few works on the activation of 
resistance against insects by lipopeptides. Thus, it was shown 
that the bacillopeptin of the B. velezensis YC7010 strain, 
which induces the deposition of lignin and callose in plants, 
increased the resistance of rice against Nilaparvata lugens 
(brown planthopper) (Rashid et al., 2018). Nowadays, the role 
of lipopeptides in the activation of plant resistance against 
various pathogens through the induction of JA/ethy lene-, 
ABA-, SA- and auxin-dependent response is well studied 
(Tunsagool et al., 2019; Jiang et al., 2021). Our results showed 
that lipopeptides surfactin, fengycin and iturin activated the 
expression of defense-related Pr genes of the SA-, JA- and 
ethylene-regulated markers in wheat against the S. graminum. 
Our results suggest a role of fengycin in inducing the expres-
sion of ethylene-dependent genes (Fig. 5), which is consistent 
with results obtained during stu dies of resistance to pathogen 
(Waewthongrak et al., 2014). This work demonstrates for the 
first time the elicitor role of fengycin in triggering the systemic 
resistance of wheat plants against S. graminum.

Conclusion
In the ten studied strains and isolates of endophytes of the 
genus Bacillus, lipopeptide synthetase genes were found, 
and all bacteria had aphicidal activity. This study shows that 
lipopeptides play a role in the defense of plants from phloem-
feeding insects through a direct and an indirect mechanism of 
action. We have discovered new promising strains and isolates 
of endophytes of the genus Bacillus, which can become the 

basis for future biocontrol agents against aphids. The search 
for new bacteria active against phloem-feeding insects can be 
conducted by the presence of lipopeptide synthetase genes in 
the bacterial genome.
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Influence of leptin administration to pregnant mice  
on fetal gene expression and adaptation to sweet and fatty food  
in adult offspring of different sexes
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Abstract. Elevated leptin in pregnant mice improves metabolism in offspring fed high-calorie diet and its influence 
may be sex-specific. Molecular mechanisms mediating leptin programming action are unknown. We aimed to in-
vestigate programming actions of maternal leptin on the signaling function of the placenta and fetal liver and on 
adaptation to high-calorie diet in male and female offspring. Female C57BL/6J mice received leptin injections in 
mid-pregnancy. Gene expression was assessed in placentas and in the fetal brain and liver at the end of pregnancy. 
Metabolic parameters and gene expression in the liver, brown fat and hypothalamus were assessed in adult male 
and female offspring that had consumed sweet and fatty diet (SFD: chow, lard, sweet biscuits) for 2 weeks. Females 
had lower blood levels of leptin, glucose, triglycerides and cholesterol than males. Consuming SFD, females had 
increased Ucp1 expression in brown fat, while males had accumulated fat, decreased blood triglycerides and liver 
Fasn expression. Leptin administration to mothers increased Igf1 and Dnmt3b expression in fetal liver, decreased 
post-weaning growth rate, and increased hypothalamic Crh expression in response to SFD in both sexes. Only in 
male offspring this administration decreased expression of Fasn and Gck in the mature liver, increased fat mass, blood 
levels of glucose, triglycerides and cholesterol and Dmnt3a expression in the fetal liver. The results suggest that the 
influence of maternal leptin on the expression of genes encoding growth factors and DNA methyltransferases in the 
fetal liver may mediate its programming effect on offspring metabolic phenotypes.
Key words: adaptation to high-calorie food; developmental programming; leptin; mice; pregnancy.
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Введение лептина беременным мышам  
влияет на экспрессию генов у плодов и адаптацию  
к сладкой и жирной пище у взрослых потомков разного пола
Е.И. Денисова , Е.Н. Макарова  

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

Аннотация. Повышенный уровень лептина в период беременности у самок мышей оказывает благоприят-
ное действие на метаболические показатели их зрелого потомства при потреблении последним высококало-
рийной пищи, и это влияние может зависеть от пола. Молекулярные механизмы, опосредующие программи-
рующее действие лептина, неизвестны. Целью представленной работы было изучение программирующего 
действия материнского лептина на сигнальную функцию плацент и печени плодов, а также на адаптацию к 
высококалорийной диете у потомства в зависимости от пола. Самкам мышей линии C57BL/6J вводили лептин 
в середине беременности. В конце беременности в плацентах, мозге и печени плодов оценивали экспрес-
сию генов. У взрослого потомства обоего пола оценивали метаболические показатели и экспрессию генов в 
печени, буром жире и гипоталамусе после двухнедельного потребления стандартной либо сладко-жирной 
дие ты (СЖД: гранулы стандартного корма, сало, сладкое печенье). У самок наблюдался более низкий уровень 
лептина, глюкозы, триглицеридов и холестерина в крови, чем у самцов. Потребление СЖД увеличивало экс-
прессию гена Ucp1 в буром жире у самок, тогда как у самцов накапливался жир, снижались уровень тригли-
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церидов в крови и экспрессия гена Fasn в печени. Введение лептина матерям увеличивало экспрессию генов 
Igf1 и Dnmt3b в печени плодов, снижало скорость роста после отъема от матери и повышало экспрессию Crh 
в гипоталамусе в ответ на СЖД у взрослых потомков обоих полов. Только у самцов введение лептина матерям 
снижало экспрессию генов Fasn и Gck в печени, увеличивало жировую массу, уровни глюкозы, триглицеридов 
и холестерина в крови, а также экспрессию гена Dmnt3a в печени плодов. Полученные результаты позволяют 
предположить, что влияние материнского лептина на экспрессию генов, кодирующих факторы роста и ДНК-
метилтрансферазы в печени плодов, может опосредовать его программирующий эффект на метаболический 
фенотип потомства.
Ключевые слова: адаптация к высококалорийной пище; программирование развития; лептин; мыши; бере-
менность.

Introduction
Obesity and related metabolic diseases are one of the major 
problems in modern medicine. The potentiating effect of ma­
ternal obesity on the development of obesity in the offspring is 
considered as one of the reasons for the widespread prevalence 
of obesity (Shrestha et al., 2020; Schoonejans et al., 2021). 
In this regard, the study of the possible mechanisms respon­
sible for mediating the effects of early-life environment on 
susceptibility to obesity later in life is of particular relevance.

The adipocyte hormone leptin can have a programming 
effect on the development of offspring. It was shown in la-
boratory models that elevated blood levels of leptin in pregnant 
females, whether caused by genetic disorders or leptin admini­
stration, may have a beneficial effect on glucose metabolism 
and obesity in offspring fed a high-calorie diet (Stocker, Caw-
thorne, 2008; Pollock et al., 2015; Talton et al., 2016; Denisova 
et al., 2021). It was also shown that the programming effects of 
maternal leptin can be different in offspring of different sexes 
(Nilsson et al., 2003; Makarova et al., 2013). The study of the 
molecular and physiological mechanisms that mediate the 
programming effect of leptin may contribute to the elaboration 
of methods for correcting individual development to reduce 
the risk of metabolic disease.

In most cases, the development of obesity is promoted by 
the consumption of high­calorie sweet and fatty food. Adap­
tation to the consumption of this type of food is expressed in 
a decrease in the amount of food consumed, storage of excess 
energy in adipose tissue, and an increase in energy expenditure 
(Duca et al., 2014). These adaptive responses are associated 
with changes in the expression of orexigenic and anorexigenic 
neuropeptides in the hypothalamus (Cone, 2005), activation 
of thermogenesis in brown adipose tissue (Even, 2011), and 
changes in the activity of enzymes related to glucose and lipid 
metabolism in the liver and other organs (Akieda-Asai et al., 
2013). Ability to adapt to the consumption of high­calorie 
foods may affect the rate and degree of obesity development. 
However, the effect of maternal leptin on adaptation to sweet 
and fatty foods has not yet been investigated.

The programming effect of maternal leptin on the develop­
ment of offspring can be mediated via epigenetic modifica­
tions, including methylation of regulatory regions of genes and 
changes in the expression of signaling factors that affect the 
growth and maturation of organs and tissues in fetuses (Rey­
nolds et al., 2017). Insulin-like growth factors 1 and 2 (IGF1, 
IGF2) play a significant role in the somatic development of 
the fetus (Petry et al., 2010; Xiagedeer et al., 2020; Hattori et 
al., 2021). These factors are synthesized and secreted into the 
blood of the fetus by both placenta and fetal liver (Nawathe 
et al., 2016). The effect of maternal leptin on the signal­

ing function of the placenta and fetal liver has not yet been  
studied.

The aim of this study is to investigate the effect of increased 
leptin levels in pregnant females on the signaling function 
of the placenta and fetal liver and on the adaptation to the 
consumption of high­calorie sweet and fatty foods in mature 
offspring of different sexes in mice.

Materials and methods
Animals and experimental design. The study was conducted 
according to the guidelines of the Declaration of  Helsinki and 
approved by the Independent Ethics Committee of the Institute 
of Cytology and Genetics, Siberian Branch, Russian Academy 
of Sciences (protocol number 76, 07.04.2021).

Experiments were conducted with С57BL/6J mice housed 
at the vivarium of the Institute of Cytology and Genetics, No-
vosibirsk, Russia. The animals were kept at a 12-h daylight 
cycle with free access to water and standard chow for the 
conventional maintenance and breeding of rodents (BioPro 
Company, Novosibirsk, Russia). Mature females were mated 
to males of the same strain. Mating was confirmed by the 
pre sence of a copulation plug. The appearance of the plug 
signified day 0 of pregnancy. The females were administered 
0.2 mg/kg of recombinant murine leptin (Peprotech, United 
Kingdom) or the same volume of normal saline on days 11, 12, 
and 13 of pregnancy. The injections were done subcutaneously 
in the shoulder area. It has been shown that during this period, 
sexual differentiation begins in fetuses (Hacker et al., 1995) 
and there is a peak in the formation of hypothalamic neurons 
that regulate energy intake and expenditure (Ishii, Bou ret, 
2012). As we showed earlier, the food intake of females re­
duces in response to leptin administration, and the offspring 
demonstrate sensitivity to its programming effect during this 
period of pregnancy (Denisova et al., 2021).

To study the effect of leptin administration on the fetal 
growth and expression of genes in fetuses and placentas, 
6 leptin-treated and 6 control females were sacrificed at the 
pregnancy day (PD) 18 by displacement of the cervical ver­
tebrae, fetuses and placentas were removed and weighed. 
Samples of placentas and fetal liver and brain were placed 
in liquid nitrogen. To measure gene expression, two tissue 
samples of the placentas and fetuses of each sex were selected 
from each litter and combined in equal representation, taking 
into account the RNA concentration after RNA isolation.

In another group, the mated females were monitored to 
record parturition and the number of pups, and the day of 
delivery was designated as postpartum day (PPD) 0. Females 
with a litter of less than 6 pups did not participate in the further 
experiment. If there were more than 7 pups in the litter, it was 
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adjusted to 7 on PPD 0. There were 9 leptin-treated litters 
and 8 control litters. The females and pups were weighed on 
PPDs 0, 7, 14, 21, and 28. The offspring were weaned from 
their mothers at PPD 28.

To assess the effect of maternal leptin on the metabolic pa-
rameters of mature offspring, two males and two females from 
each litter were housed individually after weaning. At the age 
of 10 weeks, some of the offspring begun to receive a sweet 
and fatty diet (SFD): sweet butter cookies and lard were added 
to standard chow, and the other part of the animals remained 
on standard diet (SD). There were 8 experimental groups with 
6–7 animals in each group: males and females consuming 
SFD and males and females consuming SD born to control 
mothers and males and females consuming SFD and males 
and females consuming SD born to leptin-treated mothers. The 
weight of standard chow, fat and cookies eaten per week was 
measured, and energy intake was calculated (lard – 8 kcal/g, 
cookies – 4.58 kcal/g, and standard chow – 3 kcal/g). The 

total amount of energy consumed was calculated and related 
to body weight.

After 2 weeks of SFD eating, the animals were decapitated, 
the weight of the liver, interscapular brown fat, and subcutane­
ous and intraperitoneal fat were measured. To assess the effect 
of leptin on blood biochemical parameters and gene expres­
sion, blood samples were collected, liver, muscle, brown fat 
and hypothalamus samples were placed in liquid nitrogen and 
then stored at –80 °C.

Plasma assays. Concentrations of leptin and FGF21 were 
measured using Mouse Leptin ELISA Kit (EMD Millipore, 
St. Charles, MO, USA) and Quantikine® ELISA Mouse/ 
Rat FGF-21 Immunoassay (R&D Systems, Minneapolis, 
USA).

Concentrations of glucose, triglycerides, and cholesterol 
were measured colorimetrically using Fluitest GLU, Flui test 
TG, and Fluitest CHOL (Analyticon® Biotechnologies AG Am 
Mühlenberg 10, 35,104 Lichtenfels, Germany), respectively.

Table 1. TaqMan Gene Expression Assays used for relative quantitative real-time PCR

Protein Function Gene Gene expression assay ID

Agouti-related neuropeptide Orexigenic neuropeptide Agrp Mm00475829_g1

Beta-actin Actb Mm00607939_s1

Carnitine palmitoyltransferase 1a Beta-oxidation of long-chain fatty acids (liver) Cpt1a Mm01231183_m1

Carnitine palmitoyltransferase 1b Beta-oxidation of long-chain fatty acids 
(muscles, BAT)

Cpt1b Mm00487191_g1

Corticotropin-releasing hormone Hypothalamic signaling Crh Mm01293920_s1

DNA methyltransferase 3 alpha De-novo DNA methylation Dnmt3a Mm00432881_m1

DNA methyltransferase 3 beta De-novo DNA methylation Dnmt3b Mm01240113_m1

Fatty acid synthase Fatty acid synthesis Fasn Mm00662319_m1

Fibroblast growth factor 21 Influence on carbohydrate and lipid metabolism Fgf21 Mm00840165_g1

Glucokinase Glucose phosphorylation Gck Mm00439129_m1

Glucose-6-phosphatase, catalytic Glucose-6-phosphate dephosphorylating G6pc Mm00839363_m1

Insulin receptor Insulin signaling Insr Mm01211875_m1

Insulin-like growth factor 1 Fetal growth and development Igf1 Mm00439560_m1

Insulin-like growth factor 2 Fetal growth and development Igf2 Mm00439564_m1

Insulin-like growth factor 2 receptor Attenuation of IGF2 signaling Igf2r Mm00439576_m1

Klotho beta Enables FGF21 binding activity Klb Mm00473122_m1

Leptin receptor Leptin signaling Lepr Mm00440181_m1

Peroxisome proliferator-activated receptor alpha Regulation of lipid metabolism Ppara Mm0040939_m1

Phosphoenolpyruvate carboxykinase 1, cytosolic Regulation of gluconeogenesis Pck1 Mm01247058_m1

Pro-opiomelanocortin Anorexigenic signaling Pomc Mm00435874_m1

Peptidylprolyl isomerase A Ppia Mm02342430_g1

Pyruvate kinase liver and red blood cell Regulation of glycolysis Pklr Mm00443090_m1

Solute carrier family 2 (facilitated glucose 
transporter), member 4 (GLUT4)

Glucose transporter activated by insulin Slc2a4 Mm00436615_m1

Sodium-coupled neutral amino acid transporter 1 Amino acid transport Slc38a1 Mm00506391_m1

Sodium-coupled neutral amino acid transporter 2 Amino acid transport Slc38a2 Mm00628416_m1

Sodium-coupled neutral amino acid transporter 4 Amino acid transport Slc38a4 Mm00459056_m1

Uncoupling protein 1 (mitochondrial, proton carrier) Thermogenesis Ucp1 Mm01244861_m1

Uncoupling protein 3 (mitochondrial, proton carrier) Mitochondrial anion carrier protein Ucp3 Mm01163394_m1
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Relative quantitative real-time PCR. Gene expression 
was measured using relative quantitative real-time PCR. Total 
RNA was isolated from tissue samples using the ExtractRNA 
kit (Evrogen, Moscow, Russia) according to the manufac­
turer’s instructions. First-strand cDNA was synthesized using 
Moloney murine leukemia virus (MMLV) reverse transcrip­
tase (Evrogen, Moscow, Russia) and oligo(dT) as a primer. 
TaqMan gene expression assays (Thermo Fisher Scientific, 
Waltham, MA USA) indicated in Table 1 were used for relative 
quantitative real-time PCR with β-actin (Actb) and cyclophilin 
(Ppia) as an endogenous control.

Sequence amplification and fluorescence detection were 
performed on a QuantStudio™ system. Relative quantifica­
tion was performed by the comparative threshold cycle (CT) 
method.

Statistical analyses. Data were analyzed with the 
 STATISTICA 10.0 program. Descriptive statistic was used 
to determine means and standard error (SE) of the mean. 
Data on body weight and food intake were analyzed using 
Repeated Measures ANOVA with factors “maternal treatment” 
(administration of leptin or saline), “sex”, and “age” (from 
4 to 10 weeks) for offspring when kept on a standard diet. 
When kept on a sweet and fatty diet, data on energy intake 
were analyzed using Repeated Measures ANOVA with factors 
“diet” (SD and SFD), “maternal treatment” and “age” (from 
10 to 12 weeks) and data on weight gain were analyzed using 
two-way ANOVA with factors “diet” and “maternal treatment” 
separately for male and female offspring. Morphometric, me-
tabolic and hormonal parameters and gene expression were 
analyzed initially by three-way ANOVA with factors “maternal 
treatment,” “diet,” and “sex” and then separately by two-way 
ANOVA in offspring consuming SD or SFD with factors “sex” 
and “maternal treatment,” or in males and females with factors 
“maternal treatment” and “diet”. To identify the effect of leptin 
administration on the weight of fetuses and placentas and 
gene expression in fetuses and placentas, two-way ANOVA 

was used with factors “sex” and “maternal treatment”. To 
assess intergroup differences, post hoc Newman–Keuls test 
was used. The comparisons between single parameters were 
performed with a two­tailed Student’s t­test. The results on 
the graphs are presented as mean ± SE. Significance was de­
termined as p < 0.05.

Results

The effect of leptin administration to pregnant mice  
on body weight and energy intake in offspring  
of different sexes when kept on SD
The administration of leptin to pregnant females had no effect 
on body weight (BW) of the offspring at birth and during the 
period of maternal care (PPDs 1–28); no sex differences in 
BW were observed during this period either.

After weaning, males as compared to females had a higher 
growth rate and were significantly heavier (Fig. 1a). The 
administration of leptin to mothers affected the dynamics of 
weight gain in both males and females; it reduced the growth 
rate of the offspring in the first two weeks after weaning 
(Fig. 1a). Females consumed more energy per unit of body 
weight than males (Fig. 1b), leptin administration to mothers 
had no effect on offspring energy intake.

The effect of leptin administration to pregnant mice  
on energy intake and body weight in offspring  
of different sexes when kept on SFD
Energy consumed with SFD changed dramatically in the 
course of the experiment: it increased sharply in comparison 
with the control in the first week, and returned to normal in 
the second week in mice of both sexes (Fig. 2a). The leptin 
administration to mothers had no effect on the dynamics of 
energy intake with SFD in the offspring. At the same time, 
there were sex differences in BW changes resulting from SFD 
consumption ( p < 0.05, “sex” × “diet”, 3-way ANOVA): SFD 
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Fig. 1. The effect of leptin administration to female mice at 11–13 days of pregnancy on weight gain during the first two weeks after weaning (a) 
and body weight (a) and weekly energy intake related to body weight (b) at the age of 4–10 weeks in offspring of different sexes when consuming a 
standard diet.
Data are means ± SE from 12–14 animals in every group. Weight gain was calculated as the difference in weight in the first two weeks after weaning divided by 
weight at the weaning and expressed as a percentage.
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did not affect weight gain in females, and increased weight 
gain in males, especially in the offspring of leptin-treated 
mothers (Fig. 2b).

Influence of leptin administration to pregnant mice  
on the metabolic characteristics in offspring  
of different sexes when kept on SD or SFD
When offspring consumed SD, sex differences were observed 
in many morphometric and biochemical parameters. Two­way 
ANOVA with factors “sex” and “maternal treatment” showed 
that females compared with males had decreased absolute and 
relative weights of brown adipose tissue (BAT) ( p < 0.001, ab­
solute, p < 0.05, relative, “sex”) and intraperitoneal white adi­
pose tissue (WAT) ( p < 0.01, absolute, p < 0.05, relative, “sex”) 
(Table 2), and lowered levels of glucose ( p < 0.05, “sex”), cho­
lesterol ( p < 0.01, “sex”), triglycerides ( p < 0.001, “sex”) and 
leptin ( p < 0.05, “sex”) in the blood (Table 3). Leptin adminis-
tration to pregnant mothers was associated with an increase 
in blood triglyceride levels ( p < 0.05, “maternal treatment”), 
and this increase reached statistically significant va lues in  
male offspring ( p < 0.05, post hoc Newman–Keuls test).

A two-week intake of SFD reduced the absolute and rela­
tive weight of the liver, increased the absolute and relative 
weight of  BAT, as well as visceral and subcutaneous WAT, and 
increased the blood levels of glucose, cholesterol and leptin 
in both males and females (Tables 2, 3). Only the change in 
blood triglyceride levels in response to the consumption of 
SFD depended on sex: triglyceride levels decreased in males 
and did not change in females (Table 3). At the same time, 
in females, the mass of visceral WAT and the concentration 
of glucose, cholesterol, and leptin in the blood were lower 
than in males, regardless of the diet consumed (Tables 2, 3). 
Leptin administration to mothers had a sex-specific effect on 

the mass of subcutaneous WAT and blood glucose, cholesterol, 
and triglyceride levels. When the effect of maternal leptin was 
analyzed separately in males and females (two-way ANOVA 
with factors “diet” and “maternal treatment”), it was observed 
only in males. Regardless of the diet, male offspring of  leptin-
treated mothers had more subcutaneous fat mass ( p < 0.05, 
“maternal treatment”) and elevated blood levels of glucose 
( p < 0.05, “maternal treatment”), triglycerides ( p < 0.05, “ma­
ternal treatment”) and cholesterol (at the trend level, p < 0.07, 
“maternal treatment”) than males born to control mothers.

Influence of leptin administration to pregnant mice  
on gene expression in the liver, BAT and muscles  
in male and female offspring consuming SFD or SD
When mice were kept on a standard diet, sex differences were 
observed in the expression of some of the studied genes in the 
liver and brown fat. In the liver, the mRNA level of glucose­
6-phosphatase (G6pc) in females was lower than in males 
( p < 0.05, “sex”, two-way ANOVA, SD, Fig. 3e). In BAT, 
the FGF21 mRNA level in females was lower than in males, 
and the level of insulin receptor mRNA was higher ( p < 0.05, 
“sex”, for both cases, two-way ANOVA, SD, Fig. 4a, e). 
Leptin administration to mothers reduced the expression of 
Fasn ( p < 0.05, “maternal treatment”, two-way ANOVA, SD, 
Fig. 3c) and Gck ( p < 0.05, “maternal treatment”, two-way 
ANOVA, SD, Fig. 3g) in the liver on a standard diet, and this 
decrease was more pronounced in males, reaching statistically 
significant values in them (Fig. 3c, g).

In the liver, SFD consumption resulted in activation of 
Fgf21 gene expression and inhibition of Pck1 gene expres­
sion in both males and females (Fig. 3a, h), and inhibition of 
Fasn gene expression only in males ( p < 0.01, “diet”, two-
way ANOVA, males, Fig. 3c). At the same time, in males, 

Fig. 2. Influence of leptin administration to pregnant mice on energy intake (a) and weight gain (b) in male and female offspring 
consuming standard or sweet and fatty diet.
Data are means ± SE from 6–7 animals in every group. * p < 0.05, SFD vs. SD, post hoc Newman–Keuls test.
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leptin administration to mothers changed the response of the 
Fasn gene to SFD consumption: in the offspring of control 
mothers, Fasn gene expression significantly decreased, while 
in the offspring of leptin-treated mothers, it did not change 
(Fig. 3c). Leptin administration to mothers also had a sex-
specific effect on the expression of the glucokinase gene in 
the liver – it decreased in males regardless of the diet and did 
not significantly change in females (Fig. 3g).

In BAT, SFD consumption increased Fgf21 and Cpt1 gene 
expression (Fig. 4a, c), decreased Slc2a4 gene expression 

(Fig. 4 f ), had a down-regulating effect on Klb expression 
(Fig. 4b) in mice of both sexes, and increased Ucp1 gene 
expression only in females (Fig. 4d). Leptin administration 
to mothers had no effect on the expression of the studied 
genes in BAT.

In the muscles, the expression of genes related to insulin 
sensitivity (Slc2a4, Insr) and β-oxidation (Cpt1b, Ucp3) were 
studied. The expression of these genes did not depend on sex 
and diet, and leptin administration to mothers had no effect 
on the expression of these genes.

Table 2. Influence of leptin administration to pregnant mice on the absolute and relative weight  
of the liver, BAT, and visceral and subcutaneous WAT in male and female offspring consuming SD or SFD

Parameter Males Females p, ANOVA

SD SFD SD SFD

Saline Leptin Saline Leptin Saline Leptin Saline Leptin

Weight, g

Liver 1.21 ± 0.03 1.22 ± 0.07 1.05 ± 0.06 1.06 ± 0.03 1.06 ± 0.04 0.89 ± 0.01 0.92 ± 0.05 0.91 ± 0.06 <0.01 sex,  
<0.01 diet

BAT 0.10 ± 0.01 0.09 ± 0.01 0.14 ± 0.02 0.14 ± 0.02 0.07 ± 0.01 0.06 ± 0.00 0.11 ± 0.02 0.08 ± 0.01 <0.001 sex,  
<0.001 diet

WAT visceral 0.41 ± 0.08 0.47 ± 0.04 0.86 ± 0.13 1.21 ± 0.22# 0.29 ± 0.10 0.15 ± 0.01 0.61 ± 0.13 0.59 ± 0.14* <0.01 sex,  
<0.01 diet

WAT sub-
cutaneous

0.63 ± 0.06 0.89 ± 0.13 1.18 ± 0.12 1.65 ± 0.22 0.58 ± 0.09 0.49 ± 0.03 1.14 ± 0.17 0.97 ± 0.22 <0.01 sex, diet 
<0.05 sex × mat. tr.

Index, %

Liver 4.87 ± 0.08 4.85 ± 0.22 4.18 ± 0.18 4.01 ± 0.09 5.09 ± 0.13 4.66 ± 0.07 4.45 ± 0.15 4.45 ± 0.17 <0.001 diet

BAT 0.40 ± 0.02 0.36 ± 0.03 0.55 ± 0.06 0.53 ± 0.04 0.32 ± 0.04 0.30 ± 0.02 0.51 ± 0.07 0.41 ± 0.03 <0.001 diet,  
<0.05 sex

WAT visceral 1.64 ± 0.31 1.87 ± 0.15 3.37 ± 0.39 4.41 ± 0.67 1.39 ± 0.46 0.77 ± 0.05 2.92 ± 0.60 2.75 ± 0.54 <0.01 sex,  
<0.01 diet

WAT sub-
cutaneous

2.51 ± 0.20 3.52 ± 0.47 4.68 ± 0.35 6.08 ± 0.62 2.78 ± 0.39 2.55 ± 0.15 5.48 ± 0.82 4.58 ± 0.86 <0.001 diet  
<0.05 sex × mat. tr.

Note. Data are means ± SE from 6–7 animals in every group. Data were analyzed using three-way ANOVA with factors “sex”, “diet”, and “maternal treatment” 
(mat. tr.). * p < 0.05 females vs. males, # p < 0.05 SFD vs. SD, post hoc Newman–Keuls test.

Table 3. Influence of leptin administration to pregnant mice on hormonal and metabolic characteristics  
in male and female offspring consuming SD or FSD

Parameter Males Females p, ANOVA

SD SFD SD SFD

Saline Leptin Saline Leptin Saline Leptin Saline Leptin

Glucose, mM 15.8 ± 1.7 17.4 ± 0.5 16.2 ± 0.9 18.9 ± 0.6 13.4 ± 0.7 14.0 ± 0.5 15.2 ± 0.6 15.2 ± 0.6* <0.001 sex,  
<0.05 diet

Cholesterol, mM    1.4 ± 0.1    1.5 ± 0.1    2.3 ± 0.1    2.7 ± 0.2    1.2 ± 0.1    1.2 ± 0.03    2.6 ± 0.4    2.0 ± 0.1* <0.001, diet,  
<0.05 sex×mat. tr.

Triglycerides, mM    1.5 ± 1.1    1.9 ± 0.1    1.0 ± 0.1    1.2 ± 0.1#    0.9 ± 0.1*    1.1 ± 0.1    1.3 ± 0.3    1.1 ± 0.1 <0.01 sex,  
<0.001 sex×diet

Leptin, ng/ml    2.8 ± 1.1    3.5 ± 0.6    9.1 ± 2.4# 13.8 ± 2.3+    1.6 ± 0.7 1.3 ± 0.2    4.9 ± 1.6    7.1 ± 1.6* <0.01 sex,  
<0.001 diet

FGF21, ng/ml    5.0 ± 1.6    4.9 ± 1.4    8.2 ± 1.6    3.7 ± 1.6

Note. Data are means ± SE from 6–7 animals in every group. Data were analyzed by three-way ANOVA with factors “sex”, “diet” and “maternal treatment” (mat. tr.). 
* p < 0.05 females vs. males, # p < 0.05 SFD vs. SD; + p < 0.05 males, leptin vs. saline, post hoc Newman–Keuls test.
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Fig. 3. Influence of leptin administration to pregnant mice on liver gene expression in male and female offspring consuming SFD or SD.
* p < 0.05 SD, males, leptin vs. saline; # p < 0.05 SFD vs. SD, post hoc Newman–Keuls test. Data are means ± SE from 6–7 animals in every group.

Fig. 4. Influence of leptin administration to pregnant mice on gene expression in BAT in male and female offspring consuming SFD or SD.
Data are means ± SE from 6–7 animals in every group.
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Influence of leptin administration to pregnant mice  
on hypothalamic gene expression  
in male and female offspring consuming SFD or SD
When kept on SD, males and females did not differ in the ex­
pression of the studied genes in the hypothalamus. Leptin ad­
ministration to mothers had a down-regulating effect on Pomc 
gene expression regardless of animal sex and diet (Fig. 5b), 
reduced Agrp gene expression only in males (Fig. 5a) on 
both SD and SFD, and altered the response of the Crh gene 
to SFD intake. In mice of both sexes born to leptin-treated 
mothers, the expression of the Crh gene increased when SFD 
was consumed, while in the offspring of control females it did 
not change (Fig. 5c). Expression of Agrp, Pomc, and Lepr did 
not change in response to SFD consumption.

The results presented suggest that maternal leptin has a pro­
gramming effect on the metabolic phenotype of the offspring, 
including influence on the central mechanisms supporting 
energy homeostasis, and gene expression in the liver and 
brown fat, and males are more sensitive to the programming 
action of maternal leptin.

Influence of leptin administration to pregnant mice  
on the weight of placentas and fetuses  
in offspring of different sexes
Leptin administration to mothers at mid-pregnancy did not 
affect fetus viability: control and leptin-treated mothers did 
not differ in litter size (8.7 ± 0.2, n = 6, control mothers, and 
9.0 ± 0.2, n = 6, leptin-treated mothers). At the end of the 
embryonic period, male and female fetuses did not differ in 
weight, and leptin administration to mothers did not have a de­
layed effect on fetal weight (Fig. 6b). Male placentas weighed 
more than female placentas (Fig. 6a). Leptin administration to 
mothers had no effect on placental or fetal weight.

Influence of leptin administration to pregnant mice  
on gene expression in placentas, and in the brain and liver 
of fetuses of different sexes
In the control, female fetus placentas differed from male fetus 
placentas by increased expression of the Igf1 gene ( p < 0.05, 
Student’s t­test). Administration of leptin to pregnant mice 
affected the placental expression of this gene differently in 
male and female fetuses ( p < 0.05, “sex” × “maternal treat­
ment”, two-way ANOVA): it increased Igf1 expression in 
male  placentas and decreased in female placentas (Fig. 7a). 
As a result, the sex differences in Igf1 expression observed in 
the control group disappeared when leptin was administered 
to mothers.

The expression of the Igf2r gene and, at the level of a trend, 
the Slc38a2 (SNAT2) gene ( p  = 0.054, two-way ANOVA) 
in placentas (Fig. 7a) depended on the sex of the fetuses: it 
was higher in females than in males, and leptin administra­
tion to pregnant females had no effect on the expression of 
these genes.

Sex differences in the expression of the genes studied in 
the fetal brain and the effect of leptin administration to preg-
nant females on the expression of these genes were not found 
(Fig. 7b).

Sex differences in the expression of the genes studied in 
the liver were not found. Leptin administration to pregnant 
females had an up-regulating effect on the liver expression 
of the Igf1 and Dnmt3b genes in the fetuses of both sexes 
and a multidirectional effect (up-regulating in males and 
down-regulating in females) on the liver expression of the 
Dnmt3a gene (Fig. 7c). As a result, Dnmt3a gene expression 
in male fetuses was higher than in female fetuses after leptin 
administration to mothers. 

Thus, administration of leptin to females during pregnancy 
has a delayed effect on the expression of genes encoding 
growth factors and DNA methyltransferases in the fetal liver.

Discussion
In the present work, we assessed the effect of maternal leptin 
on adaptation to high-calorie food in adult offspring, as well 
as on the signaling function of placentas and fetal liver 
depending on offspring sex. Sex has a significant effect on 
obesity­induced metabolic alterations (Hwang et al., 2010), 
and, in addition, there is sexual dimorphism in the response 
of offspring to maternal influences not only in the postnatal 
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period of life, but also in fetuses and placentas (Dearden et 
al., 2018; Yu et al., 2021). It suggests that the programming 
effect of maternal leptin may be sex-specific.

Male and female offspring differed in metabolic characteris­
tics consuming SD and in response to SFD intake. Compared 
to males, females had reduced fat mass and reduced blood 
glucose, cholesterol, and leptin concentrations regardless 
of the diet consumed, which is consistent with the results of 
other authors (Freire-Regatillo et al., 2020). SFD consumption 
was accompanied by an increase in the intake of energy in 
the offspring of both sexes, but the utilization of this excess 
energy depended on the sex. In males, when switching to 
SFD, the mass of white fat increased, the expression of the 
Fasn gene encoding the enzyme for the synthesis of fatty 
acids decreased in the liver, and the level of triglycerides in 
the blood decreased. These results are consistent with data 
obtained in other studies on male mice (Voigt et al., 2013; 
Casimiro et al., 2021; Kakall et al., 2021) and suggest that 
in males, excessive consumption of fat at the initial stages of 
fatty food eating inhibits lipogenesis in the liver and enhances 
lipid uptake by tissues and lipid storage in adipose tissue. In 
females, the mass of adipose tissue, liver expression of Fasn, 
and blood triglyceride level did not change in response to SFD 
but the expression of the Ucp1 gene in BAT increased, which 
indicates an increase in thermogenesis and energy dissipation 
in the form of heat. Thus, males and females demonstrate dif­
ferent adaptive strategies in relation to excess energy intake 
with SFD.

In other respects, the hormonal and metabolic changes in­
duced by the intake of SFD were similar in males and females 
and were aimed at reducing food intake, lowering blood glu­
cose levels, and activating fat utilization. In offspring of both 
sexes, energy intake declined to normal levels in the second 
week of SFD intake, which may be due to an increase in leptin 
levels, because leptin reduces food intake (Morton, 2007). In 
both males and females, the mass of BAT increased and BAT 
expression of the Cpt1 gene increased and that of the Slc2a4 
gene (GLUT4) decreased, which points to intensification of 
lipid utilization. In addition, liver mass decreased and liver 
Pck1 gene expression decreased, which indicates the suppres­
sion of gluconeogenesis. The expression of the Fgf21 gene 
increased in the liver and brown fat. This hormone increases 
insulin sensitivity, activates fat oxidation, and influences food 
choice, increasing the propensity to consume a balanced diet 
(Flippo, Potthoff, 2021). These results are consistent with data 
obtained by other authors. It has been shown in mice and rats 
that the initial stages of adaptation to the consumption of a 
high­calorie diet are characterized by an increase in energy 
expenditure, an increase in the level of leptin in the blood, an 
increase in the mass of brown fat, UCP1 protein expression 
and fatty acid oxidation in brown fat, an increase in fat utiliza­
tion, a decrease in liver weight, a decrease in the expression 
of the Slc2a4 gene (GLUT 4) in adipocytes (So et al., 2011; 
Andrich et al., 2018; Kakall et al., 2021).

Leptin administration to pregnant females had a delayed 
effect on both the metabolic phenotype of the offspring in the 
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postnatal period, and on fetuses and placentas. Leptin admi-
nistration to mothers reduced offspring growth rate in the first 
weeks after weaning. These results are consistent with the re­
sults obtained previously, demonstrating that hyperleptinemia 
during pregnancy reduces the weight of the offspring during 
their growth after weaning (Makarova et al., 2013; Pollock et 
al., 2015). In this work, we have shown for the first time that 
leptin administration to pregnant females has an up­regulating 
effect on the level of IGF1 mRNA in the liver of fetuses at 
the end of pregnancy. IGF1 has multisystem effects on fetal 
development (Hellström et al., 2016), and it is possible that the 
programming effect of maternal leptin on postnatal metabolic 
traits and offspring growth is partly mediated by its influence 
on Igf1 expression in fetuses.

The programming effect of maternal leptin was more pro­
nounced in male offspring: only in males, administration of 
leptin to mothers increased fat mass, plasma concentrations 
of glucose, cholesterol, and triglycerides and decreased the 
expression of the Agrp gene in the hypothalamus and the 
genes for glucokinase and fatty acid synthase in the liver. Sex 
differences in the response to elevated maternal leptin were 
also observed at the prenatal stage of development: only in 
male fetuses, administration of  leptin to mothers increased the 
expression of the Dnmt3a gene in the liver. DNMT3a mediates 
de novo methylation (Jurkowska et al., 2011) and maternal 
influence on fetal liver expression of this enzyme may have 
delayed effects on mature liver gene expression. In turn, 
changes in the expression of genes encoding enzymes in the 
liver can affect the metabolic parameters of the blood. Thus, a 
decrease in the expression of the glucokinase gene may be the 
cause of an increased blood level of glucose in males born to 
leptin-treated mothers, since glucokinase is a major contributor 
to glucose homeostasis (Massa et al., 2011), and a decrease in 
the expression of the Gck gene is accompanied by an increase 
in the level of glucose in the blood (Magnuson et al., 2003).

Despite the pronounced sex differences in metabolic cha-
racteristics and the sex-specific effect of maternal leptin on 
the metabolic phenotype of the offspring, the programming 
effect of maternal leptin on adaptation to SFD consumption 
did not depend on the offspring sex. Leptin administration to 
mothers did not pronouncedly affect the metabolic response 
and transcriptional changes in the liver and brown fat caused 
by SFD consumption, but affected the central mechanisms 
regulating energy intake and expenditure. In both sexes, ad­
ministration of leptin to mothers doubled the expression of 
the Crh gene in the hypothalamus when SFD was consumed. 
Hypothalamic corticotrophin-releasing hormone (CRH) co­
ordinates energy intake and expenditure with metabolic and 
behavioral response to stress (Richard et al., 2000). CRH in the 
hypothalamus has an anorexigenic effect and increases energy 
expenditure (Radahmadi et al., 2021). Decreased sensitivity of 
CRH neurons increases susceptibility to obesity in mice (Zhu 
et al., 2020). Since the increase in Crh gene expression was 
not accompanied by changes in food intake and body weight, 
it can be assumed that maternal leptin affected the response 
of hypothalamic–pituitary–adrenal axis to metabolic stress 
caused by SFD consumption. The nature of these influences 
requires additional research.

In addition, leptin administration to mothers affected the 
hypothalamic expression of orexigenic (Agrp) neuropeptide 

in males and anorexigenic (Pomc) neuropeptide in males 
and females. It is assumed that prenatal programming of the 
metabolic phenotype is mediated via epigenetic modifica­
tions of the central systems that regulate energy intake and 
expenditure (Dearden, Ozanne, 2015). Thus, it has been shown 
in laboratory models and humans that the metabolic state of 
mothers during pregnancy (malnutrition, overeating) affects 
methylation of the gene encoding proopiomelanocortin and, 
accordingly, its expression in the hypothalamus in the off­
spring (Candler et al., 2019). In rats, maternal consumption 
of  high-calorie diet significantly increased basal CRH mRNA 
expression in the paraventricular nucleus of hypothalamus 
(Niu et al., 2019). Our results indicate that leptin may be the 
factor mediating maternal influences on the central regulation 
of energy homeostasis.

Although we found no sex-dependent programming effects 
of maternal leptin on adaptation to SFD eating, its sex-specific 
influence on liver gene expression and metabolic characteris­
tics may promote formation of sex differences in the develop­
ment of diet-induced obesity in offspring.

Conclusion
Males differ from females in metabolic features associated 
with glucose and lipid metabolism, as well as adaptation to ex­
cess energy intake with a high-calorie diet. Leptin administra­
tion to pregnant female mice sex-specifically affects liver gene 
expression and metabolic characteristics in adult offspring. 
This sex-specific programming effect may be associated with 
sex-specific influence of maternal leptin on expression of the 
Dnmt3a gene in fetal liver. Regardless of sex, maternal leptin 
had a programming effect on the activity of the hypothalamic 
CRH system during adaptation to SFD consumption.
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Abstract. The diversity of pathogenetic mechanisms underlying arterial hypertension leads to the necessity to devise a 
personalized approach to the diagnosis and treatment of the disease. Metabolomics is one of the promising methods 
for personalized medicine, as it provides a comprehensive understanding of the physiological processes occurring in 
the body. The metabolome is a set of low-molecular substances available for detection in a sample and representing 
intermediate and final products of cell metabolism. Changes in the content and ratio of metabolites in the sample mark 
the corresponding pathogenetic mechanisms by highlighting them, which is especially important for such a multifac-
torial disease as arterial hypertension. To identify metabolomic markers for hypertensive conditions of different origins, 
three forms of arterial hypertension (AH) were studied: rats with hereditary AH (ISIAH rat strain); rats with AH induced 
by L-NAME administration (a model of endothelial dysfunction with impaired NO production); rats with AH caused 
by the administration of deoxycorticosterone in combination with salt loading (hormone-dependent form – DOCA-
salt AH). WAG rats were used as normotensive controls. 24-hour urine samples were collected from all animals and ana-
lyzed by quantitative NMR spectroscopy for metabolic profiling. Then, potential metabolomic markers for the studied 
forms of hypertensive conditions were identified using multivariate statistics. Analysis of the data obtained showed 
that hereditary stress-induced arterial hypertension in ISIAH rats was characterized by a decrease in the following urine 
metabolites: nicotinamide and 1-methylnicotinamide (markers of inflammatory processes), N- ace tyl glutamate (nitric 
oxide cycle), isobutyrate and methyl acetoacetate (gut microbiota). Pharmacologically induced forms of hypertension 
(the L-NAME and DOCA+NaCl groups) do not share metabolomic markers with hereditary AH. They are differentiated 
by N,N-dimethylglycine (both groups), choline (the L-NAME group) and 1-methylnicotinamide (the group of rats with 
DOCA-salt hypertension).
Key words: arterial hypertension; ISIAH rats; L-NAME; DOCA-salt hypertension; urine metabolomic markers.
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с артериальной гипертонией разного генеза
А.А. Сорокоумова 1 , А.А. Серяпина 1 , Ю.К. Политыко 1, 3, Л.В. Яньшоле 2, Ю.П. Центалович 2,  
М.А. Гилинский 3, А.Л. Маркель 1, 4 

1 Федеральный исследовательский центр Институт цитологии и генетики Сибирского отделения Российской академии наук, Новосибирск, Россия
2 Институт «Международный томографический центр» Сибирского отделения Российской академии наук, Новосибирск, Россия
3 Научно-исследовательский институт нейронаук и медицины, Новосибирск, Россия
4 Новосибирский национальный исследовательский государственный университет, Новосибирск, Россия

 evanesalisa@yandex.ru; seryapina@bionet.nsc.ru

Аннотация. Многообразие патогенетических механизмов, лежащих в основе артериальной гипертонии, приво-
дит к необходимости разработки персонализированного подхода к диагностике и терапии заболевания. Одним 
из перспективных методов для персонализированной медицины является метаболомика, которая позволяет по-
лучить комплексное представление о физиологических процессах, происходящих в организме. Метаболом – это 
совокупность низкомолекулярных веществ, определяемых в образце и являющихся промежуточными и конеч-

© Sorokoumova A.A., Seryapina A.A., Polityko Yu.K., Yanshole L.V., Tsentalovich Yu.P., Gilinsky М.А., Markel А.L., 2024

This work is licensed under a Creative Commons Attribution 4.0 License

PHYSIOLOGICAL GENETICS
Original article

Vavilovskii Zhurnal Genetiki i Selektsii 
Vavilov Journal of Genetics and Breeding. 2024;28(3):299-307

DOI 10.18699/vjgb-24-34

https://orcid.org/0009-0002-7833-0002
https://orcid.org/0000-0002-8807-2580
https://orcid.org/0000-0003-2343-5085
https://orcid.org/0000-0002-8265-6446
https://orcid.org/0000-0002-1380-3000
https://orcid.org/0000-0003-0991-6931
https://orcid.org/0000-0002-1550-1647
https://orcid.org/0009-0002-7833-0002
https://orcid.org/0000-0002-8807-2580
https://orcid.org/0000-0003-2343-5085
https://orcid.org/0000-0002-8265-6446
https://orcid.org/0000-0002-1380-3000
https://orcid.org/0000-0003-0991-6931
https://orcid.org/0000-0002-1550-1647


A.A. Sorokoumova, A.A. Seryapina, Yu.K. Polityko  
L.V. Yanshole, Yu.P. Tsentalovich, М.А. Gilinsky, А.L. Markel

300 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding • 2024 • 28 • 3

Urine metabolic profile in rats  
with arterial hypertension of different genesis

ными продуктами метаболизма клеток. Изменения в содержании и соотношении метаболитов в исследуемом 
образце маркируют соответствующие патогенетические механизмы, выделяя их, что особенно важно для такого 
мультифакторного заболевания, как артериальная гипертония. Для идентификации метаболомных маркеров ги-
пертензивных состояний разного генеза были исследованы три разные формы артериальной гипертонии (АГ): 
крысы c наследственной АГ (линия крыс НИСАГ/ISIAH); крысы с АГ, индуцированной введением L-NAME (модель 
эндотелиальной дисфункции с нарушением продукции NO); крысы с АГ, вызванной введением дезоксикортико-
стерона в сочетании с солевой нагрузкой (гормон-зависимая форма – DOCA-солевая АГ). В качестве нормотен-
зивного контроля были использованы крысы линии WAG. У всех животных собрали образцы суточной мочи, мета-
боломный профиль которой проанализировали методом количественной ЯМР-спектроскопии. Затем с помощью 
методов многомерной статистики выявили потенциальные метаболомные маркеры исследуемых форм гипер-
тензивных состояний. Анализ полученных данных показал, что для наследственной стресс-индуцированной ар-
териальной гипертонии у крыс линии НИСАГ характерно снижение содержания следующих метаболитов в моче: 
никотинамида и 1-метилникотинамида (маркеры воспалительных процессов), N-ацетилглутамата (цикл оксида 
азота), изобутирата и метилацетоацетата (микробиота кишечника). Фармакологически индуцированные фор-
мы АГ (группы L-NAME и DOCA+NaCl) не имеют общих с наследственной АГ метаболомных маркеров. Их отличают 
один общий маркер, N,N-диметилглицин, и два специфических – холин (для группы L-NAME) и 1-метилникотин-
амид (для группы крыс с DOCA-солевой артериальной гипертонией).
Ключевые слова: артериальная гипертония; крысы НИСАГ (ISIAH); L-NAME; DOCA-солевая гипертония; метабо-
ломные маркеры мочи.

Introduction
Arterial hypertension (AH) is a complex multifactorial disease, 
simultaneously affecting various systems of the body. Pathoge-
netic diversity of AH and interaction between different under-
lying mechanisms determine the necessity to consider a lot of 
factors when developing methods of prevention and treatment. 
At the moment, multi-stage protocols for the treatment of 
hypertension have been devised and applied, taking into ac-
count lifestyle, stage of the disease, concomitant pathologies, 
etc. (Carey et al., 2022). However, the tasks of personalized 
medicine are still relevant, including use of integrated ap-
proaches in diagnostics for identifying the distinctive “set” of 
mechanisms involved in the development of  hypertension for 
a particular patient, and, accordingly, prescribing individual 
treatment. The so-called “omics” technologies are well suited 
for this purpose, as they provide a kind of “snapshot” of the 
organism and its systems for further analysis (at the level of 
genome, transcriptome, proteome, metabolome, etc.).

To study the metabolic pathways involved in the pathoge-
nesis of various hypertensive conditions, we used three ex-
perimental models of hypertension. The first model was the 
ISIAH rat strain (Inherited Stress-Induced Arterial Hyper-
tension), obtained from an outbred population of Wistar rats 
through long-term selection for increased blood pressure (BP) 
under psycho-emotional stress (Markel, 1992). This model 
reproduces primary (essential) human hypertension quite ac-
curately. The second model – AH caused by dysfunction of 
the vascular endothelium – was induced pharmacologically by 
the administration of  L-NAME (an inhibitor of  NO synthesis) 
(Biancardi et al., 2007). Endothelial dysfunction associated 
with impaired nitric oxide synthesis is also one of the common 
mechanisms of  BP rising. The third model of AH was also 
in duced pharmacologically by the administration of a synthe-
tic mineralocorticoid – DOCA (deoxycorticosterone ace tate) 
along with additional salt loading (Basting, Lazartigues, 
2017). The combination of elevated mineralocorticoid levels 
and salt loading is another possible cause of hypertension in 
humans (Gupta, 2011). 

When developing methods to identify biochemical markers 
for different forms of hypertension, attention should be paid 

to the availability and non-invasiveness of the proposed tech-
nologies. One of the most accessible methods is the analysis 
of urine samples. Metabolomic studies of urine are currently 
of interest to researchers, and methods for analyzing and 
interpreting such data are actively discussed (Zhang et al., 
2012; Bouatra et al., 2013).

The purpose of our study is to evaluate the metabolomic 
pro file of 24-hour urine in rats representing three different 
forms of  hypertensive conditions, in comparison with normo-
tensive controls.

Materials and methods
Experimental animals. We studied 3–4-month-old male rats 
of the ISIAH strain with a hereditary form of hypertension, 
together with two groups of rats with pharmacologically 
induced forms of AH: a group of rats treated with a NO syn-
thesis blocker – L-NAME, and a group of rats with hormone-
dependent DOCA+NaCl hypertension. WAG rats were used 
as a normotensive control.

To model NO-deficient hypertension with endothelial dys-
function, WAG rats were orally administered with a solution 
of endothelial NO synthase inhibitor (L-NAME, Nω-nitro-
l-arginine methyl ester; Sigma Aldrich, USA) at a dose of 
30 mg/kg of body weight for two weeks (Fürstenau et al., 
2008). To obtain hormone-dependent DOCA-salt hyperten-
sion, WAG rats were subcutaneously injected with DOCA 
(deoxycorticosterone acetate; Sigma Aldrich, USA) at a dose 
of 25 mg/kg of  body weight once every 4 days with a constant 
salt loading – 1 % NaCl solution in drinking water – for three 
weeks (Chan et al., 2006). As a result, four experimental 
groups of animals were formed, three with hypertension and 
one nor motensive, 10 males in each.

All animals were kept under standard conditions at the vi-
varium of the Institute of Cytology and Genetics SB RAS (air 
temperature 22–24 °C, light:dark cycle 12:12 hours), receiving 
standard chow (Chara, Russia) and free access to drinking 
water. All procedures with experimental animals complied 
with the ethical standards approved by the legal acts of the 
Russian Federation, the principles of the Basel Declaration and 
the recommendations of the Inter-Institutional Commission 
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Fig. 1. Intergroup differences in daily water intake, daily diuresis and glomerular filtration rate (GFR) in ISIAH, L-NAME, DOCA rats relative to control 
WAG rats.
Mann–Whitney test, * p < 0.05, ** p < 0.01, *** p < 0.001.

on Biological Ethics at the Institute of Cytology and Genetics 
SB RAS (protocol No. 127 of 09/08/2022).

Blood pressure (BP) monitoring was performed twice a 
week throughout the experiment on a device for non-invasive 
BP measurement (BIOPAC, USA) using the tail-cuff method 
with preliminary adaptation of the animals to this procedure 
for 3–4 days. Also, simultaneously with BP measurements, 
the rats were weighed regularly.

Collection of 24-hour urine samples. Animals were placed 
in individual rodent metabolic cages (Techniplast, Italy), 
where they adapted to new conditions for 3 days. Over the 
next 3 days, each day at the same time, urine samples were 
collected and the volume of water drunk was recorded. The 
collected urine was stored at –70 °C. Further analysis of the 
samples obtained was carried out at the Center for Shared 
Use “Mass Spectrometric Research” of the International To-
mography Center SB RAS, in the Laboratory of Proteomics 
and Metabolomics.

Extraction of metabolites from urine samples. To obtain 
a non-protein extract of rat urine metabolites, the following 
sample preparation protocol was used: the optimal ratio of 
urine volumes to extracting solution was urine/methanol 
ratio = 1/4. 400 μl of cold methanol (–20 °C) was added to 
100 μl of urine. The samples were mixed in a vortex centri-
fuge and placed on a shaker for 15 minutes at 1,300 rpm, then 
centrifuged at 12,000 rpm at 4 °C for 30 minutes, followed by 
the collection of supernatant. The supernatant was dried on a 
vacuum evaporator and stored at –70 °C. Lyophilized extracts 
were diluted in 600 μl of deuterated phosphate buffer (50 mM, 
pH 7.4) supplemented with internal standard DSS (sodium 
3-(trimethylsilyl)propane-1-sulfonate, 20 μM).

NMR spectra were recorded on an AVANCE III HD 
700 MHz NMR spectrometer (Bruker BioSpin, Germany), 
equipped with an Ascend cryomagnet with a field of 16.44 Tes-
la and a TXI 1H-13C/15N/D ZGR 5 mm probe. Detection 
parameters corresponded to those described pre viously (Ze-
lentsova et al., 2020). MestReNova v 12.0 program was used to 
process the spectra and integrate the signals. Metabolites were 
identified using the Human Metabolome Database (https:// 
hmdb.ca/) and our own data on the metabolic profiling of  hu-

man and animal biological fluids (Tsentalovich et al., 2020; 
Fomenko et al., 2022).

Statistical data processing was performed using Statis-
tica 12 software package (StatSoft, Inc., 2014) and Metabo 
Analyst 5.0 web platform (https://www.metaboanalyst.ca/); 
multivariate analysis (principal component method) and non-
parametric methods (Mann–Whitney U test with Bonferroni 
correction for multiple comparisons) were applied.

Results
A comparative analysis of physiological parameters of the 
studied animals showed that experimental groups of rats 
did not have significant differences in body weight: WAG – 
326.1 ± 12.87 g (BP – 135.9 ± 1.21 mmHg), ISIAH – 
325.9 ± 6.44 g (BP – 205.9 ± 2.12 mmHg), L-  NAME – 
326.9 ± 4.71 g (BP – 192.0 ± 2.96 mmHg), DOCA – 
328.2 ± 6.18 g (BP – 184.2 ± 1.19 mmHg). However, daily 
water intake, daily diuresis and glomerular filtration rate were 
significantly increased in rats of the DOCA group compared 
to the control (Fig. 1). Increased diuresis and water intake 
were also observed in ISIAH rats. Based on these intergroup 
differences, for metabolomic analysis of daily urine, the con-
centrations of metabolites obtained by NMR spectroscopy 
(nmol/ml) were recalculated into daily urine excretion of 
metabolites (nmol/day), considering the diuresis level in each 
rat on the day of sample collection.

Multivariate analysis of metabolomic data using the princi-
pal component method revealed three main axes (PC1, PC2, 
PC3), respectively responsible for 45.2, 16.5 and 10.0 % of 
the total variation in the content of the studied metabolites 
in 24- hour urine samples. The distribution of experimental 
groups in the coordinates of the principal components is shown 
in Fig. 2. A distinct separation of the experimental groups 
along the axis of the first principal component (responsible 
for 45.2 % of the variation in the studied parameters) is ob-
served: normotensive WAG rats and ISIAH rats with heredi-
tary hypertension are virtually combined into one group. Rats 
with pharmacological forms of  hypertension – L-NAME and 
DOCA – form another separate group together. From this we 
may conclude that “natural” genetic hypertension is in sharp 
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Fig.  2.  Distribution of groups of normotensive (WAG) and hypertensive (ISIAH, L-NAME, DOCA) rats in the coordinates of the 
principal component axes (PC1, PC2, PC3).

contrast to the two pharmacologically induced forms of AH, 
so urine metabolomic markers correspond not so much to 
elevated BP levels as to the pathogenesis of different forms 
of AH.

A relatively small percentage of variability (16.5 %) in 
metabolomic parameters is described by the second principal 
component. The projection of the experimental groups onto 
the second component does not make it possible to separate 
the compared groups in accordance to any set of metabolo-
mic markers. At the same time, the residual variability of 
parameters (10 %) for the third principal component, when 
considered, showed the possibility of a distinct separation 
of normotensive rats (WAG) and rats with hereditary arte-
rial hypertension (ISIAH). Thus, metabolomic markers that 
correlate with the third principal component can serve as 
diagnostic indicators of hereditary stress-dependent forms 
of hypertension.

Fig. 3 shows the loadings of metabolites along the axes of 
the first and third principal components. For the first principal 
component, most of the parameters correlate with the com-
bined group – normotensive WAG rats + hypertensive ISIAH 
rats, – while choline, N,N-dimethylglycine, N6-acetyllysine, 
1-methylnicotinamide and formate correlate with pharmaco-
logically induced forms of AH. Thus, the metabolic profile 
of hereditary AH (at least in the early stages of its develop-
ment) is closer to normal than to those of pharmacologically 
induced models of AH. Markers that distinguish ISIAH rats 
from normotensive controls (WAG rats) may be divided 
into those that correlate positively and those that correlate 
negatively with the hereditary form of hypertension, based on 
their loadings along the axis of the third principal component. 
Positively correlated compounds include acetate, cytosine, 
glycine, lactate; negatively correlated are cytidine, isobutyrate, 
1-methylnicotinamide, 2′-deoxyuridine, uracil, nicotinamide, 
citrate, methyl acetoacetate, N-acetylglutamate.

In addition to assessing the metabolite loadings along the 
axes of the principal components, an analysis of intergroup 

differences in the content of metabolites in the daily urine of 
the studied animals was also performed (see the Table). Thus, 
a list of 12 urine metabolites was formed, the levels of which 
differed from the controls in animals with various forms of AH, 
also contributing the most to the separation of experimental 
groups in the coordinates of the principal component axes.

To identify possible associations between metabolites that 
made the greatest contribution to the observed intergroup dif-
ferences, Pearson’s correlation analysis with partial clustering 
was performed (Fig. 4). The highest correlation coefficients 
(r > 0.7) were observed between choline, N,N-dimethylglycine 
and N6-acetyllysine (the correlation was positive); these three 
metabolites also correlated negatively with methyl acetoace-
tate (r < –0.5). Citrate and 1-methylnicotinamide positively 
correlated with each other, as well as with N,N-dimethyl-
glycine, N6-acetyllysine and cytidine (r > 0.5). Nicotinamide, 
2′-deoxyuridine, isobutyrate, N-acetylglutamate and uracil 
were also positively correlated with each other (r > 0.5). Also, 
2′-deoxyuridine positively correlated with cytidine with a 
correlation coefficient of r = 0.64.

Thus, certain associations between urine metabolites were 
found, which may provide markers for three hypertensive 
conditions that are different in their genesis.

Discussion

Choline and homocysteine metabolism
Choline participates in lipid metabolism, in the formation of 
cell membranes, and in the synthesis of the neurotransmitter 
acetylcholine (Zeisel, 2000). Choline oxidase and betaine 
aldehyde dehydrogenase oxidize choline to betaine. Betaine, 
in its turn, is a methyl group donor for betaine homocysteine 
methyltransferase that is involved in the remethylation of 
homocysteine to methionine resulting in the production of 
N,N-dimethylglycine (an alternative pathway for homocys-
teine utilization in the folate cycle). Normally, homocysteine 
should not accumulate in the body; its blood level elevation 
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Fig. 3. PCA loadings of urine metabolite levels (PC1, PC3).

Significant differences in the content of individual metabolites  
in the urine of hypertensive rats of three groups (ISIAH, L-NAME, DOCA) from the controls

Metabolites Hypertensive rat groups Metabolites Hypertensive rat groups

ISIAH L-NAME DOCA ISIAH L-NAME DOCA

Choline *** 2’-Deoxyuridine **

N,N-dimethylglycine * * Uracil ***

N6-acetyllysine *** * Nicotinamide **

1-Methylnicotinamide *** *** Citrate ***

Cytidine *** Methyl acetoacetate **

Isobutyrate *** N-acetylglutamate **

Notе. Color indicates an increase (orange) or a decrease (blue) in metabolite levels when compared to control WAG rats. Mann–Whitney test, *  p < 0.05,  
** p < 0.01, *** p < 0.001.
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Fig. 4. Pearson’s correlation coefficients between the studied parameters (urinary metabolite levels).

increases the risk of neurodegenerative and cardiovascular 
diseases (Wald et al., 2002). An increase in the homocysteine 
blood concentration causes damage of endothelium, activa-
tion of platelet aggregation, and formation of atherosclerotic 
plaques (Paré et al., 2009; Ganguly, Alam, 2015). Elevated 
blood levels of N,N-dimethylglycine correlate with increased 
homocysteine in patients with chronic renal failure (McGre-
gor et al., 2001). Since L-NAME administration inhibits 
nitric oxide synthesis and leads to endothelial dysfunction, 
observed simultaneous increase in the levels of choline and 
N,N-dimethylglycine in the urine of rats in this group is of 
interest for further research. In the literature, there is evidence 
of opposite effects of exogenous homocysteine and L-NAME 
administration – homocysteine increased the expression of 
NO synthase, which was inhibited by L-NAME (Celotto et 
al., 2010). At the same time, administration of L-NAME nor-
malized the levels of homocysteine and its metabolites in the 
blood plasma of rats with cholestasis induced by bile duct 
ligation (Ebrahimkhani et al., 2005).

N6-acetyllysine is increased in urine of L-NAME and 
DOCA rats. At this moment, the biological role of this 
compound has not been determined; however, there is some 
evidence of its association with the complications of type 1 
and type 2 diabetes (Niewczas et al., 2017; Xu et al., 2023). 
Nevertheless, the lack of description of any pathogenetic me-
chanisms do not allow us to consider N6-acetyllysine as a 
potential biomarker of hypertension. High correlation coef-
ficients were observed between N6-acetyllysine, choline and 
N,N-dimethylglycine. Association of choline and N,N-di-
methylglycine with homocysteine and regulation of NO syn-  
thase was described above – perhaps the role of these com-
pounds in the development of hypertension caused by endo-
thelial dysfunction will be clarified in the future.

Nicotinamide metabolism
Nicotinamide is converted to 1-methylnicotinamide by the 
liver enzyme nicotinamide-N-methyltransferase. Nicotin-
amide-N-methyltransferase also promotes remethylation of 
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homocysteine to S-adenosylmethionine (another pathway 
for homocysteine utilization) (Hong et al., 2018), positively 
correlates with obesity and insulin resistance (Kannt et al., 
2015), and presumably regulates the expression of fructose-
1,6-bis phosphatase involved in the process of gluconeogene-
sis (Visinoni et al., 2008). Nicotinamide has been shown to 
prevent cytochrome C release and caspase induction, thereby 
maintaining mitochondrial membrane potential and exerting 
a cytoprotective effect on the endothelium of small cerebral 
vessels (Chong et al., 2002).

There is also evidence that nicotinamide may exhibit 
anti-inflammatory activity by inhibiting the expression of 
throm boplastin and CD11b antigen (Ungerstedt et al., 2003). 
Intravenous administration of 1-methylnicotinamide had an 
antithrombotic effect by activating the prostacyclin and cy-
clooxygenase pathways for the inflammation development 
(Chlo picki et al., 2007). Urine levels of nicotinamide and 
1-methylnicotinamide were reduced in ISIAH rats, while in 
the DOCA-salt group, 1-methylnicotinamide was increased, 
which may indicate the role of inflammation in both hereditary 
AH and pharmacologically induced AH pathogenesis.

Pyrimidine metabolism
Serious disorders of pyrimidine metabolism, as a rule, are as-
sociated with dysfunction of enzymes, most often of dihydro-
pyrimidine dehydrogenase or dihydropyrimidinase; they occur 
in early childhood, being systemic in nature and manifesting 
themselves in mental retardation and seizures (Nyhan, 2005). 
ISIAH rats do not have such symptoms, although there is a 
decrease in the levels of cytidine, 2′-deoxyuridine and uracil 
in their urine compared to normotensive controls. Interpre-
tation of these data is difficult due to only a small number 
of individual studies: for example, in patients with chronic 
renal failure, reduced levels of 1-methyladenosine, 1-methyl-
guanosine, N2,N2-dimethylguanosine and N4-acetylcyti - 
dine renal excretion were found (Niwa et al., 1998). There is 
also evidence that cyticoline (cytidine-5′-diphosphocholine) 
synthesized from cytidine and choline may have choline-like 
effects on membrane metabolism and cholinergic signaling 
(Yilmaz et al., 2008). However, these results are not sufficient 
to propose the products of pyrimidine metabolism in urine as 
markers of a hypertensive state.

Urea and nitric oxide cycle
N-acetylglutamate is an important participant in the urea 
cycle; it is synthesized in mitochondria from acetyl CoA and 
glutamate by the enzyme N-acetylglutamate synthase. A de-
ficiency of N-acetylglutamate synthase or N-acetylglutamate 
itself causes disturbances in the urea cycle and accumulation 
of free ammonium ions in the blood – hyperammonemia 
(Tuchman et al., 2008). Increased serum ornithine concentra-
tions have previously been observed in ISIAH rats (Serya-
pina et al., 2023), which, combined with decreased urinary 
N-acetylglutamate, suggests that disturbances in nitric oxide 
synthesis play a significant role in the hypertensive status of  
ISIAH rats.

Tricarboxylic acid cycle
Citrate is involved in the tricarboxylic acid (TCA) cycle, 
and a decrease in its urine concentration correlated with the 

development of hypertension in a study involving volunteers 
(Chachaj et al., 2020); however, in addition to citrate, the le-
vels of other metabolites participating in the Krebs cycle were 
also changed: fumarate and trans-aconitate were decreased, 
methyl malonate was increased. In this study, in ISIAH rats, 
only citrate urinary level was reduced, so it seems incorrect to 
claim a serious disturbance of the TCA cycle. Citrate is also 
known to prevent the crystallization of calcium salts and the 
formation of kidney stones, therefore, low urine citrate may 
be linked to the disturbance in the renal mechanism of calcium 
excretion; besides, there are studies showing association of 
low citrate excretion with an increased insulin resistance 
(Cupisti et al., 2007). However, it is difficult to determine 
the mechanism of citrate decrease in this study, so it seems 
inappropriate to propose it as a marker of hereditary stress-
related hypertension.

Short-chain fatty acids metabolism
Isobutyrate and methyl acetoacetate are derivatives of the 
so-called short-chain fatty acids (SCFAs), which are mainly 
produced by the gut microbiota. A decrease in their produc-
tion causes intestinal inflammation and dysfunction, and 
kidney failure, which in turn contributes to increased blood 
pressure (Kim et al., 2018; Felizardo et al., 2019). It has 
been shown that short-chain fatty acids can bind to various 
G protein-coupled receptors. These receptors are located in 
many tissues and interact with their ligands in different ways 
(Chen et al., 2020). The effects of SCFAs include modulation 
of cytokine synthesis, regulation of differentiation and acti-
vation of macrophages, neutrophils and T-lymphocytes, and 
reduction of TNF-α and IL-12 production (Corrêa-Oliveira 
et al., 2016). In the urine of ISIAH rats, reduced contents of 
isobutyrate and methyl acetoacetate are observed. Apparently, 
their hypertensive status is similar in the parameters of the 
gut microbiota to SHR rats with spontaneous hypertension, 
in which a reduced number of bacteria producing acetate and 
butyrate was found (Yang et al., 2015).

Conclusion
Thus, in ISIAH rats with hereditary stress-dependent hyper-
tension, judging by the characteristics of urine metabolites, 
disturbances in the nitric oxide cycle (decreased levels of 
N-acetylglutamate), changes in the function of gut micro-
biota (decreased isobutyrate and methyl acetoacetate), and 
the participation of inflammatory processes in formation of 
hypertensive status (decrease in nicotinamide and 1-methyl-
nicotinamide levels) may be suggested. The data obtained 
complement our previous study (Seryapina et al., 2023): when 
comparing serum metabolic profiles of ISIAH and WAG rats, 
alterations in the nitric oxide cycle were also found (increased 
ornithine blood level in ISIAH rats), as well as changes in 
content and ratio of SCFAs (increased isobutyrate and de-
creased 2-hydroxyisobutyrate), and decreased concentrations 
of betaine and tryptophan, which have anti-inflammatory 
properties. Therefore, a decrease in the urinary N-acetylglu-
tamate, isobutyrate, methyl acetoacetate, nicotinamide and 
1-methylnicotinamide, in combination with the changes in 
the serum metabolome listed above, may be considered as 
a set of potential markers for hereditary stress-dependent 
hypertension in ISIAH rats.
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Pharmacologically induced forms of AH (L-NAME and 
DOCA+NaCl) are identified by different metabolomic mar kers 
(increased urinary levels of choline, N,N-dimethylglycine, 
1-methylnicotinamide). These two groups are positioned in 
the coordinates of the first two principal components in such 
a way that they actually do not overlap with the groups of 
control rats and ISIAH rats with hereditary AH. This occurs 
despite the fact that a common metabolic link is suggested 
between ISIAH and L-NAME rats, associated with impair-
ment of endothelial function, and, possibly, NO synthesis. The 
results obtained demonstrate substantial metabolic differences 
between the “naturally” developing hereditary form of AH and 
two others caused by external pharmacological influences, 
which, in fact, made it possible to identify a set of specific 
metabolomic markers of hereditary, or “primary”, hyperten-
sion, distinguishing it from symptomatic, or “secondary” ones.
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Abstract. We report the results of taxonomic studies on members of the family Micrococcaceae that, according to the 
16S rRNA, internal transcribed spacer 1 (ITS1), average nucleotide identity (ANI), and average amino acid identity (AAI) 
tests, are related to Kocuria rosea strain RCAM04488, a plant-growth-promoting rhizobacterium (PGPR) isolated from 
the rhizosphere of potato (Solanum tuberosum L.). In these studies, we used whole-genome phylogenetic tests and 
pangenomic analysis. According to the ANI > 95 % criterion, several known members of K. salina, K. polaris, and K. rosea 
(including K. rosea type strain ATCC 186T) that are related most closely to isolate RCAM04488 in the ITS1 test should be 
assigned to the same species with appropriate strain verification. However, these strains were isolated from strongly 
contrasting ecological and geographical habitats, which could not but affect their genotypes and phenotypes and 
which should be taken into account in evaluation of their systematic position. This contradiction was resolved by a 
pangenomic analysis, which showed that the strains differed strongly in the number of accessory and strain-specific 
genes determining their individuality and possibly their potential for adaptation to different ecological niches. Similar 
results were obtained in a full-scale AAI test against the UniProt database (about 250 million records), by using the 
AAI-profiler program and the proteome of K. rosea strain ATCC 186T as a query. According to the AAI > 65 % criterion, 
members of the genus Arthrobacter and several other genera belonging to the class Actinomycetes, with a very wide 
geographical and ecological range of sources of isolation, should be placed into the same genus as Kocuria. Within the 
paradigm with vertically inherited phylogenetic markers, this could be regarded as a signal for their following taxo-
nomic reclassification. An important factor in this case may be the detailing of the gene composition of the strains 
and the taxonomic ratios resulting from analysis of the pangenomes of the corresponding clades.
Key words: Arthrobacter; Kocuria; Micrococcaceae; pangenome; PGPR; phylogenetic analysis; strain verification; 
Solanum tuberosum L.
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Аннотация. Исследованы представители семейства Micrococcaceae, родственные, согласно тестам 16S рРНК, 
ITS1 (транскрибируемый межгенный спейсер), средней нуклеотидной идентичности (ANI) и средней аминокис-
лотной идентичности (AAI), штамму RCAM04488 Kocuria rosea – стимулирующей рост растений ризобактерии 
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(PGPR), изолированному из ризосферы картофеля (Solanum tuberosum L.) с использованием полногеномных 
филогенетических тестов и пангеномного анализа. Согласно критерию ANI > 95 %, ряд известных представите-
лей видов K. salina, K. polaris и K. rosea (включая типовой штамм K. rosea ATCC 186T), наиболее близкородствен-
ных изоляту в тесте ITS1, должны быть приписаны к одному и тому же виду с соответствую щей верификацией 
штаммов. Однако указанные штаммы были выделены из весьма контрастных по экологии и географии мест 
обитания, что не могло не сказаться на их генотипе и фенотипе и должно быть так или иначе учтено в оценках 
их систематического положения. Данное противоречие проясняют результаты пангеномного анализа, проде-
монстрировавшие существенные различия в этих штаммах количества акцессорных и штамм-специфичных ге-
нов, определяющих их индивидуальность и, возможно, потенциал для адаптации к различным экологическим 
нишам с соответствующими фенотипическими признаками. Аналогичные результаты получены в тесте AAI в 
полномасштабном варианте его применения против базы данных UniProt (около 250 млн записей) с использо-
ванием программы AAI-profiler и протеома штамма K. rosea ATCC 186T в качестве запроса. Согласно критерию 
AAI > 65 %, в один и тот же род с Kocuria должны быть объединены представители рода Arthrobacter и неко-
торых других родов, относящихся к классу актиномицетов, с весьма широким географическим и экологиче-
ским спектром источников их выделения. В рамках парадигмы о вертикально наследуемых филогенетических 
маркерах это можно трактовать как сигнал для их последующей таксономической переквалификации. Важным 
фактором при этом может быть детализация генного состава штаммов и таксономических соотношений, полу-
чаемых в результате анализа пангеномов соответствующих клад.
Ключевые слова: Arthrobacter; Kocuria; Micrococcaceae; пангеном; PGPR; филогенетический анализ; верифика-
ция штаммов; Solanum tuberosum L.

Introduction
The paper (Potanina et al., 2017) presented the results of phy-
logenetic studies on the plant-growth-promoting (Kargapo lo-
va et al., 2017) bacterial strain Kocuria rosea RCAM04488, 
isolated from surface-sterilized roots of potato (Solanum tu-
berosum L. ‘Kondor’). For the genotypic taxonomic identifica-
tion of this isolate, sequences of the 16S rRNA gene (GenBank 
MF754147.1) and of the ITS1 transcribed intergenic spacer 
(GenBank MF765458.1) were obtained. By using 16S rRNA 
(Potanina et al., 2017), the evolutionary proximity of this 
isolate to the genera Rothia, Arthrobacter, and Zhihengliuella, 
as well as to members of the species K. rosea and K. polaris, 
was ascertained.

Kocuria is a genus of gram-positive bacteria of the family 
Micrococcaceae, phylum Actinobacteria, which are either 
aerobic or facultatively anaerobic. To date, 32 Kocuria species 
have been identified.

Kocuria bacteria have been found on human and animal 
skin and mucous membranes. They are generally considered 
nonpathogenic but can be detected in some urinary tract in-
fections and in hepatobiliary, cardiovascular, nervous system, 
and gastrointestinal infections (Kandi et al., 2016). Although 
Kocuria can infect immunocompromised patients, they are 
weakly pathogenic and are highly sensitive to antibiotics 
(Odeberg et al., 2023).

Many Kocuria members, including the type species K. ro-
sea, live in soil (Stackebrandt, Schumann, 2015) and are en-
do phytes; i. e., they have been isolated from the rhizosphere 
and tissues of many plants. Endophytic Kocuria are inhibitory 
to several pathogenic fungi and bacteria (Cho et al., 2007; 
Rao et al., 2015; Andreolli et al., 2016; Candra et al., 2022; 
Tavarideh et al., 2022; Tedsree et al., 2022). In addition, 
some of them have properties of plant-growth-promoting rhi-
zobacteria (PGPR), because they produce indole-3-acetic acid 
and other phytohormones and because they increase plant 
resistance to stress (Passari et al., 2017; Li et al., 2020).

Bacteriocins from nonlactic acid bacteria, in particular 
variacin from K. varians, can be used for the biopreservation 

of food (cheese and meat) products (Gálvez et al., 2010). The 
K. rosea exopolysaccharide, kocuran, is used in the production 
of antimicrobial coatings (Kumar, Sujitha, 2014).

A number of soil Kocuria can degrade some xenobiotics, 
in particular phthalate esters, pesticides, and salts of arsenic, 
copper, and other heavy metals (Kaur et al., 2015; Román-
Ponce et al., 2016; Hansda et al., 2017; Mukherjee et al., 2018; 
Vital et al., 2019; Yastrebova, Plotnikova, 2020; González-
Benítez et al., 2021; Mawang et al., 2021). Various Kocuria 
have been recovered from soils; marine sediments; meat, 
dairy and seafood products; beer; seawater; rocks; livestock 
bedding; manure; surface spring water; and other sources 
(Church et al., 2020).

The aim of this research was to obtain phylogenetic and 
genetic information on Micrococcaceae members related to 
K. rosea isolate RCAM04488 according to the following 
tests: 16S rRNA (Potanina et al., 2017), internal transcribed 
spacer (ITS1), average nucleotide identity (ANI), and average 
amino acid identity (AAI). Whole-genome phylogenetic tests 
and pangenomic analysis were applied to the known results of 
whole-genome DNA sequencing of these strains.

Materials and methods
In our phylogenetic and pangenomic studies, we used the 
published genomes of the bacterial strains under study, brought 
into consideration as a result of the use of the bioinformatic 
resources mentioned below. The characteristics of the genomes 
are summarized in Results and Discussion and in Supplemen-
tary Materials.

The blastn program1 was used in taxonomic analysis with 
the genetic sequence of the ITS1 intergenic spacer of K. rosea 
RCAM04488 (GenBank MF765458.1). Strain RCAM04488 is 
part of the Russian Collection of Agricultural Microorganisms 
(https://arriam.ru/kollekciya-kul-tur1, accessed 09/06/2023; 
RCAM04488) and of the Collection of  Rhizosphere Microor-
1 Standard Nucleotide BLAST. https://blast.ncbi.nlm.nih.gov/Blast.cgi? 
PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome. 
Accessed 09/06/2023.
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ganisms, Institute of  Biochemistry and Physiology of  Plants 
and Microorganisms, Russian Academy of Sciences (IBPPM 
RAS) (http://collection.ibppm.ru, accessed 09/06/2023;  
IBPPM604).

The average nucleotide identity (ANI) test2 (Goris et al., 
2007; Rodriguez-R, Konstantinidis, 2014; Jain et al., 2018), in 
its OAT modification3 (Lee et al., 2016), was used for quantita-
tive species/genus demarcation on the basis of whole-geno me 
sequencing of the strains’ DNA. Note that the 16S rRNA, 
ITS1, ANI, and AAI tests were developed within the para-
digm of vertically inherited prokaryotic genotypic traits by 
using markers from the core component of the pangenome 
(Tettelin, Medini, 2020) without any account of  the effects 
of horizontal gene transfer (HGT) in its accessory (optional) 
and strain-specific parts. The HGT effects largely control the 
variety of phenotypic traits that determine, in particular, the 
ability of  bacteria and archaea to adapt and function in diverse, 
frequently changing ecological niches (Koonin, 2012). These 
traits are taken into account in the analysis of the systematic 
position of entries that is based on the polyphasic approach, 
which is very common in the traditional systematics of the 
prokaryotes (Oren, Garrity, 2014). Hence follows the obvious 
conventionality of phylogenetic analysis within any scheme 
using only vertically inherited phylogenetic markers, as do 
possible contradictions of its results to the traditional classi-
fication and nomenclature of the prokaryotes (Shchyogolev, 
2021). This probably explains, in particular, the need for their 
verification with  appropriate  classification  changes, which 
turned out to be relevant for about 60 % of the Genome 
Taxonomy Database4 (GTDB) entries analyzed in Parks et 
al. (2018).

We used the PGAP program5 (Chen et al., 2018) to obtain 
information on pangenome composition for selected phylo-
genetic groups of bacteria (clades).
We used the AAI-profiler program6 (Medlar et al., 2018) 

to evaluate the whole-genome systematic position of Kocu-
ria members relative to the entries from the UniProt protein 
property database7 (250 million records) for Kocuria members 
found by the 16S rRNA and ITS1 tests to be closely related 
to K. rosea RCAM04488. In particular, the program detects 
and visualizes possible contradictions in the classification of 
pro- and eukaryotes and microbial contamination (Medlar et 
al., 2018). To visualize and analyze phylogenetic trees, we 
used the MEGA11 program8.

Results and discussion

Strains closely related to Kocuria rosea isolate RCAM04488 
in the ITS1 test
Use of  blastn with the sequence of the ITS1 intergenic spacer 
of K. rosea RCAM04488 (GenBank MF765458.1) against 
the RefSeq Genome Database (refseq_genomes) with the Ko-  
2 ANI/AAI-Matrix. http://enve-omics.ce.gatech.edu/g-matrix. Accessed 
09/06/2023.
3 OAT. https://www.ezbiocloud.net/tools/orthoani. Accessed 09/06/2023.
4 Genome Taxonomy Database. https://gtdb.ecogenomic.org. Accessed 
09/06/2023.
5 PGAweb. http://pgaweb.vlcc.cn/analyze. Accessed 09/06/2023.
6 AAI-profiler. http://ekhidna2.biocenter.helsinki.fi/AAI. Accessed 09/06/2023.
7 Find your protein. https://www.uniprot.org. Accessed 09/06/2023.
8 MEGA. https://www.megasoftware.net. Accessed 09/06/2023.

cu ria option (taxid:57493) yielded a set of 12 hits. These in-
cluded ITS1 sequences from Kocuria members and references 
to the results of whole-genome DNA sequencing of all (mostly 
type) strains in the set (Supplementary Material 1)9. Of note, 
in the BacDive database (Reimer et al., 2022), on the web 
page10, information is given on 29 entries representing the 
type strain of K. rosea, including K. rosea DSM 20447T, 
which, according to the 16S rRNA test, is evolutionarily close 
to the isolate we are studying (Potanina et al., 2017). Among 
the results of similar studies conducted by us with the use of 
the resource11 (data not shown), K. rosea strain ATCC 186T 
(characteristics summarized in Supplementary Material 1) is 
indicated as the type strain. It is also found on the K. rosea 
DSM 20447T BacDive web page, presented as the type strain 
in Trachtenberg et al. (2018), and used for comparison in 
pangenomic analysis and in AAI-profiler studies. 

The BLAST distance tree for ITS1 of K. rosea RCAM04488 
(GenBank MF765458.1) with the indicated 12 hits (Fig. 1) 
shows clustering of K. rosea RCAM04488 with members 
of K. rosea, K. polaris, and K. salina, in agreement with the 
main results of the 16S rRNA test (Potanina et al., 2017). 
The value of the ITS1 sequence identity I = 99.1 % among 
those marked in Figure 1 and the general structure of the 
cluster, the node of which is marked by a red dot in Figure 1, 
indicates that K. rosea RCAM04488 is most closely related 
taxonomically to K. rosea strain AF099C18 in this test. Strain 
AF099C18 belongs to the type species of the genus Kocuria, 
the members of which are found in very diverse ecological 
niches (Stackebrandt, Schumann, 2015) (see Introduction 
and Supplementary Material 1), and was isolated in Eugene 
(Oregon, USA) from a dust sample during the study of the 
effect of the finishing of indoor surfaces on bacterial viability 
(Hu et al., 2019).

The other members of this cluster include K. rosea strain 
DSM 20447T, a member of the Actinobacteria; K. polaris 
type strain CMS 76orT, isolated from cyanobacterial mats in 
McMurdo Dry Valley, Antarctica (Gundlapally et al., 2015); 
and K. salina strain CV6 29, isolated in the vicinity of Lake 
Schott el Djerid (Tunisia) from the roots of Cistanche violacea, 
a desert plant of the Orobanchaceae family that lives on the 
roots of host plants (tamarix, black saxaul). The adaptation 
of these strains to such a contrasting diversity of habitats and 
conditions can be attributed to the phenotypic traits encoded 
by the genes in the accessory and strain-specific parts of the 
Kocuria pangenome, to which a large contribution is prob-
ably made by HGT (Treangen, Rocha, 2011; Koonin, 2012).

At the whole-genome level with housekeeping genes, how-
ever (ANI test, orthologous genes), all four strains in the 
monophyletic group with sequence MF765458.1 (Fig. 1) 
obey the ANI > 95 % condition and, therefore, should be 
considered as belonging to the same species (Jain et al., 2018). 
This is illustrated by the ANI dendrogram (UPGMA variant) 
obtained by the OAT method described in Lee et al. (2016) 
(Supplementary Material 2). In addition to the four strains 
listed above, the ANI > 95 % condition, which groups the 
9 Supplementary Materials 1–4 are available at: 
https://vavilovj-icg.ru/download/pict-2024-28/appx12.pdf
10 Kocuria rosea DSM 20447 is an aerobe, mesophilic bacterium of the family 
Micrococcaceae. https://bacdive.dsmz.de/strain/7641. Accessed 09/06/2023.
11 Search EzBioCloud Database. https://www.ezbiocloud.net. Accessed 
09/06/2023.

http://collection.ibppm.ru
https://vavilovj-icg.ru/download/pict-2024-28/appx12.pdf
https://vavilovj-icg.ru/download/pict-2024-28/appx12.pdf
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strains into the same species (Jain et al., 2018), is also obeyed 
by the K. sediminis JCM 17929T–K. turfanensis HO-9042T 
pair. Unlike 16S rRNA and ANI, the ITS1 test (Fig. 1) does 
not have quantitative criteria for grouping/demarcating taxa. 
In our case, this turned out to be possible only by combining 
the OrthoANI dendrogram with the heat map in Supplemen-
tary Material 2.

To elucidate those whole-genome details that determine the 
strains’ individuality and possibly also differences in adapta-
tion behavior in contrasting ecological niches, we performed 
a pangenomic analysis (Chen et al., 2018; Tettelin, Medini, 
2020) of the strains included in Figure 1 and Supplementary 
Material 2 by using the PGAweb program. To the 12 genomes 
of these strains, we added the genome of K. rosea strain 
ATCC 186T (see above).

Figure 2A shows the dependences of pangenome size 
(curve 1) and core genome size (curve 2) on the number of ge-
nomes being considered for the set corresponding to Figure 1. 
Different colors and numbers in the pie chart of Figure 2B 

denote the content of the core, accessory, and strain-specific 
genes in their total pool for a clade of 13 strains. The general 
appearance of curves 1 and 2 indicates that this pangenome is 
of the open type, which means that it allows DNA exchange 
with the global prokaryote gene pool through a variety of 
mechanisms (Chen et al., 2018; Tettelin, Medini, 2020), in-
cluding HGT (Treangen, Rocha, 2011; Koonin, 2012).
To elucidate subtle differences among these five genomes, 

which possibly contribute substantially to their distribution 
across different ecological niches and other individual phe-
notypic traits but are not evident in the ANI test (see Supple-
mentary Material 2), we conducted a separate pangenomic 
analysis for 5 strains corresponding to the monophyletic group 
highlighted in Figure 1 (red dot) (Fig. 2C, D). For this clade of 
closely related species, the analysis showed a relatively high 
content of core genes (70 %), a lower content of accessory 
genes (24 %), and a low percentage of unique (strain-specific) 
genes (6 %), with very marked interstrain differences in their 
number (Fig. 2D).

Kocuria flava HO-9041{95.5}

Kocuria turfanensis HO-9042{93.2}

Kocuria sediminis JCM 17929{94.6}

Kocuria dechangensis CGMCC 1.12187{96.3}

Kocuria salina CV6 29{97.9}

Kocuria rosea DSM 20447{97.6}

Kocuria polaris CMS 76or{98.1}

MF765458.1
Kocuria rosea AF099C18{99.1}

Kocuria palustris F5_7S_P11C{98.0}
Kocuria soli M5W7-7{96.7}

Kocuria subflava YIM 13062{96.8}
Kocuria coralli SCSIO 13007{95.2}0.005

Fig. 1. Distance tree for BLAST hits with the ITS1 query sequence (GenBank MF765458.1) of K. rosea RCAM04488 
against the RefSeq Genome Database (refseq_genomes) with the Kocuria option (taxid:57493).
The identity values (I, %) between sequence MF765458.1 and hit sequences are indicated in curly brackets.

Fig. 2. Pangenomic analysis of the Kocuria strains included in Figure 1 and Supplementary Material 2. A, size of the pangenome (1) and core genome (2) 
versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-specific genes. C, pie 
chart of the pangenome contents corresponding to the monophyletic group highlighted in Figure 1 (red dot), with core, accessory, and strain-specific 
genes. D, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Fig. C.
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The largest number of unique genes is present in the en-
dophytic strain K. salina CV6 (480), which is followed by 
K. rosea AF099C18 (287) and K. polaris CMS 76orT (235). 
The letter R in K. rosea strain AF099C18 in Figure 2, D shows 
its status as a representative of K. rosea isolate RCAM04488 
at the whole-genome level, which is the most closely related 
to it in the 16S rRNA (Potanina et al., 2017) and ITS1 tests  
(Fig. 1).

Strains related to Kocuria rosea RCAM04488  
in the AAI-profiler test
Using AAI-profiler, we made  an  extended whole-genome 
eva lua tion of the systematic position of the Kocuria members 
related to K. rosea RCAM04488 according to the 16S rRNA 
(Potanina et al., 2017) and ITS1 tests (see above). This was 
done at the level of the UniProt database, which has about 
250 million records as of autumn 2023. With allowance for 
the close kinship between K. rosea strains, which is shown 
in Supplementary Material 2, we chose K. rosea type strain 
ATCC 186T as the initial one for use in AAI-profiler.

The query was the proteome of K. rosea ATCC 186T (ge-
nome assembly GCF_006094695.1), used by AAI-profiler to 
determine AAI between the query proteome and the proteomes 
of the species members in UniProt and to construct an AAI 
distribution diagram (Fig. 3). AAI values are plotted on the 
horizontal axis, and the values of the MF (matched fraction, 
the proportion of query proteins that have matches in the spe-
cies analyzed by the program) are plotted on the vertical axis. 
The diagram icons correspond to the species that received the 
highest scores, with account taken of AAI and coverage, i. e., 
the sum of the sequence identity values for all query proteins 
with established matches.

Related species, grouped and colored on the basis of genus, 
form a characteristic “cloud” in the diagram, with AAI values 
reflecting the evolutionary closeness of the UniProt strains and 
the query strain. The horizontal axis has icons for the species 
for which only individual proteins have been sequenced. 
The icons are colored according to genus (bacteria) or order 
(euka ryotes). Eukaryotic species are marked with rhombuses; 
bacteria, with circles; archaea, with crosses; and everything 
else (viruses, metagenomes, and unclassified samples), with 
squares. The vertical dashed lines in Figure 3 correspond to the 
AAI cutoff values for strain demarcation on the basis of genus 
(AAI > 0.65) and species (AAI > 0.9) under the conditions 
presented in the ANI/AAI-Matrix resource, on the website12, 
and in Rodriguez-R and Konstantinidis (2014).

The results (Fig. 3) show that the query proteome corre-
sponds to a set of 11 K. rosea strains with average coverage 
and AAI values of  0.989 and 99.8 %, respectively. The closest 
to this set among the classified ones is that of two K. polaris 
strains (including the type strain CMS 76or), the icon of which 
is located in the area of the diagram with AAI values > 90 % 
(to the right of the vertical dashed line with an abscissa of 0.9). 
In the AAI test, this means that all these 13 strains and some 
other Kocuria members (not shown here) belong to the same 
species (Luo et al., 2014).

As an example, the Figure 3 diagram includes K. turfanensis 
strain NBRC 107627T, the icon of which is located within the 
12 Understanding Results. https://help.microbial-genomes.org/
understanding-results#distance. Accessed 09/06/2023.

range of 0.65 < ANI < 0.9, where most species belonging to 
the same genus in the AAI test (Luo et al., 2014) are concen-
trated. These include Kocuria of the following species: coralli, 
flava, indica, marina, palustris, rhizophila, sediminis, soli, 
subflava, turfanensis, tytonicola, tytonis, and varians. How-
ever, the same area in the diagram with coverage in the range 
0.12–0.74 also includes members of the genus Arthrobacter 
(the most widely represented genus in the Fig. 3 diagram) 
and of the genera Pseudarthrobacter, Micrococcus, Micro-
bacterium, and some other actinomycetes. The placement of 
these entries (and other bacterial species/strains marked with 
pink, green, and light green dots) into the main cluster of the 
genus Kocuria, which groups species related to the query 
strain K. rosea ATCC 186T (to the right of the dashed line 
with abscissa AAI = 0.65), could be interpreted as a signal for 
their probable taxonomic reclassification (Medlar et al., 2018) 
within the paradigm with vertically inherited phylogenetic 
markers (Koonin, 2012). However, a decision on this should 
be made after additional genotypic and phenotypic features 
are considered within a polyphasic approach (Oren, Garrity, 
2014). These strains are listed together with their detailed 
characteristics in the AAI-profiler output.

Six icons corresponding to eukaryotes are located on the ab-
scissa axis at the intraspecies level with AAI values > 0.9. The 
relatively small (symbolically zero) coverage values mean that 
only individual proteins have been sequenced for them (Med-
lar et al., 2018). The protein system from the fruit fly Droso-
phila mauritiana proved closest to that of K. rosea ATCC 186T 
on the basis of AAI = 100 %. Next in descending order of 
AAI values in the intraspecies interval 90 % < AAI < 100 %  
(Luo et al., 2014) are Penicillium polonicum (imperfect fun-
gus), Poeciliopsis prolifica  (small  freshwater fish), Droso-
phila sechellia  (another  fruit  fly  species), Nothoprocta or-
nata (flightless bird), and Hirsutella minnesotensis (asexual 
propagating fungus). For clarity, some of these are marked 

Fig. 3. AAI distribution diagram for K. rosea ATCC 186T, as found in the 
AAI-profiler output data.
Explanations are in the text.
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with arrows in Figure 3. In the same ANI > 90 % interval, the 
icons for members of the prokaryotes and the genera Kocuria, 
Arthrobacter, Micrococcus (all actinomycetes), and Nitro-
somonas (β-proteobacteria) are shown on the abscissa axis.

For prokaryotes, this is explained by HGT (Treangen, Ro-
cha, 2011; Medlar et al., 2018). For eukaryotes, which in our 
case include members of the animal and fungal kingdoms, the 
high homology between their protein systems and those of the 
genus Kocuria (class Actinomycetia) may be associated with 
symbiogenesis as a very probable mechanism of the origin 
of eukaryotes with the participation of prokaryotes (Dey et 
al., 2016; Provorov et al., 2018). Bioinformatic studies of this 
phenomenon have been reported, for example, in Markov and 
Kulikov (2005) and in Nikitin (2016). They provide data to 
show that although archaea [from which a considerable part 
of the eukaryotic genome originates (Stairs, Ettema, 2020)], 
α-proteobacteria (precursors to mitochondria), and cyanobac-
teria (precursors to plastids) play fundamental parts in sym-
biogenesis, substantial contributions to these processes are 
made by various bacteria, not limited to the above two taxa.
In the context of the above-mentioned AAI-profiler results, 

of interest is the information on the general genomic structure 
of Kocuria and Arthrobacter members. This information was 
obtained by pangenomic analysis with the PGAweb software 

package described in Chen et al. (2018). In the database of 
the results of whole-genome DNA sequencing of prokaryotic 
strains13, as of autumn 2023, we found a fairly representative 
set of genomes for 20 mostly type strains of Kocuria spe-
cies, having the status of reference genomes (Supplementary 
Material 3) and used by us for pangenomic analysis (Fig. 4).

The Figure 4 results show the overall conservatism of the 
genomes being considered (26 % of the core genes) and the 
pronounced openness of the pangenome (Fig. 4A, B, curves 
1 and 2). The changes in the accessory (62 % of the total 
number of genes) and strain-specific (Fig. 4C) components 
of the pangenome, which reflect the species diversity of Ko-
curia, can also be attributed to the great diversity of habitats 
of these strains – from animal and plant organs and tissues to 
food, soil, air, and marine environments, including Antarctic 
cyanobacterial mats.

Figure 4D  shows  the  phylogram presented  in  the  final 
PGAweb results. It was obtained by the neighbor-joining (NJ) 
method on the basis of the gene acquisition/loss matrix for the 
pangenome as a whole (Chen et al., 2018). This tree shows 
a clear distribution of strains over three monophyletic groups 
(Fig. 4D, red dots). There is no sufficiently pronounced de-
13 Genome. https://www.ncbi.nlm.nih.gov/datasets/genome. Accessed 
09/06/2023.
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Fig. 4. Results of pangenomic analysis of Kocuria strains with the reference genomes, listed in Supplementary Material 3. A, size of the pangenome (1) 
and core genome (2) versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-
specific genes. C, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Figs. A and B. D, phylogram for the 
set of strains from the pangenome in Figs. A–C.
The phylogram was obtained by the NJ method on the basis of the gene acquisition/loss matrix. Red dots and Roman numerals indicate nodes of monophyletic 
groups.
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pendence on geographical or environmental factors. It can 
only be noted that strains of animal origin are concentrated 
in Figure 4D in group iii.

For comparison and with account taken of the wide repre-
sentation of Arthrobacter species in the AAI-profiler output 
(Fig. 3), we also performed a pangenomic analysis for the 
species of this genus corresponding to these members. The 
obtained set of predominantly type strains and genomes in 
the “Reference genomes” category, which we found in the 
Genome database, is presented in Supplementary Material 4.

Figure 5A, B shows the pangenome characteristics for the 
group of Arthrobacter species listed in Supplementary Ma-
terial 4. Note that the relative number of core genes for the 
Arthrobacter group is much smaller than that for the Kocuria 
group (Supplementary Material 3, Fig. 4). The greater num-
ber of accessory and strain-specific genes  in   Arthrobacter 
(94 %), as compared with Kocuria (74 %), indicates higher 
overall genomic heterogeneity of the Arthrobacter group  
under consideration and greater openness of its pangenome. 
The number  of  strain-specific genes  in  each of  the  strains 
forming part of the Arthrobacter pangenome group varies in 
a wide range, from 130 (A. crystallopoietes) to 1,517 (A. ter-
ricola) (Fig. 5C).

Conclusions
We have shown that, according to the ANI test, the strains 
K. salina CV6 and K. polaris CMS 76orT, together with 
K. rosea DSM 20447, K. rosea AF099C18, and K. rosea 
ATCC 186T, formally within a phylogeny with vertically 
inherited markers, should be assigned to the same species 
(ANI > 95 %) with  appropriate  species  verification of  the 
strains. Because  all  five  strains  have  been  isolated  from 
strongly contrasting ecological and geographical habitats, 
this fact could not but affect their genotypes and phenotypes 
and should be taken into account in the analysis of their sys-
tematic position.
We have clarified this contradiction by pangenomic ana-

lysis of a clade of 13 Kocuria strains closely related in the 
16S rRNA and ITS1 tests to the K. rosea strain of interest, 
RCAM04488, isolated from surface-sterilized potato roots. 
The clade includes the above-mentioned Kocuria strains. The 

analysis has shown the pangenome to be of the open type and 
has revealed large differences between the above strains in 
the content of accessory and strain-specific genes, which de-
termine their individuality and possibly potential for adapta-
tion  to  different  ecological  niches with  the  corresponding 
phenotypic traits. The largest number of unique genes, which 
are listed in the output of the PGAP program, was observed 
in the endophytic strain K. salina CV6 (480). This strain is 
followed by K. rosea AF099C18 (287), which is most closely 
related to K. rosea RCAM04488 in the 16S rRNA and ITS1 
tests. These observations seem important for evaluating the 
possible gene content of K. rosea RCAM04488 in terms of 
its abilities as a PGPR. This will be the subject of our further 
work, which will use the results of whole-genome DNA se-
quencing of this strain. 
Using AAI-profiler, we obtained similar results in a full-

scale AAI test against the UniProt database (approximately 
250 million records). In particular, these results confirm the 
need to assign K. rosea and K. polaris members and several 
other members of the genus Kocuria to the same species 
(AAI  > 90 %). In the phylogenetic aspect, our most substantial 
finding is the established association of Kocuria, Arthrobacter 
(the genus most widely represented in these results), Pseud-
arthrobacter, Micrococcus, Microbacterium, and several 
other genera as members of the same genus according to 
the AAI > 65 % criterion. Within a paradigm with vertically 
inherited phylogenetic markers, this could be regarded as a 
signal for the following taxonomic reclassification of these 
entries. In this respect, it may help to comparatively evaluate 
their gene content and taxonomic relationships on the basis 
of pangenomic studies. However, to make this responsible 
decision, one should consider additional genotypic and phe-
notypic characteristics of the strains under study within a 
polyphasic approach.
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Fig. 5. Results of pangenomic analysis of Arthrobacter strains with reference genomes, listed in Supplementary Material 4. A, size of the pangenome (1) 
and core genome (2) versus the number of genomes being considered. B, pie chart of pangenome contents in Fig. A with core, accessory, and strain-
specific genomes. C, histogram of the number of strain-specific genes in the strains corresponding to the pangenome in Figs. A and B.
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Abstract. Endemic amphipods (Crustacea: Amphipoda) of Lake Baikal represent an outstanding example of large 
species flocks occupying a wide range of ecological niches and originating from a handful of ancestor species. 
Their development took place at a restricted territory and is thus open for comprehensive research. Such examples 
provide unique opportunities for studying behavioral, anatomic, or physiological adaptations in multiple combina­
tions of environmental conditions and thus attract considerable attention. The existing taxonomies of this group 
list over 350 species and subspecies, which, according to the molecular phylogenetic studies of marker genes, full 
transcriptomes and mitochondrial genomes, originated from at least two introductions into the lake. The studies of 
allozymes and marker genes have revealed a significant cryptic diversity in Baikal amphipods, as well as a large va­
riance in genetic diversity within some morphological species. Crossing experiments conducted so far for two mor­
phological species suggest that the differences in the mitochondrial marker (cytochrome c oxidase subunit I gene) 
can potentially be applied for making predictions about reproductive isolation. For about one­tenth of the Baikal 
amphipod species, nuclear genome sizes and chromosome numbers are known. While genome sizes vary within 
one order of magnitude, the karyotypes are relatively stable (2n = 52 for most species studied). Moreover, analy­
sis of the diversity of repeated sequences in nuclear genomes showed significant between­species differences. 
 Studies of mitochondrial genomes revealed some unusual features, such as variation in length and gene order, as 
well as duplications of tRNA genes, some of which also underwent remolding (change in anticodon specificity due 
to point mutations). The next important steps should be (i) the assembly of whole genomes for different species of 
Baikal amphipods, which is at the moment hampered by complicated genome structures with high repeat content, 
and (ii) updating species taxonomy taking into account all the data.
Key words: Lake Baikal; amphipods; species flocks; speciation; population genetics; genomics.
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Байкальские амфиподы и их геномы, большие и малые
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Аннотация. Эндемичные амфиподы (Crustacea: Amphipoda) озера Байкал – это один из наиболее ярких при­
меров возникновения большого количества видов (так называемых букетов видов), занимающих разнооб­
разные экологические ниши, от небольшого числа исходных видов, которое происходило на ограниченной 
территории и потому доступно для всестороннего исследования. Подобные примеры предоставляют уни­
кальные возможности изучения поведенческих, анатомических и физиологических адаптаций во множестве 
комбинаций условий среды и потому привлекают большое внимание. Существующие варианты таксономи­
ческой классификации этой группы насчитывают более 350 морфологических видов и подвидов, которые, 
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Lake Baikal amphipods  
and their genomes, great and small

согласно молекулярно­филогенетическим исследованиям маркерных генов, полных транскриптомов и 
митохондриальных геномов, произошли в результате не менее двух вселений в озеро. Исследования изо­
ферментов и маркерных генов выявили существенное криптическое разнообразие байкальских амфипод, а 
также существенный разброс по уровню генетического разнообразия внутри некоторых морфологических 
видов. Экспериментальная проверка, проведенная на данный момент только для двух морфологических 
видов, показывает возможную применимость митохондриального маркера, гена первой субъединицы ци­
тохром c­оксидазы, для предсказания репродуктивной изоляции. Приблизительно у десятой части видов 
байкальских амфипод был изучен размер ядерного генома и хромосомные числа, что позволило выявить 
почти десятикратную вариабельность размера генома при стабильных (2n = 52 для большинства изученных 
видов) кариотипах. При этом анализ разнообразия повторов в ядерных геномах показал существенные меж­
видовые различия. Кроме того, выявлены необычные особенности некоторых митохондриальных геномов, 
такие как вариабельность по длине и по порядку генов, а также дупликации генов тРНК, часть из которых 
подверглась ремолдингу (изменению специфичности антикодона за счет точечных мутаций). Следующими 
важными шагами должны стать сборка полных геномов для разных видов байкальских амфипод, чему на 
данном этапе препятствует сложная структура этих геномов с большим содержанием повторов, и обновле­
ние таксономической классификации видов с учетом комплекса полученных данных.
Ключевые слова: озеро Байкал; бокоплавы; букеты видов; видообразование; генетика популяций; геномика.

Introduction
Ancient lakes are known speciation hotspots. However, even 
against this background, the biodiversity of Lake Baikal, the 
age of which is estimated as 25–30 or even 70 million years, 
stands out (Cristescu et al., 2010; Mats et al., 2011). The re­
presentatives of the order Amphipoda (Crustacea) constitute 
one of the largest groups of closely related species found in  
Baikal. 

The diversity of amphipods in Baikal may be partially attri­
buted to the broad range of habitats and ecological niches they 
occupy, as the species within this group differ in habitat depth 
(0–1,642 meters), feeding habits, and reproductive periods 
(Takhteev, 2000a, b). However, many species share the same 
habitat, being at the same time similar in size, feeding spectra 
and reproductive periods (Takhteev, 2000a, b), which raises the 
question of the evolutionary forces that drove their speciation. 
Earlier reviews have already presented global conclusions 
about the origin of Baikal endemic fauna based on molecular 
data from multiple studies (Sherbakov, 1999; Sherbakov et al., 
2017). However, the recent years have seen the accumulation 
of a lot of new data, especially high­throughput sequencing, 
which have uncovered new details on speciation and genome 
evolution in Baikal amphipods.

How many amphipod species are there in Baikal?

Morphological classification
Currently, the formal identification of  Baikal amphipod species 
is based on the morphological criterium, i. e. the presence of 
a unique set of morphological traits in all studied individuals 
of a particular species. The number of morphological species 
and subspecies in Baikal exceeds 350 (Takhteev, 2000a; Ka­
maltynov, 2001; Takhteev et al., 2015). In the case of Baikal 
amphipods, subspecies were mostly derived from morphologi­
cal varieties that differed less than species would (Bazikalova, 
1945; Takhteev, 2000a). All these species belong to the phy­
lum Arthropoda, subphylum Crustacea, class Malacostraca, 
order Amphipoda, and superfamily Gammaroidea (Sket et 
al., 2019). The numbers of subspecies, species, genera and 
families differ according to different authors (Takhteev, 2019), 

but the most evident discrepancies are attributed to differing 
taxonomic levels (subspecies/species, congeneric species/
different genera etc.).

Multiple classifications complicate studies in Baikal am­
phipods. From a practical point of view, the most important 
discrepancies for researchers are different generic names for 
the same species. The correspondence between the names 
suggested by different authors can be easily checked using 
the World Amphipoda Database (WAD; https://www.marine 
species.org/amphipoda/) (Horton et al., 2023). It is worth 
noting that the systematics accepted by WAD (Kamaltynov, 
2001, 2009) does not have an associated identification key, 
and thus many manuscripts use the species names indicated 
in the existing keys. The most comprehensive key for Baikal 
amphipods is still (Bazikalova, 1945), although some groups 
are covered in more detail in later sources (Bazikalova, 1962; 
Takhteev, 2000a). The only available English identification 
key for the genera of Baikal amphipods is provided by (Sket 
et al., 2019). An English language checklist of all known 
species according to the same classification is compiled in 
(Takh teev et al., 2015). However, none of the sources in­
clude the species described after 2000: Eulimnogammarus 
messerschmidtii Bedulina et Takhteev, 2014 (Bedulina et al., 
2014), Eulimnogammarus etingovae and Eulimnogamma­
rus tchernykhi Moskalenko, Neretina & Yampolsky, 2020 
(Mos kalenko et al., 2020).

Molecular genetics approaches to classification
Molecular phylogenetic studies in Baikal amphipods revealed 
three important conclusions. First, all studied species cluster 
within the freshwater radiation of the morphological genus 
Gammarus Fabricius, 1775 at the phylogenetic tree, which 
provides evidence of their descent from Gammarus­like 
freshwater ancestors (Macdonald III et al., 2005; Hou et 
al., 2014). Second, studies utilizing phylogenetic marker 
genes have shown that Baikal amphipods fall into two clades 
(Sherbakov, 1999; Macdonald III et al., 2005), indicating that 
their ancestors invaded the lake at least twice. This conclusion 
is supported by the phylogeny based on single­copy ortho­
logs in transcriptomes (Naumenko et al., 2017) and whole 

https://www.marinespecies.org/amphipoda/
https://www.marinespecies.org/amphipoda/


Байкальские амфиподы  
и их геномы, большие и малые

П.Б. Дроздова, Е.В. Мадьярова, А.Н. Гурков … 
Т.Е. Перетолчина, Д.Ю. Щербаков, М.А. Тимофеев

2024
28 • 3

319ФИЛОГЕНЕТИКА / PHYLOGENETICS

mitochondrial genomes (Romanova et al., 2016a). The first 
invasion gave rise to a much smaller number of recent species 
than the second invasion (Bazikalova, 1945; Naumenko et al., 
2017). Third, several species of Baikal amphipods were found 
to exhibit cryptic diversity, i. e. the presence of genetically 
distinct groups that are morphologically indistinguishable or 
hard to distinguish.

Studies of allozyme spectra showed significant (in many 
cases species-level) differences within morphological species 
and led to suggestions to elevate some subspecies to species 
rank (Yampolsky et al., 1994; Väinölä, Kamaltynov, 1999) 
or, vice versa, synonymize (Daneliya et al., 2009). The dif­
ferences in allozyme frequencies may indicate the presence of 
isolated populations, but they are difficult to directly translate 
into species boundaries. This issue also affects the outcomes 
of phylogenetic marker sequencing, albeit to a lesser degree. 
In this case, species delimitation may rely on calculated 
threshold values of patristic distances (Lefébure et al., 2006) 
or other techniques that take into account genetic distances, 
phylogenetic tree topology or shared alleles (Fišer et al., 2018). 
However, the obtained sample clusters could not be safely 
assigned to biological species. Therefore, they are termed mo­  
lecular operational taxonomic units (MOTUs) (Blaxter, 2004). 

Folmer fragment of the cytochrome c oxidase subunit I gene 
(COI or cox1) is the most well­known and frequently used 
marker sequence for amphipods and many other invertebrates 
(Folmer et al., 1994; Hebert et al., 2003). It is important to 
note that mitochondrial and nuclear­based phylogenies often 

produce conflicting results, which is known as mito-nuclear 
discordance (Toews, Brelsford, 2012). In order to draw reliable 
conclusions about separated genetic lineages, which would 
indicate reproductively isolated species, it is recommended to 
also employ nuclear markers. Popular nuclear markers include 
rRNA gene clusters as well as whole­genome markers such 
as ultraconserved elements (UCEs), restriction site­associated 
DNA (RADs), and single­copy orthologs (SCOs) (Eberle et 
al., 2020). From this list, SCOs have already been utilized to 
study Baikal amphipods (Naumenko et al., 2017; Drozdova 
et al., 2021); for other amphipods, RADs have also been used 
(Jordan et al., 2020; Weston et al., 2022; Eme et al., 2023).

Population genetic diversity
In total, intraspecies diversity has been studied using different 
methods and with varying geographical coverage for over  
20 morphological species of Baikal amphipods (Supplemen­
tary Material 1)1. Some of these species showed substantial in­
traspecific diversity (Gomanenko et al., 2005; Daneliya et al., 
2011; Gurkov et al., 2019). It is noteworthy that even species 
with comparable distribution and ecological charac teristics 
can exhibit dramatic differences in the level of in tra specific 
diversity (Fig. 1). For example, it was found that the species 
Eulimnogammarus verrucosus (Gerstfeldt, 1858), common in 
the littoral zone, is actually composed of at least three genetic 
lineages, inhabiting the western (up to the source of the Angara 
1 Supplementary Materials 1–5 are available at:
https://vavilovj­icg.ru/download/pict­2024­28/appx13.xlsx
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Fig. 1. Comparison of the levels of population genetic diversity of the COI fragment within the best studied morphological species E. verrucosus (А), 
Gm. fasciatus (B) and E. cyaneus (C).
Shown are representative photographs of each species at the same scale (grid size is 5 mm), along with split phylogenetic networks at the same scale (scale bar 
is 1 % substitutions, i. e. 5.1 substitutions in the 510­bp alignment), and corresponding sampling points. Sequence data were obtained from the BOLD database 
(Ratnasingham, Hebert, 2007). Sampling coordinates were added or corrected based on the original publications (Fazalova et al., 2010; Petunina, 2015; Romanova 
et al., 2016a; Gurkov et al., 2019). Different colors on networks and maps correspond to different barcode index numbers (BINs) automatically determined by 
BOLD (Ratnasingham, Hebert, 2013). For detailed methodology, please refer to https://github.com/drozdovapb/Baikal­amphipods­review­post­chr2023.

https://github.com/drozdovapb/Baikal-amphipods-review-post-chr2023
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river), southern and eastern parts of the Baikal shore (W, S, 
and E), respectively. Intraspecific pairwise differences in COI 
sequences reached 13 %, which is similar to the distances 
between morphological species (Gurkov et al., 2019). The 
most recent common ancestor of these lineages, according 
to a molecular clock­based estimate, existed around 4.5 mil­
lion years ago (Drozdova et al., 2022). A nuclear marker, 
18S rRNA gene fragment, fully corroborated this divi sion 
(Gurkov et al., 2019).

Gmelinoides fasciatus (Stebbing, 1899) is another species 
common in the shallow water. It is also divided into genetic 
lineages correlated with geography, but here the differences 
are less pronounced, reaching about 8 % (Gomanenko et al., 
2005), and the last common ancestor existed around 2 million 
years ago (Bukin et al., 2018). A nuclear marker, intron of the 
ATP synthase β subunit gene, showed a lower genetic diversity 
but also supported intraspecific differentiation (Kovalenkova, 
2018). In contrast, preliminary data on the only pelagic plank­
tonic species of Baikal amphipods, Macrohectopus branickii 
(Dybowsky, 1874), based on the fragments of the mitochond­
rial genes COI and NADH dehydrogenase fifth subunit (ND5 
or nad5) (Petunina et al., 2023; Zaidykov et al., 2023) did not 
reveal geographically separated genetic lineages.

Finally, Eulimnogammarus cyaneus (Dybowsky, 1874), 
another widely distributed species inhabiting a significant 
part of the Lake Baikal littoral, exhibits very weak genetic 
differentiation based on the COI fragment (Gurkov et al., 
2019) but much more pronounced differentiation according 
to allozyme data (Mashiko et al., 2000). Furthermore, it is 
important to note that the borders between genetic lineages 
of E. verrucosus, such as the Angara river outflow, do not 
hold for Gm. fasciatus (Fig. 1, А, B); the geographic barriers 
for Gm. fasciatus are unclear. The source of the Angara river 
started to form at most 120,000 years ago (Arzhannikov et 
al., 2018), thus being much younger that the last common 
ancestor of E. verrucosus populations dwelling at different 
sides of the outflow (3.81 million years ago) (Drozdova et 
al., 2022). The current cryptic diversity within E. verrucosus 
and Gm. fasciatus appears to reflect past distribution barriers, 
such as dwelling in refugia during non­favorable climatic 
conditions (Bukin et al., 2018).

Reproductive barriers and cryptic species
Reproductive isolation is crucial for biologically sensible spe­
cies delimitation. However, this issue has just recently started 
to be explored for Baikal amphipods. To date, experimental 
checks for reproductive incompatibility have only been carried 
out for two widely distributed littoral species, E. verrucosus 
and E. cyaneus. Crossing experiments were conducted with 
representatives of populations from Listvyanka (W) and Port 
Baikal (S) for both species (these populations were chosen 
due to the closest geographic proximity of different genetic 
lineages), and also from Ust­Bargusin (E) for E. verrucosus. 
In the case of E. verrucosus, both prezygotic and postzygotic 
reproductive barriers were found. Although these barriers 
are not absolute, their combination can ensure reproductive 
isolation when different lineages are mixed. In the case of 
E. cyaneus, the analysis of representatives of the populations 

separated by the Angara river outflow did not show any prezy­
gotic or postzygotic barriers. Mate choice was random, and 
upon crossing, at least the first generation hybrids developed 
normally (Drozdova et al., 2022, 2023). Therefore, in the case 
of E. verrucosus and E. cyaneus, differences in COI sequences 
indeed correlate with the presence of reproductive barriers. 
However, it would be premature to establish a general rule for 
Baikal amphipods based solely on these findings. It is neces­
sary to conduct such experiments for other genera to draw 
comprehensive conclusions. Further research on reproductive 
barriers, as well as genomes and gene expression, may aid 
in comprehending the factors that contribute to reproductive 
incompatibility and thus serve as the genetic basis of spe­ 
ciation.

The next steps that need to be undertaken are renewal of 
the Baikal amphipod taxonomy and species redescription 
taking into account biological reality and possible competi­
tion between cryptic species. This necessity is not unique to 
Baikal, as cryptic species complexes without formal species 
descriptions are also characteristic of many other amphipods, 
including popular ecotoxicological models Gammarus fos­
sarum and Hyalella azteca (Jourdan et al., 2023). However, 
it underlines the critical importance of always specifying 
the particular sampling place for Baikal amphipods in every 
publication and identifying the genetic lineage whenever  
possible.

What is known about genomes  
of Lake Baikal amphipods?
The genetics of  Baikal amphipods is a relatively under­
studied area, with most of the research focusing on individual 
genetic markers. Nuclear genome sizes have been estimated 
using cytogenetic methods such as Feulgen image analysis 
densitometry (FIAD) and flow cytometry (FCM) for 36 mor­
phological species (Jeffery et al., 2017; Drozdova et al., 
2022). Karyotypes have been studied for 35 morphological 
species (Salemaa, Kamaltynov, 1994; Kamaltynov, 2001; Na­
tyaganova, Sitnikova, 2012; Barabanova et al., 2019) (Sup­
plementary Material 2). Transcriptome sequencing data are 
available for over 60 morphological species (Naumenko et al., 
2017; Drozdova et al., 2022), enabling the extraction of most 
protein­coding gene sequences, as well as partial or complete 
mitochondrial genomes. These transcriptome assemblies are 
particularly valuable for proteomic studies (Bedulina et al., 
2021; Zolotovskaya et al., 2021). Genome DNA sequenc­
ing data are available for seven species, which enabled the 
assembly of mitochondrial genomes and can be used to eva­
luate the diversity of repeated sequences in nuclear genomes 
(Rivarola­Duarte et al., 2014; Romanova et al., 2016a, 2021; 
Rivarola­Duarte, 2021; Yuxiang et al., 2023) (Supplementary 
Material 3).

Genome size variation and its possible causes
The genome sizes of the studied Baikal amphipods varied 
from 2 to 17 pg (1 pg is approximately 1 Gb) (Jeffery et al., 
2017) (Fig. 2), which falls within the known range of am­
phipod genome sizes (Hultgren et al., 2018). For up­to­date 
information on accumulated data one can refer to the Animal 
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Baikalogammarus pullus
Size: ≤8 mm; depths: 0.5–25 m

Brachyuropus grewingkii
Size: ≤130 mm; depths: 140–1,300 m
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Fig. 2. Nuclear genome sizes of Baikal amphipods, as estimated with FIAD (Jeffery et al., 2017), and their chromosome numbers (Salemaa, Kamaltynov, 
1994; Kamaltynov, 2001; Natyaganova, Sitnikova, 2012).
Please refer to Supplementary Material 2 for full data set. Species names are given according to (Jeffery et al., 2017). The photographs show Baikalogammarus 
pullus (Dybowsky, 1874), which has the smallest genome and small body length, and dwells in the littoral and sublittoral zones, and Brachyuropus grewingkii 
(Dybowsky, 1874), which is a deep­water species and one of the largest. The ecological characteristics of these species are given according to (Kamaltynov, 2001). 
The photo of B. grewingkii was generously provided by Ekaterina Shchapova.

Genome Size Database (http://www.genomesize.com/) (Gre­
gory et al., 2007). 

When comparing data obtained using different methods, it is 
worth keeping in mind that crustacean genome size estimates 
obtained with FIAD are typically slightly lower than those 
obtained with FCM (Wyngaard et al., 2022). Notably, genome 
size differences accumulate quite rapidly, as evidenced by the 
differing genome sizes of E. verrucosus lineages (6.1 pg for 
the E, 6.9 pg for the W, and 8.0 pg for the S lineage) (Drozdova 
et al., 2022). The analysis of genome sizes in different species 
showed a weak positive correlation with both maximal body 
length and habitat depths, which corresponds to the known 
ecological trends (Jeffery et al., 2017). However, chromosome 
numbers were found to be identical (2n = 52) for 33 out of 
35 studied species (Salemaa, Kamaltynov, 1994; Kamaltynov, 
2001; Natyaganova, Sitnikova, 2012) (Fig. 2), which cor­
responds to the modal chromosome number for gammaroid 
amphipods (Coleman, 1994). The lack of correlation between 
chromosome numbers and genome sizes suggests that repeated 

sequences significantly contribute to this variation. Analysis 
of the diversity of repeated sequences revealed significant 
differences between species of Baikal amphipods (Yuxiang 
et al., 2023). In all studied species, the proportion of reads 
included in repeat clusters exceeded 50 % (Rivarola­Duarte 
et al., 2014; Yuxiang et al., 2023).

Mitochondrial genomes
The mitochondrial genome is the most extensively studied part 
of the genome in Baikal amphipods. It is a small, high­copy 
DNA molecule, and its sequence is generally easy to assemble 
from low­coverage genome­wide sequencing (Smith, 2016). 
Animal mitochondrial genomes are typically circular with a 
length of about 16 kb and contain 13 protein­coding genes, 
2 rRNA genes and 22 tRNA genes. However, significant dif­
ferences in genome architecture, size, and composition are 
known (Lavrov, Pett, 2016).

At the moment, eight complete and six partial mitochond­
rial genomes have been published for Baikal amphipods 
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(Riva rola­ Duarte et al., 2014; Romanova et al., 2016a–c, 
2021; Mamos et al., 2021) (Supplementary Material 4). Most 
of these assemblies are within 15–18 kb in length, but the 
mitochondrial genome of M. branickii is over 42 kb­long, 
making it one of the largest known animal mitochondrial ge­
nomes (Romanova et al., 2021). Furthermore, mitochondrial 
genomes of some Baikal amphipods exhibit gene order rear­
rangements, gene duplications and the phenomenon of tRNA 
gene re molding, i. e. changes in tRNA specificity due to a 
mutation in the anticodon sequence. Remolding is not unique 
for Baikal amphipods but occurs with higher frequency than 
in other amphipods (Romanova et al., 2020).

Perspectives in whole-genome studies
The next important step in the development of genome­wide 
studies of  Baikal amphipods should be the assembly of whole 
nuclear genomes for a number of species. For the world am­
phipod fauna, seven genome assemblies are mentioned in the 
literature (Supplementary Material 5). Four of them (H. az­
teca, Trinorchestia longiramus, Platorchestia hallaensis, and 
Parhyale hawaensis) belong to the infraorder Talitrida (Kao 
et al., 2016; Poynton et al., 2018; Patra et al., 2020, 2021). 
Three species belong to the infraorder Gammarida (Gammarus 
lacustris, G. roeselii, and E. verrucosus). One of these species, 
E. verrucosus, inhabits Baikal (Jin et al., 2019; Cormier et al., 
2021; Rivarola­Duarte, 2021). The genomes of gammarids 
are the largest within this list. Not surprisingly, creation of 
a high­quality assembly of these genomes is complicated 
and currently at the draft stage, with N50 of all assemblies 
being below 5 kb, and only the genome of G. roeselii being 
publicly available. 

The development of third­generation genome sequenc­
ing techniques provides hope that technical difficulties in 
assembly of complex gammarid genomes can be overcome. 
For example, the assembly of the Antarctic krill, Euphausia 
superba, genome, which with 48 Gb is the largest assembled 
animal genome to date, demonstrates the potential of this 
technology (Shao et al., 2023). High­quality genome as­
semblies will greatly enhance the research on the adaptation 
mechanisms of endemic amphipods to various conditions in 
Lake Baikal and tracing their evolutionary history. This will 
be due to a wider range of possibilities for retrieving full gene 
sets (which is impossible with the current transcriptomic data) 
and regulatory elements, as well as new data on population 
history (Bourgeois, Warren, 2021) and higher resolution for 
phylogenetic analysis.
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Abstract. Frank–Ter Haar syndrome (FTHS) is a rare genetic hereditary autosomal recessive disorder characterized 
by defective malformation of cardiovascular, craniofacial, and skeletal system. Mutations in the SH3PXD2B gene are 
a common cause in the development of FTHS. We recruited a family with two affected individuals (3-year-old female 
and 2-month-old male infant) having bilateral clubfoot. Family pedigree shows an autosomal recessive mode of in-
heritance. DNA was extracted from the blood samples of six members of the family. Whole exome sequencing was 
done for the two affected individuals and the variant was validated in the whole family by using Sanger sequencing 
approach. Whole exome sequencing (WES) data analysis identified a rare homozygous variant (c.280C>G; p.R94G) in 
the SH3PXD2B gene, and Sanger sequencing showed that the same variant perfectly segregates with the phenotype 
in the pedigree. Moreover, the variant is predicted to be damaging and deleterious by several computation tools. Re-
visiting the family members for detailed clinical analysis, we diagnosed the patients as having the typical phenotype 
of FTHS. This study enabled us to correctly diagnose the cases of FTHS in a family initially recruited for having bilateral 
clubfoot by using WES. Moreover, this study identified a novel homozygous missense variant (c.280C>G; p.R94G) in 
(NM_001308175.2) the SH3PXD2B gene as a causative variant for autosomal recessive FTHS. This finding supports the 
evidence that homozygous mutations in the SH3PXD2B gene are the main cause in the development of FTHS.
Key words: exome sequencing; mutation; SH3PXD2B gene; Frank–Ter Haar syndrome.
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диагностировать синдром Франка–Тер Хаара  
в одной из саудоаравийских семей
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Аннотация. Синдром Франка–Тер Хаара (Frank–Ter Haar syndrome, FTHS) – редкое генетическое заболевание 
с аутосомно-рецессивным типом наследования, характеризующееся аномалиями развития сердечно-сосуди-
стой системы, костей лицевого черепа и скелета. Наиболее распространенной причиной развития данного 
синдрома являются мутации в гене SH3PXD2B. Для исследования была выбрана семья, в которой двое детей 
(трехлетняя девочка и двухмесячный мальчик) страдали двусторонней косолапостью. В семейной родослов-
ной указывался аутосомно-рецессивный тип наследования. Из крови шести членов семьи мы выделили об-
разцы ДНК. Для упомянутых двоих детей было проведено полное секвенирование экзома, а секвенированием 
по Сэнгеру подтверждено наличие мутантного варианта у всех членов семьи. По результатам анализа данных 
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полноэкзомного секвенирования (WES) была выявлена редкая гомозиготная мутация (c.280C>G; p.R94G) в 
гене SH3PXD2B. Секвенирование по Сэнгеру показало, что эта мутация идеально сегрегирует с указанным фе-
нотипом в родословной. Более того, при использовании ряда инструментальных средств получены данные, 
предсказывающие вредность и опасность этой мутации. При повторном посещении членов семьи с целью 
проведения развернутого клинического анализа было установлено, что фенотип двоих детей, страдавших дву-
сторонней косолапостью, характерен для больных с синдромом FTHS. Таким образом, исследование позволи-
ло безошибочно диагностировать синдром FTHS в семье, первоначально выбранной в связи с двусторонней 
косолапостью у ее членов, с помощью WES. Более того, наше исследование показало, что причиной развития 
синдрома FTHS с аутосомно-рецессивным типом наследования была вновь выявленная гомозиготная миссенс-
мутация (c.280C>G; p.R94G) в гене (NM_001308175.2) SH3PXD2B. Это служит дополнительным подтверждением 
существующих данных о том, что гомозиготные мутации в гене SH3PXD2B являются основной причиной раз-
вития синдрома FTHS.
Ключевые слова: секвенирование экзома; мутация; ген SH3PXD2B; синдром Франка–Тер Хаара.

Introduction
Frank–Ter Haar syndrome (FTHS) is a rare genetic heredi­
tary autosomal recessive disorder characterized by cranial 
de formities like wide fontanelle and enlarged forehead, fa­
cial deformities such as small chin and full cheeks, ocular 
anomalies, namely exophthalmos, enlarged cornea with or 
without glaucoma and hypertelorism, protruded ear auricles, 
cardiovascular and skeletal deformities including a long 
coccyx bone with an overlying skin fold (Mass et al., 2004). 
Clinical features and genetic relations of the syndrome were 
first described by Frank et al. in a Dutch family in 1973 (Frank 
et al., 1973). Nine years later, Ter Haar et al. confirmed that 
the phenotype is inherited in an autosomal recessive manner 
(ter Har et al., 1982). Hence the name of the phenotype – 
Frank–Ter Haar syndrome. 

Genetic studies suggested that mutation in the SH3PXD2B 
gene is a common cause in the development of FTHS. A study 
on 13 homozygously affected families mapped out and re­
vealed gour different intronic mutations with two complete 
deletions in the SH3PXD2B gene (Iqbal et al., 2010; Massadeh 
et al., 2022). A knock out study showed that a deficient pro­
tein TKS4 encoded by the SH3PXD2B gene presents similar 
morphological features such as craniofacial, musculoskeletal, 
cardiovascular, and ocular anomalies (Iqbal et al., 2010). 
A literature review by Durand B. et al. in 2020 showed that 
40 patients manifesting clinical features similar to FTHS have 
been reported worldwide, half of them were carrying muta­
tions in SH3PXD2B (Durand et al., 2020).

Whole exome sequencing (WES) has revolutionized the 
modern era of clinical diagnosis, especially the diseases with 
variable phenotypic presentations and of multiorgan involve­
ment. Whole exome sequencing allows the diagnosis of mo­
nogenic diseases and is recommended by the American College 
of Medical Genetics and Genomics (ACMG) as a first-line 
testing option to detect mutations causing genetic disorders 
presenting one or more congenital abnormalities and develop­
ment delays, also ascertaining potential risks in individuals 
prior to disease manifestation, thereby avoiding unnecessary 
diagnostic tests (Manickam et al., 2021). One study accurately 
established the clinical diagnosis of Cohen syndrome when 
genomic analysis on DNA samples of affected and unaffected 
individuals was performed; otherwise, the diagnosis would 
have been impossible to make because of the different clini­
cal presentations of the same disease in the affected family 
members (Hashmi et al., 2020). García­Aznar et al. reported 
a female patient having features suggestive of Soto syndrome 

and initial genetic analysis did not reveal a mutation in the 
pathogenic gene but whole exome sequencing of all the genes 
showed a frameshift variant in the AMER1 gene causing the 
phenotype of osteopathia striata with cranial sclerosis, which 
was later confirmed upon doing retrospective clinical and in­
strumental examination (García-Aznar et al., 2021). Hence, the 
role of the whole exome sequencing is crucially important in 
diseases with non-specific clinical presentations. Furthermore, 
exome sequencing carries a positive impact on management of 
the affected individuals and genetic counseling of their family 
members. A case report of a patient with severe transfusion­
dependent anemia that was clinically diagnosed as Diamond–
Blackfan anemia (DBA), but WES analysis finally revealed 
the condition as a variant of hereditary hemolytic anemia. 
Thus, the child was successfully managed with splenectomy, 
which ultimately reduced his blood transfusion dependency 
(Khurana et al., 2018).

Here we report a family of 6 members, where two children 
having bilateral clubfoot were studied to identify the genetic 
defects underlying the clubfoot phenotype. WES identified 
a pathogenic variant in the SH3PXD2B gene. Clinical re­
examination revealed additional morphological features in 
the patients, establishing the diagnosis as FTHS. 

Methods
A single four-generation family with 2 affected individuals 
was phenotypically and genetically analyzed. The family 
pedigree shown in the Figure was drawn to assess the pattern 
of inheritance of this disorder. Ethical review committee date 
20-09-2020 Study ID: 036-1441 of the Taibah University, 
Medina, Kingdom of Saudi Arabia approved the research 
study. Parents of the affected individuals signed the written 
informed consent after understanding the aims of the study, 
which were explained in their local (Arabic) language. 

Genomic study (DNA extraction). Blood samples were 
collected from the parents (III:1 and III:2), two unaffected 
healthy sibs (IV:1 and IV:2) and two affected individuals (IV:3 
and IV:4) (see the Figure). Genomic DNA was extracted by 
using the QIAmp DNA micro kit (Hilden, Germany). DNA 
quantity and quality was assessed by using a Nano Drop TM 
spectrophotometer. 

Next Generation Sequencing (NGS) methods. After con­
firming the standard DNA quality and quantity, whole exome 
sequencing was performed on the affected individuals (IV:3 
and IV:4) using the Illumina HiSeq 2500 platform (Illumina, 
San Diego, CA, USA). The SureSelect Target Enrichment 
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Kit v6 was used to prepare the libraries as elaborated in earlier 
studies (Rafiullah et al., 2022; Ullah et al., 2022). Sequencing 
data coverage was 30x and sequencing data depth was 100x. 
Standard filtration steps were followed to analyze VCF (va-
riant calling files) of the two affected individuals, which were 
uploaded by using the online Illumina Base Space analysis 
tool (https://basespace.illumina.com). As shown in the fami­
ly pedigree (see the Figure), due to an autosomal recessive 
pattern of inheritance with consanguineous marriage in the 
family, only two affected individuals having homozygous and 
heterozygous variants were filtered for the analysis. 

Sanger sequencing for validation and segregation analy-
sis. Variant-specific primers were designed for the prioritized 
variant after exome filtration. Ensembl genome browser 
(https://m.ensembl.org) was used to download the exonic se­
quence for the specific gene. Primer 3 software (http://primer3. 
ut.ee) was used to design the specific primers for identified 
variants with 30x sequencing data coverage and 100x se­
quencing data depth. Purification of PCR-amplified DNA was 
achieved using the Marligen Biosciences kits (Ijamsville, MD, 
USA). Sanger sequencing was performed using the BigDye 
sequencing kit (Applied Biosystems, USA) as described ear­
lier (Alluqmani, Basit, 2022; Ijaz et al., 2022). Alignment of 
the Sanger sequencing reads with reference sequences were 
obtained using BIOEDIT to confirm variant identity.

In silico tools were used to calculate pathogenicity 
scores. Various in silico tools were used to calculate the 
patho genicity scores including meta scores as well as indi­
vidual scores of the variant by using BayesDel addAF (https://
fengbj-laboratory.org/BayesDel/BayesDel.html), MetaLR 
(https://www.ensembl.org/info/genome/variation/prediction/
protein_function.html), MetaSVM (http://cancergenome.nih.
gov), and REVEL (https://blog.goldenhelix.com/annotate-
your-varseq-projects-with-revel/engines). Moreover CADD, 
(https://asia.ensembl.org/info/genome/variation/prediction/
protein_function.html#CADD), DANN, FATHMM, LRT, 

Mutation assessor (http://fathmm.biocompute.org.uk/), 
Muta tionTaster (https://www.mutationtaster.org/), MutPred 
(http://mutpred.mutdb.org/), PolyPhen2 (http://genetics.bwh.  
Haarvard.edu/pph2/), PROVEAN (https://www.jcvi.org/
research/provean), and SIFT (https://www.merriam-webster.
com/dictionary/sift) engines were also used to calculate indi­
vidual pathogenicity scores. 

Results
Both affected individuals were referred to specialists in mul­
tiple disciplines such as pediatrician, cardiologist, ophthal­
mologist, orthopedic surgeon, pediatric neurologist and finally 
referred to a specialist in clinical genetics at the Maternity 
and Children Hospital, Al Madinah Al Munawara for further 
evaluation and care. Details of the clinical presentation of 
both cases (IV:3, IV:4) as documented by the specialists of 
different clinical departments at the Maternity and Children 
Hospital Al Madina Al Munawara are mentioned in Table 1. 

Potentially pathogenic missense mutation in SH3PXD2B  
in both patients
Sequencing reads were aligned to the reference genome and 
variants were annotated and prioritized based on the phenotype 
of the patients (IV:3 and IV:4). WES data failed to identify any 
pathogenic variant in the genes associated with clubfoot. All 
variants in the WES data were annotated, filtered, and priori­
tized for rare (minor allele frequency less than 0.001), homo­
zygous or heterozygous, shared (common to both affected in­
dividuals) and potentially pathogenic variants (based on SIFT 
and PolyPhen2 scores). Variants in OBSL1 (NM_015311.3; 
c.4989+5G>A), SH3PXD2B (NM_001308175.2; c.280C>G; 
p.R94G), and MAN2B1 (NM_000528.4; c.2402dupG; 
p.S802fs*129) were initially prioritized. 

Sanger sequencing validated  
and confirmed the autosomal recessive inheritance  
of the SH3PXD2B variant in the family
Primers were designed for all three variants that were am­
plified by polymerase chain reaction (PCR) in all available 
members III:1, III:2, IV:1, IV:2, IV:3, IV:4 of the family. Va-
riants in OBSL1 (c.4989+5G>A) and MAN2B1 (c.2402dupG) 
were found not to segregate in the family, therefore, they were 
not considered for further analysis. A variant in SH3PXD2B 
(c.280C>G) perfectly segregates with the phenotype in the 
pedigree. Both parents and unaffected individuals are found to 
be heterozygous for the variant and both affected individuals 
are homozygous for it. Therefore, a rare (0 % gnomAD fre­
quency) homozygous missense variant (c.280C>G; p.R94G) 
in the SH3PXD2B (NM_001308175.2) gene was considered as 
the most plausible candidate variant for the disease phenotype 
in this family. The variant is present in the exome data of  both 
affected individuals (IV:3 and IV:4). 

In silico analysis predicted the variant (c.280C>G) 
in SH3PXD2B to be potentially pathogenic
Most of the in silico engines including CADD, DANN, 
FATHMM, LRT, Mutation assessor, MutationTaster, MutPred, 
PolyPhen2, PROVEAN, and SIFT predicted the variant to be 
disease causing, damaging or pathogenic. Table 2 shows the 
score and prediction obtained after analyzing the variant with 

I: 1

II: 1

III: 1

IV: 1 IV: 3

II: 3

I: 2

II: 2

III: 2

IV: 2 IV: 4

II: 4

Family pedigree shows consanguinity, carriers, and affected individuals. 
The pedigree depicts an autosomal recessive mode of inheritance for this 
variant mutation. The female and male individuals are represented with 
circle and square symbols respectively. Filled symbols signify homozy-
gous individuals for the missense variant (c.280C>G) in SH3PXD2B.
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Table 1. Comparison of the clinical manifestations of Frank–Ter Haar syndrome  
in family studies by Iqbal et al., 2010, and by Durand et al., 2020

Clinical manifestations of confirmed cases  
of Frank–Ter Haar syndrome having SH3PXD2B mutations

Iqbal et al., 2010 Durand et al., 2020 Present study, 2023

Family 13 families 21 families 1 family
Case IV:3 Case IV:4

Gender 3F, 10 M 8F, 13M F M
Consanguinity 12/13 05/14 Yes Yes

Cognitive disabilities
Vision, adaptation, learning NA 4/8 Yes Yes
Hearing, communication, learning difficulty NA 4/8 Yes Yes
Motor developmental abnormality NA 9/18 Yes Yes

Craniofacial
Large open anterior fontanelle 12/13 17/18 Yes Yes
Protruding forehead 13/13 21/21 Yes Yes
Increased intracranial pressure 12/13 NA Yes Yes
Bilateral coronal craniosynostosis NA 8/18 NA NA 
Bilateral sagittal craniosynostosis 12/13 NA Yes Yes
Orbital hypertelorism 12/12 21/21 Yes Yes
Unturned nostrils 6/9 14/20 Yes Yes
Puffy cheeks 13/13 21/21 Yes Yes
Long philtrum NA 13/17 Yes Yes
Thin upper lip NA 8/15 Yes Yes
Macro stomia 13/13 18/18 Yes Yes
Microgenia 10/13 16/19 Yes Yes
Gingival hyperplasia NA 11/11 NA NA
Micrognathia 10/13 16/19 Yes Yes
Otapostasis 8/10 13/15 Yes Yes
Broad alveolar ridges 6/11 7/9 Yes Yes

Ophthalmic
Eyes protrusion NA 18/18 Yes Yes
Macro cornea 9/12 14/18 Yes Yes
Bilateral buphthalmias NA 8/14 NA NA
Congenital raised intraocular pressure/Glaucoma NA 6/18 Yes Yes

Cardiology
Cardiomegaly NA NA Yes Yes
Arterial septal defect NA 1/18 Yes Yes
Patent ductus arteriosus 2/3 NA Yes Yes
Ventricular septal defect 5/10 8/18 Yes Yes
Aortic regurgitation/prolapse 3/9 2/17 Yes Yes
Double right outlet (Pulmonary trunk) NA NA Yes Yes
Mitral valves prolapse/regurgitation 6/9 7/17 Yes Yes
Tricuspid valves prolapse/regurgitation 1/9 2/18 NA NA

Musculo-skeletal
Talipes Equiano Varus (clubfoot) 7/11 11/19 Yes Yes
Feet size discrepancy 11/13 NA Yes Yes
Congenital hand deformities 13/13 20/20 Yes Yes
     I) contractures flexion/extension deformity 4/13 14/21 Yes Yes
    II) brachydactyl, shorthand, digits deformity 13/13 14/21 Yes Yes
Bowing of the long bones 7/10 11/15 Yes Yes
Kyphosis 6/11 13/18 Yes Yes
Prominent coccyx 9/13 14/18 Yes Yes
Pectus excavatum NA 5/18 Yes Yes
Subcutaneous nodules 12/13 NA NA NA

Note. –/–, Number of families positive for mentioned clinical features/total number of families studied. “Yes” is for patients having the mentioned clinical  
features and “NA” indicates the not available or absence of the clinical features. 
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various in silico software. A very low frequency in gnomAD 
(PM2) and support from multiple lines of computational evi­
dence (PolyPhen2, SIFT, CADD) (PP3), as well as segregation 
of the variant with the disease phenotype in the family support 
the hypothesis that this variant is an underlying cause of the 
phenotype in our case.

Discussion
Congenital inherited disorders such as FTHS have broad over­
lapping clinical presentations that often make them difficult 
and unlikely to be diagnosed. Biochemical laboratory tests 
do not even show any evidential clues for these disorders and 
the genes are only investigated for research purposes. Next-
generation technologies such as whole exome sequencing are 
considerably affordable, and a preferable testing platform in 
situations where two or more than two affected individuals 
are found in a consanguineous marriage family (Alluqmani, 
Basit, 2022).

In this study, a consanguineous marriage family from Saudi 
Arabia having two affected individuals was investigated both 
clinically and genetically. The family was referred to the 
Center for Genetics and Inherited Diseases, Taibah University 
for the genetic diagnosis of clubfoot. Family members were 
registered, and WES was performed. Initially, genes associated 
with clubfoot (PITX1, TBX4, HOXA9, HOXD10, HOXD12, 
HOXD13, HOXA9, TPM1, TPM2, COL9A1, FLNB, CASP8, 
CASP10, UTX, CHD1, RIPPLY2, CAND2, WNT7) were 
screened for potential variants. However, WES data analysis 
failed to detect any potential pathogenic variant in clubfoot­
associated genes. Therefore, an unbiased and hypothesis­free 
approach was used to analyze WES data to filter and prioritize 
variants of interest. A potentially pathogenic variant in the 
SH3PXD2B gene was identified. Patients were recalled by the 
physician, and they were thoroughly re­examined. Clinical re­
view of the affected individuals showed additional features of 

musculoskeletal deformity, cardiac, ophthalmic, craniofacial 
disorders, and cognitive disabilities. These clinical features 
helped us to classify our cases as FTHS (Iqbal et al., 2010). In 
this family, the affected individuals were also found to have 
cardiomegaly and a double pulmonary trunk, which were not 
reported previously. While gingival hyperplasia, buphthalmia, 
and subcutaneous nodules are the features commonly reported 
in such cases in the literature, these are not seen in our cases 
(Durand et al., 2020).

FTHS is primarily caused by mutation in the SH3PXD2B 
gene. This gene, located on 5q35.1 chromosome, encodes 
a 911-amino-acid protein, which has a phox homology (PX) 
domain, known as Tks4 (tyrosine kinase substrate with four 
SH3 domains) (Iqbal et al., 2010). This protein is involved 
in the formation of actin­rich membrane protrusions called 
podosomes, which coordinate pericellular proteolysis with cell 
migration and regulate proliferation, growth, and differentia­
tion in the cells with extracellular matrix remodeling (Gimona 
et al., 2008). The gene mutation leads to the absence of Tks4 
and thus embryonic fibroblasts decrease the formation of 
mature and functional podosomes; hence, they fail to degrade 
the extracellular matrix (Saeed et al., 2011). Filamin A protein 
is present in the podosome belt, and it needs to be cleaved by 
calpain for maintaining osteoclast motility during bone deve­
lopment (Marzia et al., 2006). Filamin A is also required for 
podosome rosette formation, proteolysis of the extracellular 
matrix mediated by podosomes in macrophages, and three­
dimensional mesenchymal cells build up, so mutation in the 
genes encoding for actin­rich membrane structures causes 
serious congenital anomalies of the heart, skeleton, and cra­
niofacial region (Cejudo-Martin, Courtneidge, 2011). Newly 
published knockout studies proved that TKS4, once lost, can 
adversely affect the differentiation of different cell lineages 
and maturation processes, thus leading to the development of 
FTHS (László et al., 2022). 

Hence, the ambiguous clinical presentation of FTHS is 
com monly seen due to overlapping features as the defect 
occurs during the differentiation of primordial germ layer 
develop ment, which influences multiple organs and systems 
of the organism. Therefore, clinical use of genetic testing like 
WES is essential when a clinician encounters a case show­
ing unclear clinical and/or laboratory presentation (Sharma, 
Nalepa, 2016). 

Whole exome sequencing has played an important role in 
diagnosis of other diseases as well. A consanguineous Saudi 
family having five individuals with steroid resistant Nephrotic 
syndrome were examined by WES which identified a homo­
zygous novel insertion mutation (c.6272_6273insT) in the 
PLCE1 gene (Hashmi et al., 2018). WES is also considered a 
useful time­saving practical diagnostic tool in the evaluation 
of patients with rare and complex hereditary disorders like 
episodic ataxia type 1. This diagnostic approach can hasten 
early therapeutic intervention strategies and directly affect 
patient care (Tacik et al., 2015).

Conclusion
This study provides us with further evidence for the impor­
tance of validation of genetic variants involved in the deve­
lopment of the FTHS with the use of WES. Here we reported 
that the homozygous missense variant (c.280C>G; p.R94G) 

Table 2. In silico analytical prediction  
of the potential pathogenicity  
of the missense variant (c.280C>G) in SH3PXD2B

Tools Prediction Score

REVEL Damaging 0.877

MetaLR Pathogenic 0.8334

SIFT Damaging 0.00

CADD Deleterious

PolyPhen2 Probably damaging 0.010

Conservation GERP Highly conserved 5.480

GenoCanyon Deleterious 1.000

fitCons Deleterious 0.730

Aggregated Deleterious 0.870

Mutation assessor Pathogenic 3.700

PhastCons100way Highly conserved 1.000

PhyloP100way Conserved 6.369

MutPred Pathogenic 0.786

MutationTaster Disease-causing 0.9999

PROVEAN Damaging –5.820
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in the SH3PXD2B (NM_001308175.2) gene can be con-
sidered as the candidate variant resulting in autosomal reces­
sive FTHS. This study covers the SH3PXD2B gene mutation 
spec trum, which might further reflect on the importance of 
properly correlating genotypes with phenotypes and provides 
support to the importance of genetic testing and analysis of 
the SH3PXD2B gene in the Kingdom of Saudi Arabia and 
probably certain other locations. This will also be beneficial 
in marriage counseling and planning of future pregnancies 
among FTHS carrier families.
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Abstract. One of the primary theories regarding the development of schizophrenia revolves around genetics, in-
dicating the involvement of hereditary factors in various processes, including inflammation. Research has demon-
strated that inflammatory reactions occurring in microglia can impact the progression of the disease. It has also 
been established that genetically determined changes in IL-1 can contribute to schizophrenia, thereby confirming 
the role of the IL-1 gene cluster in disease susceptibility. The aim of this study is a computer-based assessment of 
the structural interactions of IL-1 proteins with their receptors in schizophrenia. The study utilized the DisGeNET 
database, enabling the assessment of the reliability of identified IL-1 polymorphisms. Polymorphisms were also 
sought using NCBI PubMed. The NCBI Protein service was employed to search for and analyze the position of the 
identified polymorphisms on the chromosome. Structures for modeling were extracted from the Protein Data Bank 
database. Protein modeling was conducted using the SWISS-MODEL server, and protein interaction modeling was 
performed using PRISM. Notably, this study represents the first prediction of the interactions of IL-1α, IL-1β, and 
IL- 1RA proteins, taking into account the presence of single-nucleotide polymorphisms associated with schizophre-
nia in the sequence of the corresponding genes. The results indicate that the presence of SNP rs315952 in the 
IL-1RA protein gene, associated with schizophrenia, may lead to a weakening of the IL-1RA binding to receptors, 
potentially triggering the initiation of the IL-1 signaling pathway by disrupting or weakening the IL-1RA binding 
to receptors and facilitating the binding of IL-1 to them. Such alterations could potentially lead to a change in the 
immune response. The data obtained contribute theoretically to the development of ideas about the molecular 
mechanisms through which hereditary factors in schizophrenia influence the interactions of proteins of the IL-1 
family, which play an important role in the processes of the immune system.
Key words: IL-1; schizophrenia; molecular modeling; SNP; single-nucleotide polymorphisms; PRISM.
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Компьютерное моделирование особенностей  
взаимодействий IL-1 с его рецепторами при шизофрении
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Аннотация. Одной из основных теорий развития шизофрении является генетическая, свидетельствующая 
о вовлечении наследственных факторов в различные процессы, в том числе воспаление. Показано, что вос-
палительные реакции, протекающие в микроглии, могут влиять на развитие заболевания. Также установле-
но, что генетически обусловленные изменения IL-1 могут способствовать шизофрении, подтверждая роль 
кластера генов IL-1 в восприимчивости к болезням. Целью работы была компьютерная оценка структурных 
взаимодействий белков IL-1 с их рецепторами при шизофрении. Использовалась база данных DisGeNET, 
 позволяющая оценить достоверность выявленных полиморфизмов IL-1. Проведен поиск полиморфизмов с 
помощью NCBI PubMed. Сервис NCBI Protein использовался для поиска и анализа положения на хромосоме 
найденных полиморфизмов. Из базы данных Protein Data Bank были извлечены структуры для проведения 
моделирования. Моделирование белков выполнялось с помощью сервера SWISS-MODEL, а моделирование 
белковых взаимодействий – с помощью PRISM. В настоящем исследовании впервые проведено прогнози-
рование взаимодействий белков IL-1α, IL-1β и IL-1RA с учетом наличия в последовательности соответствую-
щих генов однонуклеотидных полиморфизмов, ассоциированных с шизофренией. Показано, что наличие 
ассоциированного с шизофренией полиморфизма rs315952 гена белка IL-1RA может привести к ослаблению 
связи IL-1RA с рецепторами и, предположительно, к запуску сигнального пути IL-1 путем разрыва либо ослаб-
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ления связи IL-1RA с рецепторами и связыванием IL-1 с ними, что, возможно, вызовет изменение иммунного 
ответа. Полученные данные вносят теоретический вклад в развитие представлений о молекулярных меха-
низмах влияния наследственных факторов шизофрении на взаимодействия белков семейства IL-1, играю-
щих важную роль в процессах иммунной системы.
Ключевые слова: IL-1; шизофрения; моделирование; SNP; однонуклеотидные полиморфизмы; PRISM.

Introduction
The investigation of the causes of multifactorial diseases, 
characterized by complex inheritance and associated with 
the action of multiple genes (Bochkov, 2011), is a current 
challenge in contemporary medical biological science. When 
studying such diseases, special attention is given to their 
potential associations with single nucleotide polymorphisms 
(SNPs), as well as the involvement of the corresponding genes 
in the implementation of molecular mechanisms underlying 
pathologies.

Currently, a pressing issue is the exploration of the mecha-
nisms underlying the development of such a prevalent disorder 
as schizophrenia. This condition has several etiopathogenetic 
concepts, with one of the main theories being genetic. It sug-
gests the involvement of genetic factors in various physiologi-
cal processes of the body, including inflammatory processes. 
The activation of the inflammatory response system, asso­
ciated with the pathophysiology of schizophrenia, has been 
demonstrated in numerous studies (Xu, He, 2010; Sommer et 
al., 2015; Kapelski et al., 2016; Miyaoka et al., 2017; Müller, 
2019). Studies on animal models of schizophrenia, including 
mice and primates, indicate that inflammatory reactions during 
pregnancy may influence brain development and contribute 
to the etiology of this disorder (Frodl, Amico, 2014). It has 
been shown that microglial cells are activated in schizophrenia 
and play a crucial role in inflammatory processes (Müller, 
2019). Additionally, the nonsteroidal anti­inflammatory drug 
Celecoxib has been found to exert therapeutic effects on 
patients with schizophrenia. Considering these findings, im-
munomodulation is currently widely discussed as a potential 
approach to the treatment of this disorder (Müller, 2019).

Clinical case descriptions of patients undergoing bone 
marrow transplantation demonstrate the inflammatory nature 
of schizophrenia. For instance, T. Miyaoka et al. (2017) pre-
sented the case of a 24-year-old man with treatment-resistant 
schizophrenia who underwent bone marrow transplantation 
for acute myeloid leukemia. After the procedure, he showed 
a significant reduction in schizophrenia symptoms without 
the use of neuroleptics. I.E. Sommer et al. (2015) described 
a reverse case where schizophrenia was transmitted from a 
sibling. At present, the mechanism of changes introduced 
by bone marrow transplantation from a healthy individual 
influencing the development of schizophrenia is not fully 
understood. However, it has been shown that this process 
normalizes microglial changes, which are significant for 
this disorder (Miyaoka et al., 2017). While the examination 
of individual cases cannot definitively confirm the immune 
pathogenesis of schizophrenia, the involvement of the immune 
system may be one of the key factors in the development of 
this disorder (Sommer et al., 2015).

It has been demonstrated that genetically determined 
changes in the regulation of IL-1 metabolism, one of the key 
components of the immune response, may contribute to schi-

zophrenia, thereby supporting the role of the IL-1 gene cluster 
in disease susceptibility (Zanardini et al., 2003). Pro­inflam-
matory cytokines can modify neurotransmitter metabolism, 
influencing the development of the nervous system. IL­1 
participates in both acute and chronic neurodegeneration, 
suggesting that cytokines induced by the activation of the IL-1 
signaling pathway may play a pivotal role both in the acute 
phase of the disease and during developmental stages of the 
brain that affect an individual’s susceptibility to schizophre­
nia-related factors in later life (Katila et al., 1999).

Accumulated data to date provide an opportunity for a 
more detailed examination of the influence of individual 
cytokine genes, particularly IL-1, on the mechanisms under-
lying schizophrenia development. Bioinformatic methods 
enable the exploration of changes in gene sequences asso-
ciated with this disorder and an assessment of the properties 
of the corresponding protein molecules. This includes their 
involvement in interleukin receptor interactions, impacting 
the realization of the pro­inflammatory effects of IL­1. This 
will expand theoretical knowledge and identify approaches 
for further investigations into potential mechanisms of the 
immune system’s involvement in schizophrenia development.

The objective of this study is a computer-based assessment 
of the interactions between IL-1 proteins and their receptors 
in the context of schizophrenia.

Materials and methods
We investigated the genetic factors associated with schizo-
phrenia using the DisGeNET platform renowned for hosting 
one of the largest publicly available collections of genes and 
variants linked to human diseases (Piñero et al., 2020). The 
search for SNPs and proteins related to the IL-1 family was 
conducted through the NCBI (National Center for Biotechno-
logy Information) PubMed service and the Protein database 
(Sayers et al., 2021).

To ensure the reliability of the data obtained from the 
 DisGeNET platform, we assessed the identified polymor-
phisms using the Evidence Index. An Evidence Index (EI) 
of 1 signifies unanimous support for Gene­Disease Associa-
tions (GDA) or Variant-Disease Associations (VDA) across 
all publications. A value of EI < 1 indicates the absence of a 
correlation between the gene/variants and the disease (Piñe ro 
et al., 2020).

Following the selection of polymorphisms in genes encod-
ing proteins associated with the IL-1 family, we analyzed their 
chromosomal positions using the NCBI resource function-
ality (Sherry et al., 2001). It was imperative to locate the 
polymorphisms within the coding region for modeling the 
corresponding proteins.

The amino acid sequences for protein modeling were 
sourced from the NCBI Protein database (Sayers et al., 2021). 
Subsequently, we manually replaced the amino acids in the 
sequences based on the positions of the polymorphisms. Pro-
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IL-1α

IL-1β

IL-1RA

IL-1RAP

IL-1R1

Fig. 1. IL-1 molecules and their interaction with cell receptors (based on 
Acuner Ozbabacan et al., 2014; Dinarello, 2018).

tein modeling using the obtained sequences was carried out 
using the SWISS-MODEL protein structure modeling server 
(Waterhouse et al., 2018).

We extracted the IL­1R1+IL­1RAP+IL­1β complex from 
the Protein Data Bank (PDB) database, which houses known 
spatial structures of proteins. Subsequently, IL­1β was re-
moved from this structure as our analysis focused on the 
receptor complex without interleukin.

The receptor complexes obtained were imported into Pro-
tein Interactions by Structural Matching (PRISM) (Baspinar 
et al., 2014), where their surfaces underwent structural com-
parison with template interfaces – previously identified bind-
ing regions. An interface (binding region) is defined as a pair 
of sets of amino acid residues {(A1, ..., AN), (B1, ..., BM)}, 
where for any amino acid residue Ai from protein A, there is 
at least one amino acid residue Bi from protein B. This occurs 
in such a way that the distance between these residues does 
not exceed a specified threshold (typically ranging from 6 to 
12 Å) (Hadarovich et al., 2020). Within the binding region, 
hot spots exist – amino acid residues contributing significantly 
to binding energy (Tuncbag et al., 2012).

PRISM operates as an algorithm for predicting and model-
ing protein interactions through structural matching, encom-
passing four key stages: extraction of the target protein surface; 
assessment of structural similarity with template interface 
partners; superimposition of protein surface areas resembling 
the template interface on the template; flexible refinement of 
the obtained complexes, and energy calculation (Aytuna et 
al., 2005; Tuncbag et al., 2011).

Through the modeling of molecular interactions, the PRISM 
service provides an interface for forecasting, the complex 
structure, and an energy indicator. The latter signifies binding 
energy, denoting the minimum work required to separate the 
system into its constituent particles. It characterizes system 
stability and consistently carries a negative value, with the 
system boasting the lowest binding energy considered the 
most stable (Acuner Ozbabacan et al., 2014).

An energy threshold value of –10 kJ/mol was employed to 
identify energetically favorable predictions. Interactions de-
monstrating conformational advantage, backed by experimen-
tal data and IS-assessment (interface similarity assessment), 
with an output energy less than –10 kJ/mol were deemed 
favorable (Gao, Skolnick, 2011; Kuzu et al., 2013). The IS 
score, a metric for evaluating protein-protein interaction pre-
dictions, takes into account not only geometric distances but 
also the preservation of interfacial contacts. For the PRISM 
algorithm, an IS score greater than 0.12 is considered accept-
able (Gao, Skolnick, 2011).

To visualize the localization of amino acid substitutions 
and interactions of IL-1 with receptors in the obtained protein 
complexes, the YASARA program (Krieger, Vriend, 2014) 
was utilized.

Results

Identification of molecules  
initiating the IL-1 signaling pathway
The structures of IL­1α, IL­1β, and IL­1RA proteins, crucial 
for initiating the IL-1 pathway, underwent examination (Di-
narello, 1994). These proteins interact with specific recep-

tors IL-1R1 and IL-1RAP (Acuner Ozbabacan et al., 2014). 
Subsequently, we evaluated the presence of polymorphisms 
in the genes of IL­1α, IL­1β, IL­1RA, IL­1R1, and IL­1RAP 
proteins, modeling their interactions according to the scheme 
presented in Figure 1.

Search for SNPs in IL-1 genes  
associated with schizophrenia
A search in the DisGeNET catalog identified four single­
nucleotide polymorphisms in genes initiating the IL-1 pathway 
associated with schizophrenia.

For IL­1α, SNPs rs113129609 and rs1800587 were found. 
While the EI for rs113129609 was 1, the corresponding 
article did not confirm its presence. For rs1800587, with an 
EI index less than 0.001, evidence was lacking. The rs16944 
polymorphism in IL­1β, with an EI of 1, was supported by 
several studies (Shirts et al., 2006; Xu, He, 2010; Fatjó-Vilas 
et al., 2012), and the polymorphism was included in the list 
for further investigation. The rs1794068 polymorphism for 
IL-1RA had an EI less than 0.001, and further investigation 
was not pursued. 

A PubMed search yielded 39 articles, and polymorphisms 
were extracted and listed in Table 1.

Analysis of the localization of SNPs  
of genes initiating the IL-1 signaling pathway
Localization and information on amino acid substitution for 
each polymorphism were analyzed using the dbSNP resource 
(Sherry et al., 2001) (Table 1). The IL-1RA rs315952 poly-
morphism, involving the substitution of serine with arginine, 
was identified for further modeling.

Modeling of proteins initiating the IL-1 signaling pathway
Since the rs315952 polymorphism is located in the IL-1RA 
amino acid sequence, it was selected for modeling. The origi-
nal sequence was extracted from the NCBI Protein sequence 
database: >NP_776214.1 interleukin-1 receptor antagonist 
protein isoform 1 precursor [Homo sapiens].

Three-dimensional structures of IL-1RA were modeled with 
and without the polymorphism using the SWISS-MODEL 
service. The obtained molecular models were saved as “.pdb” 
files.
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Table 1. Analysis of the localization and substitution of an amino acid in the sequence

Polymorphism Gene name Publication Type of amino acid substitution Localization of the polymorphism

rs16944 IL-1В Papiol et al., 2007;  
Xu, He, 2010 

No information on amino acid substitution  
is available

The polymorphism is located 
outside the protein coding region

rs1794068 IL-1RA Ben Nejma et al., 2013 Intron

rs1143627 IL-1В Hudson, Miller, 2018 Intron

rs1143623 IL-1В Kapelski et al., 2015 The polymorphism is located 
outside the protein coding region

rs4848306 IL-1В Yoshida et al., 2012;  
Kapelski et al., 2015 

No information No information

rs4251961 IL-1RA Kapelski et al., 2015 No information on amino acid substitution  
is available

The polymorphism is located 
outside the protein coding region

rs9005 IL-1RA Kapelski et al., 2016 No information

rs1143633 IL-1В Sasayama et al., 2011 Intron

rs11677416 IL-1A McClay et al., 2011 No information No information

rs315952 IL-1RA Kapelski et al., 2016 Serine is replaced by arginine Position 130 

rs419598 IL-1RA Kapelski et al., 2016 A synonymous variant, thymine to cytosine 
substitution (T>C), does not result  
in a change of the amino acid alanine

Position 57

rs1143634 IL-1В Xu, He, 2010 The alteration does not lead to the 
replacement of the amino acid phenylalanine

Position 27

Since IL-1RA interacts with IL-1R1, IL-1RAP, and the 
IL- 1R1+IL-1RAP complex (Fig. 1), three-dimensional struc-
tures of the corresponding proteins were required for model-
ing and analysis. The PDB structure of the IL­1β signaling 
complex was obtained, including IL­1β (chains A, D), IL­1R1 
(chains B, E), and IL-1RAP (chains C, F). The IL-1R1+IL-
1RAP complex, IL-1RAP, and IL-1R1 were obtained using 
the PyMol program.

Modeling protein interactions initiating the IL-1 pathway
Modeling of interactions followed the scheme presented 
in Figure 2. Interactions of standard (non-polymorphic) 
IL- 1RA with IL-1R1, IL-1RAP, and the IL-1R1+IL-1RAP 
receptor complex were modeled and analyzed sequentially. 
Subsequently, interactions with IL-1RA rs315952 were also 
modeled.

Modeling IL-1RA interactions with IL-1R1
Modeling interaction of standard IL-1RA with IL-1R1. In 
the obtained models, the minimum energy indicators demon-
strated interaction according to the 1itbAB template, charac-
terizing the most probable interaction where the structure is 
maximally stable (Table 2). 

Considering the rs315952 polymorphism (Table 1) involv-
ing the replacement of serine by arginine at position 130, the 
interaction at this point was evaluated under normal and poly-
morphic conditions. According to the contact list of template 
residues, serine at position 130 of the IL-1RA molecule binds 
to leucine at position 237 of IL-1R1 (see Table 4).

Modeling interaction of IL-1RA with the rs315952 poly-
morphism with IL-1R1. The structures of IL-1RA molecules 
with the rs315952 polymorphism and IL-1R1 were utilized 
for modeling. 

IL-1RA+IL-1R1

Standard  
IL-1RA+IL-1R1

IL-1RA+SNP+ 
IL-1R1

IL-1RA+SNP+ 
IL-1RAP

IL-1RA+SNP+ 
IL-1R1+IL-1RAP

Standard  
IL-1RA+IL-1RAP

Standard  
IL-1RA+IL-1R1+ 

IL-1RAP

IL-1RA+IL-1RAP IL-1RA+IL-1R1+IL-1RAP

Fig. 2. Stages of protein interactions modeling.
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Table 2. Interfaces (binding regions) and interaction energies of standard IL-1RA with IL-1R1

Interface (binding region) Decoding of the binding domain name Energy, kJ/mol

1itbAB  Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure  
from the PDB database

–29.35

3kxyGH Interaction of chains G (Protein C exoenzyme S synthesis)  
and H (Protein C exoenzyme S synthesis) in the 3kxy structure from the PDB database

–13.68

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–5.03

1itbAB Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure 
from the PDB database

–4.62

Table 3. Interfaces (binding regions) and interaction energies of IL-1RA with the rs315952 polymorphism with IL-1R1

Interface (binding region) Decoding of the binding domain name Energy, kJ/mol

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–30.08

1itbAB Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure  
from the PDB database

–28.18

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–18.28

3kxyGH Interaction of chains G (Protein C exoenzyme S synthesis)  
and H (Protein C exoenzyme S synthesis) in the 3kxy structure from the PDB database

–6.62

1itbAB Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure  
from the PDB database

–6.38

In the results of modeling this interface, minimum energy 
values were found for the 1iraXY template (Table 3). However, 
as the interaction without the polymorphism in the IL-1RA 
structure (IL-1RA+IL-1R1) showed minimal interaction en-
ergy according to the 1itbAB template, the energy should be 
compared using the same template.

Comparison between Tables 2 and 3 suggests that the in-
teraction of IL-1RA with the rs315952 polymorphism with 
IL- 1R1 (–30.08 kJ/mol) is the most energetically advanta-
geous. However, when comparing energies using the same 
1itbAB template, this interaction becomes less energetically 
favorable (–29.35 kJ/mol and –28.18 kJ/mol, respectively). 
This suggests that in the presence of the rs315952 polymor-
phism in IL1-RA (serine substitution at position 130 for 
arginine (Table 4)), the interleukin-receptor interaction com-
plex weakens, becoming less stable and more susceptible  
to decay.

Thus, based on the interactions of  IL-1RA with the rs315952 
polymorphism with IL­1R1, we cannot draw a definitive 
conclusion regarding the polymorphism’s impact on its in-
volvement in initiating the IL-1 signaling pathway. However, 
the modeled interactions indicate that the polymorphism 
participates in the formation of the protein-protein complex.

Modeling interactions of IL-1RA with IL-1RAP
Two investigations were conducted for modeling interac-
tions: the interaction of standard IL-1RA with IL-1RAP and 

IL-1RA with the rs315952 polymorphism with IL-1RAP. In 
both cases, the algorithm did not create a model of protein  
interaction.

Modeling interactions of IL-1RA  
with the IL-1R1+IL-1RAP complex 
Modeling interaction of standard IL-1RA with the IL-
1R1+IL-1RAP complex. The interaction of IL-1RA with the 
receptor complex using the 1iraXY template showed a stable 
interaction (–34.27 kJ/mol) (Table 5). However, analyzing the 
interaction using the 1itbAB template revealed a very weak 
interaction (–2.67 kJ/mol).

According to the contact list of template residues, serine at 
position 130 is also a hotspot (Table 7). 

The results in Table 5 indicate that the 1itbAB template is 
suitable for interaction with the added IL-1RAP protein, but 
its stability is almost minimal, implying the formed complex 
will quickly break down. Therefore, for further interaction 
analysis, we use the 1iraXY template.

Modeling interaction of IL-1RA with the rs315952 
polymorphism with the IL-1R1+IL-1RAP complex. Ac-
cording to the contact list of template residues, arginine is also 
a hotspot. The simulation results presented in Table 6 show 
that the minimum energy of the complex is observed with the 
1iraXY template at –25.27 kJ/mol.

Comparing interactions with the complex without poly-
morphism using the 1iraXY template, it is evident that the 
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Table 4. Contacts of interface residues of 1itbAB IL-1RA and IL-1R1 and 1itbAB IL-1RA with SNP rs315952 and IL-1R1

1itbAB IL-1RA and IL-1R1 1itbAB IL-1RA with SNP rs315952 and IL-1R1

IL-1RA IL-1R1 IL-1RA with SNP IL-1R1

SER_97 ASN_30 ARG_51 GLU_11

VAL_95 PRO_31 ASN_64 GLN_108

GLU_100 PRO_28 GLN_154 PRO_31

PRO_132 SER_263 GLN_61 TYR_127

LYS_121 ARG_163 ARG_117 ASP_251

LYS_121 ASP_162 ARG_117 GLU_252

TRP_144 ILE_13 ARG_117 ASP_253

GLY_131 LEU_237 ARG_130 THR_300

GLN_119 ARG_163 GLU_77 ILE_250

ASP_99 LEU_15 ARG_51 ILE_13

PRO_142 VAL_124 GLN_45 LEU_123

TRP_144 TYR_127 GLN_45 VAL_124

LYS_96 GLU_129 LYS_34 LEU_237

ASP_120 ARG_163 LEU_60 TYR_127

SER_97 CYS_27 LYS_34 SER_263

CYS_141 LEU_115 GLU_77 VAL_249

ASP_120 VAL_124 GLU_77 ILE_240

SER_97 PRO_28 TYR_59 GLN_113

SER_97 LEU_29 PRO_78 ILE_240

GLY_98 CYS_27 GLY_131 THR_300

GLY_98 PRO_26 GLN_61 LEU_15

GLU_100 ILE_13 GLN_61 ILE_13

GLY_98 LEU_29 PRO_63 ILE_13

GLY_98 PRO_28 GLY_62 ILE_13

PRO_142 GLN_113 PRO_63 ILE_14

SER_130 LEU_237 GLN_45 GLN_113

ASP_99 PRO_28

ASN_160 ILE_13

ASP_99 PRO_26

minimum energy without polymorphism is –34.27 kJ/mol, 
while with polymorphism it is –25.27 kJ/mol. Thus, it can be 
hypothesized that the studied rs315952 polymorphism affects 
the formation of IL-1RA binding with the IL-1R1+IL-1RAP 
receptor complex, creating a less stable complex more prone 
to decay.

The study results allow us to make an assumption that the 
p.Ser130Arg mutation in the IL-1RA protein gene may lead 
to the formation of a weakened complex between IL-1RA 
and the associated receptors IL-1R1+IL-1RAP, which could 
impact schizophrenia mechanisms.

Discussion
The functions of IL-1 family molecules are primarily asso-
ciated with innate immunity. While inflammation normally 
acts as a protective mechanism, it can cause damage to the 
body when it becomes uncontrollable (Dinarello, 2018). 
IL-1 has been implicated in neuronal cell damage (Allan 
et al., 2005), and excessive phagocytosis may contribute to 
pathologies in Alzheimer’s disease, schizophrenia, and aging 
(Vilalta, Brown, 2018). IL-1 triggers phagocytosis in the brain 
by acting as a chemoattractant for neutrophils. Initiating the 
IL-1 signaling pathway also leads to the release of cytokines 
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Table 5. Interfaces (binding regions) and interaction energies of standard IL-1RA with the IL-1R1+IL-1RAP protein complex

Interface (binding region) Decoding of the binding domain name Energy, kJ/mol

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–34.27

3fmpCD Interaction of chains C (Nuclear pore complex protein Nup214) and D (ATP-dependent 
RNA helicase DDX19B) in the 3fmp structure from the PDB database

–15.92

1itbAB Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure  
from the PDB database

–2.67

Table 6. Interface (binding region) and interaction energies of IL-1RA with the rs315952 polymorphism  
with the IL-1R1+IL-1RAP protein complex

Interface (binding region) Decoding of the binding domain name Energy, kJ/mol

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–25.27

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–19.03

1iraXY Interaction of chains X (IL-1 receptor antagonist) and Y (IL-1 receptor)  
in the 1ira structure from the PDB database

–15.47

1itbAB Interaction of chains A (IL-1β) and B (IL-1β type 1 receptor) in the 1itb structure  
from the PDB database

–12.36

TNFα and IFN­γ, which activate macrophages (Sasayama et  
al., 2011).

Studies confirm an increase in the level of IL­1 in the blood 
of individuals with schizophrenia (Chu et al., 2018; Zhou et 
al., 2019). The reporter system of genetic knockout in mice, 
used to track the reciprocal deletion or expression of the IL-1 
receptor (IL-1R1) in endothelial cells, ventricles, peripheral 
myeloid cells, microglia, astrocytes, and neurons, revealed that 
endothelial IL­1R1 is necessary and sufficient for mediating 
pain behavior. It is also shown to stimulate the proliferation of 
leukocytes in the central nervous system (CNS) and attenuate 
neurogenesis. Ventricular IL-1R1 is critical for the prolifera-
tion of monocytes in the CNS. Although microglia does not 
express IL-1R1, stimulation of endothelial cells with IL-1 
leads to the induction of IL-1 in microglia (Liu et al., 2019).

The IL-1RA protein, which is an antagonist of  IL-1 recep-
tors and has an anti­inflammatory function (Dinarello, 1994), 
has also been found to be associated with schizophrenia (Kim 
et al., 2004). Preliminary results suggest that the IL-1RA pro-
tein gene may contribute to the ventricular changes observed 
in patients with this disease (Papiol et al., 2005).

An association has been found between single nucleotide 
polymorphisms in proteins involved in the IL-1 pathway and 
the risk of developing schizophrenia (Xu, He, 2010). There 
is a tendency for the association of the GAGG haplotype 
(rs1143627, rs16944, rs1143623, rs4848306) of the ILB 
gene; TG haplotypes (rs315952, rs9005) and TT61 rs5254 
(rs4) of IL1RN, and CT haplotype (rs4251961, rs419598) in 
IL1RN with the risk of schizophrenia. Statistically significant 
association is shown for rs1143634 (IL1B gene; T3953C). 
This suggests a connection between pro­inflammatory fac-

tors, specifically polymorphisms in genes initiating the IL1 
pathway, and the development of this disorder (Xu, He, 2010; 
Kapelski et al., 2016).

IL-1RA, acting as an antagonist to the IL-1 receptor, ex-
hibits anti­inflammatory properties. In turn, IL­1α and IL­1β, 
by binding to the IL-1 receptor, initiate the IL-1 signaling 
pathway, participating in the implementation of the inflam-
matory response. Elevated synthesis of IL-1RA blocks this 
pathway, leading to inhibition of the immune response and 
weakening of the inflammatory process.

In the analysis of the interaction of the studied proteins, no 
differences in energy outputs were observed between standard 
IL-1RA and IL-1RA with rs315952 interacting with IL-1R1. 
When standard IL-1RA interacts with the IL-1R1+IL-1RAP 
complex, a lower energy value is observed compared to the 
case with the polymorphism, presumably indicating a weaken-
ing of the interaction between IL-1RA and IL-1R1+IL-1RAP. 
Notably, IL-1RA does not interact separately with IL-1RAP.

IL-1RA protein, upon binding to IL-1R1 and IL-1R1+IL-
1RAP, inhibits the binding of IL-1 and, consequently, the 
activation of the IL-1 signaling pathway (Weber et al., 2010). 
In schizophrenia, the appearance of a single nucleotide poly-
morphism in the IL-1RA gene (p.Ser130Arg) may lead to the 
formation of a weakened complex between IL-1RA and as-
sociated receptors IL-1R1+IL-1RAP. This, presumably, could 
subsequently trigger the IL-1 signaling pathway and, as a 
result, the development of an uncontrolled immune response.

The results of the study showed that the functions of inter-
leukin-1, namely the interactions of  IL-1 family proteins, may 
be associated with structural changes in the corresponding 
genes. The analysis of SNP associations of these genes with 
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Table 7. Contacts of residues in the interface of 1itbAB standard IL-1RA with the complex of IL-1R1+IL-1RAP proteins  
and 1itbAB IL-1RA with the rs315952 polymorphism with the complex of IL-1R1+IL-1RAP proteins

1itbAB standard IL-1RA
with the complex of IL-1R1+IL-1RAP proteins

1itbAB IL-1RA with the rs315952 polymorphism
with the complex of IL-1R1+IL-1RAP proteins

IL-1RA IL-1R1+IL-1RAP IL-1RA with the rs315952 polymorphism IL-1R1+IL-1RAP

pdb1_A_SER_130 pdb2_C_ILE_184 pdb1_A_ARG_130 pdb2_C_ILE_184

pdb1_A_ARG_51 pdb2_B_GLU_11 pdb1_A_ARG_51 pdb2_B_GLU_11

pdb1_A_MET_150 pdb2_C_ASN_168 pdb1_A_ARG_51 pdb2_B_ILE_13

pdb1_A_MET_150 pdb2_B_ARG_163 pdb1_A_ASN_64 pdb2_B_ALA_109

pdb1_A_ASN_116 pdb2_B_GLU_252 pdb1_A_ASN_64 pdb2_B_ALA_107

pdb1_A_GLY_165 pdb2_C_PHE_167 pdb1_A_ASN_44 pdb2_B_VAL_124

pdb1_A_MET_161 pdb2_C_TYR_162 pdb1_A_GLN_154 pdb2_B_PRO_31

pdb1_A_TYR_59 pdb2_B_TYR_127 pdb1_A_PRO_63 pdb2_B_ILE_110

pdb1_A_ARG_117 pdb2_B_ASP_251 pdb1_A_PRO_63 pdb2_B_PHE_111

pdb1_A_GLN_154 pdb2_B_PRO_31 pdb1_A_ARG_117 pdb2_B_ASP_251

pdb1_A_SER_130 pdb2_B_THR_300 pdb1_A_ARG_117 pdb2_B_GLU_252

pdb1_A_LYS_170 pdb2_C_SER_185 pdb1_A_GLU_77 pdb2_B_GLU_259

pdb1_A_ASP_129 pdb2_B_THR_300 pdb1_A_ARG_130 pdb2_B_THR_300

pdb1_A_ASP_163 pdb2_C_MET_159 pdb1_A_GLU_77 pdb2_B_ILE_250

pdb1_A_ASP_163 pdb2_C_SER_185 pdb1_A_LYS_170 pdb2_C_SER_185

pdb1_A_VAL_43 pdb2_B_LYS_114 pdb1_A_ASP_129 pdb2_B_THR_300

pdb1_A_GLU_164 pdb2_C_MET_159 pdb1_A_ASN_64 pdb2_B_GLN_108

pdb1_A_LYS_170 pdb2_C_LEU_183 pdb1_A_GLU_164 pdb2_C_TYR_162

pdb1_A_GLU_164 pdb2_C_TYR_162 pdb1_A_GLN_45 pdb2_B_VAL_124

pdb1_A_GLU_77 pdb2_B_VAL_249 pdb1_A_GLN_45 pdb2_B_PRO_126

pdb1_A_TYR_59 pdb2_B_PHE_111 pdb1_A_GLU_175 pdb2_B_LEU_237

pdb1_A_LEU_67 pdb2_B_ILE_13 pdb1_A_ARG_130 pdb2_C_ARG_286

pdb1_A_GLU_77 pdb2_B_TYR_242 pdb1_A_LYS_34 pdb2_B_LEU_237

pdb1_A_GLY_131 pdb2_B_THR_300 pdb1_A_ASN_64 pdb2_B_ILE_110

pdb1_A_GLY_165 pdb2_C_MET_159 pdb1_A_LYS_34 pdb2_B_SER_263

pdb1_A_GLN_61 pdb2_B_GLU_11 pdb1_A_VAL_43 pdb2_C_LEU_183

pdb1_A_GLN_61 pdb2_B_ILE_13 pdb1_A_GLU_77 pdb2_B_VAL_249

pdb1_A_PRO_63 pdb2_B_LYS_12 pdb1_A_ASP_153 pdb2_B_PRO_31

pdb1_A_PRO_63 pdb2_B_ILE_13 pdb1_A_GLU_77 pdb2_B_TYR_261

pdb1_A_ARG_30 pdb2_B_ASP_260 pdb1_A_GLU_77 pdb2_B_ILE_240

pdb1_A_GLY_62 pdb2_B_ILE_13 pdb1_A_PRO_78 pdb2_B_ILE_240

pdb1_A_LYS_170 pdb2_C_ASN_168 pdb1_A_GLY_131 pdb2_B_THR_300

pdb1_A_PRO_63 pdb2_B_ILE_14 pdb1_A_HIS_79 pdb2_B_ILE_240

pdb1_A_GLN_45 pdb2_B_PHE_111 pdb1_A_GLN_61 pdb2_B_ILE_13

pdb1_A_GLN_45 pdb2_B_LYS_112 pdb1_A_VAL_65 pdb2_B_LYS_112

pdb1_A_GLN_45 pdb2_B_GLN_113 pdb1_A_PRO_63 pdb2_B_ILE_13

pdb1_A_GLY_62 pdb2_B_ILE_13

pdb1_A_PRO_63 pdb2_B_ILE_14

pdb1_A_ASN_44 pdb2_C_ASN_168

pdb1_A_GLN_45 pdb2_B_GLN_113

pdb1_A_GLY_165 pdb2_C_TYR_162
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schizophrenia, together with information about the influence 
of inflammation on the mechanisms of its development, can 
serve as a theoretical basis for a more detailed and careful 
study of the mechanisms of the inflammatory response.

Conclusion
It is known that in silico mutagenesis and the comparison 
of changes in interaction energies between the standard and 
mutated variants shed light on the mechanisms underlying the 
development of several diseases. The results obtained in this 
study demonstrate that in schizophrenia, structural changes 
in genes may influence the functions of interleukin­1 (protein 
interactions within the IL-1 family). This, in turn, allows cor-
relating existing data on the impact of inflammation on the 
development of schizophrenia with associations of SNPs in 
genes related to the IL-1 family. The conducted research makes 
a theoretical contribution to the understanding of the details 
of the mechanisms involved in the inflammatory response in 
schizophrenia, and the results may serve as a basis for further 
studies (both in silico and experimental) in this field.
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Abstract. Cervical cancer is one of the most frequent cancers in women and is associated with human papillomavirus 
(HPV) in 70 % of cases. Cervical cancer occurs because of progression of low-differentiated cervical intraepithelial neo-
plasia through grade 2 and 3 lesions. Along with the protein-coding genes, long noncoding RNAs (lncRNAs) play an im-
portant role in the development of malignant cell transformation. Although human papillomavirus is widespread, there 
is currently no well-characterized transcriptomic signature to predict whether this tumor will develop in the presence of 
HPV-associated neoplastic changes in the cervical epithelium. Changes in gene activity in tumors reflect the biological 
diversity of cellular phenotype and physiological functions and can be an important diagnostic marker. We performed 
comparative transcriptome analysis using open RNA sequencing data to assess differentially expressed genes between 
normal tissue, neoplastic epithelium, and cervical cancer. Raw data were preprocessed using the Galaxy platform. Batch 
effect correction, identification of differentially expressed genes, and gene set enrichment analysis (GSEA) were per-
formed using R programming language packages. Subcellular localization of lncRNA was analyzed  using Locate-R and 
iLoc-LncRNA 2.0 web services. 1,572 differentially expressed genes (DEGs) were recorded in the “cancer vs. control” com-
parison, and 1,260 DEGs were recorded in the “cancer vs. neoplasia” comparison. Only two genes were observed to be 
differentially expressed in the “neoplasia vs. control” comparison. The search for common genes among the most strong-
ly differentially expressed genes among all comparison groups resulted in the identification of an expression signature 
consisting of the CCL20, CDKN2A, CTCFL, piR-55219, TRH, SLC27A6 and EPHA5 genes. The transcription level of the CCL20 
and CDKN2A genes becomes increased at the stage of neoplastic epithelial changes and stays so in cervical cancer. 
Validation on an independent microarray dataset showed that the differential expression patterns of the CDKN2A and 
SLC27A6 genes were conserved in the respective gene expression comparisons between groups.
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Профиль экспрессии мРНК-днРНК при неоплазии  
и цервикальном раке, ассоциированными с ВПЧ-инфекцией
Е.Д. Кулаева  , E.С. Музлаева , E.В. Машкина 
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Аннотация. Рак шейки матки является одним из наиболее частых онкологических заболеваний у женщин и в 
70 % случаев связан с вирусом папилломы человека (ВПЧ). Рак шейки матки развивается в результате прогрессии 
цервикальной интраэпителиальной неоплазии через поражения второй и третьей степени. Помимо белок-коди-
рующих генов, важную роль в развитии злокачественной трансформации клеток играют длинные некодирующие 
РНК. Хотя вирус папилломы человека широко распространен, в настоящее время нет хорошо охарактеризован-
ных транскриптомных признаков, позволяющих предсказать злокачественную трансформацию клеток эпителия 
при наличии связанной с ВПЧ неоплазии эпителия шейки матки. Изменения генной активности в опухолях от-
ражают биологическое разнообразие клеточного фенотипа и физиологических функций и могут быть важным 
диагностическим маркером. Используя открытые данные секвенирования РНК, мы провели сравнительный ана-
лиз транскриптома для оценки дифференциально экспрессируемых генов в образцах нормальной ткани, эпи-
телия с диспластическими изменениями и раком шейки матки. Первичные данные были предварительно обра-
ботаны с использованием платформы Galaxy. Коррекция пакетного эффекта, идентификация дифференциально 
экспрессируемых генов и анализ обогащения набора генов выполнены в пакетах языка программирования R. 
Субклеточная локализация днРНК была проанализирована с помощью веб-сервисов Locate-R и iLoc-LncRNA 2.0. 
В сравнении «рак vs. контроль» зарегистрировано 1572 дифференциально экспрессируемых гена, в сравнении  
«рак vs. неоплазия» – 1260. Только два дифференциально экспрессируемых гена выявлено при сравнении контро-
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ля и неоплазии. Поиск общих среди наиболее сильно дифференциально экспрессируемых генов во всех группах 
сравнения привел к выявлению сигнатуры экспрессии, состоящей из генов CCL20, CDKN2A, CTCFL, piR-55219, TRH, 
SLC27A6 и EPHA5. Повышенный уровень транскрипции генов CCL20 и CDKN2A возникает на стадии неопласти-
ческих изменений эпителия и сохраняется при раке шейки матки. Валидация на независимом наборе данных 
микрочипа показала, что паттерны дифференциальной экспрессии генов CDKN2A и SLC27A6 сохраняются в соот-
ветствующих сравнениях экспрессии генов между группами.
Ключевые слова: вирус папилломы человека; неоплазия; рак шейки матки; транскриптомный анализ; lncRNA; 
CDKN2A; CCL20.

Introduction
Cervical cancer is the fourth most common cancer in women 
worldwide after breast cancer, colorectal cancer, and lung 
cancer. The World Health Organization (WHO) estimates 
that 604,127 new cases and 341,831 deaths from the disease 
worldwide were registered in 2020 (Sung et al., 2021; Gebrie, 
2022). Cervical cancer occurs as a result of progression of 
low-differentiated cervical intraepithelial neoplasia (CIN1) 
through grade 2 and 3 lesions (CIN2 and CIN3). Inflammatory 
responses are rarely observed in persistent low-grade lesions 
and are thought to be due to the inflammation-suppressing 
activity of high-risk HPV oncoproteins (Walch-Ruckheim et 
al., 2015).

Although HPV is the most significant factor in cervical 
cancer, the development of cervical cancer is considered 
multifactorial. Common risk factors for cervical cancer also 
include smoking, a high number of sexual partners, low social 
and/or economic status and its consequences, and immune 
suppression caused by infection such as human immunode-
ficiency virus (HIV) or the use of immunosuppressants after 
organ transplantation (Walch-Ruckheim et al., 2015).

According to the International Human Papillomavirus 
Reference Center data (Eklund et al., 2020), only 12 out of 
220 HPV strains have the greatest impact on cancer develop-
ment (these strains include HPV types 16, 18, 31, 33, 35, 39, 
45, 51, 52, 56, 58, and 59). About 70 % of cervical cancer 
and precancerous lesions of the cervix cases are specifically 
associated with HPV types 16 and 18 (Okunade, 2020).

Eighty percent of sexually active women become infected 
with HPV during their lifetime, but the infection persists in 
only 5–10 % of those initially infected and leads to cervical 
cancer in only 3 % (Schubert et al., 2023). In the absence 
of a clearly persistent HPV infection, the risk of developing 
cervical cancer is extremely low. However, virus persistence 
may be associated with many factors. Host genetic factors 
are thought to play an important role in the response to HPV 
infection and further development of oncology.

Along with the protein-coding genes, long noncoding 
RNAs (lncRNAs) play an important role in the development 
of ma lignant cell transformation. Results of the TCGA pro-
ject showed that approximately the same number of protein-
coding genes and lncRNA genes carried mutations in more 
than 5,000 different tumor samples. However, at the same 
time, 60 % of lncRNAs showed tumor type specificity and 
are superior to protein-coding genes in terms of specificity to 
the type of cancer (Yan et al., 2015). Consequently, lncRNAs 
can be a good class of biomarkers for cancer prognosis and 
early diagnosis.

Both protein-coding and lncRNAs can be analyzed as 
efficiently as possible by high-throughput RNA sequencing 
(RNA-seq). Profiling the entire transcriptome can iden-

tify genes that are differentially expressed in related tissues. 
Changes in gene activity in tumors reflect the biological diver-
sity of cellular phenotype and physiological functions and can 
be an important diagnostic marker (Martin, Wang, 2011; Bao et 
al., 2019). A significant change in the expression of both pro-
tein-coding and non-coding parts of the genome may be a con-
sequence of local chromatin remodeling in the region of the 
virus integration site, which plays a somewhat spontaneous but 
often important role in oncogenesis (Karimzadeh et al., 2023).

The aim of this work was to perform bioinformatics analysis 
of RNA sequencing data from epitheliocytes of women with 
cervical epithelial neoplasia and cervical cancer based on open 
data from three different studies (Royse et al., 2014; Hu et al., 
2015; Qi et al., 2022).

Materials and methods
Datasets. The study material was raw RNA sequencing data 
of cervical epithelial samples from three separate studies 
ana lyzing the transcriptome in cervical cancer, neoplasia, 
and normal tissue. Neoplasia grade data were also available. 
The main characteristics of the studies used are summarized 
in Table 1.

Data preprocessing. Raw RNA-seq data (fastq format) 
were processed using the Galaxy platform (https://usegalaxy.
org/). Read quality was assessed with FastQC, adapter trim-
ming was performed with TrimGalore, transcript alignment 
and mapping was performed with RNA STAR, and transcript 
counting was performed with featureCounts, respectively. 

Data variability analysis and batch effect correction. 
Analysis of data variability and assessment of the batch eff ect 
(effect of the subsample/sequencing platform rather than bio-
logical variability) were performed using principal component 
analysis (PCA) with the plotPCA function of the DESeq2 
v.1.42.0 package for R. Based on the results of the variability 
analysis, a conclusion was made about the inclusion/exclusion 
of samples in further analysis.

Differential gene expression analysis was performed using 
the DESeq2 package in R. Genes were filtered by log2FC >2, 
log2FC < (–2), and adjusted p-value < 0.05 (as visualized in 
the R package EnchancedVolcano). Genes encoding mRNAs 
and lncRNAs were categorized using Ensembl Ids. To identify 
differentially expressed genes (DEGs) between three bio lo-
gical states (neoplasia vs. control; cancer vs. neoplasia; can cer 
vs. control), comparisons were performed and the top 10 genes 
with statistically significant increased and decreased expres-
sion were identified. Heatmap for common DEGs was plotted 
with the pheatmap package in R.

Gene set enrichment analysis (GSEA) to estimate acti-
vated and repressed biological pathways in the comparison 
groups was performed using the clusterProfiler v.4.10.0 
pack age for R.
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lncRNAs subcellular localization analysis. The web ser-
vices Locate-R (Ahmad et al., 2020) and iLoc-LncRNA 2.0 
(Su et al., 2018) were used to determine the subcellular lo-
calization of lncRNAs.

Validation on an independent dataset. An independent 
microarray dataset from the GEO database (GSE63514; 
24 nor mal samples, 40 CIN3 samples, and 28 cancer samples) 
was used to validate the obtained results. Gene expression was 
obtained using GEO2R GUI available on the sample panel in 
GEO (all comparison groups were likened to those performed 
on the original dataset). Differential expression analysis was 
performed within GEO2R. 

Results
The variability analysis of RNA sequencing data and the PCA 
assessment of the batch effect presented in Figure 1 showed 

that study No. 1 was significantly different from studies No. 2 
and No. 3 (Fig. 1a), which may indicate the presence of a batch 
effect. After it was excluded from the analysis, the variabil-
ity of samples from different studies decreased signi ficantly 
(Fig. 1b). In further analysis, only data from studies 2 and 3 
were used. Samples from these two datasets were combined 
for analysis into a single dataset without normalization due 
to the overall low batch effect.

The results of the differential gene expression analysis are 
shown in Figure 2. 1,572 DEGs were recorded in the “cancer 
vs. control” comparison, also 1,260 DEGs were recorded in 
the “cancer vs. neoplasia” comparison. It is important to note, 
that only 2 genes were observed to be differentially expressed 
in the “neoplasia vs. control” comparison.

The genes with the largest difference in the expression level 
for all comparisons are shown in Table 2. The top 10 genes 

Table 1. Main characteristics of the used studies

No. Study ID Samples count Sample type Reference

Control Neoplasia Cervical cancer

1 SRP048735 6 12 – Cervical biopsy (FFPE) Royse et al., 2014

2 SRA189004 – – 7 Cervical smear; cell lines Hu et al., 2015

3 GSE149763 3 3 3 Cervical biopsy (FF) Qi et al., 2022
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Fig. 2. Volcano plots for differentially expressed genes in the “neoplasia vs. control” (a), “cancer vs. control” (b), and “cancer vs. neoplasia” (c) comparison 
groups.
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Table 2. Top differentially expressed genes in the “neoplasia vs. control” ,  “cancer vs. control”, and “cancer vs. neoplasia” comparisons

Comparison ENSEMBL ID Gene name Transcript type log2FC

Neoplasia vs. control,  
increased expression

ENSG00000115009.13 CCL20 Protein-coding 8.78

ENSG00000147889.18 CDKN2A Protein-coding 6.75

Cancer vs. control,  
increased expression

ENSG00000124092.13 CTCFL Protein-coding 21.91

ENSG00000290242.1 piR-55219 piRNA 20.25

ENSG00000176165.13 FOXG1 Protein-coding 19.33

ENSG00000147889.18 CDKN2A Protein-coding 9.16

ENSG00000019186.10 CYP24A1 Protein-coding 9.15

ENSG00000149968.12 MMP3 Protein-coding 8.29

ENSG00000119547.6 ONECUT2 Protein-coding 8.04

ENSG00000196611.6 MMP1 Protein-coding 7.99

ENSG00000118156.13 ZNF541 Protein-coding 7.98

ENSG00000163064.7 EN1 Protein-coding 7.92

Cancer vs. control,  
decreased expression

ENSG00000253105.6 AP003548.1 lncRNA –7.15

ENSG00000124205.18 EDN3 Protein-coding –7.06

ENSG00000170893.4 TRH Protein-coding –6.91

ENSG00000259458.1 MGC15885 lncRNA –6.83

ENSG00000113396.13 SLC27A6 Protein-coding –6.72

ENSG00000285336.1 LOC101928882 lncRNA –6.58

ENSG00000145242.14 EPHA5 Protein-coding –6.50

ENSG00000185069.2 KRT76 Protein-coding –6.49

ENSG00000279030.1 AC007336.3 Uncategorized transcript –6.39

ENSG00000280650.1 KCNIP4-IT1 lncRNA –6.10

Cancer vs. neoplasia,  
increased expression

ENSG00000124092.13 CTCFL Protein-coding 21.74

ENSG00000282122.1 IGHV7-4-1 Protein-coding 19.65

ENSG00000290242.1 piR-55219 piRNA 19.22

ENSG00000127129.10 EDN2 Protein-coding 9.09

ENSG00000213058.3 RPS14 Pseudogene 8.26

ENSG00000107159.14 CA9 Protein-coding 7.22

ENSG00000241749.4 RPSAP52 Pseudogene 7.12

ENSG00000133328.4 PLAAT2 Protein-coding 6.85

ENSG00000287929.1 lnc-LAMC1-1 lncRNA 6.84

ENSG00000181617.6 FDCSP Protein-coding 6.79

Cancer vs. neoplasia,  
decreased expression

ENSG00000170893.4 TRH Protein-coding –6.91

ENSG00000289337.1 piR-52324-054 piRNA –6.79

ENSG00000145808.10 ADAMTS19 Protein-coding –6.47

ENSG00000248698.6 LINC01085 lncRNA –6.34

ENSG00000113396.13 SLC27A6 Protein-coding –6.24

ENSG00000178115.12 GOLGA8Q Protein-coding –6.21

ENSG00000279622.2 lnc-ZDHHC7-3 lncRNA –6.16

ENSG00000145242.14 EPHA5 Protein-coding –6.13

ENSG00000143536.7 CRNN Protein-coding –6.13

ENSG00000249421.2 ADAMTS19-AS1 lncRNA –6.09
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vs. neoplasia” comparison, 1 belongs to the lncRNA class, 
1 belongs to the piwi-interacting RNA (piRNA) class, 2 belong 
to the pseudogene class, 6 belong to the protein-coding gene 
class; out of the genes with decreased expression, 3 genes 
belong to the lncRNA class, 1 gene belongs to the piRNA 
class, and the remaining 6 belong to the protein-coding gene 
class. In turn, out of the top 10 genes with increased expres-
sion for the “cancer vs. control” comparison, 1 belongs to the 
piRNA class, and 9 belong to the protein-coding gene class; 
out of the genes with decreased expression, 4 belong to the 
lncRNA class, 1 belongs to the uncategorized transcript class, 
and the remaining 5 belong to the protein-coding gene class.

Search for common genes among the most strongly dif-
ferentially expressed genes among all comparison groups 
resulted in the identification of an expression signature con-
sisting of the genes CCL20, CDKN2A, CTCFL, piR-55219, 
TRH, SLC27A6 and EPHA5. The expression patterns of these 
genes are shown in Figure 3. 

The gene enrichment analysis shown in Figure 4 demon-
strated that in the “cancer vs. control” comparison, the mo le-
cular pathways associated with the cell cycle, DNA packag ing, 
replication and translational mRNA base-pairing re pression 
were activated, and the pathways associated with the mem-
brane structure and cell-cell adhesion were repressed. Con-
versely, in the “cancer vs. neoplasia” comparison, molecular 
pathways related to the immunoglobulin production, antigen 
binding, respiratory chain and respirasome were activated, 
while pathways related to the translational mRNA base-pair-
ing repression, post-transcriptional silencing, RISC and RNAi 
effector complexes were repressed.
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Fig. 3. Heatmap of the expression change patterns by logFC of selected 
genes.
The stars are intended to flag levels of significance for p-adjusted >0.05 (ns), 
<0.05 (*), <0.01 (**), <0.001 (***).

Fig. 4. Results of gene set enrichment analysis for the “cancer vs. control” (a) and “cancer vs. neoplasia” (b) comparison groups.

with increased and decreased expression for the “cancer vs. 
neoplasia” and “cancer vs. control” comparisons and 2 DEGs 
for the “neoplasia vs. control” comparison were presented. Out 
of the top 10 genes with increased expression for the “cancer 
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Analysis of the subcellular localization of differentially 
expressed lncRNAs using two different web resources 
(Table 3) showed that subcellular localization is identified 
ambiguously for ADAMTS19-AS1 (nucleus and exosome), 
which may be related to differences in the computational ap-
proaches by which Locate-R (Local Deep SVM approach) 
and iLoc- LncRNA 2.0 (SVM approach) are implemented, 
despite the fact that both models are based on an analysis of 
the RNALocate lncRNA localization database. The results 
clearly indicated cytoplasmic localization for most of the 
transcripts (Table 3). 

Validation on an independent dataset
Differential gene expression analysis on an independent data-
set (Table 4) demonstrated that the number of DEGs observed 
in the “neoplasia vs. control” comparison was much higher 
than in the same comparison in our study, whereas for the 
other two comparisons, the number of DEGs was lower in 
the independent dataset than in our study. In particular, the 
CDKN2A and SLC27A6 genes confirmed their expression 
change in the same pattern after validation.

Discussion
The division of HPV-infected cervical epithelial cells leads to 
neoplastic tissue changes or cervical intraepithelial neopla-
sia (CIN). The changes detected at the levels of cell morpho-
logy and tissue structure are the consequence of alterations 
at the molecular level. Neoplastic changes of epithelial cells 
in HPV infection are characterized by an increased level of 
transcription of the CCL20 and CDKN2A genes, which lasts 
through the progression of the malignant process.

Tumor development assumes long-term persistence of  HPV 
and the formation of a high viral load. Moreover, the virus 
can use the replicative apparatus of  human cells and avoid the 

action of immune system factors. The main mechanisms of 
evasion from the immune system include modulation of anti-
gen presentation, inhibition of cytokines and chemoattractants, 
modulation of cell adhesion molecule synthesis and inhibition 
of antigen-presenting cell migration.

The CCL20 gene, differentially expressed in neoplastic 
changes of infected cells, may be a direct participant in these 
processes. CCL20 belongs to the subfamily of small cytokine 
CC genes, it is located on chromosome 2q and contains 4 exons 
and 3 introns. This gene encodes macrophage inflammatory 
protein (MIP)-3α, predominantly expressed in liver, colon, 
prostate, cervix, and skin. It has been reported that endothelial 
cells, neutrophils, T helper 17 (Th17) cells, B cells, natural 
killer cells, dendritic cells (DC) and macrophages secrete 
CCL20 (Yamazaki et al., 2008; Nandi et al., 2014). CCL20 as 
a chemoattractant is involved in recruiting lymphocytes and 
dendritic cells to epithelial cells. It is believed that CCL20 
may play an important role in the regulation of Langerhans 
cells, which are the main antigen-presenting cells for HPV 
presentation, causing an immune response.

From this perspective, it is reasonable to assume that active 
expression of CCL20 would be triggered in response to the 
appearance of human papillomavirus in the body. However, 
many studies indicate that HPV oncoproteins E6 and E7 may 
reduce the production of the chemokine CCL20 in kera tino- 
cytes by inhibiting its transcription. And thus, HPV, in an at-
tempt to avoid an immune response, may negatively modulate 
the expression of this chemokine in the epithelium, thereby 
blocking the migration of inflammatory cells, such as Langer-
hans cells, to the lesion site (Guess, McCance, 2005; Wang et 
al., 2010; Jiang, Xue, 2015; Fernandes et al., 2021).

However, in the later stages of cervical carcinogenesis, the 
landscape changes and CIN3 lesions often contain myeloid 
cells such as macrophages and dendritic cells (Mazibrada et 

Table 3. Results of differentially expressed lncRNAs subcellular localization analysis using Locate-R and iLoc-LncRNA 2.0

lncRNA Locate-R iLoc-LncRNA 2.0

Localization Score Localization Score

AP003548.1 Cytoplasm 1 Cytoplasm 0.84

MGC15885 1 0.73

LOC101928882 0.99 0.85

KCNIP4-IT1 1 0.83

lnc-LAMC1-1 0.94 0.86

LINC01085 1 0.69

lnc-ZDHHC7-3 0.92 0.87

ADAMTS19-AS1 Nucleus 0.97 Exosome 0.66

Table 4. Comparative analysis of the DEGs in datasets for study and validation

Comparison Studied dataset (SRP048735+ 
SRA189004 + GSE149763, RNA-seq)

Validation dataset 
(GSE63514, microarray)

Overlap total Overlap within the 
expression signature

Neoplasia vs. control 2 450 1 CDKN2A

Cancer vs. control 1,572 961 171 CDKN2A, SLC27A6

Cancer vs. neoplasia 1,260 215 15 –
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al., 2008) and, as a number of studies have shown, CCL20 
levels in cervical cancer tissues are significantly higher than 
in non-tumor and normal control tissues (Yu et al., 2015). 
Cervical cancer cells have been found to instruct cervical 
fibroblasts to produce CCL20 (Walch-Ruckheim et al., 2015). 
The rationale is that although normal immune cells attack 
and suppress tumor cells, some immune cells that infiltrate 
cancer tissue lose their anti-tumor function and play a role in 
promoting tumor progression (Beatty, Gladney, 2015; Bin-
newies et al., 2018).

Alteration of the cell cycle of infected epitheliocytes is pos-
sible due to changes in the transcription level of the CDKN2A 
gene. CDKN2A is a cyclin-dependent kinase 2a inhibitor gene 
that, through the use of alternative reading frames, pro duces 
two major proteins: p16 (INK4), an inhibitor of cyclin-
dependent kinase 2 which arrests the G1-S transition in the 
cell cycle, and p14 (ARF), which binds the p53-stabilizing 
protein MDM2 (Robertson, Jones, 1999). It is important to 
note that CDKN2A is overexpressed in various cancers, and 
often its expression level correlates with the number of mu-
tations, microsatellite instability in the tumor genome, and 
immune infiltration in the tumor microenvironment (Chen Z. 
et al., 2021). However, a study of CDKN2A expression in 
cervical cancer cell lines performed by real-time PCR and 
western blotting showed that it was reduced; moreover, the 
authors concluded that CDKN2A inhibits cell proliferation and 
invasion in cervical cancer through the AKT-mTOR lactate 
dehydrogenase mediated pathway (Luan et al., 2021). Several 
bioinformatics studies analyzing RNA sequencing data of cer-  
vical cancer samples have found that CDKN2A is a kind of 
“nodal gene” of  tumorigenesis through interactions with vari-
ous transcription factors, signaling molecules and microRNAs 
(e. g. miR-424-5p and miR-9-5p) and is overexpressed in 
cervical carcinoma in the TCGA project (Zhao et al., 2018; 
Chen Z. et al., 2021). In our study, CDKN2A expression was 
upregulated in patients with both HPV-associated neoplasia 
and HPV-associated cervical cancer, which draws attention 
to the importance of a more thorough study of the expression 
pattern of this gene and the features of the above pathologic 
conditions.

At the same time, the pattern of CDKN2A methylation in 
cervical cancer is relatively well known; several meta-analyses 
have shown that CDKN2A hypermethylation (relative to con-
trol samples) can be an indicator of early disease progression 
(Li J. et al., 2016). CDKN2A methylation was found to gradu-
ally increase with disease progression from stage 1 neoplasia 
to cervical cancer (Wijetunga et al., 2016), which can also be 
used as a comparative marker of disease severity. We would 
like to emphasize the need for a study linking the expression 
and methylation status of CDKN2A in HPV-associated neo-
plasia and cervical cancer to expand the understanding of the 
functional role of CDKN2A regulation in these conditions.

The most significant reduction of expression level in cancer 
cells relative to both control and neoplasia was found for five 
transcripts: SLC27A6, EPHA5, TRH, CTCFL, and piR-55219. 

The SLC27A6 gene encodes a fatty acid transfer protein 
through the cell membrane. Long-chain fatty acids are es-
sential for various physiological processes. The function of 
SLC27A6 in cervical cancer has not, to our knowledge, been 
clarified. However, it is reported that SLC27A6 expression 

was decreased in esophageal squamous cell carcinoma and 
breast cancer cells as well as nasopharyngeal carcinoma cells 
compared to normal cells (Xu C.Q. et al., 2015; Yen et al., 
2019). It was also observed that the methylation ratio of the 
SLC27A6 promoter was higher in nasopharyngeal carcinoma 
than in nonmalignant tissues (Xu C.Q. et al., 2015). On the 
contrary, SLC27A6 gene expression was increased in papillary 
thyroid carcinoma (Dai et al., 2020).

The function of the ephrin A5 receptor encoded by the 
EPHA5 gene in cervical cancer is also unclear. However, sup-
pression of EPHA5 expression by methylation has been es-
tablished for breast cancer (Fu et al., 2010), prostate cancer 
(Li S. et al., 2015), and colorectal cancer (Kober et al., 2011). 
The loss of EPHA5 expression was associated with the degree 
of serous ovarian carcinoma – the expression of this gene in 
cancer was reduced by 45 % in relation to neoplasia (Chen X. 
et al., 2016).

The TRH gene encodes a member of the thyrotropin-releas-
ing hormone family involved in the hypothalamus–pituitary–
thyroid axis which exhibits feedback of thyroid hormone, 
thereby regulating metabolic and immunological homeosta sis. 
TRH has been well investigated in the type of cancer such 
as acute myeloid leukemia, and a correlation between risk 
groups and TRH expression was found, and it was discovered 
that patients with higher TRH expression were more sensi-
tive to chemotherapy (Gao et al., 2022). Regarding CIN and 
cervical cancer, site-specific assessment of TRH gene meth-
ylation (cg01009664) was investigated for the detection of 
CIN2+ and demonstrated high sensitivity and specificity with 
clinician-collected samples, but not with the self-collected 
ones (Chaiwongkot et al., 2023). A similar analysis was also 
performed using screening of TRH cg01009664 methylation 
for prediction of oral squamous cell carcinoma and oropharyn-
geal squamous cell carcinoma (Puttipanyalears et al., 2018).

Conversely, the CTCFL and piR-55219 genes are signi fi-
cantly upregulated in their expression in both “cancer vs. neo-
plasia” and “cancer vs. control” comparisons. 

The CTCFL gene, which is sometimes also called BORIS, 
is a paralog of the widely known CTCF transcription factor 
and is normally expressed in pre-meiotic male germ cells 
together with ubiquitously expressed CTCF being involved 
in the regulation of the testis-specific genes (Soltanian, Deh-
ghani, 2018; Debaugny, Skok, 2020). Unlike CTCF, CTCFL is 
more frequently amplified or transcriptionally activated, rather 
than mutated in cancers, and in cervical cancer the aberrant 
expression of CTCFL is linked with the re-initiating promoter 
hypomethylation of this gene (Debaugny, Skok, 2020). More-
over, a study performed on the cervical cancer stem-like cells 
(CSCs)/cancer-initiating cells (CICs) claimed that BORIS sf6 
(isoform from subfamily 6) is specifically expressed in cervi-
cal CSCs/CICs and has a role in the maintenance of CSCs/
CICs and proposed a peptide isoform BORIS C34_24(9) as 
a promising candidate for cervical CSC/CIC-targeting im-
munotherapy (Asano et al., 2016). Clinically, in cases of 
epithelial ovarian cancer and cervical cancer, high levels of 
BORIS expression were associated with poorer prognosis/less 
median survival times of patients and advanced cancer stages 
(Soltanian, Dehghani, 2018).

Way less is known about piwi-interacting RNA piR-55219. 
In general, piwi-interacting RNAs (piRNAs), which are 

https://pubmed.ncbi.nlm.nih.gov/?term=Debaugny RE%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Skok JA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Debaugny RE%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Skok JA%5BAuthor%5D
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25–31 nucleotides in length, have been found to cluster at 
transposon loci in the genome and are thought to be critical 
for silencing these mobile genetic elements, via DNA methyla-
tion, to maintain genomic integrity in germline stem cells. 
Although they have only recently been identified in cancers, 
it is possible that the piRNAs that mediate transposon silenc-
ing during normal germline differentiation are hijacked in 
cancer cells to silence other parts of the genome, resulting in 
a tumorigenic state (Siddiqi, Matushansky, 2012; Suzuki et 
al., 2012). Unfortunately, no specific information on the in-
volvement of piR-55219 in cancer processes has been shown, 
which emphasizes the need for a more detailed investigation 
to establish a functional relationship between piRNAs and 
other cancer-specific genes.

Conclusion
We identified a predominantly cytoplasmic localization for the 
majority of differentially expressed lncRNAs. These lncRNAs 
can be involved in post-transcriptional regulation through their 
influence on the stability of mRNAs, act as translation regula-
tors while forming mRNA-lncRNA complexes and can release 
miRNAs from their target genes as miRNA “sponges” (Xu Y. 
et al., 2023). All these processes may be impaired in cervical 
cancer, so it is important to further investigate the molecular 
mechanisms of function of lncRNAs selected in this study.

The results of our study differ significantly between the dis-
covery and validation cohorts, which may be related to sample 
preparation protocols (FF+FFPE vs. cryosectioning) and ex-
pression assessment method (RNA-seq vs. microarray), which 
once again confirms the need to generate large protocol-uni-
formed datasets for studying neoplasia and cervical cancer 
at the same time.

Therefore, the analysis of differential gene expression in 
HPV-infected neoplasia and cervical cancer revealed a pattern 
of 7 genes with altered transcription levels. The increased 
transcription level of the CCL20 and CDKN2A genes occurs 
at the stage of neoplastic epithelial changes and persists in 
cervical cancer. The CDKN2A and SLC27A6 genes confirmed 
their expression change in the same patterns after validation 
on the independent microarray dataset. 
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Allele-specific PCR with fluorescently labeled probes:  
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Abstract. Single-nucleotide polymorphisms (SNPs) can serve as reliable markers in genetic engineering, selection, 
screening examinations, and other fields of science, medicine, and manufacturing. Whole-genome sequencing and 
genotyping by sequencing can detect SNPs with high specificity and identify novel variants. Nonetheless, in situations 
where the interest of researchers is individual specific loci, these methods become redundant, and their cost, the pro-
portion of false positive and false negative results, and labor costs for sample preparation and analysis do not justify 
their use. Accordingly, accurate and rapid methods for genotyping individual alleles are still in demand, especially for 
verification of candidate polymorphisms in analyses of association with a given phenotype. One of these techniques 
is genotyping using TaqMan allele-specific probes (TaqMan dual labeled probes). The method consists of real-time 
PCR with a pair of primers and two oligonucleotide probes that are complementary to a sequence near a given locus 
in such a way that one probe is complementary to the wild-type allele, and the other to a mutant one. Advantages of 
this approach are its specificity, sensitivity, low cost, and quick results. It makes it possible to distinguish alleles in a ge-
nome with high accuracy without additional manipulations with DNA samples or PCR products; hence the popularity 
of this method in genetic association studies in molecular genetics and medicine. Due to advancements in technolo-
gies for the synthesis of oligonucleotides and improvements in techniques for designing primers and probes, we can 
expect expansion of the possibilities of this approach in terms of the diagnosis of hereditary diseases. In this article, 
we discuss in detail basic principles of the method, the processes that influence the result of genotyping, criteria for 
selecting optimal primers and probes, and the use of locked nucleic acid modifications in oligonucleotides as well as 
provide a protocol for the selection of primers and probes and for PCR by means of rs11121704 as an example. We 
hope that the presented protocol will allow research groups to independently design their own effective assays for 
testing for polymorphisms of interest.
Key words: genotyping; single-nucleotide polymorphisms; TaqMan probes; LNA modifications; allele-specific PCR.
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Аллель-специфичная ПЦР с флуоресцентно-мечеными зондами: 
критерии подбора праймеров для генотипирования

В.А. Девяткин, А.А. Шкляр, А.Ж. Фурсова , Ю.В. Румянцева, О.С. Кожевникова  
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Аннотация. Однонуклеотидные полиморфизмы (SNP) могут служить надежными маркерами в генной инже-
нерии, селекции, скрининговых обследованиях и других областях науки, медицины и производства. Полно-
геномное секвенирование и генотипирование при помощи секвенирования могут высокоспецифично де-
тектировать SNP и выявлять новые аллели. Однако в ситуациях, когда интерес исследователей направлен на 
отдельные конкретные локусы, эти методы становятся избыточными, а их цена, доля ложноположительных 
и ложноотрицательных результатов и трудозатраты на пробоподготовку и анализ не оправдывают их при-
менения. Поэтому точные и быстрые методы генотипирования отдельных аллелей все еще остаются востре-
бованными, особенно при проверке кандидатных полиморфизмов в анализах ассоциации с определенным 
фенотипом. Один из таких методов – генотипирование с использованием аллель-специфичных зондов TaqMan 
(TaqMan dual labeled probes). Метод заключается в реакции ПЦР в реальном времени с использованием пары 
праймеров и двух олигонуклеотидных зондов, комплементарных последовательности вблизи данного локуса 
таким образом, что один зонд комплементарен аллелю дикого типа, а другой – мутантному аллелю. Преимуще-
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ства метода заключаются в его специфичности, чувствительности, невысокой стоимости и быстроте получения 
результатов. Он позволяет с высокой точностью различать аллели в геноме в одностадийной ПЦР без дополни-
тельного этапа разделения продуктов реакции, что делает его востребованным в исследованиях генетических 
ассоциаций в молекулярной генетике и медицине. Благодаря развитию технологий синтеза олигонуклеоти-
дов и совершенствованию методов подбора праймеров и зондов можно ожидать расширения возможностей 
применения этого подхода в диагностике наследственных заболеваний. В настоящей статье мы разобрали ос-
новные принципы метода, процессы, влияющие на результат генотипирования, критерии подбора оптималь-
ных праймеров и зондов, использование LNA-модификаций в олигонуклеотидах, а также привели протокол 
подбора праймеров, зондов и ПЦР на примере SNP rs11121704. Мы надеемся, что представленный протокол 
позво лит исследовательским группам самостоятельно подбирать собственные эффективные тест-системы для 
проверки интересующих полиморфизмов.
Ключевые слова: генотипирование; однонуклеотидные полиморфизмы; зонды TaqMan; LNA-модификации; 
аллель-специфичная ПЦР.

Introduction
Single-nucleotide polymorphisms (SNPs) are actively used as 
reliable markers in genetic engineering, selection, screening 
examinations, and other fields of science, medicine, and indus-
trial production. It is clear that whole-genome sequencing and 
genotyping by sequencing can detect SNPs with high specifi­
city and identify novel variants. On the other hand, in situa-
tions where the interest of researchers is focused on individual 
specific loci, these methods become redundant, and their cost, 
the proportion of false positive and false negative results, and 
the labor costs for sample preparation and analysis do not 
justify their use. Accordingly, accurate and rapid techniques 
for genotyping individual alleles are still in demand, especially 
for verification of candidate polymorphisms in analyses of 
association with a given phenotype (Kalendar et al., 2022).

Currently, methods based on allele­specific PCR allow to 
obtain the most accurate results at a low cost and do not require 
highly qualified personnel or expensive laboratory equipment. 
In this work, we analyze principles of work with one of these 
approaches: genotyping by means of allele­specific probes 
based on the TaqMan method (TaqMan dual labeled probes). 
It was first described 15 years ago (Hui et al., 2008) and re-
mains one of the most popular for the detection of SNPs. The 
accuracy of the method ensures genotyping error of less than 
one case per 2,000 (Ranade et al., 2001). The correct choice 
of primers and probes is possible for most genome sequences 
and in more than 90 % of cases allows to obtain fairly accu-
rate genotyping results for high­quality DNA without further 
optimization.

The method of allele­specific PCR with TaqMan probes 
can separate genotypes even with small amounts of an initial 
sample, does not require post­PCR processing, and correlates 
well with other methods (Broccanello et al., 2018). None-
theless, kits that are commercially available and developed 
for a specific SNP are expensive, and recommendations for 
creating and optimizing one’s own assays are described rather 
superficially in most of literary sources.

In this work, we provide a detailed analysis of this technique 
with a description of processes that can influence genotyping 
results as well as recommendations for designing your own 
assays.

Description of the method
The method consists of real­time PCR involving a pair of 
primers (forward and reverse, between which a polymorphic 
locus of interest is located) and two oligonucleotide probes 

complementary to a sequence near this locus in such a way 
that one probe is complementary to the wild-type allele, and 
the other to a mutant one. Each probe has a distinct fluorescent 
dye at the 5′ end and a fluorescence quencher and phosphate 
group at the 3′ end. The phosphate group prevents the probes 
from acting as primers in the PCR. Due to the proximity of 
the quencher and dye, an intact probe does not yield a signal 
because of Förster resonance energy transfer (FRET) and 
fluorescence quenching. At the elongation stage, a Taq DNA 
polymerase molecule that has reached the probe bound to the 
fully complementary template hydrolyzes it owing to 5′–3′ 
exonuclease activity, thereby uncoupling the quencher and 
dye, and the fluorescence is detected by an instrument.

Hybridization of the probe with the template is more ef-
fective in the case of complete complementarity; moreover, 
in the case of an unpaired base (mismatch), when a probe 
corresponding to one allele binds to the template correspond-
ing to another allele, the polymerase preferentially displaces 
it entirely without separating the chromophores. Therefore, 
signal accumulation will occur much more efficiently in the 
case of complete complementarity between the probe and the 
template. Thus, the ratio of fluorescence levels of the different 
dyes depends on the ratio of the alleles (corresponding to the 
probes labeled with these dyes) in the initial template (Hui 
et al., 2008). 

In a situation close to ideal, an allelic discrimination plot, 
where X- and Y­axes correspond to the fluorescence levels of 
the first and second dye for each sample, looks like the one in 
Figure 1. Samples having the same genotype form a cloud of 
dots distant from other clusters. The fluorescence level of each 
dye is zero for homozygotes that do not have the allele labeled 
with this dye and is almost twice as high for homozygotes of 
a given allele as compared to heterozygotes.

In Figure 2, an outcome of a less specific reaction is shown, 
when annealing and subsequent restriction of probes addition-
ally take place on the template corresponding to the other al-
lele. Under this scenario, fluorescence intensity of both dyes is 
non­zero for all samples. On the other hand, the genotypes of 
the samples can still be well discriminated with high accuracy. 
It should be noted that during the reaction, the concentration of 
the specific probe decreases, the concentration of the template 
increases, and the probe with the mismatch remains intact, 
which shifts the equilibrium toward the formation of a duplex 
containing the mismatch. In this case, using a smaller amount 
of the initial template in the reaction or reading an allelogram 
at earlier cycles can help.
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Fig. 1. A high-quality allelic discrimination plot. 
Here and in Fig. 2: Created in Bio-Rad CFX Manager software. RFU: relative 
fluorescence units.
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Fig. 2. The allelic discrimination plot with a low ratio of target fluores-
cence to the background signal, but reliable discrimination of the geno-
types is still possible. 

Based on the ratio between the dye signals in a single 
sample, it is impossible to directly determine which probe 
binds better and, accordingly, what the genotype is, because 
the dyes have different fluorescence intensities, probes differ 
in binding efficiency, and this process can be influenced by 
other random factors. Therefore, for the assay, it is necessary 
to employ several samples, among which there are different 
genotypes. It is recommended to analyze at least 20 samples 
per instrument run for reliable discrimination. By means of 
how much one signal increases more intensely than the other 
(i. e., by means of the angle between the X- and Y-axes in the 
plot for each sample), you can separate all samples into groups, 
and if three groups are detected, you can be confident in ac-
curate determination of the genotype of each group. When as-
sessing the results in the absence of a certain genotype among 
the samples, one should rely on the match between the actual 
frequency of genotypes and the one expected according to 
the literature or the Hardy–Weinberg equilibrium. To ensure 
correct allelic discrimination, it is advisable to verify samples 
of each genotype by Sanger sequencing.

Criteria for designing optimal primers  
and probes for genotyping

Design of primers
– GC content within 30–80 % (ideally 40–60 %).
– Stretches of a repeated nucleotide, especially four or more 

consecutive Gs, should be avoided.
– Melting point (Tm ) in the range of 58–60 °C. The differ-

ence in Tm between the forward and reverse primers is no 
more than 2 °C.

– Among the five nucleotides at the 3′ end, more than two 
Gs and/or Cs are not recommended. T should be avoided at 

the 3′ end. G or C at the last position at the 3′ end is a more 
suitable binding site for DNA polymerases.

– Length 18–30 nucleotides.
– The primers and probes must not overlap.
– The recommended amplicon length according to the litera-

ture is 80–120 nucleotides. 
Increasing the PCR product length reduces reaction ef-

ficiency and nuclease activity of  Taq polymerase (Debode et 
al., 2017). In some cases, depending on nucleotide composi-
tion, to meet other criteria, amplicon length can be increased 
to 1,000. The minimum length is determined by the total 
length of the primers and probes. It is best to keep the distance 
between a probe and the primer annealing to the same strand 
shorter to the extent feasible, no more than 20 nucleotides if 
possible. Our experience shows that amplicon length of 98 to 
469 bp and a 22–348 bp distance from a probe to the primer 
complementary to the same strand have no visible effect on 
discrimination accuracy.

From the point of view of simplicity and low cost of the 
experiment, we recommend selecting primers by taking into 
account the possibility of Sanger sequencing from the same 
primers. In this case, it is desirable that there be at least 
50 nucleotides from the sequencing primer to the polymor­
phic site and from the polymorphic site to the other end of the 
maximal read (i. e., the regions upstream and downstream of 
the polymorphic site). 

Design of probes
– Both probes must anneal to the same strand and not be 

complementary to each other.
– Tm should be approximately 6–8 °C higher than that of the 

primers (as opposed to qPCR involving only one probe, 
for which the Tm should be 10 °C higher than that of the 
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primers). The reason is that as the reaction mixture cools, 
the oligonucleotide probes must anneal to the DNA template 
before the primers do.

– The greater the difference in Tm between the probe fully 
paired with the template and the probe carrying an unpaired 
base, the more efficiently can the alleles be separated. 
The minimum difference that has allowed us to separate 
alleles is 3 °C, but we advise designing probes to achieve 
a minimum of 4–5 °C whenever possible. The wider the 
temperature window, the easier it is to select an annealing 
temperature at which the annealing probability of a probe 
carrying a mismatch is negligible compared to that of a 
fully complementary probe.

– Do not place G at the 5′ end because it will quench the 
fluorophore attached to it after cleavage the probe. Further-
more, Taq polymerase cleaves such probes worse (Huang, 
Li, 2009). The cleavage of the oligonucleotide begins with 
the appearance of 1–2 unpaired nucleotides at the 5′ end, 
which are recognized by the nuclease domain. An unpaired 
G at the end dramatically disrupts complementarity, thereby 
sometimes causing complete strand separation faster than 
Taq polymerase can begin to cut the probe; thus, the probe 
is displaced entirely as if it was not fully complementary 
to begin with.

– Of the two strands, choose one such that the probes contain 
more Cs than Gs because empirical data indicate that such 
probes are more likely to produce a strong signal (https://
www.thermofisher.com/order/catalog/product/450025).

– The polymorphic site should be located approximately in 
the middle third of the probe.

– GC content within 20–80 % (ideally 30–70 %).
– It is advisable to select the positions of the start and end of 

each probe so that Tm for both probes becomes approxi-
mately the same.

– The length of the probes is 18–30 nucleotides, and the 
optimal length is 20 nucleotides. These restrictions are 
due to the fact that a probe must bind specifically to only 
one region within the amplified fragment and satisfy Tm 
requirements. The longer the entire probe, the smaller is 
the contribution of the polymorphic site to the melting 
temperature, the smaller is the percentage difference in 
Tm for cases of complete complementarity and mismatch, 
and less effectively are the alleles discriminated. A length 
greater than 30 nucleotides is acceptable, but in such cases, 
the quencher should not be located at the 3′ end but inside 
the probe at a distance of approximately 18–25 nucleotides 
from the 5′ end. The reason is that at distances between 
the dye and quencher greater than 100 Å (corresponding 
to approximately 30 bp in B­form DNA structure), FRET 
is disrupted and intact probes can emit fluorescence, thus 
lowering the signal-to-background ratio.

– The reporter fluorophores (dyes) must have different emis-
sion spectra. Fluorophores from a list of those compatible 
with the instrument at hand should be chosen for different 
channels. Probes labeled with FAM and HEX are cleaved 
more efficiently than probes labeled with ROX or CY5.

– It is best to label with a brighter dye the probe having lower 
Tm or GC content or containing an A/T allele, which binds 
worse to the template (for example, FAM gives a stronger 
signal than HEX does).

Use of locked nucleic acid (LNA) modifications  
in oligonucleotides
Commercially available TaqMan probes can be conjugated to 
a minor groove binder (MGB) motif, e. g., dihydrocyclopyr-
roloindole tripeptide (DPI3), to increase the probe’s binding af-
finity for the target sequence. This approach allows to increase 
melting temperature of the probe without increasing its length, 
thus improving discrimination between the complementary 
probe and noncomplementary probe.

Commercially available alternatives to this technology 
are locked nucleic acids (LNAs or bridged nucleic acids, 
BNAs), which are analogs of RNA with ribose locked in the 
3′­endo conformation due to a 2′­O, 4′­C methylene bridge. 
The presence of these modified bases in the oligonucleotide 
enhances the thermal stability and specificity of hybridization 
(Owczarzy et al., 2011). Such nucleotides are usually marked 
as [+X] or +X (where X = A, T, G, or C). By replacing in-
dividual nucleotides in a probe with their LNA analogs, it is 
possible to make the probe itself shorter, and the contribution 
that the polymorphic site makes to the total Tm is greater, 
which will facilitate the discrimination of alleles. Typically, 
a modification of a single nucleotide at the SNP position is 
made, but for each sequence, effects of different variants may 
differ (You et al., 2006). 

The choice of tools for calculating Tm of oligonucleotides 
with an LNA modification is narrower than in the case of un-
modified bases; you can use OligoEvaluator services (http://
www.oligoevaluator.com/LoginServlet) or the OligoAnalyzer 
Tool (https://www.idtdna.com/calc/analyzer).

Unfortunately, there are currently no available services 
for calculating the Tm difference between the fully paired 
duplex and the heteroduplex containing unpaired bases for 
oligonucleotides with an LNA modification. Previously, the 
OligoAnalyzer Tool has allowed for such calculations, but due 
to low accuracy, this option has been removed. To roughly 
estimate the effect of LNA on mismatches, you can use data 
from articles on the thermodynamics of oligonucleotides with 
LNA modifications. In some cases, an LNA modification even 
reduces the match vs. mismatch difference as compared to the 
unmodified oligonucleotide; therefore, these modifications 
require caution (You et al., 2006).

Design example
By changing the amplicon length, melting temperature, GC 
content, and positions and lengths of primers and probes, it is 
possible to obtain combinations that satisfy the above criteria 
and to select the best one. SNP-containing sequences being 
analyzed do not always permit designing primers and probes 
that meet all the aforementioned criteria, but this does not 
mean that the selected assay will not work in practice.

Let’s consider the algorithm for designing primers and 
probes for analysis of the rs11121704 polymorphism.

1. Find the polymorphism in the dbSNP database (https://
www.ncbi.nlm.nih.gov/snp/), and go to the page with a 
detailed description (https://www.ncbi.nlm.nih.gov/snp/
rs11121704).

2. Find the substitution you need, and pay attention to the 
genome assembly for which the position is specified. For 
example, in our case, the latest one is currently GRCh38. At 
the next stage, we need information about the chromosome 
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Fig. 3. Basic information about the rs11121704 variant: chromosome, position, genome assembly, and frequency of nucleotide 
substitutions.

(NC_000001.11), the position on it (11233902), and the sub-
stitution (C>T). One rsID can correspond to several variants 
at one locus; all of them are listed on the page (C>A/C>T). 
Typically, most people have either the reference allele or the 
most common alternative allele. The necessary information 
can be found on the “Frequency” tab (Fig. 3).

In this genotyping method, we regard all polymorphisms 
as biallelic, and we are usually interested in the most com-
mon substitution at a given position because variants with a 
near­zero frequency can occur only in large study populations.

3. To select primers, we use the open online resource 
 Primer­Blast (https://www.ncbi.nlm.nih.gov/tools/primer­
blast/)

In the “Enter accession” field, specify the chromosome 
with the polymorphism you are interested in (NC_000001.11).

In the “Range” fields, we indicate the boundaries within 
which the forward and reverse primers should lie near the 
SNP position (11233902). We set the boundaries of the primer­
binding site no closer than 15 nucleotides to the SNP (because 
otherwise, primer landing may be impeded by the probe) and 
not farther than 200 (so that the amplicon is not too long and 
the reaction efficiency is higher): the forward primer from 

11233702 (11233902­200) to 11233887 (11233902­15), and 
the reverse one from 11233917 (11233902+15) to 11234102 
(11233902+200). “PCR product size” is set to 100–250.

In the “Database Refseq” field, choose “Refseq representa-
tive genomes” or “Genomes for selected organisms (primary 
reference assembly only)”. Both databases contain primary 
assemblies of chromosomal sequences with minimal redun-
dancy, and “representative genomes” also include alternative 
loci and mitochondrial genomes, if available.

The “Advanced parameters” option provides access to ad-
ditional parameters, among which, we are interested in “Primer 
GC content (%)”, for which we set the range to 40–60 %.

We leave the remaining parameters unchanged. Before 
clicking the “Get primers” button, select the “Show results in 
a new window” option so that after the results are displayed, it 
is easier to change individual launch parameters for a second 
search (Fig. 4).

4. Go to the page with the primer search results. We select 
primers that are suitable for the position, Tm, and specificity. 
You can work with nonspecific primers, but you must then 
check that the probe binds only to the specific amplicon and 
not to side products.
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Fig. 4. An example of settings for designing primers in the Primer-Blast tool.

We chose the sequence 5′­TTTTTCCTCATTTTGGGC 
GA­3′ for the forward primer and 5′­TATCAGTTGCAG 
GAAAGTGC­3′ for the reverse primer. The “results” page 
shows that the selected primers give a target specific product 
130 nucleotides long (Fig. 5). There is also one potential non-
specific PCR product with a length of 1,186 nucleotides, which 
will not be synthesized due to incomplete complementarity of 
the binding sites to the primer sequences (Fig. 5).

5. Next, in the “Tracks” option, select the “Configure 
Tracks” suboption, find and check the boxes “Common va­
riations (MAF>=0.01)”, “Cited Variations”, and “ClinVar 
variants with precise endpoints” and add them to the display 
with the “Configure” button. A probe should not overlap with 
polymorphisms other than the one of interest.

6. In the search results, select the sequence area around 
the SNP (nucleotides –20...+20) and click “copy sequence 
(selection)” (Fig. 6).

Additionally, build a complementary strand to this se-
quence. This can be done manually or use any available 
ser vice, for example, (https://www.bioinformatics.org/sms/
rev_comp.html).

Forward strand sequence:
5′­TTCTCCTTTCCAAACATCTG(C)GATGATGTGCC 

TGAAGCATT­3′
Reverse strand sequence:
5′­AATGCTTCAGGCACATCATC(G)CAGATGTTTGG 

AAAGGAGAA­3′
The position of the SNP in question is indicated in brackets.
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Fig. 5. The selected primers in the Primer-Blast tool give a specific target 
PCR product 130 nucleotides long containing SNP rs11121704, and one 
potential PCR product 1,186 nucleotides long, which should not form 
 under normal conditions.
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7. Within the sequence near the SNP, select a fragment of 
suitable length and composition. Based on the GC content, it 
is worthwhile taking the reverse strand sequence, because in 
this case, there will be more Cs than Gs in the probe:

5′­CAGGCACATCATC(G)CAGATGTTT­3′
Given that we are not taking the strand in which the SNP 

is shown to be located, you should remember that for our se-
quence, the C>T substitution in the reverse strand corresponds 
to the G>A substitution.

We select the boundaries of the second probe so as to 
 equalize the probes’ Tm:

5′­CAGGCACATCATC(A)CAGATGTTTG­3′
8. It is recommended to check Tm by means of several 

services and to average it (see the Table).
For example, we used Oligo Calc (http://biotools.nubic.

northwestern.edu/OligoCalc.html), OligoEvaluator (http://
www.oligoevaluator.com/LoginServlet), and OligoAnalyzer 
Tool (https://www.idtdna.com/calc/analyzer).

9. To compare the melting temperatures between the 
fully complementarily bound probe and the probe forming 
an unpaired base, select the “Tm mismatch” option in the 
OligoAnalyzer Tool.

For the first probe CAGGCACATCATC(G)CAGATGTTT, 
the mismatch is the nucleotide complementary to the second 
probe (CAGGCACATCATC(A)CAGATGTTTG), i. e., select 
the letter “T”, and click “Use Exact Complement Tm” and 
“Calculate”. The greater the difference in the Tm between the 
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Main characteristics of primers and probes for rs11121704

Oligonucleotide Tm  
OligoEvaluator

Tm  
OligoCalc

Tm Oligo-
Analyzer Tool

Tm  
average

Tm  
mismatch

delta Tm

5’-TTTTTCCTCATTTTGGGCGA-3’ 66.3 54.3 63.0 61.2

5’-TATCAGTTGCAGGAAAGTGC-3’ 60.5 56.4 62.4 59.8

5’-FAM-CAGGCACATCATCGCAGATGTTT-BHQ1-3’ 70.2 62.9 66.4 66.5 62.4 4.0

5’-VIC-CAGGCACATCATCACAGATGTTTG-BHQ1-3’ 68.6 63.6 64.9 65.7 60.3 4.6

Notе. Melting temperatures (Tm) predicted by several services and their averages are listed. The Tm mismatch is the melting temperature of the probe in the 
noncomplementary duplex with the template. “delta Tm” is the difference between “Tm (Oligo-Analyzer Tool)” and “Tm mismatch” .

fully complementary oligonucleotide and the probe having the 
noncomplementary base (“deltaTm”) (and accordingly, the 
lower the proportion of the bound mismatched probe compared 
to the fully complementary probe at the probe annealing stage), 
the more accurate the allele discrimination will be.

10. To check the specificity of the newly designed probes, 
we use the Blast service (https://blast.ncbi.nlm.nih.gov/ Blast. 
cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch& 
LINK_LOC=blasthome).

In the “Enter accession number(s), gi(s), or FASTA se­
quence(s)” field, insert the probe sequence; “Database” should 
be “Refseq representative genomes”, “Organism” should be 
“human (taxid:9606)”. Select option “Show results in a new 
window,” and press the “Blast” button. It is important for us 
that the probe does not bind to nonspecific PCR products (if 
any exist) and binds to the single region of the target amplicon.

11. It is worthwhile to check primers and probes for com-
plementarity to each other and for self­complementarity and 
hairpin formation in the OligoAnalyzer Tool software accord-
ing to their recommendations (https://www.idtdna.com/pages/
education/decoded/article/designing­pcr­primers­and­probes). 
In this software, we check a parameter called ΔG (change in 
Gibbs free energy) of secondary­structure formation. At ΔG 
values more positive than –9 kcal/mol, secondary structures 
do not have a significant effect on PCR, and values greater 
than zero indicate that under these conditions, secondary 
structures do not form (https://www.gene­quantification.de/
oligo_architect_glossary.pdf). Therefore, when checking the 
primers and probes, we select those with ΔG ≥ –9 kcal/mol 
for potential secondary structures.

PCR execution and choosing PCR conditions
Fluorophore­labeled probes should be stored in the dark to 
avoid photobleaching (https://assets.thermofisher.com/TFS­
Assets/LSG/Application­Notes/cms_043004.pdf).

Prepare the PCR mixture on ice; for one reaction you need:
– 10 µl of a buffer (we have used BioMaster HS­qPCR (2x), 

(Biolabmix, Russia), but it can be replaced with any avail-
able analog),

– 3.5 pmol of forward primer,
– 3.5 pmol of reverse primer,
– 1.5 pmol of FAM­labeled probe,
– 1.5 pmol of VIC­labeled probe,
– 10 ng of DNA,
– double­distilled H2O up to 20 µl.

Mix all the listed components, except for the DNA sample, 
in a microtube while taking into consideration the number of 
the samples (with a 10 % excess of the mix). Place the DNA 
samples directly into wells of the PCR plate, then add 18 μl 
of the mix into each well, vortex, and centrifuge down.

Check the performance of the new primers and probes by 
means of several DNA samples and select optimal annealing 
temperatures first. Optimal concentrations of primers and 
probes may also differ from those given above, but the final 
concentrations of probes are usually at least 2 times lower than 
those of primers (https://www.bioline.com/mwdownloads/
download/link/id/3301//p/i/pi­50201_sensifast_probe_hi­rox_ 
one­step_kit_v11.pdf).

PCR program:
1. Initial denaturation, 95 °C for 3 min,
2. Amplification and detection (40 cycles):

denaturation, 95 °C for 10 s,
primer annealing and elongation with signal detection,  

    60 °C for 30 s.
The outcome of PCR with the chosen primers and probes 

for SNP rs11121704 is presented in Figure 7.
Because Tm of an oligonucleotide is the temperature at 

which half the population of oligo molecules is molten and 
half is double­stranded, the recommended annealing tem-
perature should be approximately 5 °C lower than the lower 
Tm between the two primers, because under such conditions, 
both primers will bind almost completely to the complemen-
tary strands. In practice, due to possible inaccuracy of Tm 
calculation or discrepancies between the reaction conditions 
and the conditions for which the calculation was performed, 
the optimal temperature is selected empirically. We recom-
mend checking the interval [Tmav – 5 °C…Tmav + 5 °C], 
where Tmav is the average Tm value of the two primers. We 
also recommend choosing conditions for two PCR mix ver-
sions: with probes or with an intercalating dye, for example, 
SYBR Green. The melting curve plot will identify possible 
nonspecific PCR products.

Elongation typically takes ~1 min per 1,000 bp. Often, if 
the annealing temperature is greater than 60 °C, this step is 
combined with the previous one, and elongation occurs at the 
annealing temperature. Although the temperature optimum for 
most Taq polymerases is approximately 75–80 °C, elongation 
cannot occur at temperatures higher than the melting point of 
the probes.
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Fig. 7. The result of allelic discrimination using probes for SNP rs11121704. 
Orange dots represent homozygotes of the reference allele (C/C), green tri-
angles represent heterozygotes (C/T), and blue squares represent homozy-
gotes of the alternative allele (T/T).
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Conclusion
Genotyping by allele­specific PCR is an effective and accurate 
way to detect genetic variants. Advantages of this method are 
its specificity, sensitivity, low cost, and quick results. It makes 
it possible to distinguish different alleles in the genome by 
one­step PCR without additional product separation steps; 
accordingly, it is particularly useful for genetic association 
studies in molecular genetics and medicine. 

Thanks to developments in technologies for the synthe-
sis of oligonucleotides and improvements in methods for 
designing primers and probes, we can expect expansion of 
the possibilities offered by this approach in the diagnosis of 
hereditary diseases. In this article, we discussed in detail the 
criteria and conditions for optimizing successful design prim-
ers and oligonucleotide probes for allele­specific PCR. We 
hope that the presented protocol will enable research groups 
to independently design their own effective assays for testing 
for polymorphisms of interest. 
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