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Phosphoryl guanidine oligonucleotides  
as primers for RNA-dependent DNA synthesis  
using murine leukemia virus reverse transcriptase
E.S. Dyudeeva, I.A. Pyshnaya 

Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
  pyshnaya@niboch.nsc.ru

Abstract. Modern approaches to the detection and analysis of low-copy-number RNAs are often based on the 
use of RNA-dependent DNA polymerases, for example, in reverse-transcription PCR. The accuracy and eff iciency 
of cDNA synthesis in the reverse-transcription reaction catalyzed by reverse transcriptase (RNA-dependent DNA 
polymerase) signif icantly affect the correctness of the results of PCR diagnostic assays and/or RNA sequencing. 
In this regard, many studies are focused on the optimization of the reverse-transcription reaction, including the 
search for more perfect primers necessary to obtain a full-length DNA copy of RNA under study. The best-known 
completely uncharged analogs of oligonucleotides – morpholine oligonucleotides and peptide nucleic acids – 
cannot be substrates for enzymes that process nucleic acids. The aim of this work was to conduct a pilot study 
of uncharged phosphoryl guanidine oligodeoxyribonucleotides (PGOs) as primers for mouse leukemia virus 
reverse transcriptase (MMLV H-). Specif ic features of elongation of partially and completely uncharged PGO 
primers were investigated. It was demonstrated that PGOs can be elongated eff iciently, e. g., in the presence 
of a fragment of human ribosomal RNA having complex spatial structure. It was shown that the proportion (%) 
of abortive elongation products of a PGO primer depends on buffer ionic strength, nucleotide sequence of the 
primer, and the presence and location of phosphoryl guanidine groups in the primer. The results indicate the 
suitability of PGOs, including completely electroneutral ones, as primers for reverse-transcription PCR, thereby 
opening up new prospects for the creation of experimental models for the analysis of highly structured RNA.
Key words: uncharged analogs of oligonucleotides; phosphoryl guanidine oligonucleotides; reverse transcrip-
tion; reverse transcriptase; mouse leukemia virus reverse transcriptase; MMLV H-.

For citation: Dyudeeva E.S., Pyshnaya I.A. Phosphoryl guanidine oligonucleotides as primers for RNA-dependent 
DNA synthesis using murine leukemia virus reverse transcriptase. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov 
Journal of Genetics and Breeding. 2022;26(1):5-13. DOI 10.18699/VJGB-22-02

Фосфорилгуанидиновые олигонуклеотиды  
как праймеры для РНК-зависимого ДНК синтеза  
с помощью обратной транскриптазы вируса лейкемии мышей
Е.С. Дюдеева, И.А. Пышная 

Институт химической биологии и фундаментальной медицины Сибирского отделения Российской академии наук, Новосибирск, Россия
  pyshnaya@niboch.nsc.ru

Аннотация. Современные подходы к обнаружению и анализу низкокопийных РНК часто основываются 
на использовании РНК-зависимых ДНК-полимераз, например, метод ОТ-ПЦР. Точность и эффективность 
синтеза кДНК в реакции обратной транскрипции (ОТ), катализируемой ревертазой (РНК-зависимой ДНК-
поли меразой), значительно влияют на корректность результатов ПЦР-диагностики и/или секвенирова-
ния РНК. В связи с этим множество исследований посвящено оптимизации реакции ОТ, в том числе поиску 
более совершенных праймеров, необходимых для наработки полноразмерной ДНК-копии исследуемой 
РНК. Наиболее известные полностью незаряженные аналоги олигонуклеотидов – морфолиновые олиго-
нуклеотиды и пептидонуклеиновые кислоты – не могут являться субстратами для ферментов, процесси-
рующих НК. Целью нашей работы было пилотное исследование незаряженных фосфорилгуанидиновых 
олигодезоксирибонуклеотидов (ФГО) в качестве праймеров для обратной транскриптазы вируса лейке-
мии мышей (MMLV H-). Изучены особенности превращения частично и полностью незаряженных ФГО-
праймеров. Продемонстрировано, что ФГО способны эффективно удлиняться, в том числе в присутствии 
фрагмента рРНК человека, обладающего сложной пространственной структурой. Доля абортивных про-
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дуктов удлинения ФГО-праймера зависит от ионной силы использованного буферного раствора, нуклео-
тидной последовательности праймера и наличия и расположения в его составе ФГ-групп. Полученные 
данные показывают возможность использования ФГО, включая полностью электронейтральные, как 
праймеров в реакциях ОТ-ПЦР, что открывает новые перспективы для создания систем анализа высоко-
структурированных РНК.
Ключевые слова: незаряженные аналоги олигонуклеотидов; фосфорилгуанидиновые олигонуклеотиды; 
 обратная транскрипция; ревертаза; обратная транскриптаза вируса лейкемии мышей; MMLV H-.

Introduction
The detection of certain RNAs – some of the most important 
natural biopolymers – is an extremely relevant task in mo-
lecular diagnostics because such biomolecules are indicators 
of the state of the cell or an organism as a whole, of its meta-
bolic status, or the presence of infection. Rapid and highly 
sensitive RNA detection can facilitate early diagnosis and 
hence more effective therapy for many diseases. Among RNA 
detection methods, the most popular is reverse-transcription 
polymerase chain reaction (RT-PCR), which consists of two 
sequential steps: (1) enzymatic synthesis of cDNA from an 
RNA template using reverse transcriptase and (2) obtaining 
the corresponding fragment of double-stranded DNA by stan-
dard PCR. With fluorophore-containing primers or probes, it 
is possible to carry out PCR in real time via monitoring an 
increase in the fluorescence signal, from which it is possible 
to accurately calculate the amount of analyzed RNA per cell/
sample. RT-PCR is widely employed in the research on mRNA 
expression patterns (Bustin, 2000), and this method is used 
at the stage of creation of libraries for high-throughput RNA 
sequencing (RNA-Seq): a powerful tool for investigation of 
transcriptomes and other purposes (Mortazavi et al., 2008; 
Haas, Zody, 2010).

A popular enzyme for the reverse-transcription reaction is 
the Moloney murine leukemia virus (MMLV) reverse tran-
scriptase. This reverse transcriptase is capable of (a) catalyzing 
DNA synthesis from a DNA or RNA template (Palikša et al., 
2018; Li R. et al., 2020); (b) template-free synthesis of short 
DNA fragments (Ohtsubo et al., 2017); (c) DNA synthesis with 
strand displacement (Kelleher, Champoux, 1998; Malik et al., 
2017); (d) switching a template strand (Wulf et al., 2019); and 
(e) cleavage of RNA as part of a hybrid RNA–DNA complex 
(Schultz, Champoux, 2008; Li R. et al., 2020). In laboratory 
studies, a recombinant variant devoid of RNase H activity 
(MMLV H-) is used. An extensive body of research deals with 
optimizing the reverse-transcription reaction, including a search 
for more efficient primers based on modified oligonucleotides 
with enhanced affinity for complementary nucleic acids (Heu-
verswyn et al., 2016; Menéndez-Arias et al., 2016; Palikša et 
al., 2018; Li R. et al., 2020). The currently known completely 
uncharged analogs of oligonucleotides – morpholine oligo-
nucleotides and peptide nucleic acids – cannot serve as a sub-
strate of enzymatic reactions, probably owing to the unusual/
foreign backbone, which is substantially different in structure 
from the natural sugar-phosphate backbone. Partially modified 
P-alkyl phosphonate oligonucleotides and phosphoryl guani-
dine oligodeoxyribonucleotides (PGOs), in which the ribose 
moiety remains unchanged, are utilized as primers to distin-
guish the “wrong” complex during PCR (Li T.-L. et al., 2019; 
Chubarov et al., 2020). For PGOs, it has been demonstrated 
that they form complexes with complementary DNA or RNA 

in solutions with low ionic strength, and even in deionized 
water; thermal stability of these complexes is comparable to 
that of the native complex under conditions close to physio-
logical (Kupryushkin et al., 2014; Dyudeeva et al., 2019). 
Moreover, it is reported that spatial structure of duplexes 
containing PGOs is virtually the same as the structure of the 
double helix of two native nucleic acids (Lomzov et al., 2019). 
The combination of these factors makes phosphoryl guani-
dine (PG)-containing oligonucleotides a promising platform 
for the development of highly specific probes and, possibly, 
enables their applications in some enzymatic transformations 
of nucleic acids catalyzed by either reverse transcriptase or 
DNA-dependent DNA polymerases (Kupryushkin et al., 2017; 
Chubarov et al., 2020).

The aim of this work was to study the effects of a number 
of PG groups and the profile of modification of a DNA primer 
with PG groups on the possibility of RNA-dependent elonga-
tion of such a primer by reverse transcriptase MMLV H- and 
to analyze the prospects of PGOs as primers for RT-PCR in 
the detection of relatively long RNAs.

Materials and methods
Synthesis of nucleic acids. The synthesis of native oligo-
deoxyribonucleotides and their PG-containing analogs was 
carried out by the phosphoramidite method on an ASM-800 
automated DNA/RNA synthesizer (Biosset, Russia) with com-
mercial phosphoramidite monomers and porous polymer car-  
riers (Glen Research, USA). For the introduction of PG groups, 
the protocol described by Kupryushkin et al. (2014) was used. 
A fragment of human 18S ribosomal RNA (rRNA) was kindly 
provided by M.R. Kabilov (Institute of Chemical Biology and 
Fundamental Medicine of the Siberian Branch of the Russian 
Academy of Sciences).

The isolation of oligonucleotides and their PGO analogs 
from a reaction mixture was implemented by reversed-
phase high-performance liquid chromatography on an Agi-
lent 1200 series chromatograph (Agilent, USA) with a co-
lumn (4.6 × 150 mm) carrying the Eclipse XDB-C18 sorbent 
(5 μm) (Agilent). Elution of oligonucleotides was conducted 
in a linear concentration gradient of acetonitrile (0–90 %) in 
a 0.02 M solution of triethylammonium acetate for 30 min at 
a flow rate of 1.5 ml/min.

Electrophoretic analysis of oligonucleotides and their 
PGO analogs under denaturing conditions was performed 
in a 15 % polyacrylamide gel (PAAG; an acrylamide:N,N′-
me thylene bisacrylamide ratio of 29:1, with 8 M urea) in 
TBE buffer (89 mM Tris-borate, pH 8.3, 2 mM Na2EDTA) at 
a voltage of 50 V/cm. The results of electrophoretic separa-
tion were visualized by staining the gel with the StainsAll 
reagent. When a fluorophore was present in oligonucleotides, 
fluorescence scanning was performed by means of a VersaDoc 
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Table 1. Composition of reaction mixtures for reverse transcription  
in the case of a short synthetic RNA template and a relatively long fragment of rRNA

17-mer RNA template Fragment of 18S rRNA

Component Amount Component Amount

DNA 10–5 M DNA 10–6 M

RNA 10–5 M RNA 10–6 M

MMLV H- 200 units of activity MMLV H- 200 units of activity

dATP, dCTP, dGTP 300 μM each dATP, dCTP, dGTP, dTTP 300 μM each

dUTPFAM 50 μM dUTPFAM –

Buffer 1× St Buffer 1× St or L

MP 4000 Molecular Imager System (Bio-Rad, USA), which 
is a gel documentation system.

To separate relatively long products of primer elongation 
obtained by a reverse-transcription reaction, we used a 1.5 % 
agarose gel in TBE buffer in a horizontal electrophoretic unit 
(Bio-Rad). Double-stranded-DNA molecular-weight markers 
called the GeneRuler 100 bp DNA Ladder (ThermoScientific, 
Lithuania) were employed to assess relative electrophoretic 
mobility of the samples. The results of electrophoretic separa-
tion were visualized by staining the gel with ethidium bromide 
(0.0001 % aqueous solution) and by scanning the fluorescence 
signal as described above. The proportion (%) of major primer 
elongation products was calculated by analyzing the scanned 
fluorescence signal of the respective spots by means of the 
GelPro Analyzer 4.0 software (Media Cybernetics, USA).

Reverse-transcription reactions. Enzymatic elongation of 
oligonucleotides and their PGO analogs in a reverse-transcrip-
tion reaction was performed using a recombinant enzyme: 
Murine leukemia virus reverse transcriptase MMLV H- (Sib-
Enzyme, Russia). The following solutions served as buffers: 
standard (St): 30 mM Tris-HCl, 5 mM MgCl2, 50 mM KCl, 
5 mM dithiothreitol, and low-salt (L): 30 mM Tris-HCl, 2 mM 
MgCl2, 5 mM dithiothreitol. Amounts of components of the 
reverse-transcription reaction mixtures are presented and 
compared in Table 1 (unless indicated otherwise); the total 
volume of the mixture was 10 μl.

The reverse-transcription reaction was conducted at 37 °C. 
The reaction time was 1 h in the case of the 17-mer RNA 
template and 3 h for a high-molecular-weight RNA template: 
a fragment of human 18S rRNA. At the end of the reaction, 
the enzyme was thermally inactivated by keeping the reac-
tion mixture at 95 °C for 5 min, or the RNA template was 
hydrolyzed by adding an excess of concentrated aqueous 
ammonia to the reaction mixture and incubating at 56 °C for 
2 h. Ammonia was removed by evaporating the solutions in 
a vacuum concentrator until the odor disappeared.

Results and discussion
At the first stage of the work, we examined a series of deca me-
ric deoxyribonucleotides identical in nucleotide sequence but 
differing in the number of uncharged groups (i. e., PG groups) 
that were introduced (Fig. 1) and in their mutual arrangement 
(Table 2).

The analyzed decanucleotides were complementary to the 
3′-terminal region of a model 18-mer RNA template called rM 
(Fig. 2). The nucleotide sequence of the template as part of 

Table 2. Structures of decanucleotides

Name Sequence, 5’→3’ n

X GoCoGoCoCoAoAoAoCoA 0

X1;4;7 G*CoGoC*CoAoA*AoCoA 3

X1;5;9 G*CoGoCoC*AoAoAoC*A 3

X2;4;6;8 GoC*GoC*CoA*AoA*CoA 4

X1–2;5–6;9 G*C*GoCoC*A*AoAoC*A 5

X1–2;5;8–9 G*C*GoCoC*AoAoA*C*A 5

X1;3;5;7;9 G*CoG*CoC*AoA*AoC*A 5

X1–3;7–9 G*C*G*CoCoAoA*A*C*A 6

X2–3;5–6;8–9 GoC*G*CoC*A*AoA*C*A 6

X1–9 G*C*G*C*C*A*A*A*C*A 9

Notе. “o”: a native internucleotide phosphate group, n: the number of PG 
groups, which are denoted by “* ”. In the proposed names, “ X” is the general 
name of the series of 10-mer oligonucleotides, and the subscript designates 
position numbers (counted from the 5’ end) of the PG groups. All decanucleo-
tides were isolated and purified in a uniform manner (see the Materials and 
methods section).

Fig. 1. Structures of the modif ied phosphate group (i. e., the PG group, 
indicated by the asterisk) and native phosphate (indicated as “o”) in a DNA 
strand. Base: a nitrogenous base.
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Fig. 2. The scheme of elongation of an X series decanucleotide along the 
rM RNA template with the formation of a f luorescent product.
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Fig. 3. Electrophoretic separation of the products of reverse-transcription reactions involving native substrate X–rM 
at 37 °C and 200 U of the enzyme at various concentrations of triphosphates and the substrate (i. e., a DNA–RNA com-
plex, as shown in the f igure) in a denaturing 15 % PAAG after visualization with the StainsAll reagent (A) and scanning 
of the f luorescence signal (B).
Arrows indicate the template (rM), a reverse-transcription reaction product, and the native decanucleotide (X).

the formed complex contained only one rA position in the 
single-stranded part, opposite to which it was possible to insert 
only one fluorescent dUMPFAM residue into the relatively long 
DNA chain using the DNA-dependent RNA polymerase under 
study: Moloney murine leukemia virus reverse transcriptase 
(MMLV H-).

Initially, optimal conditions of the reverse-transcription 
reaction were found using a native substrate (the X–rM com-
plex) as an example. A series of experiments was conducted in 
which we varied (1) the reaction temperature, (2) the amount 
of the enzyme, or the concentration of (3) triphosphates or 
(4) the substrate DNA–RNA complex. The products of the 
reverse-transcription reaction were separated in a 15 % PAAG 
and visualized through scanning the fluorescence signal in the 
FAM (6-carboxyfluorescein) channel and then staining the 
same gel with the StainsAll reagent. It should be noted that 
staining the gel with StainsAll allows to examine the material 
balance of each reaction because this dye “reveals” all elonga-
tion products as well as the original template and primer. The 
fluorescent signal in turn only reflects the accumulation of 
the target products of the reverse-transcription reaction, with 
a length of at least 15 nucleotides, i. e., products containing the 
incorporated dUMPFAM residue. Figure 3 illustrates a typical 
result of a reverse-transcription reaction analysis.

It is obvious that an increase in the concentration of fluo-
rescent dUTPFAM, with all other things being equal (see Fig. 3, 
lanes 2 and 3), does not affect accumulation efficiency of 
elongation products of the native primer in the X–rM complex. 
On the contrary, when the concentration of unlabeled dNTP 
was increased at a constant concentration of dUTPFAM (see 
Fig. 3, A, lanes 3–5), a decrease in the proportion of abortive 
products of primer elongation was observed and, as a conse-
quence, a higher yield of the fluorescent elongation product. 
The highest yield of the full-size reaction product (according 
to the fluorescence signal in Fig. 3, B) with the lowest amount 
of abortive elongation products is seen in lane 5.

It is these conditions that were chosen subsequently to 
compare the efficiency of the reverse-transcription reaction 
of native primers versus that of PG-containing primers, the 
backbone of which partially or completely lacked the negative 
charge. Figure 4 presents data from the electrophoretic analysis 
of the products of the reverse-transcription reaction involving 
complexes of rM with each decanucleotide as a substrate (the 
decanucleotides are described in Table 2).

According to both the results on the gel stained with 
StainsAll (see Fig. 4, A) and the fluorescence signal data (see 
Fig. 4, B), it can be argued that there was an enzymatic elon-
gation of all the oligonucleotides, including completely elec-
troneutral X1–9. It should be pointed out that the accumulation 
of a full-size fluorescent product slightly decreased with an 
increase in the number of PG groups in a primer (see Fig. 4, B, 
lanes 11–20). This result is probably due to disturbances of 
electrostatic interactions within the enzyme–substrate com-
plex. Nevertheless, our data indicate that uncharged PGOs can 
serve as primers in a reverse-transcription reaction; to the best 
of our knowledge, this finding has never been reported regard-
ing completely modified uncharged oligonucleotide analogs.

It was not possible to analyze in detail the degree of elon-
gation of PGO primers in this model system (see Fig. 4, A, 
lanes 2–10 and 11–20) because a higher degree of modification 
of the oligos sharply reduces the efficiency of their staining 
with dyes specific to nucleic acids, for example, StainsAll 
(Dyu deeva et al., 2019). Taking this circumstance into account, 
native and PG-containing oligonucleotides carrying a fluo-
rophore at the 5′ end were designed for the next stage of the 
work (Table 3). These materials enabled subsequent detection 
of the entire spectrum of products of enzymatic elongation of 
primers on a relatively long template: a fragment of human 18S 
rRNA. The primer structures varied in the degree of modifica-
tion of their sugar-phosphate backbone at the 3′ end. Along 
with native primers (J1.o and J2.o), we used their partially un-
charged analogs containing a backbone modified at the 5′ end 
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Fig. 4. Electrophoretic separation of the products of reverse-transcription reactions in a denaturing 15 % PAAG after staining with 
the StainsAll reagent (A) and scanning the f luorescence signal (B).
Lanes 1–10 represent controls without the enzyme: mixtures of rM and primer X (lane 1) or primer X1;4;7 (lane 2), X1;5;9 (lane 3), X2;4;6;8 
(lane 4), X1–2;5;8–9 (lane 5), X1;3;5;7;9 (lane 6), X1–2;5–6;9 (lane 7 ), X1–3;7–9 (lane 8), X2–3;5–6;8–9 (lane 9), X1–9 (lane 10); lanes 11–20 represent 
reverse-transcription reactions involving primer X (lane 11), X1;4;7 (lane 12), X1;5;9 (lane 13), X2;4;6;8 (lane 14), X1–2;5;8–9 (lane 15), X1;3;5;7;9 
(lane 16), X1–2;5–6;9 (lane 17 ), X1–3;7–9 (lane 18), X2–3;5–6;8–9 (lane 19), X1–9 (lane 20).

Table 3. Structures of primers for the reverse-transcription  
reaction involving a high-molecular-weight RNA template:  
a fragment of human 18S rRNA

Name Sequence, 5’→3’

J1.о [Flu]oAoToCoGoToToToAoToGoGoToCoGoGoAoAoCoToA

J1.6 [Flu]oA*T*C*G*T*T*T*A*T*G*G*T*C*GoGoAoAoCoToA

J1.3 [Flu]oA*T*C*G*T*T*T*A*T*G*G*T*C*G*G*A*AoCoToA

J1.х [Flu]oA*T*C*G*T*T*T*A*T*G*G*T*C*G*G*A*A*C*T*A

J2.о [Flu]oCoCoCoToCoToToAoAoToCoAoToGoGoCoCoToCoAoGoT

J2.6 [Flu]oC*C*C*T*C*T*T*A*A*T*C*A*T*G*G*CoCoToCoAoGoT

J2.3 [Flu]oC*C*C*T*C*T*T*A*A*T*C*A*T*G*G*C*C*T*CoAoGoT

J2.х [Flu]oC*C*C*T*C*T*T*A*A*T*C*A*T*G*G*C*C*T*C*A*G*T

Notе. “o”: a native internucleotide phosphate group, “*”: a PG group, [Flu]: 
a f luorescein residue.

and unmodified at the 3′ end with six unmodified phosphate 
groups (J1.6 and J2.6) or three unmodified phosphate groups 
(J1.3 and J2.3) as well as completely electroneutral analogs 
(J1.x and J2.x, fully modified backbone).

The nucleotide sequences of these primers were comple-
mentary to some regions of the fragment of human 18S rRNA 
(the length of the fragment was 558 nucleotides) (Fig. 5).

The first of the two sites selected for hybridization – the 
J1 series in Fig. 5 – is located closer to the 3′ end region of 
the fragment of rRNA. Through reverse transcription from 
this site, it is possible to obtain products, the theoretical 
length of which is 439 nucleotides. The second binding site 
of the J2 series primers is located closer to the middle of the 
rRNA fragment; theoretical size of the full-length elongation 
products of these primers is 276 nucleotides. When choosing 
binding sites for oligonucleotides in structured RNA templates, 
we employed the principles laid down by Petyuk et al. (1999).

PGOs, as previously demonstrated, can form a comple-
mentary complex in solutions with ultralow ionic strength 
(Kupryushkin et al., 2014; Dyudeeva et al., 2019); therefore, 
it was essential to compare the efficiency rates of the reverse-
transcription reactions involving native versus PG-containing 
primers in buffers with different ionic strengths. For this 
purpose, potassium chloride was completely removed from 
the “standard” buffer, and the concentration of magnesium 
chloride was reduced from 5 to 2 mM. A decrease in ionic 
strength of the buffer may help to destabilize internal secon-
dary structure of an RNA template, thereby “facilitating” the 
reverse-transcription reaction. Relatively long products of 
the reverse-transcription reaction were analyzed by electro-
phoresis in a 1.5 % agarose gel, with detection of the primer 
elongation products by means of the fluorescence signal and 
by staining with ethidium bromide. The results of electro-
phoretic separation of reverse-transcription reaction products 
obtained in buffers with “standard” and “low” ionic strength 
for primers of the J1 series are given in Fig. 6. Readers can 
see that the introduction of PG groups into the primer leads to 
an expected decrease in its electrophoretic mobility owing to 
a decrease in the total charge of the molecule (see Fig. 6, A, 
lanes 1, 4, 7, and 10). Enzymatic elongation of a primer 

was observed in all cases, even for primer J1.x, which has 
a completely electroneutral sugar-phosphate backbone (see 
Fig. 6, A, lanes 11 and 12).

Using native primer J1.o as an example, let us examine 
the reaction mixtures obtained via the reverse transcription 
overall (see Fig. 6, lanes 1–3). Original primer J1.o (lane 1) is 
virtually absent among the products of its reverse-transcription 
reaction (lanes 2 and 3), indicating an efficient course of the 
reaction. Nevertheless, the products of primer elongation vary 
in their electrophoretic mobility and hence in length: abortive 
elongation products are present. This finding is probably due 
to structural complexity of the RNA template because reverse 
transcriptase, lacking a helicase activity, is unable to overcome 
RNA hairpins or other secondary structures, which can lead 
to dissociation of the enzyme from the substrate (DNA–RNA 
complex) (Okano et al., 2017). As a consequence, expected 
processivity of the reverse-transcription reaction is lower. In 
the examined reaction mixtures (see Fig. 6, lanes 2 and 3), 
two prevailing products (a and b) can be distinguished. 
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Fig. 5. Hypothetical secondary structure of the fragment of human 18S rRNA, as built using an online service, RNAfold web server.
J1 and J2: sites selected for primer hybridization. Arrows indicate the direction of primer elongation.
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Fig.  6.  Data on the scanning of f luorescence signals of FAM (A) or ethidium bromide (B) after separation of the reverse-
transcriptional reaction products in a 1.5 % agarose gel:
individual DNA primers J1.o (lane 1), J1.6 (lane 4), J1.3 (lane 7 ), and J1.x (lane 10), which are visible only when FAM f luorescence is scanned; 
products of the reverse-transcription reaction involving primer J1.o (lane 2), J1.6 (lane 5), J1.3 (lane 8), or J1.x (lane 11) under “standard” 
buffering conditions (St); products of the reverse-transcription reaction involving primer J1.o (lane 3), J1.6 (lane 6), J1.3 (lane 9), or J1.x 
(lane 12) in the buffer with low ionic strength (L); DNA molecular-weight markers 100–1000 bp (lane 13), which are visible only when the 
f luorescence of ethidium bromide is scanned; the RNA template (lane 14), which is visible only when the f luorescence of ethidium bromide 
is scanned.
The types of primer and buffer are indicated in the f igure; a and b correspond to positions of the prevalent products of the reverse-trans-
cription reaction.
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Electrophoretic mobility of product a is comparable to that 
of the initial RNA template (see Fig. 6, B, lane 14), which is 
558 nucleotides long, and to the mobility of 500 and 600 bp 
bands among the DNA molecular-weight markers (lane 13). 
It can be assumed that this product is close to the theoretical 
full-length one. Product b has lower electrophoretic mobility 
approximately corresponding to 300 bp among the double-
stranded-DNA molecular-weight markers. Even the introduc-
tion of an additional step of denaturation of rRNA at 95 °C to 
reduce the likelihood of structural complexity did not raise 
the yield of product a (data not shown).

Notably, electrophoretic mobility of initial primers J1.6, 
J1.3, and J1.x (see Fig. 6, A, lanes 4, 7, and 10) is lower 
than that of the products of their elongation by the reverse-
transcription reaction (lanes 5–6, 8–9, and 11–12). Apparently, 
at initial stages of the reaction, the inclusion of dNTPs into 
the growing chain of the PGO primer causes an increase in 
the migration rate of the oligonucleotide in the gel owing to 
an appreciable change in the charge; the size of the molecule 
has not yet changed so much as to cause product retardation 
in agarose gel pores. Nevertheless, when a certain critical 
length is reached at later stages of the reaction, the total mo-
lecular size has a greater effect on the migration rate in the 
gel than does the increase in charge when each subsequent 
dNTP is incorporated. Thus, relatively long products of the 
reverse-transcription reaction involving PG-containing prim-
ers manifested “classic” behavior in the gel, by slowing down 
with increasing molecular size. In this context, the influence of 
the relatively small number of PG groups becomes negligible. 
For this reason, it is likely that electrophoretic mobility of the 
major products of the reverse-transcription reaction (a and b) 
is almost independent from the number of modifications in 
the initial PG-containing primer.

A decrease in ionic strength of reaction buffer (see Fig. 6, 
lanes 3, 6, 9, and 12) leads to the accumulation of longer 
products in the reverse-transcription reaction as compared to 
standard reaction conditions (lanes 2, 5, 8, and 11) regardless 
of the presence of modifications in the primer. Ionic strength 
caused the most pronounced change in the ratio of elongation 
products for native primer J1.o: according to fluorescence 
intensity levels, the proportion (%) of the longest product a 
increased threefold (from 9 to 27 %), while the proportion of 
abortive product b diminished (from 26 up to 10 %) under 
the influence of the decrease in buffer ionic strength. Perhaps 
the lower ionic strength of the buffer destabilized the internal 
structure of RNA but did not have a significant impact on the 
formation of the DNA–RNA–enzyme triple complex. For PG-
containing primers, the redistribution of elongation products 
upon buffer change was observed too but at a level of only 
several percentage points.

It should be mentioned that for completely electroneutral 
PGO J1.x (see Fig. 6, А, lanes 10–12), we noticed less active 
elongation in the reverse-transcription reaction in compari-
son with the native primer (lanes 1–3). It is possible that the 
rate-limiting stage of the reverse-transcription reaction for the 
completely electroneutral PGO is the attachment of the first 
dNMPs to its 3′ end (consistent with the findings of Skasko et 
al., 2005). After that, the enzyme focuses on the “preferred” 
substrate (which contains native unmodified nucleotides at 
the 3′ end) and “ignores” even an excessive amount of the 
original primer.

Similar results were obtained for primers of the J2 series 
(Fig. 7). In this case, fewer abortive products are observed 
among the primer elongation products. Most likely, the reason 
for this is that the theoretical maximal length of elongation 
products is shorter than that in the case of primer J1, and 
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Fig. 7. Data on the scanning of the f luorescence signal of FAM (A) or ethidium bromide (B) after separation of the reverse-trans-
cription reaction products in a 1.5 % agarose gel:
for individual DNA primers J2.o (lane 1), J2.6 (lane 4), J2.3 (lane 7 ), and J2.x (lane 10), which are visible only when FAM f luorescence is 
scanned; for products of the reverse-transcription reaction of primer J2.o (lane 2), J2.6 (lane 5), J2.3 (lane 8), or J2.x (lane 11) under the 
“standard” buffering conditions (St); for products of the reverse-transcription reaction of primer J2.o (lane 3), J2.6 (lane 6), J2.3 (lane 9), or 
J2.x (lane 12) in the buffer with low ionic strength (L); DNA molecular-weight markers 100–1000 bp (lane 13), which are visible only when 
ethidium bromide f luorescence is scanned; the RNA template (lane 14), which is visible only when the f luorescence of ethidium bromide 
is scanned.
The types of primer and buffer are indicated in the f igure.
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therefore during elongation, fewer hairpins or other structural 
complexities of the RNA template have to be overcome, and 
this situation makes the enzyme more processive.

The main elongation product of the J2 series primers has 
an electrophoretic mobility comparable to that of a 400 bp 
double-stranded-DNA molecular-weight marker. Presumably, 
this product has a size similar to the theoretical full length 
(276 nucleotides for this primer). Its proportion (%) in the 
reaction mixtures is depicted in Fig. 8. As was the case for 
primers of the J1 series, we noticed greater accumulation of 
the target product in the buffer with lower ionic strength (L) 
for native primer J2.o (an increase in the proportion of the 
main product from 45 to 61 %) and for PGO primer J2.3 (an 
increase from 33 to 46 %, respectively).

Notably, other PGO primers turned out to be virtually in-
different to the changes in ionic strength. It is conceivable 
that the arrangement of PG groups in the active center of the 
enzyme affects the conformation of the enzyme–substrate 
complex and therefore its sensitivity to ionic composition of 
the medium and to solvation.

Conclusion
Thus, we characterized the elongation of partially and com-
pletely uncharged PGOs in the reverse-transcription reaction 
carried out by MMLV H-. It was demonstrated that PG-con-
taining primers can be elongated effectively, e. g., in the pre - 
sence of a fragment of  human rRNA with complicated spatial 
structure. A decrease in buffer ionic strength raises the effi-
ciency of full-length cDNA synthesis when either a native or 
PG-containing primer is used. The findings require further 
research and point to the suitability of PGOs, including com-
pletely electroneutral ones, as primers for RT-PCR, thereby 
opening up new prospects for the creation of experimental 
models for the analysis of highly structured RNA. 
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Fig. 8. The proportion of the main product of elongation for primers of 
the J2 series in the reverse-transcription reaction carried out in a solution 
with “standard” (St) and low (L) ionic strength.



Фосфорилгуанидиновые олигонуклеотиды  
как праймеры в реакциях обратной транскрипции

Е.С. Дюдеева 
И.А. Пышная

2022
26 • 1

13МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

ORCID ID
I.A. Pyshnaya orcid.org/0000-0002-7559-2376

Acknowledgements. This research was funded by Russian Foundation for Basic Research No. 19-34-90132.
Conflict of interest. The authors declare no conflict of interest.
Received September 1, 2021. Revised October 7, 2021. Accepted October 8, 2021. 

Schultz S.J., Champoux J.J. RNase H activity: structure, specificity, and 
function in reverse transcription. Virus Res. 2008;134(1-2):86-103. 
DOI 10.1016/j.virusres.2007.12.007.

Skasko M., Weiss K.K., Reynolds H.M., Jamburuthugoda V., Lee K., 
Kim B. Mechanistic differences in RNA-dependent DNA poly-
merization and fidelity between murine leukemia virus and HIV-1 

reverse transcriptases. J. Biol. Chem. 2005;280(13):12190-12200. 
DOI 10.1074/jbc.M412859200.

Wulf M.G., Maguire S., Humbert P., Dai N., Bei Y., Nichols N.M., 
Corrȇa I.R., Jr, Guan S. Non-templated addition and template 
switching by Moloney murine leukemia virus (MMLV)-based re-
verse transcriptases co-occur and compete with each other. J. Biol. 
Chem. 2019;294:18220-18231. DOI 10.1074/jbc.RA119.010676.



Cancer-associated f ibroblasts and their role in tumor progression
M.S. Ermakov1, A.A. Nushtaeva1, V.A. Richter1, O.A. Koval1, 2 

1 Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

  o_koval@ngs.ru

Abstract. The stromal elements of a malignant tumor can promote cancer progression and metastasis. The struc-
ture of the tumor stroma includes connective tissue elements, blood vessels, nerves, and extracellular matrix (ECM). 
Some of the cellular elements of the tumor stroma are cancer-associated f ibroblasts (CAFs). The origin and function 
of CAFs have been actively studied over the past thirty years. CAFs produce collagen, the main scaffold protein of 
the extracellular matrix. Collagen in the tumor stroma stimulates f ibrosis, enhances the rigidity of tumor tissue, and 
disrupts the transmission of proliferation and differentiation signaling pathways. CAFs control tumor angiogenesis, 
cell motility, tumor immunogenic properties, and the development of resistance to chemo- and immunotherapy. 
As a result of metabolic adaptation of rapidly growing tumor tissue to the nutrients and oxygen deprivation, the 
main type of energy production in cells changes from oxidative phosphorylation to anaerobic glycolysis. These 
changes lead to sequential molecular alterations, including the induction of specif ied transcriptional factors that 
result in the CAFs activation. The molecular phenotype of activated CAFs is similar to f ibroblasts activated during 
inf lammation. In activated CAFs, alpha-smooth muscle actin (α-SMA) is synthetized de novo and various proteases 
and f ibronectin are produced. Since CAFs are found in all types of carcinomas, these cells are potential targets 
for the development of new approaches for anticancer therapy. Some CAFs originate from resident f ibroblasts 
of the organs invaded by the tumor, while others originate from epithelial tumor cells, which are undergoing an 
epithelial-mesenchymal transition (EMT). To date, many molecular and metabolic inducers of the EMT have been 
discovered including the transforming growth factor-beta (TGF-β), hypoxia, and inf lammation. This review clas-
sif ies modern concepts of molecular markers of CAFs, their functional features, and discusses the stages of epithe-
lial-mesenchymal transition, and the potential of CAFs as a target for antitumor therapy.
Key words: cancer-associated f ibroblasts; epithelial-to-mesenchymal transition; carcinoma; hypoxia.
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Аннотация. Стромальные элементы опухоли могут стимулировать прогрессию опухолевого роста и мета-
стазирование. В структуру опухолевой стромы входят соединительнотканные элементы, сосуды, нервы и 
внеклеточный матрикс. Одним из клеточных элементов стромы опухоли являются опухоль-ассоциирован-
ные фибробласты (ОАФ), происхождение и функции которых активно изучают на протяжении последних 
тридцати лет. ОАФ продуцируют основной каркасный белок внеклеточного матрикса – коллаген, избыток 
которого в строме опухоли стимулирует фиброз, повышает жесткость опухолевой ткани и нарушает пере-
дачу сигналов пролиферации и дифференцировки. ОАФ контролируют ангиогенез в опухоли, подвижность 
опухолевых клеток, иммуногенные свойства опухоли и развитие резистентности к химиопрепаратам и имму-
нотерапии. В результате метаболической адаптации быстрорастущей опухолевой ткани к нехватке питатель-
ных веществ и кислорода, при конверсии основного типа производства энергии в клетках с окислительного 
фосфорилирования на анаэробный гликолиз инициируются молекулярные изменения, в том числе индук-
ция определенных транскрипционных факторов, которые обусловливают активацию ОАФ. Молекулярный 
фенотип активированных ОАФ имеет сходство с фибробластами, активированными в процессе воспаления. 
В активированных ОАФ происходит de novo синтез альфа-актина гладкой мускулатуры (α-SMA), продукция 
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различных протеаз и фибронектина. Поскольку ОАФ обнаружены во всех типах карцином, эти клетки мо-
гут быть мишенями для разработки новых подходов противоопухолевой терапии. Часть ОАФ происходит из 
резидентных фибробластов пораженного опухолью органа, другие берут свое начало из опухолевых эпите-
лиоцитов, претерпевая эпителиально-мезенхимальный переход. На сегодняшний день обнаружено боль-
шое количество молекулярных и метаболических индукторов эпителиально-мезенхимального перехода, к 
которым относят трансформирующий фактор роста бета (TGF-β), гипоксию и воспаление. В данном обзоре 
систематизированы современные представления о молекулярных маркерах ОАФ, их функциональных осо-
бенностях, этапах эпителиально-мезенхимального перехода и обсуждается возможность использования 
ОАФ в качестве мишеней для противоопухолевой терапии.
Ключевые слова: опухоль-ассоциированые фибробласты; эпителиально-мезенхимальный переход; карци-
нома; гипоксия.

The biology of cancer-associated f ibroblasts
Modern concept of tumor morphology postulates that solid 
tumors are formed by epithelial and stromal cells, such as 
fibroblasts, endothelial cells, and immune cells (Wang et al., 
2017). Stromal cells with a fibroblast-like phenotype, the 
so-called cancer-associated fibroblasts (CAFs), in contrast to 
normal fibroblasts, contain various chromosomal abnormali-
ties, such as duplications, multiple rearrangements, and even 
the loss of entire chromosomes (Hosein et al., 2010). CAFs 
control tumor angiogenesis, motility and metastasis of cancer 
cells, tumor immunogenic properties, and the development 
of resistance to chemotherapy and immunotherapy (Tripathi 
et al., 2012; Alkasalias et al., 2018; Nushtaeva et al., 2018).

A meta-analysis of the clinical relevance of the tumor 
stroma has demonstrated the association of high CAFs con-
tent with the advanced stages of tumor progression, as well 
as with the high risk of local recurrence after tumor resection 
(Knops et al., 2020).

Heterogeneity of CAFs’ percussors cells
In 1995, a heterogeneous origin of CAFs was hypothesized 
by Rønnov-Jessen and colleagues, who showed that breast 
cancer CAFs can originate from resident fibroblasts,  vascular 
smooth muscle cells, and pericytes (Rønnov-Jessen et al., 1995). 
To date, it has been shown that precursors of mesenchymal 
cells from the red bone marrow, endothelial and epithelial 
cells, resident fibroblasts of the affected tissue, adipocytes 
and vascular adventitia cells can be sources of CAFs (Puré, 
Hingorani, 2018; Yin et al., 2019). For the initiation of the 
CAFs phenotype in some progenitor cells, additional stimula-
tion with cytokines and growth factors, such as transforming 
growth factor beta (TGF-β), fibroblast growth factor (FGF), 
and other signaling molecules is required (Table 1) (Bordignon 
et al., 2019).

Tumor epithelial cells can undergo transformation into 
CAFs via the epithelial-mesenchymal transition (EMT) 
(Fig. 1). EMT is a dynamic process of transdifferentiation of 
epithelial cells into fibroblast-like cells. The EMT plays an 
important role not only in cancer, but also in embryogenesis 
and regeneration. In particular, EMT occurs in embryonic stem 
cells producing mesoderm and neural crest, and in skin cells 
during wound healing (Kim et al., 2017). Dynamic changes 
in cell morphology during EMT are caused by changes in 
the regulatory genes’ expression with production of certain 
proteins. These proteins are considered as EMT markers 
(see Fig. 1). Among these markers, the most significant are 
N-cadherin and vimentin, which are responsible for the rear-

rangement of the cytoskeleton and the change in the shape 
of the cell, as well as the change in cell-to-cell and cell-to-
extracellular matrix (ECM) interactions (Massagué, 2008;Ye, 
Weinberg, 2015).

In addition to molecular inducers of EMT, the important 
role of hypoxic conditions has been shown. Hypoxia activates 
EMT via the binding of the hypoxia-inducible factor (HIF-1) 
to the promoters of genes responsible for EMT activation. 
HIF-1 has been shown to increase the expression of the tran-
scription factors genes of the zinc finger motif family such as 
ZEB1, Snail and SLUG. Overexpression of these factors is 
associated with the mesenchymal phenotype and a decrease 
in the abundance of epithelial cell markers – E-cadherin and 
type 1 tight junction protein (TJP1 or ZO-1) (Nushtaeva et 
al., 2019; Tam et al., 2020).

Endothelial cells of tumor vessels can undergo an endo-
thelial-mesenchymal transition (EndMT) and acquire the 
phenotype and functional features of CAFs with the loss of 
endothelial cells molecular markers, such as the endothelial 
cell/platelet adhesion molecule (CD31), and the acquisition of 
markers specific for mesenchymal cells, such as α-SMA and 
fibroblast specific protein 1 (FSP-1) (Zeisberg et al., 2007).

An important component of breast cancer stroma are 
adipose cells, which can transform into tumor-associated 
adipocytes, and then into CAFs. Such changes are accompa-
nied by an increase in the expression of molecular markers 
of mesenchymal cells, including, PPARG (receptors induced 
by peroxisome activators gamma), RUNX-2 (transcription 
factor containing the Runt type 2 DNA-binding domain), and 
SOX9 (transcription factor of the HMG family DNA-binding 
proteins) (Bochet et al., 2013; Liu et al., 2021).

Using the model of prostate cancer, it was shown that 
mesenchymal stem cells (MSCs) can differentiate into CAFs 
after the activation of the chemokine receptor type 6 (CXCR6) 
by its ligand CXCL16. Moreover, the activation of CXCR6 
results in the secretion of stromal factor-1 (CXCL12) involved 
in EMT (Jung et al., 2013). Weber and colleagues also showed 
that the extracellular structural protein osteopontin (OPN), 
which plays a key role in bone formation, activates TGF-β 
gene expression in integrin-dependent MSCs to maintain the 
phenotype of CAFs in breast cancer. Interestingly, even spe-
cialized cells such as Ito cells in the liver, pancreatic stellate 
cells, and mammary myofibroblasts can acquire the phenotype 
of CAFs (Weber et al., 2015). These examples illustrate a wide 
range of cells that, responding to the molecular changes in 
a tumor, are able to acquire the CAFs’ phenotype and, as a 
consequence, be involved in tumor homeostasis.
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Epithelial phenotype

Tumorigenity

Е-cadherin
Cytokeratins

ЕрСАМ
Occludin
Claudins
Mucins

N-cadherin
Vimentin
Mel-САМ

CD90
S100A4
α-SMA

Basal membrane

Mesenchymal phenotype

Invasiveness
EMT

MET

Metastasis

Drug resistance

EMT inductors

Growth factors TGF-β/SMAD Hypoxia (HIF-1) ECM/integrins Inf lammation (NF-κB)

Table 1. The inducers of CAFs phenotype  

Inductor Activation pathway References 

TGF-b CLIC4/Arf6 Calon et al., 2014

FGF RAS/MAPK, PI3k/AKT Bordignon et al., 2019;  
Mossahebi-Mohammadi et al., 2020

PDGF PI3k/AKT Yoshida, 2020

HSF-1 TRiC/CCT Scherz-Shouval et al., 2014;  
Grantham, 2020

Notе. PDGF – platelet derived growth factor; HSF-1 – heat shock factor 1; CLIC4/Arf6 – intracellular chloride channel 4, ADP-ribosylation 
factor 6; RAS/MAPK – mitogen activated protein kinase; PI3k/AKT – phosphoinositide 3-kinase, alpha serine/threonine protein kinase; 
TRiC/CCT is a chaperonin containing TCP-1.

Fig. 1. Cellular and molecular changes during EMF and MET.

EpCAM – epithelial adhesion molecule; Mel-CAM – melanoma adhesion molecule; α-SMA – alpha smooth muscle actin; HIF-1 – hypoxia 
inducible factor 1.

Markers of cancer-associated f ibroblasts
The involvement of CAFs in carcinogenesis and tumor pro-
gression makes them a potential target for the development 
of novel therapeutic approaches. A potentially clinically 
significant marker of CAF is the transmembrane mucin-like 
protein podoplanin (PDPN) (Table 2); to date, PDPN has been 
described as a marker of lymphoid capillary progenitor cells 
and CAFs in lung cancers. Expression of podoplanin was 
showed in 54 (30.5 %) out of 177 CAFs’ populations studied in 
the work of  Yurugi et al. Interestingly, all podoplanin-positive 
CAFs correlated with invasiveness of adenocarcinomas, while 
a podoplanin-negative phenotype was shown only in non-
invasive adenocarcinomas (Yurugi et al., 2017). 

Platelet-derived growth factor receptors α/β are important 
markers of CAFs. PDGFRα/β belong to the 3rd class of 
tyrosine kinases and are activated by interaction with the 
PDGF ligand. PDGFR regulates the organogenesis of vari-
ous systems during embryogenesis; however, the significance 

of the PDGFRα and -β receptors activation in tumors is still 
poorly understood. It has been shown that the expression of 
the PDGFRβ receptor is increased in the tumor microenvi-
ronment cells, where platelet growth factor activates CAFs 
and, probably, stimulates cancer progression (Anderberg et 
al., 2009). PDGFRα-positive CAFs have been found in the 
stroma of melanoma, suggesting that these CAFs originate 
from resident fibroblasts as a result of their activation (Lynch, 
Watt, 2018). Serum amyloid A (SAA-1) protein is one of the 
potential targets of CAFs; its expression and involvement 
in tumor progression has been shown in CAFs from gastric 
tumors (Yasukawa et al., 2021).

In the search for specific markers of the tumor stroma cells, 
among the CAFs of prostate adenocarcinoma, an increased 
content of the surface protein with a single V-domain of im-
munoglobulin (CD90), initially found on T cells and neurons, 
was identified as a specific marker. The high level of CD90 on 
the cell surface differentiates the tumor-associated stroma and 
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Table 2. Potential molecular markers of CAFs

CAFs’ markers Presence in tumors References

α-SMA Breast cancer Yang et al., 2021

SAA-1 Stomach cancer Yasukawa et al., 2021

Osteopontin Breast cancer Weber et al., 2015

Caveolin-1 Breast cancer: luminal (overexpression), basal (poor expression) Witkiewicz et al., 2009; Goetz et al., 2011

PDGFRα/β Breast cancer, melanoma Jansson et al., 2018; Lynch, Watt, 2018

CD90 Prostate cancer, breast cancer, lung cancer True et al., 2010; Lobba et al., 2018

Podoplanin Lung cancer Yurugi et al., 2017

Metalloprotease Head-and-neck cancer Glentis et al., 2017

S100A4 Breast cancer Grum-Schwensen et al., 2005

Notе. α-SMA – alpha-smooth muscle actin; PDGFRα/β – platelet-derived growth factor receptors α/β.

“benign” stroma. Since CD90 expression was shown only in 
tumor associated fibroblasts, this marker is a potential target 
for therapy (True et al., 2010).

Certain CAFs proteins can be prognostic markers of tumor 
invasiveness. One of these markers is a protein from the fa-
mily of low molecular weight calcium-binding proteins of 
the S100 – S100A4 family (Fei et al., 2017). S100 family 
proteins have both intracellular and extracellular activity 
due to maintaining the calcium balance and Ca2+-dependent 
processes. S100A4 activates a cascade of reactions associated 
mainly with the secretion of pro-inflammatory cytokines and 
the expression of growth factors, extracellular matrix pro-
teins, metalloproteinases, and others. Intracellular activity of 
S100A4 is of particular interest, and is associated with the 
enhancement of the invasive capabilities of tumor cells, their 
escape from apoptosis, and the stem phenotype of the cells 
(Ambartsumian et al., 2019). During the study of the role of 
S100A4 in tumor progression, it was shown that suppression 
of S100A4 decreased tumor growth (Joyce, Pollard, 2009; 
Grum-Schwensen et al., 2015). The role of stromal cells that 
secrete S100A4 was shown in the MMTV-PyVmT mouse 
model with the S100A4 knocked-out gene during orthotopic 
co-transplantation of CSML100 mouse mammary adenocar-
cinoma cells and MEF mouse embryonic fibroblasts. MEF 
cell lines were obtained by spontaneous immortalization of 
primary embryonic fibroblasts from mouse embryos with the 
S100A4+ and S100A4– phenotypes. Upon co-transplantation 
of tumor cells and fibroblasts with the S100A4– phenotype 
in syngeneic mice, no metastases were formed, however, 
upon transplantation of S100A4+ fibroblasts, the metastatic 
potential of tumor cells returned. S100A4+ fibroblasts were 
characterized by increased mobility and invasiveness com-
pared to S100A4– fibroblasts, as well as the ability to secrete 
S100A4 into the tumor microenvironment (Grum-Schwensen 
et al., 2005).

To date, it is clear that the expression of certain CAFs 
markers does not unambiguously predict the aggressiveness 
of the tumor. For example, the loss of caveolin-1 in breast 
cancer CAFs has been shown to be associated with a poor 
prognosis because the population of these cells stimulates the 

growth of triple negative (ER-/PR-/HER2-) breast cancer cells 
(Witkiewicz et al., 2009). In a parallel study, the expression of 
caveolin-1 in the breast cancer CAFs stimulated the remodel-
ing of the tumor microenvironment, thereby facilitating the 
invasion of malignant cells and an increased invasiveness level 
correlated with the metastatic potential of the tumor (Witkie-
wicz et al., 2009; Goetz et al., 2011). These contradicting 
re sults indicate the diverse role of caveolin-1 in histologically 
different tumors. More studies should be made to determine 
caveolin-1 as a tumor prognostic marker.

Role of cancer-associated f ibroblasts  
in tumor progression
CAFs-dependent stimulation of the tumor cells proliferation 
and their invasion is of particular interest in the study of 
tumor. This interest is primarily due to the fact that even in 
the precancerous phenotype of epithelial cells, some resident 
fibroblasts are already transformed into CAFs (Liotta, Kohn, 
2001). Fibroblasts from intestinal tumors and polyps were 
a good model to confirm the contribution of stromal cells to 
tumor growth and progression. These fibroblasts were shown 
to stimulate the proliferation of tumor and polyp cells (Mu-
kaida, Sasaki, 2016).

The interaction of tumor epithelial cells with CAFs was 
analyzed by comparing the histological picture of various 
types of gastric cancer. In a study by Orimo and Weinberg, 
it was demonstrated that in the case of diffuse gastric cancer, 
CAFs and epithelial cells are more closely spaced, while in 
the intestinal type, CAFs form a stroma-like matrix, due to 
which tumor epithelial cells retain their glandular structure 
(Orimo, Weinberg, 2006).

Using the model of heterogeneous 3D spheroids, consisting 
of breast cancer epithelial cells and fibroblasts, Dang and col-
leagues showed that CAFs stimulated the migration of tumor 
cells of basal breast cancer (ER-/PR-/HER2-). Interestingly, 
this effect was not observed in the models of luminal breast 
cancer types (ER+/PR+/HER2+, ER+/PR+/HER2-) (Dang 
et al., 2011). These data are consistent with clinical observa-
tions indicating a higher percentage of metastasis in triple-
negative breast cancer compared with other types of breast 
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CAFs’ activation EMT 
activation

TGF-β

TGF-β
FGF
PDGF

Neuropilin-1

Fibroblast-like cells in stroma

Tumor epithelial cells

Fibroblast-like cells with the phenotype  
of cancer-associated f ibroblasts (CAFs)

Tumor epithelial cells undergoing  
epithelial-to-mesenchymal transition (EMT)

Fig. 2. The interactions of cancer epithelial cells and stromal elements in the tumor.

TGF-β – transforming growth factor-β; FGF – fibroblast growth factor; PDGF – platelet growth factor.

tumors. However, which factors make cells of basal breast 
cancer sensitive to CAFs stimulation remain undiscovered 
(Al-Mahmood et al., 2018).

In order to reach the blood and lymphatic streams, tumor 
cells should pass through the basement membrane (BM), sepa-
rating them from connective tissue and vessels. Thus, CAFs 
are able to synthesize metalloproteinases – endopeptidases 
capable of destroying proteins of all types of the BM extracel-
lular matrix (Gonzalez-Avila et al., 2019). In 2017, Glentis and 
colleagues revealed a metalloproteinase-independent CAFs-
supported overcome of BM by tumor cells. They demonstrated 
the ability of CAFs to stretch BM with the formation of pores, 
and through these pores, epithelial tumor cells and CAFs can 
migrate into the bloodstream and form metastases in distant 
organs. Interestingly, BM regions with low expression of 
la minin and type IV collagen exhibited the highest tendency 
for stretching (Glentis et al., 2017). This alternative CAFs-
de pendent migration pathway explains the ineffectiveness of 
the metalloproteinase inhibitors application in patients with 
head and neck tumors.

The paracrine secretion of IL-1α by CAFs in bladder cancer 
with further activation of the Wnt pathway in tumor cells is 
the perfect illustration of the pro-carcinogenic role of CAFs 
(Yang et al., 2021). Moreover, bladder cancer СAFs secret-
ing IL-8 are able to stimulate the secretion of neuropilin-1, 
which enhances the proliferation of tumor cells and is one 
of the potential prognostic markers of malignancy (Chen C. 
et al., 2020). Interestingly, recent studies have shown that 
neuropilin-1 may be a co-factor in the induction of EMT 
(Chen Z. et al., 2020).

Paracrine stimulation of the epithelial-mesenchymal transi-
tion in tumor epithelial cells by CAFs is an important factor 
contributing to tumor progression. The central mechanism of  
EMT in the tumor is the TGF-β/Smad pathway activation, 
induced by TGF-β from stromal fibroblasts (Fig. 2) (Yu et al., 
2014). The Smad factor is a transcription factor that controls 
the expression of EMT genes. Vered and colleagues showed 
that cells with EMT markers are found in primary foci of 
squamous cell carcinoma of the tongue as well as in regional 
lymph nodes metastases. This confirms the importance of 

CAFs in the induction of metastasis and in the formation of 
a secondary tumor node (Vered et al., 2010).

The central mechanism of the EMT activation in ovarian 
cancer is the induction of the CXCR4/Wnt/β-catenin pathway 
in tumor epithelial cells. CAFs secreting stromal growth fac-
tor-1 (SDF-1 or CXCL12) have been shown to be the major 
players in this process. Moreover, SDF-1 is also interlinked 
with the resistance of tumor cells to chemotherapeutic agents 
such as cisplatin (Zhang et al., 2020).

In 2020, Franzè and colleagues demonstrated the activation 
of CAFs phenotype in normal fibroblasts from rectal polyps 
co-cultured with CAFs. They showed that CAFs derived 
from colorectal tumors can secrete IL-34, which in normal 
fibroblasts activates the expression of CAFs markers such 
as α-SMA, vimentin, and fibroblast activating protein (FAP) 
(Franzè et al., 2020).

Even though most of the described functions of СAFs are 
associated with the stimulation of tumor progression, some 
authors also describe СAFs as tumor-suppressing players. For 
example, the subpopulation of CAFs expressing the melanoma 
adhesion molecule (CD146) in breast tumors correlated with 
a retarded cell proliferation in estrogen-dependent types of 
breast cancer (Brechbuhl et al., 2017). Since CAFs secrete 
cytokines involved in the recruitment and maturation of 
macrophages, T-lymphocytes and natural killer cells (IL-10, 
TGF-β, TNF, IFN-γ and IL-6), they increase the availability 
of the tumor to immune cells and promote antitumor immune 
response (Marlow et al., 2008). In the study of oral cancer, 
it was also shown that CAFs can suppress the proliferation 
of tumor cells. In particular, the population of CAFs secret-
ing Bone Morphogenetic Protein 4 (BMP4) and expressing 
α-SMA inhibited the proliferation of cancer stem cells (CSC) 
(Patel et al., 2018). Using the mice model with a predisposition 
for the development of pancreatic cancer, Rhim and colleagues 
exhibited the role of CAFs in cancer progression. They ex-
cluded the α-SMA-positive population of CAFs or CAFs with 
inhibited Hedgehog signaling pathway. These modifications 
suppress the growth of pancreatic ductal adenocarcinoma. 
Histological analysis of tumors revealed abnormalities in the 
vessel’s formation (Rhim et al., 2014).
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These examples demonstrate the tumor-suppressing func-
tion of CAFs only in high differentiated cancers with no 
similarity in undifferentiated ones. It can be assumed that 
apart from origin and tissue of the affected organ, the function 
of CAFs is determined by the differentiation stage of cancer 
cells (Bu et al., 2019).

Isolation of CAFs for research purposes
Cell cultures obtained from patients’ tumors after surgery are 
most often used to study the properties of CAFs. It is necessary 
to establish new CAFs cell cultures, since in vitro CAFs tend 
to age rapidly, and the possibilities of their use are limited 
by early passages (Taddei et al., 2014). Moreover, in com-
mercially available cell collections American Type Culture 
Collection (ATCC), European Collection of Authenticated 
Cell Cultures (ECACC), Russian collection of cell cultures, 
etc. cell lines with the CAFs phenotype are limited. For in-
stance, in ATCC, only one CAFs cell line is available. This 
cell culture originates from the prostate adenocarcinoma and is 
modified by the introduction of the telomerase transgene under 
the control of the constitutive promoter of the polyoma virus 
SV40 hTERT PF179T CAF. This modification of fibroblasts 
is aimed at maintaining the proliferative properties of CAFs 
(Madar et al., 2009).

To obtain cell cultures from tumor tissue, mechanical dis-
aggregation, enzymatic dissociation, chelation and their com-
bination are used. Trypsin and type IV collagenase are most 
often used to destroy the stroma of tumor tissue. The choice of 
what technique to use should consider the histological origin 
of the tissue of interest. When tissue disaggregated, CAFs can 
represent a small population of cells and obtaining a mono-
culture requires an additional stage of their separation from 
the total cell mass. In order to isolate a particular population 
of CAFs, magnetic separation, or FACS of cells with immu-
nostaining of specific CAFs markers such as FAP or α-SMA 
are used (Sharon et al., 2013; Huang et al., 2017; Sha et al., 
2018). The main difficulty in isolating CAFs lies in adapting 
protocols for vital staining of intracellular markers such as 
α-SMA, FAP, and vimentin. Therefore, it is highly desirable 
to include surface markers such as CD90 in the analysis.

Conclusion
Clear understanding the tumor microenvironment role is 
crucial for the development of new approaches in cancer di-
agnostics and treatment. The multifaceted influence of CAFs 
on tumor progression makes them an important object for the 
study of carcinogenesis and the development of new antitumor 
agents. The use of drugs targeted to the components of the 
tumor microenvironment has not demonstrated efficacy for 
anti-metalloproteinase compounds and angiogenesis inhibi-
tors as well as T-cell immunity checkpoints inhibitors in some 
types of cancer (Wang-Gillam, 2019). The heterogeneity of 
the molecular phenotypes of CAFs can be an important factor 
in the failure of CAF-targeted cancer treatment. The scientific 
community should develop more detailed classifications of 
various subtypes of CAFs considering their involvement in 
tumor progression.

Thus, a detailed classification of CAFs and a study of the 
functions of each phenotypic subgroup may provide im-

portant knowledge for the development of new methods 
for the CAF-related treatment and diagnosis of oncological  
diseases.
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Abstract. The generic complex Miscanthus Anderss. (Poaceae) is a unique example among herbaceous plants charac-
terized by high values of growth of aboveground vegetative mass and practical use as a valuable source of alternative 
energy. Miscanthus is one of the most eff icient solar energy accumulators, and since phytomeliorative use implies the 
cultivation of these resource plants in inconvenient and semi-shady areas, the question about the effect of insuff icient 
lighting on the productivity of Miscanthus arises. As a result of a long-lasing introduction effort, the Central Siberian 
Botanical Garden SB RAS created a population of Miscanthus saccharif lorus (Maxim.) Benth., which has good prospects 
for growing under the conditions of the forest-steppe area in Western Siberia. The goals of our study were: (1) to deter-
mine the peculiarities of shoot formation, (2) to assess the cellulose and lignin accumulation in M. saccharif lorus popu-
lations under different lighting conditions and (3) to perform a DNA passportization of the Miscanthus population by 
ISSR marking. Evaluation of shoot formation and the amount of accumulated cellulose and lignin in plants was carried 
out under different degrees of illumination: one variant was grown in a sunny area, and the other, in partial shade. As 
a result of analysis of variance, it was found that the number of shoots does not depend on environmental conditions, 
but on the age of the plant, while environmental conditions have a signif icant effect on plant height. Although the 
samples of both M. saccharif lorus variants were characterized by different rates of creation of a continuous projective 
cover, plants in semi-shaded areas formed up to 89.34 % of shoots compared to their peers in illuminated areas, which 
did not affect signif icantly the size of the aboveground mass and the cellulose content in it. As a result of ISSR-analysis 
of genomic DNA in the M. saccharif lorus population, unique molecular polymorphic fragments were identif ied, which 
can be used for identif ication and DNA passportization at the inter-population level. Thus, the complex use of M. sac-
charif lorus as a valuable meliorative and bioenergetic culture is due to the high adaptive potential of this species. It was 
found that the illumination factor has virtually no effect on the amount of the cellulose content in the shoot, and a re-
duced content of the technologically undesirable lignin was observed in plants growing in the partial shade conditions.
Key words: Miscanthus; bioenergy; cellulose; lignin; shoot formation; DNA passportization; ISSR markers.
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Аннотация. Уникальным примером травянистых растений, характеризующихся высокими значениями нарас та-
ния надземной вегетативной массы и практическим применением в качестве источника альтернативной энер-
гетики, является родовой комплекс Miscanthus Anderss. (Poaceae). Мискантус относится к числу наиболее  эф-
фективных аккумуляторов солнечной энергии, и поскольку фитомелиоративное использование подразумевает 
выращивание этих ресурсных видов на неудобьях и полутенистых участках, то встает вопрос о влиянии недо-
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статочного освещения на показатели продуктивности мискантуса. В результате длительной интродукции в Цент-
ральном сибирском ботаническом саду СО РАН создана перспективная для условий лесостепи Западной Сибири 
популяция Miscanthus saccharif lorus (Maxim.) Benth. Целью данного исследования было изучение особенностей 
побегообразования, оценка целлюлозы и лигнина в популяциях M. saccharif lorus при различных условиях осве-
щенности и паспортизация перспективной популяции с помощью ISSR-маркиров. Оценка побегообразования и 
количества накапливаемой целлюлозы и лигнина у растений проводилась в зависимости от освещенности (один 
вариант выращивался на солнечном участке, а другой – в полутени). В результате дисперсионного анализа уста-
новлено, что число побегов зависит не от экологических условий, а от возраста растения, в то время как на высо-
ту растений существенно воздействуют экологические условия. Несмотря на то что для образцов обоих вариан-
тов M. saccharif lorus была характерна различная скорость создания сплошного проективного покрытия, растения 
на полутенистых участках образовывали до 89.34 % побегов в сравнении с растениями на освещенных участках, 
что не оказывало существенного влияния на величину надземной массы и содержание в ней целлюлозы. В ре-
зультате электрофореза геномной ДНК в популяции M. saccharif lorus при амплификации с пятью ISSR-праймерами 
выявлены уникальные молекулярные полиморфные фрагменты, которые были применены для идентификации и 
паспортизации данной популяций. Таким образом, комплексное использование M. saccharif lorus в качестве средо-
улучшающей и биоэнергетической культуры обусловлено высоким адаптивным потенциалом вида. Обнаружено, 
что фактор освещенности практически не влияет на количество целлюлозы в стебле, а пониженное содержание 
технологически нежелательного компонента, лигнина, отмечено при выращивании в условиях полутени.
Ключевые слова: род Miscanthus; биоэнергетика; целлюлоза; лигнин; побегообразование; паспортизация; ISSR-
маркеры.

Introduction
Over the past two decades, species of the genus Miscanthus, 
also known as elephant grass, have become one of the plant 
objects that are practically inexhaustible sources of renewable 
raw materials for the production of glucose, which is a basic 
product for many developments in the field of alternative 
energy (Slynko et al., 2013). Miscanthus is one of the most 
efficient solar energy accumulators on the planet (Dohleman, 
Long, 2009). According to physiological researches, Miscan-
thus species have high productivity potential. The production 
of up to 40 tons of dry biomass per hectare is associated with 
the C4 type of photosynthesis, which is characteristic for these 
species. Unlike most traditionally cultivated C4 plants, such 
as sugarcane and corn, Miscanthus is able to maintain a high 
rate of photosynthesis even under relatively low temperatures 
(Naidu et al., 2003; Anisimov et al., 2016). This explains the 
high productivity of this grass grown in more severe than 
natural climatic conditions for the purpose of economic use 
as a technical (bioenergetic) crop in the forest-steppes of 
Western Siberia. Phytomeliorative use implies the cultivation 
of a resource species in inconvenient and semi-shady areas. 
In particular, this also applies to M.  saccharif lorus plants 
for photosynthesis, which requires a significant influx of 
photosynthetically active radiation. There is almost no data 
concerned with M. saccharif lorus usage as resource plants 
in semi-shady areas.

Currently, the problem of genetic identification of wild plant 
species and their populations is extremely urgent and is at the 
initial stage of development, although genetic passportization 
is believed to be an important stage required for registration 
and certification of new varieties (Kalayev et al., 2012).

The basis of selecting forms or varieties for the purpose of 
genetic passportization is to mark genetically determined char-
acteristics using molecular methods. Some protein molecules 
like storage proteins or isozymes, or specific DNA loci can 
be used as molecular markers (Naeem et al., 2014; Chelyust-
nikova et al., 2019). Passportization of varieties and hybrids 
of many agricultural plants and crops was carried out using 

ISSR and IRAP markers (Sukhareva, Kuluev, 2018), as well 
as molecular certification of rare and endemic plant species 
and their natural populations like two species of Adonis, 
A. vernalis and A. sibirica (Boronnikova, 2009). On the basis 
of this technique, I.V. Boboshina, S.V. Boronnikova received 
a patent for the invention “Method of molecular-genetic iden-
tification of woody plant species populations” (Boboshina, 
Boronnikova, 2014). To identify raw materials of medicinal 
plants by roots or other plant tissues, DNA and chemical 
markers are used, since they are not tissue-specific and have 
a high resolution power and accuracy (Wallinger et al., 2012; 
Ganiea et al., 2015). However, we found no literature data 
on the molecular certification of promising populations and 
varieties of Miscanthus.

Consequently, the goals of the present study were: (1) to 
determine the specific shoot formation in M. saccharif lorus 
populations under different environment conditions, (2) to as-
sess the cellulose and lignin accumulation in various lighting 
conditions and (3) DNA passportization of M. saccharif lorus 
population by ISSR marking.

Materials and methods
The experimental plots of the Central Siberian Botanical 
Garden (CSBG SB RAS, Novosibirsk, Russia) are located in 
the forest-steppe part of  Western Siberia, which belongs to the 
IV lighting zone and, in terms of the total number of hours of 
sunshine, it is close to Krasnodar and Yalta. The object of the 
study was a selective population of M. saccharif lorus, iden-
tified as a result of many years of introduction experiments, 
which was formed from material collected in the Khasansky 
district of Primorsky Krai. One sample from this population 
was grown in partial shade (sample 1), and the other sample 
(sample 2) was grown in an open, well-lit area. The control 
(sample 3) was the introduction population of  M. sacchari f lo-
rus, from which selections were made to study the features 
of shoot formation..

Experimental individuals were planted in 2017 on plots 
2×2 m in size in four replicates. Sample 1 was placed in the 
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Specific shoot formation in Miscanthus sacchariflorus 
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Table 1. Characteristics of ISSR primers tested  
and selected (in bold) for the study of genetic polymorphism  
of M. saccharif lorus population  

 No. Nucleotide sequences,  
5’–3’

Temperature  
of annealing, °С

1 (CA)6GT 42

2 (CA)6GG 42

3 (CA)6AG 47

4 (CT)8GC 48

5 (CT)8TG 51

6 (AC)8YG 55

7 (CT)8AC 48

8 (AC)8CG 47

9 (AG)10G 64

10 (CA)6RG 49

11 (CTC)3GC 42

12 (CA)6AC 42

13 (CAC)3GC 41

14 (GACA)4 45

15 (GT)6GG 48

16 (GAA)6 48

penumbra (factor A0), and sample 2 – in an open, well-lit 
place (factor A1). On the plots, 1 rhizome (rhizome piece) 
with 5 shoots was planted in each of the staggered 16 holes 
(4 luns/m2). Thus, the total number of shoots during planting 
was 20 shoots/m2. Sample 3 (control) represented a continuous 
perennial clump located in an illuminated place. In autumn, 
at the end of the vegetation season, we carried out continuous 
pruning of the plants, leaving the height of the shoots 15 cm 
from the soil level.

Subsequently, at the end of the growing seasons, the number 
of shoots was counted for the plants generated from rhizomes: 
for 2-year-old plants in 2018 (factor B0), and for 3-year-old 
plants in 2019 (factor B1). The results of the two-factor experi-
ment were processed by the method of variance described by 
Dospekhov (1985).

The dynamics of growth and shooting of M. saccharif lorus 
was studied by the method of phenological observations, car-
rying out biometric measurements and counting the number 
of shoots formed during three growing seasons.

The chemical composition was studied in 2019 in the aerial 
part of the Miscanthus, cut off at a distance of 10–15 cm from 
the ground. Before performing the chemical analysis, the raw 
material was dried in air to minimize the moisture content 
(less or equal 8 %) and grinded up to a size of 5–10 mm. The 
chemical composition of plant materials was determined by 
standard analytical methods using the equipment of the Biysk 
Regional Center for Collective Use (Institute for Problems of 
Chemical and Energetic Technologies SB RAS, Biysk, Rus-
sia). The determination of the mass fraction of cellulose was 
carried out using the Kurschner method (in terms of absolutely 
dry raw material – a.d.m.), with the determination of the mass 
fraction of acid-insoluble lignin (a.d.m.), the mass fraction of 
pentosans (a.d.m.), ash content (a.d.m.), the mass fraction of 
extractives – fatty wax fraction (FWF) (extractant – dichloro-
methane, a.d.m.), according to the standard analysis of plant 
raw materials (Obolenskaya et al., 1991).

Extraction of genomic DNA from dried leaves was per-
formed by the CTAB method (Doyle J.J., Doyle J.L., 1990). 
DNA concentration was determined spectrophotometrically 
using a BioSpectrometer kinetic and a μCuvette G1.0 mi-
crocuvette (Eppendorf, Germany).

For molecular analysis of populations, 16 ISSR (inter simple 
sequence repeats) oligonucleotides (primers) were tested. 
The most polymorphic five oligonucleotides were selected 
to obtain molecular genetic formulas (Table 1).

PCR was carried out under the following conditions: 
(1) DNA denaturation: 90 s at 94 °C; (2) 35 amplification 
cycles: 40 s at 94 °C, 45 s at 41–56 °C (primer annealing) and 
90 s at 72 °C; (3) elongation: 5 min at 72 °C. The PCR mixture 
with a volume of 25 μL consisted of 2.7 mM MgCl2, 1.25 mM 
primer, 0.4 mM dNTPs, 2.5 μL 10× PCR buffer, 1 unit of Taq 
DNA polymerase and 20 ng genomic DNA. PCR was per-
formed on a Thermal Cycler C1000 amplifier (Bio-Rad, USA). 
Electrophoretic analysis of ISSR-PCR products was carried 
out in 1 % agarose gel. The amplified fragments were stained 
with SYBR-Green (ThermoFischer Scientific). Visualization 
and recording of the separated PCR fragments was carried out 
using the Gel-Doc XR+ gel documentation system and the 
ImageLab Software Imaging System (Bio-Rad).

Molecular genetic formulas for the passportization of the 
M.  saccharif lorus population were drawn up according to 
the principle proposed by A.A. Novikova and co-authors 
(Novikova et al., 2012). Statistical analysis was carried out 
using the MS Excel program.

Results
Under experimental conditions, M.  saccharif lorus plants 
regrowth and further development was observed in the third 
decade of May – first decade of June, 2018. No active growth 
of the vegetative mass was noted in the third decade of May 
since the air temperature did not exceed 9.6 °C (Fig. 1). 
Starting from the second decade of June, with an increase in 
temperature, the number of shoots rose due to active tillering 
and intensive growth rates.

From the meteorological point of view, 2019 was favorable 
for the elephant grass. The average temperature in May was 
10.8 °С, which contributed to active vegetation. Further, in 
plants with a well-developed and successfully overwintered 
underground shoot system, an aboveground part was formed, 
resembling a clearly polycentric biomorph: diasporas are 
formed on the plagiotropic shoots of this species, at the mo-
ment of the appearance of their own root system they are fixed, 
maintaining a connection with the mother plant.

In June, the temperature slowly increased without drops (see 
Fig. 1), the tillering process took place from July (especially 
during the period of maximum precipitation) to the beginning 
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Fig. 1. Hydrothermal conditions of the growing seasons 2018–2019.

Dispersion Sum of 
squares

Freedom 
level

Medium 
square

Ffact F0.5

Common dispersion 2555.3 15 – – –

Lighting conditions (А) 69.7 1      69.7    1.0 4.75

Age of rhizomes (В) 1624.1 1 1624.1 22.7 4.75

АВ interaction 4.1 1         4.1    0.1 4.75

Remain (mistakes) 857.4 12      71.5 – –

Table 2. Results of the variance analysis  
of a two-factor experiment to study the inf luence  
of environmental conditions and the age of rhizomes  
on the number of shoots of  M. saccharif lorus 

Lighting 
conditions (А)

Age of 
rhizomes (В)

Number of shoots, Х

 I II III IV

А0 В0    8.3 12.0    8.0 8.8

В1 22.8 26.0 27.5 32.0

А1 В0    6.8    8.3 15.0 14.3

В1 20.5 29.3 28.3 56.3

Table 3. Results of the variance analysis  
of a two-factor experiment studying the inf luence  
of environmental conditions and the age of rhizomes  
on the height of M. saccharif lorus plants

Lighting 
conditions (А)

Age of 
rhizomes (В)

Height of plants, Х

 I II III IV

А0 В0    96.5 116.0 107.8 136.3

В1 115.5 140.3 172.3 175.0

А1 В0 112.3 138.5 129.5 130.3

В1 139.0 166.3 182.0 190.8

Dispersion Sum of 
squares

Freedom 
level

Medium 
square

Ffact F0.5

Common dispersion 12 394.4 15 – – –

Lighting conditions (А) 6162.2 1 6162.2 14.3 4.75

Age of rhizomes (В) 1040.1 1 1040.1    2.4 4.75

АВ interaction 27.6 1      27.6    0.1 4.75

Remain (mistakes) 5164.5 12   430.4 – –

of August. Plants in all variants formed a greater number of 
shoots during the 2019 growing season than in 2018. In the 
second half of August, the activity of the tillering process 
correlated with the temperature and humidity level (22 mm of 
precipitation – 33 % of the norm). Plants reduced the produc-
tivity of the vegetative mass and started generative processes. 
At this time, active elongation of shoots was observed due to 
the increase in a hollow peduncle, the formation of an upper 
“flag” leaf and the appearance of panicle inflorescences, which 
lead to growth of the vegetative mass of shoots.

To identify the effect of ecological conditions and plant 
age on the shoot formation of M.  saccharif lorus (in 2018 
and 2019), a two-factor analysis of variance was carried out 
(Tables 2 and 3). As can be seen from Table 2, the number 
of formed shoots was significantly influenced by the age of 

rhizomes (B); at the same time, the influences of environmen-
tal conditions (A) and the interaction of factors (AB) were 
insignificant. The factor of ecological conditions (A) has an 
influence on plant height (see Table 3), but the effects of the 
age of rhizomes (B) and the interaction of factors (AB) were 
insignificant.

Thus, as a result of a variance analysis (see Table 2, at 
F = 0.5), it was revealed that the factor of the age of rhizomes 
(B 22.7 > 4.75) has a significant effect on the number of shoots, 
but not the ecological conditions. Meanwhile, the height 
of the plants largely depends on environmental conditions 
(A 14.3 > 4.75), but not on the age (see Table 3).

The control population consisted of perennial plants located 
in a well-lighted place. As is shown on Figure 2, there is 
a little increase in the number of shoots in control plants that 
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Fig. 2. Features of shoot formation of M. saccharif lorus specimens under 
various ecological conditions.
Sample 1 – semi-shade area, sample 2 – well-lighted area, sample 3 (control) – 
perennial plants.

Table 4. Chemical composition of three samples of M. saccharif lorus in 2019

Chemical and technological  
indicators

Sample 1,
Semi-shade area

Sample 2,
Well-lighted area

Sample 3 (control),  
perennial plants 

Stem

Weight, g 339 295 294

Humidity, % 5.7 ± 0.1 5.8 ± 0.1 5.7 ± 0.1

Ash, % 1.91 ± 0.05 1.60 ± 0.05 1.48 ± 0.05

Lignin, % 18.7 ± 0.1 21.3 ± 0.1 25.5 ± 0.1

Cellulose according to Kurschner, % 50.9 ± 0.1 50.1 ± 0.1 52.0 ± 0.1

Pentosans, % 23.2 ± 0.1 23.9 ± 0.1 22.1 ± 0.1

FWF, % 0.8 ± 0.1 1.9 ± 0.1 0.9 ± 0.1

Leaf

Weight, g 180 134 134

Humidity, % 9.3 ± 0.1 7.5 ± 0.1 7.5 ± 0.1

Ash, % 4.74 ± 0.05 4.83 ± 0.05 4.83 ± 0.05

Lignin, % 20.1 ± 0.1 21.7 ± 0.1 21.7 ± 0.1

Cellulose according to Kurschner, % 40.2 ± 0.1 42.2 ± 0.1 42.2 ± 0.1

Pentosans, % 23.8 ± 0.1 23.3 ± 0.1 23.3 ± 0.1

FWF, % 1.9 ± 0.1 1.8 ± 0.1 1.8 ± 0.1

Notе. FWF – fatty wax fraction; the half-width of the conf idence interval was determined at the signif icance level of 0.05.

have previously formed a dense curtain, and, on the contrary, 
intensive shoot formation in young plants (initially represented 
by rhizomes) at the 2nd and 3rd years of life. It was revealed 
that M. sacchariflorus plants in semi-shady areas at 2 years 
of age formed up to 89.34 % of shoots in comparison with 
illuminated areas.

However, sample 1, which has grown in the shade, in 
terms of the number of shoots developed during the second 
(148 shoots) and third (433) years of life, lags behind sample 2 
with 177 and 537 shoots, respectively. The effect of higher 
illumination stimulates tillering in sample 2, which leads to 
quick closing of separately located plants.

Less intense tillering was observed in sample 1 in the pe-
numbra; however, in this case, too, the projective vegetation 
cover in the third year of experiment was quite high – from 
65 to 75 %. Sample 3 has been growing in one place for more 

than 15 years. It is noted that plants actively grew and deve-
loped annually, no degradation phenomena were observed. The 
projective cover was over 70 %. However, the possibilities of 
intensive shoot formation were practically exhausted, there-
fore, in 2019, the increase in the number of shoots compared 
to 2018 was only 9.06 % (816 and 890 shoots). For sample 1 
located in the semi-shade area, this increase was 192.57 % 
(148 and 433), and for sample 2 located in the well-lighted 
area – 203.40 % (177 and 537).

Chemical analysis of these three samples, carried out on 
the material of M. saccharif lorus in 2019, separately on the 
stems (since the stem cellulose is valued higher) and leaves, 
showed that the cellulose content in the penumbra (50.9 %) 
was higher than in the illuminated area (50.1 %). Reduced (by 
12 %) content of a technologically undesirable component 
lignin was noted in the least economically valuable semi-
shady area (Table 4). This could be caused by the fact that 
tissue differentiation of shoots, including lignification, occurs 
more intensively in sufficient illumination.

The mass fraction of cellulose in the leaf regardless of the 
light conditions (40.2 % in the partial shade area and 42.2 % in 
the sunny area) is significantly lower than in the stem, which 
is in good agreement with the previously obtained results 
(Gismatulina et al., 2019). Similarly to the stem, the mass 
fraction of lignin is 7.6 % lower in the partial shade area than 
in the sunny area. The mass fractions of pentosans, FWF, and 
ash are approximately at the same level both in the stem and in 
the leaf, regardless of the lighting conditions of the plantation.

As a result of electrophoresis of PCR products of genomic 
DNA in the M. saccharif lorus population obtained by am-
plification with five selected ISSR primers, a high genetic 
polymorphism of the studied objects was found (Fig. 3).
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Fig. 3. PCR-ISSR prof ile of M. saccharif lorus generated from amplif ication 
with the primers (CA)6AG and (CT)8GC.

The track numbers correspond to the samples: 1 – M. saccharif lorus (No. 1), 
M1 and M2 – molecular weight markers. 

Table 5. ISSR markers used in the study to identify the molecular formula of M. saccharif lorus population  

Primer, 5’–3’ Number of specif ic markers* Length of polymorphic phragments, bp

(CA)6AG 2/8 (25 %) (CA)6AG925, (CA)6AG980

(CT)8GC 4/7 (57 %) (CT)8GC600, (CT)8GC690, (CT)8GC780, (CT)8GC940

(CT)8TG 1/3 (33 %) (CT)8TG1060

(CT)8AC 4/7 (57 %) (CT)8AC690, (CT)8AC800**, (CT)8AC1030, (CT)8AC1390

(AC)8YG 4/13 (31 %) (AC)8YG650, (AC)8YG975, (AC)8YG1470**, (AC)8YG2000

  * Total number of markers (denominator), number of unique markers (numerator) and their percentage (in brackets).
**  ISSR markers with a weak f luorescent signal.

1 1M1

(CA)6AG (CT)8GC

M1M2 M2
3000
2500

2000
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1500

1000
900
800
700

750
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From one to four specific molecular markers (unique 
PCR fragments) were identified (Table 5). As follows from 
Table 5, the length of polymorphic fragments in ISSR analysis 
ranged from 660 to 2000 bp. The identified unique molecular 
polymorphic fragments representing sequences of a certain 
length were selected for passportization of M. saccharif lorus 
population.

Thus, taking into account the genetic formula proposed 
by A.A. Novikova with co-authors for Rhododendron  ca-
nadense (Novikova et al., 2012), the genetic formula for 
the M.  saccharif lorus population will be the following: 
ISSR/(CA)6AG-925,980/(CT)8GC-600,690,780,940/
( C T ) 8 T G - 1 0 6 0 / ( C T ) 8 A C - 6 9 0 , 8 0 0 , 1 0 3 0 , 1 3 9 0 /
(AC)8YG-650,975,1470,2000.

Discussion
The study of the specificity of shoot formation in M. sac-
charif lorus introduced into CSBG under the conditions of 
the continental climate of Western Siberia showed that early 
generative development of plants is undesirable for growing 
this species as a bioenergetic culture, since the accumulation 
of biomass stops. It was found that this species has a rather 
long period of active growth. It should be taken into account 
that plants of M. saccharif lorus start growing only after the 
air warms up to 25 °C. In experimental 3-year-old plants 
the projective vegetation cover in triplicate varied from 70  
to 80 %.

 Based on the results of variance analysis we can conclude 
that the number of shoots depends on the age of the plants and 
the influence of environmental conditions, and the interaction 
of these factors on the number of shoots is insignificant. At the 
same time, ecological conditions have a significant effect on 
plant height and age, and the interaction of these factors prac-
tically do not affect plant height. In this regard, an important 
issue in the study of the shoot formation of M. saccharif lorus 
is the initiation of tillering period, which is associated either 
with the beginning of the growth of lateral shoots in the zone 
of shortened internodes (Langer, 1963; Smelov, 1966), or with 
intensive growth of this zone (Dobrynin, 1969; Gorchakova, 
2003).

It should be noted that the mass fraction in the stem of 
the technologically significant component cellulose does not 
change depending on the lightning conditions (50.9 % in 
partial shade area and 50.1 % in the open area). At the same 

time, the mass fraction of lignin, which adversely affects 
technological processes, was 12 % lower in the penumbra. 

 Thus, it was found that the adaptive potential of M. sac-
charif lorus, the high content of cellulose (52.04 %) with 
a relatively low content of lignin (21.3 %) allows to suggest 
the population as an environment-improving and bioenerge-
tic culture.

For genetic passportization of the population, five ISSR 
markers were selected. Based on our studies and the results 
obtained by other authors, we can conclude that ISSR primers 
which have been used are polymorphic and can be recom-
mended for identifying other samples, populations and spe-
cies, as well as for composing genetic formulas and passports 
for the genus Miscanthus (Boronnikova, 2009; Artyukhova 
et al., 2011; Novikova et al., 2012; Lebedev et al., 2014). 
I.A. Klimenko with co-authors carried out identification and 
certification clover varieties using SSR and SRAP markers 
and proposed a set of DNA markers (Klimenko et al., 2020). 
The data obtained using DNA analysis are the most objective 
for describing plant varieties and species, since they are not 
susceptible to genotypic variability and mostly have a co-



O.V. Dorogina, N.S. Nuzhdina, G.A. Zueva 
Yu.A. Gismatulina, O.Yu. Vasilyeva

28 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

Specific shoot formation in Miscanthus sacchariflorus 
and DNA passportization using ISSR markers

dominant type of inheritance (Ramazanova, Kolomytseva,  
2020).

The genetic passport of M. saccharif lorus, presented as a 
genetic formula generated by amplified DNA, contains infor-
mation about the method used, oligonucleotide sequences, 
and specific amplified DNA fragments lengths. If necessary, 
it is possible to improve the form of recording the molecular 
genetic formula indicating the specificity level of a frag-
ment (generic, species, polymorphic), as it was suggested by 
S.V. Boronnikova (2009). In general, the molecular genetic 
formula population makes it possible to determine the belong-
ing of the Miscanthus individuals not only to the species and 
variety, but also to a specific population.

Conclusion
The results obtained during the study allow concluding that 
M. saccharif lorus can be successfully grown in semi-shady 
forest steppes of Western Siberia, and the lignin content in 
raw plant material will be reduced by the time of harvesting 
in case of growing at the local microecological conditions.

The high projective vegetation cover under various envi-
ronmental conditions, as well as the longevity of the clones, 
indicate the prospects for the phytomeliorative use of selected 
forms of M. saccharif lorus in the continental climate of the 
forest-steppe of Western Siberia. The content of cellulose in 
the stem, the most important component in technical plant 
material, varies slightly depending on the lighting conditions. 
At the same time, the content of lignin, which negatively af-
fects technological processes, turned out to be lower in plants 
grown in partial shade.

The obtained molecular genetic formulas for the M. sac-
charif lorus population make it possible to determine the 
belonging of individuals of Miscanthus not only to the species 
and variety, but also to a specific population.

Genetic passportization based on molecular data of promis-
ing forms of Miscanthus, the development of scientific and 
practical recommendations and a set of cultivation techniques 
will make it possible to use the representatives of this genus 
in breeding under the conditions of the continental climate 
of Western Siberia.

The selective work with the varieties obtained by vegetative 
reproduction of the perspective individuals and their molecu-
lar DNA identification make it possible to recommend the 
genus Miscanthus as an environmentally friendly technical 
crop and as a renewable source of plant material promising 
for the implementation of an alternative bioenergy program 
in Western Siberia.
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Dynamic changes in betanin content during the growing season 
of table beet: their interplay with abiotic factors
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Abstract. The table beet, a widespread edible root crop known for its medicinal and antioxidant properties, early ma-
turation, good shelf life, and high contents of bioactive compounds, vitamins and minerals, is used for the production 
of a natural red food dye. The relevance of this study is dictated by the lack of knowledge about the dynamic changes 
in the content of betanin during the growing season when developing table beet cultivars with a focus on pigment 
extraction. The article presents the results of a study of 29 red-colored table beet accessions from the collection of 
the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR). Dynamic changes in the content of the pigment 
during the growing season were observed on two beet accessions, cvs. ‘Russkaya odnosemyannaya’ and  ‘Bordo odno-
semyannaya’. Four pH versions of the buffer solution were tested, and the test results are presented. A buffer solution 
with pH 6.5 is recommended for research purposes. The amplitude of variability in the content of betanin in the peel 
(39.9–239.2 mg/100 g) and f lesh (14.4–127.5 mg/100 g) of beets was determined. It was conf irmed that the content 
of betanin in the peel exceeded that in the f lesh in all samples. A positive relationship between these indicators was 
revealed (r = 0.74, p ≤ 0.05). It was found that betanin accumulation did not occur in beet roots during the growing 
season. The pigment showed considerable f luctuations associated with abiotic environmental factors. Correlation 
analysis showed a signif icant positive relationship between air temperature and betanin content in the root f lesh 
(r = 0.32–0.31, p ≤ 0.05). A negative impact of environmental temperature on betanin content in the peel manifested 
itself on the third day (r = –0.34…–0.35, p ≤ 0.05). The negative response to precipitation was less expressed in cv. ‘Bor-
do odnosemyannaya’ due to the genotype’s more active metabolism and plasticity. Structural morphological features 
of the photosynthetic apparatus were described for the tested accessions, and their interrelations with the studied 
character were specif ied. Recommendations are given concerning the choice of a planting pattern and the timing of 
table beet harvesting for pigment extraction.
Key words: betanin; natural food coloring; dynamics; peel; f lesh; Beta vulgaris L.; environmental factors.
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Динамические изменения содержания бетанина  
в столовой свекле в течение вегетационного периода:  
их взаимодействие с абиотическими факторами
Д.В. Соколова
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Аннотация. Для производства натурального пищевого красителя красного цвета используется широко рас-
пространенная корнеплодная культура – столовая свекла, характеризующаяся лечебными, антиоксидантными 
свойствами, скороспелостью, длительной сохранностью корнеплодов, высоким содержанием биологически 
активных веществ, витаминов и минеральных элементов. Актуальность исследования продиктована недостат-
ком знаний о динамических изменениях в содержании бетанина в течение вегетации при создании сортов 
свеклы, ориентированных на получение красителя. В работе приведены результаты изучения 29 красноокра-
шенных образцов коллекции столовой свеклы Всероссийского института генетических ресурсов растений 
им. Н.И. Вавилова. Наблюдение за динамическими изменениями содержания пигмента в процессе вегетации 
выполнено на двух образцах свеклы: ‘Русская односемянная’ и ‘Бордо односемянная’. Приведены результаты 
тестирования четырех вариантов pH буферного раствора. Рекомендован буферный раствор с pH 6.5. В резуль-
тате исследования определена амплитуда изменчивости содержания бетанина в кожице (39.9–239.2 мг/100 г) и 
мякоти (14.4– 127.5 мг/100 г) корнеплодов столовой свеклы. Подтверждено, что содержание бетанина в кожице 
у всех образцов превышало его содержание в мякоти. Выявлена положительная взаимосвязь этих показате-
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лей (r = 0.74, p ≤ 0.05). Установлено, что в процессе вегетации значимой аккумуляции бетанина в корнепло-
дах не происходит. Показаны значительные колебания пигмента, сопряженные с абиотическими факторами 
среды. Определены корреляционные связи между температурой воздуха и бетанином в мякоти корнеплода 
(r = 0.32– 0.31, p ≤ 0.05). Отрицательный эффект температуры среды на бетанин в кожице проявлялся на третьи 
сутки (r = –0.34…–0.35, p ≤ 0.05). Негативная реакция на осадки была менее выражена у сорта ‘Бордо одно-
семянная’, благодаря более активному метаболизму и пластичности генотипа. Описаны морфологические 
особенности строения фотосинтетического аппарата опытных образцов, отмечены взаимосвязи с изучаемым 
признаком. Даны рекомендации по выбору схемы посадки и сроков уборки урожая столовой свеклы для вы-
деления красителя.
Ключевые слова: бетанин; натуральный пищевой краситель; динамика; кожица; мякоть; Beta vulgaris L.; факторы 
среды.

Introduction
Red color shades for food production are mainly supplied by 
two groups of plant pigments: anthocyanins and betalains. 
Most flowering plants generate purple pigments, called antho­
cyanins (Yudina et al., 2021). The exceptions are representa­
tives of several families in the order Caryophyllales: they 
synthesize betalains. 

Betanin (betanidine­5­O­β­glucoside) is the main pigment 
(70–95 %) in the betalain group (von Elbe, 2001; Sawicki et 
al., 2016). It is a glycoside: its saccharide part is glucose, and 
its aglycone is betanidine. Betanin is a nontoxic compound that 
exhibits pronounced anti­inflammatory, anticarcinogenic and 
antioxidant properties, which is the reason why the interest in 
it is growing not only among food producers but also in the 
pharmaceutical and cosmetic sectors (Jiratanan, Liu, 2004; 
Tesoriere et al., 2004; Stintzing, Carle, 2007). An important 
advantage of betanin over anthocyanins is its stability in the 
pH range from 3 to 7, which makes it possible to use it as 
a color additive with both acidic and neutral media (Herbach et 
al., 2006). At the same time, a significant drawback of betanin 
is the degradation of the pigment upon heating – as a result of 
decarboxylation, the molecule of betanin loses its properties 
and is converted into neobetanin (Aztatzi­Rugerio et al., 2019). 

The main sources of betanin are roots of table beet (Beta 
vulgaris L. ssp. vulgaris var. conditiva Alef.), fruits of prickly 
pear (Opuntia vulgaris Mill.), and red­colored forms of ama­
ranth (Amaranthus L.) (Cai et al., 1998; Castellanos­Santiago, 
Yahia, 2008). The dominant place among them is occupied by 
the cultivated beet; the other sources of this pigment cannot 
compete with beet due to its high yield (50–60 t/ha), environ­
mental plasticity, and high produce of betanin (Stintzing et 
al., 2000; Sokolova, 2018).

 The history of the use of betanin for coloring food products 
began in the early 20th century: the pigment was added to 
pastries, dry mixes, and dairy and meat products. The dye is 
known to be used in the form of a juice concentrate and a dry 
powder obtained through freeze­ or spray­drying (Nemzer et 
al., 2011). Publications analyzing the effect of the processing 
of beet raw materials on the pigment content include a man­
datory peeling of the beetroot in their guidelines (Azeredo et 
al., 2009; Burak, Zavaley, 2020), which is certainly necessary 
for the preparation of juices, for baby food and healthy diets. 
For dye production, however, the unpeeled roots undergo 
blanching (Frolov, Chizhik, 1997). 

Generation and accumulation of  betalain pigments, includ­
ing betanin, in table beet plants are considered to be a dynamic 
process that depends not only on the specific genotype and 

the phase of ontogenesis but also on various environmental 
factors, the maturity of roots, their size, agricultural practice, 
and soil fertility (Mglinets, Osipova, 2010; Vulić et al., 2013). 
Betalain stability is affected by numerous external and inter­
nal factors: temperature, acidity, presence/absence of light, 
oxygen, enzymes, nitrogen, metal cations, and the degree of 
glycosylation and acylation. Such data, in most cases, were 
obtained when studying the pigment extracted from mature 
roots (Saguy et al., 1978; Saguy, 1979; Schliemann, Strack, 
1998; Herbach et al., 2006). 

The objective of this study was to trace the dynamic changes 
in the pigment content during the growing season separately 
for the peel and flesh of table beet roots and measure the effect 
size of environmental factors. 

Materials and methods
A set of 29 accessions of red­colored table beet (Beta vulga­
ris L. var. conditiva Alef.) from the collection of the N.I. Va­
vilov All­Russian Institute of Plant Genetic Resources (VIR) 
served as the material for the research. Dynamic changes in 
betanin content during the growing season were observed 
on two beet accessions: cvs. ‘Russkaya odnosemyannaya’ 
(k­ 3698) and ‘Bordo odnosemyannaya’ (k­3151), identified 
as the most promising during the screening and ecogeographic 
study of the VIR collection in 2008–2018 (Sokolova, 2019; 
Sokolova, Solovieva, 2019). 

Field experiments were conducted according to a unified 
methodology (Burenin, 1989) in 2020 at Pushkin and Pavlovsk 
Laboratories of VIR (Pushkin, St. Petersburg, Russia). Soils 
in Pushkin are mainly sod podzols and sandy loams. The 
accessions were cultivated under natural conditions, without 
fertilizers or pesticides. The area of record plots was 24 m2. 
Sowing was done manually on May 28, and harvesting on 
September 24. The distance between rows was 70 cm, with 
6–8 cm between plants in a row.

Observations of the weather conditions during the grow­
ing season were conducted at the VIR Hydrometeorological 
Station. Weather conditions in 2020 were favorable for table 
beet cultivation, with moderate air temperatures throughout 
the entire growing period. The sum of active temperatures 
(˃ +10 °C) from May 20 to September 24 was 2009 °C; the 
precipitation amount for the same period was 290 mm, i. e., 
36 mm lower than the mean values for many years.

For the analysis of dynamic changes in betanin content, 
roots of cvs. ‘Russkaya odnosemyannaya’ (k­3698) and ‘Bor­
do odnosemyannaya’ (k­3151) were collected twice a week 
from July 13 to September 24, 2020. The pigment content was 
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Fig. 1. Betacyanin solution spectra of Beta vulgaris L. at different pH of the buffer solution (cv. ‘Russkaya odnosemyan-
naya’, k-3698).

analyzed using the peel (cut with a knife at a depth of 1–2 mm) 
and the flesh of ten roots separately. All measurements were 
taken within 3 hours after removing the roots from the soil. The 
juice was squeezed from the test samples using a Bork JU CUP 
21085 WT juicer (Germany) and filtered through a membrane 
filter (0.45 microns). The filtered juice (1–1.5 g per sample) 
was weighed and diluted with a phosphate buffer (pH 6.5) up 
to the mark of 100 ml. Betanin content was measured spec­
trophotometrically at a wavelength of 538 nm. Measurements 
at 600 nm were used to correct for impurities. The absorption 
peak at 538 nm reflects the structure and is used to analyze 
betanin without isolating specific pigments. The filtrate from 
the roots was studied on a Shimadzu UV­1800 double­beam 
spectrophotometer (Japan). Betanin concentrations (CB) were 
measured according to Nilsson (1970) as follows:

CB = 
(А538 – А600) × V

1120 × m
, 

where: А538 is the optical density at 538 nm; А600 is the opti­
cal density at 600 nm; V is the dilution ratio; m is the mass 
of the sample, g; 1120 is the specific absorption of 1  betanin 
solution in a 1 cm cuvette.

The data were statistically processed using the Excel and 
Statistica 8.0 software. The variability in the structure of 
re lationships among characters was assessed using factor 
ana lysis. Factor loadings were calculated using the principal 
component method. The values of the Pearson correlation 
coefficient at r < 0.3 were considered as weak, 0.3 < r < 0.5 
as moderate, 0.5 < r < 0.7 as conspicuous, 0.7 < r < 0.9 as 
strong, and r ˃ 0.9 as very strong.

Results and discussion
Betanin has the maximum light absorption in the visible 
spectrum range at wavelengths from 535 to 540 nm. Four pH 
versions were tested to select the optimal pH of the buffer 
solution using the example of cv. ‘Russkaya odnosemyannaya’ 
(k­3698, Russia) (Fig. 1). The spectra of betanin solutions with 
the same initial concentration manifested changes in the pH 
range from 3 to 7.5: there was a slight hypochromic shift at 

pH 3 and 7.5. No displacement of the absorption maximum 
was observed. A phosphate buffer solution with a pH of 6.5 
was used in this study.

The phenotypic diversity of table beet is usually grouped 
into cultivar types. Such grouping is based on the similarity of 
morphological parameters (Fig. 2). This study included table 
beet accessions of six cultivar types.

The group of accessions representing the Crosby cultivar 
type, characterized by the rounded shape of the taproot, de­
monstrated the highest yield. The testing of 29 red­colored 
table beet accessions showed that on September 24 the ave­
rage yield was 16.5 kg/10 m2 (Table 1). The yield indicator 
varied significantly depending on the genotype of an accession 
( p < 0.05). The average weight of one taproot was 127.9 g. 
Variation of this indicator within each cultivar was insignifi­
cant (coefficient of variation: CV < 33.3 %), attesting to the 
alignment of the populations. Cv. ‘Russkaya odnosemyan naya’ 
(k­3698) and the local cultivar population from Kazakhstan 
(k­3885) were the exceptions: their coefficients of variation 
were 35.1 and 40.1 %, respectively. 

The betanin content at the time of harvesting varied signi­
ficantly, and the range of variations was wide. The average 
value was 116.9 mg/100 g in the peel, and 58.9 mg/100 g in 
the root flesh. The pigment content was observed to depend 
on the morphological type of the root and the intensity of its 
color. Thus, our earlier conclusions about the preference of 
the rounded or roundish oval root shape for breeding for high 
betanin content (Sokolova, Solovieva, 2019) were confirmed. 
It is worth mentioning that there were exceptions among the 
flattish round accessions, which, as a rule, represented early 
maturing forms with relatively low betanin content (Sokolova, 
2019). For example, the cultivar of American origin ‘Crosby 
Egyptian’ (k­1587) and the local cultivar from Kazakhstan 
‘Svekla mestnaya’ (k­3885) also demonstrated high levels of 
betanin content in their peel: 191.93  and 174.62 mg/100 g, 
respectively. 

The highest betanin content in the peel of the root was 
recorded in the accessions of domestic origin: ‘Bordo odno­
semyannaya’ (k­3151) and ‘Russkaya odnosemyannaya’ 
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‘Green-leaved’ ‘Red-leaved’ ‘Egyptian flat’ ‘Crosby’ ‘Bordo’ ‘Cylindrical’

Fig. 2. Cultivar types of table beet accessions in the experiment.

Table 1. Yield and betanin content of the 29 tested table beet accessions

VIR 
catalogue 
No.

Accession name Origin Cultivar type Yield,
kg/10 m2

Root weight, g Betanin*, mg/100 g

Mean ± SE CV, % Peel Flesh

7 Rouge naine de Dell France Bordo 11.92 101.0 ± 6.5 17.1    72.20    28.33

10 Rouge ronde precoce France Crosby    8.14    68.6 ± 4.8 18.6    59.77    14.38

478 Breck’s beat’s all USA Crosby 17.46 148.3 ± 7.1 12.6    39.89    19.66

1297 Rannyaya kruglaya ploskaya Russia Bordo 12.27 103.9 ± 5.2 13.1    58.52    25.54

1561 Ranneye chudo Russia Crosby 12.63 106.9 ± 5.8 14.5    55.74    26.57

1587 Crosby Egyptian USA Egyptian f lat 36.82 312.4 ± 17.2 14.6 191.93    44.23

1671 Donskaya ploskaya 367 Russia Egyptian f lat    7.43    62.7 ± 6.8 28.7    69.44    59.12

1757 Detroit dark red improved France Crosby 14.28 120.7 ± 7.1 15.5 107.22    87.42

1937 Burpee’s Red Ball USA Crosby 16.17 137.4 ± 3.4    6.5 154.66    54.41

1938 Forma nova USA Cylindrical 10.62    90.3 ± 8.7 25.4 102.10    46.01

2040 Avonearly Italy Crosby 12.74 108.1 ± 5.4 13.3 142.45    77.17

2227 Vitenu Bordo Lithuania Crosby 10.03    84.6 ± 5.3 16.5 122.77    74.63

2237 Slavyanka Russia Crosby 10.74    90.9 ± 3.8 11.1    60.24    20.47

3012 Uniball Netherlands Egyptian f lat    4.37    37.4 ± 4.0 28.3    43.72    19.15

3110 Regala Netherlands Crosby 11.92 100.7 ± 5.2 13.7 133.63    69.86

3119 84/49 Russia Bordo    8.40    69.9 ± 4.0 15.0 101.39    78.66

3151 Bordo odnosemyannaya Russia Crosby 31.20 264.6 ± 14.1 14.1 239.20    89.69

3595 Green top Canada Green-leaved 13.72    98.3 ± 9.5 25.6 120.30    36.45

3600 Dwergina Netherlands Crosby 27.86 198.7 ± 8.5 11.3 163.11    65.30

3627 Detroit Dark Red Morse Mexico Bordo    7.00    50.1 ± 3.2 17.1    67.92    55.93

3698 Russkaya odnosemyannaya Russia Crosby 28.90 133.4 ± 17.7 35.1 225.57 110.35

3718 Baby Beat Netherlands Crosby 15.41 115.0 ± 4.6 10.7 157.02    75.39

3720 Zeppo Netherlands Crosby 23.45 174.9 ± 9.8 14.8 171.25    84.05

3721 Bulls Blood Netherlands Red-leaved 12.60    94.3 ± 7.7 21.5    73.96    44.56

3762 Bridzhit F1 Netherlands Crosby 24.66 184.1 ± 13.4 19.3    86.53    58.57

3806 Kreolka Russia Crosby 23.85 178.4 ± 6.9 10.2 130.29    47.74

3879 Manolo F1 Netherlands Crosby 38.86 289.7 ± 13.5 12.3    86.62    48.06

3885 Svekla mestnaya Kazakhstan Egyptian f lat    7.64    57.0 ± 8.6 40.1 174.62 127.54

3887 Svekla bordovaya Kazakhstan Crosby 16.88 126.0 ± 7.7 16.1 177.09 106.46

Мean ± SE 16.5 ± 1.7 127.9 ± 12.8 116.9 ± 10.7 58.9 ± 5.5

LSD05 6.65 25.0

* Values are obtained from 10 roots per accession. 
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Fig. 3. Mean betanin content in the peel and f lesh of table beet roots (a). Linear correlation analysis: correlation between betanin content in the peel 
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(k­ 3698) – 239.20 mg/100 g and 225.57 mg/100 g, respec­
tively. These genotypes are of interest for further breeding 
practice aimed at increasing the pigment content. 

Separate analyses of betanin content in the peel and flesh 
of beet roots revealed statistically significant differences. 
The pigment content in the peel of all the studied accessions 
exceeded this parameter in the flesh (Fig. 3, a). The smallest 
difference was observed in ‘Donskaya ploskaya 367’ (k­1671): 
10.3 mg/100 g. The greatest difference was demonstrated by 
cv. ‘Bordo odnosemyannaya’: 149.5 mg/100 g, with the ratio 

73 % of betanin in the peel to 27 % in the root flesh. Correla­
tion analysis showed the presence of a significant positive 
relationship between the pigment contents in the peel and 
flesh (r = 0.74) (see Fig. 3, b). At the same time, when betanin 
content in the peel was higher, the span between the para­
meters also increased (r = 0.86) (see Fig. 3, c). Unlike betanin 
in the peel, no significant correlation was found between the 
pigment content in the flesh and the variations between the 
parameters, which attested to its higher stability in the flesh 
during the growing season (see Fig. 3, d ). Thus, an increase 
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in the total betanin content depends, first of all, on the content 
of the pigment in the peel.

No significant correlation (r ˃ 0.5) was found between the 
root weight and the betanin content in the peel and flesh (see 
Fig. 3, e, f  ).

It is important for the production of dye from beet roots that 
the pigment content in the total biomass is high. If the shape 
of the table beet root is schematically regarded as a sphere, it 
is possible to calculate how the ratio between its volume and 
surface area will change depending on the radius. The diagram 
(Fig. 4) demonstrates that the increase in the volume of the 
sphere has a cubic dependence, while the expansion of the 
surface area has a quadratic one. Extrapolating the theoreti­
cal layout to the object of this study, it can be argued that, 
assuming that the thickness of the peel is constant in mature, 
ready­to­harvest beet roots, the portion of the flesh signifi­
cantly exceeds that of the peel, which will ultimately have 
a negative effect on the output of the pigment. Meanwhile, 
the share of the peel in smaller table beet roots tends to be 
higher than that in large ones. It can be therefore assumed that 
the total yield of betanin extracted from smaller roots will be 
higher, provided that the pigment content is high at the time 
of harvesting.

To understand the dynamics of root growth and pigment 
accumulation separately in the peel and flesh, we conducted 

a comparative analysis of  two promising table beet accessions: 
‘Russkaya odnosemyannaya’ (k­3698) and ‘Bordo odnose­
myannaya’ (k­3151). The material for the analysis was col­
lected 22 times at regular intervals from the moment when the 
roots exceeded the weight of 10 g. No significant accumulation 
of betanin in the peel or flesh of both cultivars was recorded 
during the growing season (Fig. 5), which confirmed the re­
sults of the earlier ecogeographic study (Sokolova, 2019). At 
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Fig. 6.  Anatomical and morphological structure and appearance of f ield crops of experimental table beet accessions ‘Russkaya odnosemyannaya’ 
(k- 3698) and ‘Bordo odnosemyannaya’ (k-3151).

Table 2. Metric parameters of the leaf surface area of the tested table beet accessions at the time of harvesting  

Metric parameters ‘Bordo odnosemyannaya’ , 
k-3151

‘Russkaya odnosemyannaya’ , 
k-3698

Leaf

Number, pcs. 14 12

Length, cm 15 11

Width, cm 6 5

Area of one leaf, cm2 67.5 41.2

Total leaf surface area, cm2 945.0 494.2

Petiole length, cm 14 12

the same time, the range of variations in individual periods 
of development was statistically significant ( p < 0.05). The 
dynamics had a wavelike pattern and was fairly synchronous 
for both cultivars, both in the peel and in the root flesh. It can be 
noted that abrupt upward movements of  betanin content and 
root weight increases were often directed differently. Besides, 
the pigment content in the flesh changed more conservatively 
than in the peel. 

The pathway of betanin biosynthesis is known to be quite 
flexible and strongly influenced by exogenous factors (Tzin, 
Galili, 2010; Cabanes et al., 2014; Sakuta, 2014; Esatbeyoglu 
et al., 2015). An excess in the content of betanin in the flesh 
over its content in the peel for both cultivars was observed 
only once during the entire growing season (the period from 
July 27 to July 31). Concurrently, its maximum in the flesh 

for the entire growing season was recorded. Abundant con­
tinuous rainfall that settled from July 21, together with mean 
daily air temperatures above +15 °C, caused inhibition of root 
development, which most likely led to an increase in betanin 
content in the root flesh. 

Unlike the pigment content, an increase in the root biomass 
positively correlated with the duration of the growing season 
(R2 = 0.76–0.86).

The activity of photosynthesis and, as a consequence, plant 
metabolism is associated with the surface area of the plant’s 
leaf biomass. The plants of cv. ‘Russkaya odnosemyannaya’ 
had small, pigmented and slightly wavy leaf blades with 
shorter petioles (Table 2, Fig. 6). The number of leaves per 
plant was less than that of cv. ‘Bordo odnosemyannaya’. At 
the time of harvesting, the leaf surface area of ‘Russkaya 
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odnosemyannaya’ was 494.2 cm2, which was almost twice less 
than that of ‘Bordo odnosemyannaya’. These characteristics 
are important for understanding the differences in the cultivars’ 
response to abiotic environmental factors.

Mean daily air temperature and rainfall are two of the most 
influential and constantly fluctuating environmental factors. 
Table beet is a fairly adaptive crop: it is capable of producing 
harvests both in the southern regions of Russia and under 
the conditions of the north (Burenin et al., 2013). It was this 
quality that made the beet crop widespread. The study has 
shown that the high plasticity of the genotype is a valuable 
property that allows the crop to safely endure unfavorable 
periods. Figure 7 presents the dynamics of the pigment con­
tent with varying rainfall and air temperature values. The 
growing season in 2020 was characterized by two stressful 
periods with complete absence of precipitation: from July 14 
to 20, and from August 7 to 22. There were also two periods 
with prolonged rainfall: from July 21 to August 6, and from 
August 23 to September 1. Significant precipitation amounts 
were registered within one day on July 28 and August 23 
(21.2 and 28.2 mm, respectively). The same weather held on 
for 9 days, although with less intensive rains. It negatively 

affected betanin content in the table beet peel and flesh. The 
response of both cultivars in terms of their pigment content 
was practically similar, but there were some differences. The 
graph also shows a lag of 7 to 10 days in the response of 
‘Rus skaya odnosemyannaya’ (see Fig. 7).

To clarify the relationships between the studied parameters, 
a correlation analysis of the cultivars was conducted in dyna­
mics (3­day and 6­day shifts of environmental parameters) 
(Table 3). Both cultivars demonstrated a moderate negative 
correlation between root weight and air temperature, which 
persisted for 6 days. Higher temperatures increased the tran­
spiration of plants, arresting the growth of roots and raising the 
pigment content in the root flesh (r = 0.32–0.31). Three days 
later, the effect of an increase in the pigment concentration in 
response to temperature was no longer manifested. 

Betanin content in the peel also negatively correlated with 
air temperature increases: this effect did not appear immedi­
ately, but on the third day. This correlation was retained by 
cv. ‘Bordo odnosemyannaya’ until the 6th day (r = –0.48). 

Precipitation in general was characterized by weak nega­
tive correlations with all the studied characters. Rainfall had 
a weak correlation with the pigment content (r < 0.3). Betanin 
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Table 3. The correlation matrix  
for the indicators of the table beet cultivars

Parameter Root weight Betanin in peel Betanin in f lesh

Same day

Temperature –0.50/–0.47*    0.02/0.27    0.32/0.31

Precipitation –0.16/–0.23 –0.48/0.05 –0.26/–0.16

Root weight –0.08/0.36 –0.28/–0.30

Betanin in peel    0.31/0.15

After 3 days

Temperature –0.47/–0.39 –0.34/–0.35 –0.07/–0.10

Precipitation –0.14/–0.26 –0.05/0.08 –0.19/–0.12

Root weight –0.08/0.36 –0.28/–0.30

Betanin in peel    0.31/0.15

After 6 days

Temperature –0.40/–0.54    0.10/–0.48 –0.13/0.21

Precipitation –0.12/–0.17 –0.01/0.12    0.17/0.19

Root weight –0.08/0.36 –0.28/–0.30

Betanin in peel    0.31/0.15

* ‘Russkaya odnosemyannaya’/‘Bordo odnosemyannaya’.

Fig.  8.  The scatter chart showing the contribution of principal compo-
nents in the factor analysis to generalized variance.
RO – ‘Russkaya odnosemyannaya’ , BO – ‘Bordo odnosemyannaya’ .

biosynthesis in the peel of ‘Russkaya odnosemyannaya’ re­
acted negatively to precipitation (r = –0.48). Three days later, 
however, the plants adapted and this correlation was not ob­
served. The differences in the response of the cultivars may 
be explained by the difference in the photosynthetic surface 
area of the genotypes. 

Research into the structure of relationships among the 
studied parameters (PCA) disclosed two unbalanced factors 
(Fig. 8). The components of Factors 1 and 2 together explain 
87 % of the total variance: 32.6 and 54.4 %, respectively. Fac­
tor 1 included the main parameter of productivity – the weight 
of one root. Factor 2 combined the indicators “temperature” 
and “betanin in flesh”, confirming the results of the correla­
tion analysis. The indicators within Factor 2 had the closest 
relationship, i. e., they accounted for most of the variance. At 
the same time, other variables also had a fairly high variance, 
which confirms the significant contribution of each of them. 
Thus, we can conclude that the process of betanin biosynthesis 
in table beet is extremely flexible and strongly affected by 
environmental factors. 

Conclusion
The results of the study make it possible to conclude that 
 during the growing season there was no accumulation of 
betanin in table beet roots. The pigment content was asso­
ciated primarily with the original genotype of an accession. 
Mean values of betanin content in the studied accessions 
were: 116.9 mg/100 g in the peel, and 58.9 mg/100 g in the 
flesh. The pigment content in the peel exceeded its content 
in the flesh in all accessions. With a positive correlation be­

tween these indicators (r = 0.74), an increase in the span of 
the ratio between them depended precisely on betanin in the 
peel (r = 0.86).

The pigment content was subject to significant fluctuations 
during the growing season. The activity of metabolic processes 
that depended on the photosynthetic surface of plants was of 
great importance for the response of table beet genotypes to 
various environmental factors. 

The pigment biosynthesis process was extremely sensitive 
to weather conditions, especially air temperature. An increase 
in betanin content in the peel in response to an increase in air 
temperature manifested itself on the third day. An increase in 
the mass of one root negatively correlated with the content 
of betanin in the root flesh, which, in its turn, was closely 
associated with air temperature.

Table beet cultivars with a round or flattish round shape of 
their root are the most suitable for breeding targeted at higher 
betanin content. Smaller beet roots are better suited for ob­
taining the maximum betanin yield. Denser planting patterns 
or earlier harvesting are recommended for their cultivation, 
as well as optimal timing. When choosing a specific date for 
harvesting, it is necessary to focus on the characteristics of 
weather conditions. The domestic table beet cultivars ‘Bordo 
odnosemyannaya’ (k­3151) and ‘Russkaya odnosemyan naya’ 
(k­3698) are recommended for extracting the betanin dye, be­
cause under favorable conditions they are capable of yielding 
high amounts of the pigment.
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Abstract. The key factor of genome instability during aging is transposon dysregulation. This may be due to senile 
changes in the expression of lamins, which epigenetically modulate transposons. Lamins directly physically interact 
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of this retroelement with lamins. Both retroelements and the nuclear lamina play an important role in the antiviral 
response of organisms. This may be due to the role of lamins in protection from both viruses and transposons, since 
viruses and transposons are evolutionarily related. Transposable elements and lamins are secondary messengers of 
environmental stressors that can serve as triggers for aging and carcinogenesis. Transposons play a role in the de-
velopment of cancer, while the microRNAs derived from them, participating in the etiopathogenesis of tumors, are 
important in human aging. Lamins have similar properties, since lamins are dysregulated in cancer, and microRNAs 
affecting them are involved in carcinogenesis. Changes in the expression of specif ic microRNAs were also revealed 
in laminopathies. Identif ication of the epigenetic mechanisms of interaction of lamins with transposons during  
 aging can become the basis for the development of methods of life extension and targeted therapy of age-associated 
cancer. 
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Аннотация. Дисбаланс активации транспозонов – один из важнейших факторов нестабильности генома при 
старении. Причинами этого явления могут быть ассоциированные с возрастом изменения экспрессии ламинов, 
которые влияют на эпигенетическую регуляцию мобильных генетических элементов. Взаимосвязь ламинов и 
транспозонов может быть обусловлена специфическим физическим контактом между молекулами, а также 
опосредована эпигенетическими регуляторами, такими как SIRT7, BAF и микроРНК. Характерна взаиморегу-
ляция ламинов с мобильными элементами, которые являются источниками микроРНК, влияющими на ламины. 
Ламины входят в состав NURD (nucleosome remoldeling deacetylase complex), взаимодействуют с гистоновыми 
деацетилазами и регулируют экспрессию генов без изменения структуры нуклеотидных последовательностей. 
Роль ядерной ламины в этиопатогенезе синдромов преждевременного старения может быть обусловлена 
взаи модействием с транспозонами, так как истощение ламинов приводит к активации мобильных генетиче-
ских элементов. В различных клетках человека LINE1 представлены в связанных с ламинами гетерохроматино-
вых доменах генома, при этом SIRT7 способствует взаимодействию данного ретроэлемента с ядерной ламиной. 
В противовирусном ответе организмов важную роль играют как ретроэлементы, так и ядерная ламина. Это 
согласуется с ролью ламинов в защите как от вирусов, так и от транспозонов, которые характеризуются фило-
генетическим родством. Мобильные генетические элементы и ламины – вторичные мессенджеры средовых 
стрессорных воздействий, которые могут служить пусковыми факторами для старения и канцерогенеза. Транс-
позоны играют роль в развитии злокачественных новообразований, при этом происходящие от них микроРНК, 
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участвующие в этиопатогенезе опухолей, имеют значение в старении человека. Сходные свойства типичны для 
ламинов, поскольку при злокачественных новообразованиях выявлена дисрегуляция ламинов, а влияющие на 
них микроРНК участвуют в канцерогенезе. Изменение экспрессии специфических микроРНК отмечено также 
при ламинопатиях. Определение точных эпигенетических механизмов взаимодействия ламинов с мобильны-
ми генетическими элементами при старении может стать основой для разработки методов продления жизни и 
таргетной терапии ассоциированных с возрастом злокачественных новообразований.
Ключевые слова: ламины; микроРНК; транспозоны; эпигенетические факторы.

Introduction
Nuclear lamina (NL) is a protein network connected to the 
inner side of the cell’s nuclear envelope. Nuclear lamina 
performs structural, signaling and regulatory functions. The 
study of the evolution of NL components made it possible 
to discover a wide variety of domains and sequence archi-
tectures that go beyond the classical alpha-helices (Kollmar, 
2015). Nuclear lamina is composed of lamins and associated 
proteins (Lemaitre, Bickmore, 2015). The main components 
of  NL are lamins (Cibulka et al., 2012). Their genes were 
present at the earliest stages of eukaryotic evolution. Lamins 
have been identified in multicellular organisms, amoebas, and 
primitive opistocontes such as Ichthyosporea and Choano-  
f lagellates (Kollmar, 2015). Lamins are required not only to 
maintain the shape of the nucleus, but also to control replica-
tion and transcription. Lamins are proteins of the family of 
intermediate filaments (class V) with a specific structure. In 
mammalian cells, 4 types of lamins are expressed: A and C 
(splicing isoforms of one gene), B1 and B2 (Cibulka et al., 
2012). Minor isoforms Аδ10 and С2 are also known. The 
protein precursor of  lamin A is prelamin A. Its C-terminal 
region is post-translationally modified: farnesylated, car-
boxymethylated. Proteolysis of the CaaX motif of pre-  
lamin A also occurs using the metalloprotease ZMPSTE24 
(encodes a metalloproteinase that metabolizes lamin A) 
(Wang et al., 2016). Lamins A, С, Аδ10 and С2 are encoded 
by LMNA gene (Turgay et al., 2017). 

Proteins that interact with lamins and are closely asso-
ciated with them functionally include LBR (lamin B recep-
tor), BAF (barrier to autointegration factor), SUN1, SUN2, 
nesprin. They are involved in the structural organization of 
the nucleus and in the regulation of nuclear processes. LBR 
and endoprotease prelamin A have enzymatic properties 
(Meinke et al., 2014).

At the periphery of the nucleus, genomic DNA binds to 
lamins A and B, forming heterochromatic domains. Lamin A 
also binds to chromatin inside the nucleus – the nucleoplas-
mic environment is represented mainly by euchromatin, 
which indicates the role of lamin A in the regulation of 
gene expression of the entire genome (Briand et al., 2018). 
Lamin B interacts with genomic domains that are relative-
ly gene-poor and transcriptionally inactive (Guelen et al., 
2008). It is assumed that in the last common predecessor of 
all eukaryotes (LECA – last eukaryotic common ancestor), 
the configurations of the nuclear envelope and the associated 
NL played an important role in determining the activity of 
the nucleus. 

In the subsequent evolution, there were changes in the 
mechanisms of regulation of gene expression of lamins in 
different taxa. The protein diversity of lamins in plants and 
trypanosomes is taxonomically limited, while in multicel-
lular animals it is manifested in a wider range. The phy-
logenetic tree of lamina genes is characterized by vertical 
evolution. For example, two lamins in protists from strongly 
diverging taxa have targets in mammalian cell nuclei and 
polymerize into filamentous structures, which indicates the 
functional preservation of distant homologues of lamins. 
In certain groups of eukaryotes, a pronounced evolutionary 
plasticity of the structures of the NL was determined by the 
mechanisms of chromatin binding and epigenetic control 
due to a high level of divergence of lamins’ homologues 
(Korney, Field, 2016).

Lamin changes occur with aging and in age-associated 
diseases such as malignant neoplasms. For example, in lung 
cancer, significant reductions in lamin B1 levels are found 
(Garvalov et al., 2019). Lamin A regulates the activity of 
mTOR (mechanistic target of rapamycin), the low activi-
ty of which contributes to an increase in life expectancy. 
Inhibition of mTOR (for example, via rapamycin) leads 
to the degradation of defective molecules and organelles 
that accumulate in cells during aging, since low autophagy 
activity is a characteristic feature of aging-related diseases 
(Cenni et al., 2020). 

Lamins can be attributed to epigenetic factors, since they 
ensure the inheritance of the functional status of the gene. 
For example, the attachment of lamin B1 to specific genome 
loci leads to transcription suppression of genes located in 
them. Most differentially expressed genes are activated due 
to the loss of lamin B1. These include the genes of the RET 
oncogene and its corepressor GFRα1. Therefore, when la-
min B1 is depleted with aging, the risk of tumors increases. 
Another mechanism of RET activation is H3K27me3 histone 
methylation (Garvalov et al., 2019). 

Epigenetic factors include chromatin remodeling, modifi-
cations of histones and DNA nucleotides, and the influence 
of non-coding RNAs (ncRNAs). During cellular senescence 
in mammals, H3K56ac and H4K16ac levels decrease, which 
contributes to altered gene expression, genomic instability, 
and telomere damage. Aging is accompanied by a global 
decrease in DNA methylation levels, coinciding with age-
related loss of heterochromatin. As a result, the regulation 
of gene expression and activation of transposable elements 
(ТЕs) is disrupted. At the same time, the participation of 
lamins in epigenetic regulation associated with aging oc-



R.N. Mustafin 
E.K. Khusnutdinova

42 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

The relationship of lamins  
with epigenetic factors during aging

curs through direct interaction with chromatin in regions of 
specific DNA sequences called lamin-associated domains 
(LADs). 

Lamins also promote epigenetic changes during aging 
through functional interactions with sirtuins. For example, 
lamin A enhances the deacetylase activity of SIRT1, stimu-
lates the functioning of SIRT6 in DNA repair, and recruits 
histone deacetylase 2 (HDAC2). Lamins A/C are also di-
rect participants in epigenetic regulation, since they serve 
as components of the NURD (nucleosome remodeling 
deacetylase complex). This complex also includes HDAC1, 
RBBP4, RBBP7 (Cenni et al., 2020). Lamins A/C interact 
with histone deacetylase 2 (HDAC2) and with PCAF ace-
tyltransferase (p300-CBP associated factor) (Santi et al., 
2020). Lamin B1 recruits the PRC2 (Polycomb repressive 
complex 2) complex, through which the H3K27me3 land-
scape changes with repression of specific genes involved in 
signaling and cell migration (Jia et al., 2019).

The role of lamins in premature aging syndromes
The development of progeria in patients with germinal 
mutations in the genes of lamins proves the role of lamins 
in regulation of life expectancy. Progeroid laminopathies 
(PLs) are characterized by premature aging and death from 
complications of atherosclerosis such as myocardial infarc-
tion, stroke, or heart failure. PLs are usually not inherited 
because patients do not survive to puberty. 

An important genetic feature of progeria is telomere 
shortening with each replication cycle (Ahmed et al., 2018). 
The most famous of these diseases is Hutchinson–Guildford 
progeria (HGP), which is characterized by significant telo-
mere shortening. The disease is diagnosed from two years 
of age, when noticeable symptoms of premature aging are 
determined. Life expectancy in HGP patients is 10–20 years. 
In 90 % of  HGP patients, mutations in the LMNA gene are 
determined (Ahmed et al., 2018). The frequency of occur-
rence of HGP is 1 in 8 million newborns (Burla et al., 2018). 
The most common mutation in LMNA gene is C1824T, 
which leads to accumulation of progerin (the dominant 
negative form of lamin A). 

Interestingly, progerin also accumulates in cells during 
physiological aging as one of the rare splicing forms of  
lamin A transcripts. However, in comparison with physio-
logical aging, more severe epigenetic changes occur in 
HGP, such as covalent modifications of histones with a 
tendency to loss of separation into hetero- and euchroma-
tin. These epigenetic changes lead to changes in the spatial 
compartmentalization and conformation of chromatin in 
the nucleus. These processes involve microRNAs, such as 
miR-9, which can be used as a target for brain protection in 
HGP patients (Arancio et al., 2014). MiR-9 interacts with 
the 3′-untranslated region (UTR) of  lamin A mRNA without 
affecting lamin C. 3′-UTR region of prelamin A contains an 
additional binding site for miR-9. In experiments on mice 
and human HeLa cell cultures, it was proved that miR-9 
expression significantly reduces the levels of  lamin A (Jung 
et al., 2012). 

As with normal aging, abnormal accumulation of  pro gerin 
suppresses the interactions of lamin A with SIRT1, HDAC2, 
and SIRT6. In addition, in patients with HGP, the regulation 
of  the heterochromatin protein HP1 is impaired, the levels of 
H3K9me3 decrease, and the NURD function is suppressed 
(of which lamin A/C is a component). At the same time, the 
relationship of  lamin A/C with HDAC2 causes the activation 
of  the CDKN1A gene, which is the most important deter-
minant of cellular senescence (Cenni et al., 2020).

Mutations in LMNA gene also cause atypical Werner’s 
syndrome (AWS), mandibuloacral dysplasia type A (MADA), 
atypical progeria syndrome (APS) (Burla et al., 2018). They 
differ in disease-specific mutations in LMNA gene and in 
clinical manifestations. Dunnigan-type familial partial 
lipodystrophy is caused by an R482W missense mutation 
in lamin A, leading to a pathological change in its effect on 
the periphery and inside the nucleus on a three-dimensional 
rearrangement of chromatin (Briand et al., 2018). MADA 
can be caused by mutations in the LMNA or ZMPSTE24 
genes. It is a rare autosomal recessive disorder characterized 
by bone abnormalities with localized osteolysis and gene-
ralized osteoporosis, skin pigmentation, lipodystrophy, and 
accelerated aging. These mutations cause accumulation of 
prelamin A, which leads to disruption of chromatin dyna-
mics. Similar changes are found during physiological aging 
(Cenni et al., 2018). 

Progeroid laminopathies are also caused by mutations 
in genes that interact with lamins. For example, Nestor–
Guillermo progeria (NGPS) is caused by mutations in the 
BAF gene (Loi et al., 2016). Premature aging syndromes 
can be caused not only by mutations in the genes of lamins 
and proteins interacting with them, but also by mutations 
in the genes of DNA repair and maintenance enzymes. For 
example, mutations in helicase genes cause Rothmund–
Thomson syndrome (RECQL4 gene), Bloom syndrome 
(BLM gene), Werner syndrome (WRN gene). Mutations in 
DNA repair genes cause Dyskeratosis congentia (DKC1, 
TERC, TERT genes) and Cockayne syndrome (ERCC8 or 
ERCC6 genes). In contrast to these premature aging syn-
dromes, PLs are cha racterized by an early onset, more severe 
manifestations of aging and a lack of predisposition to cancer 
(Burla et al., 2018). All PLs are characterized by generalized 
osteoporosis and osteolysis, crowding of teeth with maloc-
clusion. Progeroid laminopathies with a specific lesion of 
the musculoskeletal system include heart-hand syndrome 
of Slovenian (HHS-S) (Gargiuli et al., 2018). Mutations 
in the ZMPSTE24 gene are causes of the development of 
restrictive dermopathy (RD) and mandibuloacral dysplasia 
type B (MADB) (Burla et al., 2018). 

In ataxia-telangiectasia patients, accumulation of la-
min B1 causes changes in the shape of the nucleus and cell 
aging. Oxidative stress in this syndrome increases lamin B1 
levels by stimulating mitogen-activated protein kinase p38 
(p38 MAPK). In cell experiments using the MAPK acti-
vator anisomycin and the MAPK inhibitor SB203580 to 
determine the effect of p38 MAPK on lamin B1 levels, 
p38 MAPK activation was shown to significantly increase 
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lamin B1 levels. At the same time, inhibition of  p38 MAPK 
decreases lamin B1 levels. Using the PLA method (proxi-
mity ligation assay), it was proved that p38 MAPK interacts 
with lamin B1, causing its phosphorylation (Barascu et al., 
2012). These changes also occur during natural aging.  Also, 
PLs are characterized by decrease in perinuclear heterochro-
matin and increase in cellular senescence – two conditions 
that correlate with dysregulation of TEs (Andrenacci et al., 
2020). It can be assumed that in evolution, lamins arose as 
one of the protective mechanisms aimed at silencing TEs 
to protect hosts from genomic instability (Cavaliere et al., 
2020). Therefore, laminopathies that cause premature aging 
and aging-associated pathology are most likely to cause ac-
tivation of  TEs as a key mechanism for the development of 
diseases (Andrenacci et al., 2020). Indeed, in an experiment 
on cell models expressing progerin characteristic of HGP, 
a pronounced increase in the expression of LINE, SINE, 
HERV and DNA transposons was revealed (Arancio, 2019).

The relationship  
between lamins and transposons
Transposable elements are elements capable of transposi-
tion within the genome. There are two classes of TEs: ret-
roelements (REs), transposed by reverse transcription and 
intermediate RNA; DNA-TEs, transposed using transposase 
by the mechanism of excision and insertion (Andrenacci et 
al., 2020). All TEs are subdivided into autonomous (contain 
genes of  transposition enzymes) and non-autonomous (use 
protein products of other TEs for their transpositons). Ret-
roelements are classified into those containing LTR (long 
terminal repeats) – LTR-REs and non-LTR-REs. The most 
common autonomous non-LTR-REs in the human genome 
are LINE1 (long interspersed nuclear elements), and non-
autonomous ones are SINE (small interspersed nuclear ele-
ments). LTR-REs includes human endogenous retroviruses 
(HERV) (Arancio, 2019). Silencing of TEs is normally 
ensured by the degradation of their RNA and the formation 
of heterochromatin. Therefore, TEs are characterized by 
activation during aging of organisms as a result of age-
associated deregulation of heterochromatin and microRNA 
(Cavaliere et al., 2020).

The relationship between TEs activation and aging was 
found in termites. Reproductive queens live for tens of years 
without a significant increase in TEs expression, while work-
ing termites live for only a few weeks, which is due to TEs 
dysregulation in their genomes due to changes in piRNA 
expression (Elsner et al., 2018). Interestingly, in the somatic 
cells of Cnidaria, which are characterized by almost un-  
limited regeneration and immortality, piRNA and Piwi pro-
teins are also expressed. It is accompanied by low levels of 
TEs activity in their genomes. These properties were re-
vealed in Hydra vulgaris (Juliano et al., 2014). Piwi homo-
logues named Cniwi are found at all stages of development 
of Podocoryne carnea not only in reproductive cells, but 
also in differentiated somatic cells (Seipel et al., 2004). Since 
the DNA repair systems in Cnidaria do not have a specific 
efficiency that distinguishes them from other animals, it 

can be assumed that the expression of piRNA in their orga- 
nisms is the cause of delayed aging processes (Juliano et 
al., 2014). 

During human aging, there is a progressive activation 
of LINE1, which leads to the activation of the interferon 
response due to the accumulation of LINE1 cDNA. These 
changes are the cause of aseptic inflammation and the 
activation of interferon observed during aging (De Cecco 
et al., 2019). At the same time, an increase in the level of 
proinflammatory cytokines in myeloid immune cells in the 
thymus during aging is accompanied by a gradual decrease 
in the level of lamin B1, which specifically functions for 
the correct organogenesis of the thymus by maintaining 
the expression of epithelial cell genes. It was found that 
a decrease in the level of lamin B1 leads to an increase in 
transcription of 533 genes and suppression of expression of 
778 genes. Analysis of these genes showed their participa-
tion in cell adhesion, development of the immune system, 
differentiation of T-lymphocytes and cytokine production 
(Yue et al., 2019). Interestingly, chronic inflammation is 
also characteristic of PLs. In this case, the STAT1-regulated 
interferon-like response is induced by DNA hybrids: RNA 
through the signaling pathways cGAS (cyclic GMP-AMP 
synthase) and STING (stimulator of interferon genes) (Krei-
enkamp et al., 2018). 

Transposable elements are the most important sensors 
of environmental stressors, exerting an adaptive regulatory 
effect on protein-coding genes (Mustafin, Khusnutdinova, 
2019). According to the theory of “buffering function of 
the tail of lamins”, NL acts as an intracellular sensor of the 
reactive oxygen species (through conservative changes in the 
cysteine residue in the tail domain of the lamin). Throughout 
mammalian phylogeny, three cysteine residues (C522, C588, 
C591) at the C-terminus of lamin A are conserved. Of these, 
C588 and C591 are also characteristic of other vertebrates, 
and C522 is absent in non-mammalian animals. 

Experiments on human skin fibroblasts showed that these 
amino acids in the functional tail domain of  lamin A increase 
the sensitivity to reactive oxygen species, and their replace-
ment with alanine promotes cellular aging (Pekovic et al., 
2011). Thus, lamins and TEs are sensors for stressors that 
can cause their dysregulation. Moreover, abnormalities in 
the expression of TEs and lamins can potentiate each other, 
contributing to aging. Indeed, in experiments on Drosophila, 
the relationship between the age-related decrease in lamin B 
and the activation of various REs was proved (Chen H. et 
al., 2016). 

Aging can be induced not only by decreased levels of 
lamins, but also by their increased production (Dreesen et 
al., 2013). REs are also characterized by similar properties. 
For example, in the study of 111 known REs in young and 
old Drosophila, not only an increase in the expression of 
18 specific REs was determined, but also a decrease in the 
levels of other 18 REs (Chen H., et al., 2016). That is, with 
aging, there is not just an activation of  TEs or a decrease in 
the levels of lamins, but a variety of changes in their expres-
sion, which potentiate each other. 
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The question arises as to what is primary – dysregulation 
of lamins or TEs. Investigation of the relationship between 
lamins and TEs could provide a basis for identifying the key 
mechanisms of physiological aging and for the development 
of new ways to prolong life. It is possible that changes in 
the levels of lamins and TEs expression during aging is a 
correlation rather than a causal relationship; however, the 
available data on their interconnections suggest a mutual 
potentiation of these structures during aging. 

In different cells, LINE1s in the human genome are abun-
dant in the lamin-associated domains of heterochromatin 
regions at the nuclear periphery. Sirtuin SIRT7 is involved 
in epigenetic transcriptional repression of LINE1 through-
out the genome. The interaction of SIRT7 with A/C lamins 
plays an important role in this process. At the same time, 
SIRT7 provides deacetylation of  H3K18, facilitating the in-
teraction of  LINE1s with NL. Deacetylation of  H3K18 is 
insufficient to suppress LINE1s expression in the absence of  
lamins A/C, and depletion of  lamins leads to transcriptio nal 
activation of  LINE1s. That is, for the repression of  LINE1s, 
their relationship with lamins A/C is necessary (Vaz quez et 
al., 2019). 

During the supercompactisation of differentiating human 
neutrophils genomes, centromeres, percentromeres, and 
LINEs move to the NL region. This property is retained for 
LINE in LBR-deficient cells, but is lost for other hetero-
chromatin regions (Zhu et al., 2017). Human retroelements 
LTR7/HERV-H, LTR5_Hs, and L1HS form specific regula-
tory regions in the genome that selectively and site-speci-
fically bind to lamin B1, as well as to NANOG homeobox, 
POU5F1, and CCCEC-binding factor (Glinsky, 2015). 

There is also an inverse relationship where lamin B main-
tains the integrity of the nuclear genome by repressing TEs, 
which was found in experiments on Drosophila (Chen C.K. 
et al., 2016). Prelamin A is interconnected with TEs through 
BAF, which inhibits the integration of retroviruses. BAF is 
also found in protein complexes containing Sleeping Beauty 
transposase (Wang et al., 2014). BAF is required to modulate 
the effect of prelamin A on chromatin structure because it 
induces histone H3K9 trimethylation, as well as nuclear 
relocalization of the lamin-associated proteins LAP2-α and 
HP1-α (Loi et al., 2016).

The relationship of lamins  
and transposable elements with viruses
Lamins (Pekovic et al., 2011) and transposons (Mustafin, 
Khusnutdinova, 2019) are sensors of environmental stress 
effects, characterized by their interconnection and possible 
potentiation of dysregulation during aging. Therefore, it is 
necessary to consider other possible mechanisms affecting 
their activity during aging. Environmental factors causing 
dysregulation of lamins and TEs include exogenous viruses. 
Determination of the role of lamins in viral infection can 
become the basis for identifying possible new ways of anti-
viral therapy, as well as the use of viral vectors for correcting 
aging processes by acting on specific lamins. 

Induction of lamins A/C occurs in naive CD4+ T cells 
upon antigen recognition. In this case, lamins A/C act as a 
link between the nucleus and the plasma membrane during 
the activation of  T cells. In experiments on mice, the role of  
lamins A/C in the response to vaccinia virus was revealed 
(Toribio-Fernandez et al., 2018). Proteins hnRNP and la-
mins A/C serve as carriers and mediators for the movement 
of p17 protein of avian reovirus between the nucleus and 
the cytoplasm (Chiu et al., 2019). The latency of HIV-1 
after integration is characterized by reversible silencing 
of transcription driven by the LTR of the HIV genome. 
The lamin-interacting protein SUN2 maintains repressive 
chromatin and inhibits the transcription of proviral DNA, 
which is regulated by HIV LTR through its association with 
lamins A/C. Lamins A/C bind SUN2 to nucleosomes and 
to HIV-1 5′-LTR, which causes blockages of viral initiation 
and elongation of transcription (Sun et al., 2018). 

The release of herpesviruses from the nucleus is accom-
panied by a change in the architecture of  the NL (Vu et al., 
2016). Herpes simplex virus-1 induces phosphorylation 
and reorganization of lamins A/C through the virulence 
factor – the product of the y134.5 gene. It allows the virus 
to exit through the nucleus (Wu et al., 2016). In turn, lamins 
facilitate the access of capsid to the inner nuclear membrane 
and the curvature of its sections around the capsid of  the 
herpes virus during budding (Vu et al., 2016). 

TRIM E3 ligase controls the replication of HSV-1 herpes-
viruses by affecting the integrity of  lamins through changes 
in the structure of the host cell centrosomes. TRIM43 
ubiquitinates the centrosome protein pericentrin, causing 
its proteasome degradation. It leads to lamins changes that 
suppress the active state of  viral chromatin (Full et al., 2019). 
The mechanism of this phenomenon is due to the specific 
interaction of lamin A/C with the genomic DNA of the virus 
at the nuclear periphery. In this case, lamin inhibits the for-
mation of heterochromatin in the region of HSV promoters 
(Silva et al., 2008). 

Caspase-6-dependent dephosphorylation of lamins A/C 
is essential for SV40 virus penetration (Butin-Israeli et al., 
2011). Baculovirus promotes phosphorylation of lamin B 
and destruction of  NL during infection (Zhang et al., 2017). 
Canine parvovirus in the late stage of infection reorganizes 
NL with decreasing the levels of lamins A/C in the apical 
part of the nucleus (Mantyla et al., 2015).

The interrelation of lamins with viruses may indicate the 
possible participation of NL in the interconversion of viruses 
with TEs, as well as in transposon-controlled regulatory 
networks of genomes. Like lamins, TEs are involved in an-
tiviral response, which may be related to their phylogenetic 
relationship. In the course of evolution, LTR-REs became 
sources of exogenous retroviruses (Xiong, Eickbush, 1990). 
ERV of various mammalian species are capable of convert-
ing into infectious form of viruses and converting back to 
REs (Zhuo, Feschotte, 2015). Expression products of  LTR-
REs env genes cause restriction of exogenous retroviruses 
in animals (Malfavon-Borja, 2015). Retroelements enzymes 
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can also be used to integrate exogenous viruses into host 
genomes (Speiseder et al., 2014). Exogenous viruses can 
regulate TEs activity. For example, human cytomegalovirus 
causes tissue-specific activation of LTR-RE (Assinger et al., 
2013). MicroRNAs can serve as possible mediators in the 
interactions of viruses with TE and lamins. Investigation of 
microRNAs is promising both for the development of me-
thods for slowing aging processes and for antiviral therapy.

Interrelation of lamins with transposons  
and miRNAs during aging
MicroRNA are involved in regulation of lamins (Sylvius et 
al., 2011; Toro et al., 2018) and TEs. It may be due to the 
origin of miRNAs in evolution from transposons. For the first 
time, evidence of the emergence of 55 different microRNAs 
from human TEs was obtained in 2007 (Piriyapongsa et al., 
2007). In 2009, 73 human microRNAs derived from TEs 
were identified (Gu et al., 2009). In 2011, 191 microRNAs 
that arose from TE were identified (Filshtein et al., 2011). 
In the same year, another research group identified 226 hu-
man microRNAs derived from TE (MDTEs) (Yuan et al., 
2011). In 2012, 235 human MDTEs were identified (Tempel 
et al., 2012), 409 MDTEs were identified in 2015 (Qin et 
al., 2015), 34 MDTEs were identified in 2020. In 2016, 
the MDTE database was created. This database contains 
information about microRNAs originated directly from TEs 
(Wei et al., 2016). 

Aging is an important risk factor for the development 
of oncopathology. It may be due to common epigenetic 
mechanisms, since during aging, global DNA hypome thy-
lation, TEs activation, and the development of genomic 
instability occur (Anwar et al., 2017). This assumption can 
be confirmed by data on the role of the same microRNAs 
in both carcinogenesis and aging. A lot of information has 
been accumulated on the association of  various microRNAs 
with the development of tumors. Bioinformation database 
OncomiR was created (www.oncomir.org) (Wong et al., 
2018). We analyzed 410 different microRNAs featured in 
OncomiR using the MDTE database (Wei et al., 2016). As 
a result, we found that 94 of these microRNAs were derived 
from TEs. It indicates the role of these microRNAs in the 
development of malignant tumors and the possibility of  their 
use as a target for antitumor therapy.

Like TEs, lamins also play a role in carcinogenesis. It 
was shown that a deficiency of lamins A/C can be used as 
an independent risk factor for the development of cervical 
cancer (Capo-сhichi et al., 2016). Lamin B1 levels are signi-
ficantly increased in patients with hepatocellular carcinoma 
(Abdelghany et al., 2018). Lamin B2 is highly expressed in 
non-small cell lung cancer and positively correlates with 
lymph node metastases. It is due to the interaction of la-
min B2 with cyclin D1, which activates G9α expression 
and increases H3K9me2 levels. As a result, H3K9me2 binds 
to the promoter region of the E-сadherin CDH1 gene and 
stimulates cell migration (Zhang et al., 2020). 

In gastric cancer, lamin B1 expression is reduced in 
tumor tissue, and low levels of lamin B1 are significantly 

correlated with clinical stage severity, depth of invasion, and 
poor prognosis. In the experiment, inhibition of lamin B1 
causes the proliferation and migration of gastric cancer cells, 
which is due to the activation of the PI3K/PTEN/Akt and 
MAPK/ERK pathways, as well as the suppression of p53/
h21WAF1/CIP1 (Yu et al., 2020).

Low levels of lamins A/C expression in cancer are spe-
cific for poor prognosis. In breast cancer (BC), the loss or 
decrease in the expression of lamins A/C was significantly 
associated with large tumor sizes, poor prognosis and the 
development of long-term results (reduced survival time) 
(Alhudiri et al., 2019). Comparison of osteosarcoma and 
osteoblast cell lines showed a lower level of  lamin A expres-
sion in osteosarcoma cells. Elevated lamin A levels reduce 
cancer cells’ ability to migrate (Evagelisti et al., 2020). 
Thus, carcinogenesis is associated both with an increase 
and (most often) with a decrease in lamin expression, that 
is, it is explained by their dysregulation. 

This is due to the global regulatory role of lamins in the 
expression of various genes. Therefore, it is important to 
determine the specific features of changes in the expres-
sion of lamins in each type of tumor in order to target them 
during antitumor therapy. Most tumors are characterized by 
decreased lamins expression, which may be one of the key 
mechanisms of initiation and maintenance of carcinoge-
nesis, because lamins serve as host defense systems for TEs 
silencing. Therefore, the loss of control by the lamins leads 
to pathological activation of TEs with subsequent genomic 
instability and tumor development. The effect of increased 
levels of lamins on tumor development is probably due to 
the possibility of opposite regulatory effects of lamins on 
TEs, depending on localization of  TEs in active or repressed 
genome regions (Cavaliere et al., 2020).

Like transposons, during aging and carcinogenesis, lamins 
are also associated with changes in microRNA levels. For 
example, the target of the oncogenic miR-129, the expression 
of which is increased in BC, is lamin A. The target of the 
oncogenic miR-218, the level of which decreases in BC, is 
lamin B1 (Setijono et al., 2018). LMNA expression in breast 
cancer cells is suppressed by miR-9, which leads to the pro-
gression of the disease due to changes in the deformability 
of the nucleus and an increase in the invasive ability of 
cells (Guinde et al., 2018). MiR-122 inhibits hepatocellular 
cancer cell proliferation by suppressing the expression of 
lamin B2 (Li et al., 2019). MiR-351-5p regulates lamin B1 
expression and promotes phloxuridine-induced tumor cell 
apoptosis (Sato et al., 2020). In fibroblasts associated with 
BC, the expression of miR-222 is increased (compared to 
normal cells). The direct target of this microRNA is LBR. 
Therefore, miR-222 is considered for BC targeted therapy 
(Chatterje et al., 2019).

During human aging, the levels of LMNB1 protein pro-
ducts in fibroblasts and keratinocytes of the skin decrease, 
which is mediated by the influence of miR-23a (Dreesen et 
al., 2013). An increase in LMNB1 expression due to gene 
duplication in autosomal dominant leukodystrophy in adults 
leads to progressive brain demyelination. This is due to the 

http://www.oncomir.org/
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role of lamin B1 in regulation of myelin formation and main-
tenance during aging. The targets of miR-23a are also the 
PTEN gene transcript (phosphatase and tensin homolog on 
chromosome 10) and long noncoding RNA 2700046G09Rik 
(Lin et al., 2014). MiR-124-3p complementarily binds to 
3′-UTR of LMNA gene, suppressing its expression (Bao 
et al., 2019). Activation of miR-141-3p during replicative 
senescence decreases the activity of HDAC1 and HDAC2. 
MiR-141-3p has a targeted regulatory effect on ZMPSTE24 
endoprotease prelamin A (Yu et al., 2013).

Like TEs, miRNAs affect lamins according to the principle 
of mutual regulation, since miRNAs genes are located in ge-
nome regions associated with lamins. For example, in mice, 
aging-associated miRNA genes are located on the X chro-
mosome in a cluster located in the lamin-associated domain 
(Elias et al., 2019). Long noncoding RNA Xist is involved in 
X chromosome inactivation by directly interacting with the 
LBR and recruiting it to the NL. It leads to remodeling of 
the three-dimensional structure of DNA, which allows Xist 
to distribute along the X chromosome and cause silencing 
of transcriptionally active genes (Chen C.K. et al., 2016).

In skeletal muscles of  patients with muscular dystrophies 
caused by mutations in LMNA gene, pronounced dysregu-
lation of sixteen different microRNAs was revealed, which 
are involved in Wnt-signaling pathways, MAPK, and the 
regulation of transforming growth factor β. Nine of these mi-
croRNAs are involved in regenerative processes (miR-100, 
-127-3p, -148a, -136 *, -192, -335, -376c, -489, -502-3p) 
and are detected at high levels in fetal muscles (Sylvius et 
al., 2011).  Expression of the mutant allele of LMNA gene 
(mutation R482W) is accompanied by an increase in levels 
of miR-335, which has antilipogenic properties (Briand et 
al., 2018). Significantly increased expression of let-7a-5p, 
miR-142-3p, miR-145-5p, and miR-454-3p is observed in 
patients with familial dilated cardiomyopathy associated 
with mutations in LMNA (Toro et al., 2018). 

According to the MDTE database, among the miRNAs 
associated with lamina pathology, the origin from LINE2 
was proven for miR-192 and miR-502, the origin from MIR 
(SINE-RE) was proven for miR-335 (Wei et al., 2016). It 
should be noted that miR-335 also plays a role in human 
physiological aging and age-associated neurological patho-
logy (Raihan et al., 2018). It may be due to the role of  lamins 
in protecting genomes from transpositions (Cavaliere et al., 
2020), since TEs are involved in the epigenetic regulation 
of  lamins. That is, the structural and functional relationship 
between lamins and TEs is mutually regulatory. On the one 
hand, lamins are involved in the control of  TEs activity. On 
the other hand, TEs can exert an epigenetic regulatory effect 
on NL, which may be due to the influence of microRNAs 
derived from TEs. 

Conclusion
Lamins play an important role in driving gene expression 
and in TEs silencing, thereby preventing genome instability. 
Therefore, dysregulation of lamins, mainly associated with 
inactivating mutations in their genes or a decrease in their 

expression, leads to TEs activation. Therefore, pathologi-
cal activation of TEs and the resulting genomic instability 
play an important role in changing the levels of lamins in 
malignant neoplasms. The role of lamins in viral infection 
supports this assumption, since TEs are phylogenetically 
associated with viruses. 

Transposable elements and lamins share common proper-
ties, such as dysregulation during aging and carcinogenesis, 
as well as interactions with microRNAs. Mutual regulation 
of lamins and TEs testifies to the mutual potentiation of 
their dysregulation in laminopathies, carcinogenesis and 
physiological aging. Identification of key changes in TEs 
and miRNAs derived from them can become the basis for 
targeted therapy of laminopathies, malignant neoplasms and 
for prolonging life. Investigation of the role of lamins in the 
interaction with TEs and viruses is also a promising direc-
tion in the development of antiviral therapy and vaccination.
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Transcriptional activity of repair, apoptosis and cell cycle genes 
(TP53, MDM2, ATM, BAX, BCL-2, CDKN1A, OGG1, XPC, PADI4, 
MAPK8, NF-KB1, STAT3, GATA3) in chronically exposed persons 
with different intensity of apoptosis of peripheral blood lymphocytes
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Abstract. Transcriptional activity of genes involved in maintaining genetic homeostasis (genes for repair, cell cycle 
and apoptosis: TP53, MDM2, ATM, BAX, BCL-2, CDKN1A, OGG1, XPC, PADI4, MAPK8, NF-KB1, STAT3, GATA3) was stu died 
in chronically exposed persons with an increased intensity of early and late stages of apoptosis and necrosis of pe-
ripheral blood lymphocytes. The object of this study was peripheral blood mononuclear cells obtained from 132 
chronically exposed residents of the Techa riverside villages. The mean accumulated dose to red bone marrow was 
426.4 ± 48.2 mGy (1.3–2930.0 mGy), to thymus and peripheral immune organs, 58.9 ± 7.9 mGy (0.1–489.0 mGy). 
The study was performed more than 60 years after the onset of exposure, the average age of exposed persons 
was 68 ± 0.6 years (55–86 years). The study of apoptotic and necrotic death of peripheral blood lymphocytes was 
based on the presence of phosphatidylserine on the cell membrane surface, as well as on its permeability for 
DNA-intercalating dye. Evaluation of the relative content of mRNA genes for repair, cell cycle, and apoptosis was 
carried out using real-time PCR. An increased relative content of PADI4 gene mRNA was registered in the group 
of chronically exposed persons with the increased intensity of early apoptosis (p = 0.006). Modulation of the rela-
tive content of mRNA of the TP53 (p = 0.013) and BCL-2 (p = 0.021) genes was detected in the group of chronically 
exposed individuals with the increased intensity of the late stage of apoptosis. A statistically signif icant increase 
in the transcriptional activity of the TP53 gene was observed in the group of chronically exposed persons with the 
increased intensity of peripheral blood lymphocyte necrosis in the long-term period (p = 0.015). In the course of 
the study it was noted that exposed people with increased intensity of apoptosis, f irst of all, demonstrate changes 
in the transcriptional activity of apoptotic genes. These data are consistent with current views on the activation of 
programmed cell death.
Key words: mRNA; apoptosis; necrosis; lymphocytes; chronic exposure.
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Транскрипционная активность генов репарации,  
апоптоза и клеточного цикла (TP53, MDM2, ATM, BAX, BCL-2, 
CDKN1A, OGG1, XPC, PADI4, MAPK8, NF-KB1, STAT3, GATA3)  
у хронически облученных людей с различной интенсивностью 
апоптоза лимфоцитов периферической крови
В.С. Никифоров1, 2 , Е.А. Блинова1, 2, А.И. Котикова1, 2, А.В. Аклеев1, 2
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Аннотация. Исследовали транскрипционную активность генов, вовлеченных в поддержание генетическо-
го гомеостаза клетки (репарации, клеточного цикла и апоптоза: TP53, MDM2, ATM, BAX, BCL-2, CDKN1A, OGG1, 
XPC, PADI4, MAPK8, NF-KB1, STAT3, GATA3), у лиц, подвергшихся хроническому радиационному облучению, с 
повышенной интенсивностью раннего, позднего апоптоза и некроза лимфоцитов периферической крови. 
Объектом изучения служили мононуклеарные клетки периферической крови, полученные от 132 жителей 
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Экспрессия генов, регулирующих клеточный гомеостаз, у облу-
ченных лиц с разной интенсивностью апоптоза лимфоцитов
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прибрежных сел реки Течи, подвергшихся хроническому облучению. Доза облучения красного костного 
мозга составляла 426.4 ± 48.2 мГр (1.3–2930.0 мГр), доза облучения тимуса и периферических органов им-
мунной системы – 58.9 ± 7.9 мГр (0.1–489.0 мГр). Исследование проводили в отдаленные сроки (более 60 лет с 
начала облучения), возраст людей на время проведения обследования был 68 ± 0.6 года (55–86 лет). Анализ 
апоптотической и некротической гибели лимфоцитов периферической крови основывался на наличии на 
поверхности мембраны клеток фосфолипида фосфатидилсерина, а также ее проницаемости для интерка-
лирующего ДНК-красителя. Оценку относительного содержания мРНК генов репарации, клеточного цик-
ла и апоптоза проводили с использованием полимеразной цепной реакции в реальном времени. В группе 
хронически облученных людей с повышенной интенсивностью раннего апоптоза отмечено увеличение 
относительного содержания мРНК гена PADI4 (p = 0.006). Для хронически облученных людей с повышен-
ной интенсивностью позднего апоптоза зафиксирована модуляция относительного содержания мРНК ге-
нов TP53 (p = 0.013) и BCL-2 (p = 0.021). В отдаленные сроки у хронически облученных людей с повышен-
ной интенсивностью некроза лимфоцитов периферической крови отмечен статистически значимый рост 
транскрипционной активности гена TP53 (p = 0.015). Установлено, что у облученных людей с повышенной 
интенсивностью апоптоза регистрируются в первую очередь изменения со стороны транскрипционной 
активности апоптотических генов, что согласуется с существующими представлениями об активации про-
граммированной гибели клеток.
Ключевые слова: мРНК; апоптоз; некроз; лимфоциты; хроническое облучение.

Introduction
Ionizing radiation is the factor that could trigger changes in 
transcriptional activity of genes that have a key role in main-
taining the stability of cellular homeostasis (Kabacik et al., 
2011). Complex molecular responses to genotoxic stress set 
into action a lot of regulatory mechanisms including apoptosis 
(Zeegers et al., 2017).

Apoptosis plays an important part in the development of 
both early and late effects of ionizing radiation (Verheij, Bar­
telink, 2000). Its activation starts with changes in the expres-
sion of the genes regulating the processes of DNA damage 
reparation, cell cycle control, cell proliferation and differen-
tiation, etc (Verheij, Bartelink, 2000). With cell death, a ge-
netic program regulating the balance of intracellular pro- and 
anti-apoptosis factors starts developing. At the early stage of 
apoptosis, the expression of phosphatidylserine begins on the 
external surface of the membrane. However, its presence is 
not the strict requirement of cell death. Of great importance 
are its concentration and formation of a complex with other 
proteins. It sends a signal to the phagocytes to recognize the 
apoptotic cells (Bevers, Williamson, 2016). 

Protein p53 that regulates apoptotic genes, coding cells of 
cellular membrane (CD95, DR5), proteins of cytoplasm and 
proteins located on the metachondrial membrane (proteins 
of the BCL­2 family), plays an important role in the activa-
tion of signaling cascade that induces apoptotic cell death 
(Chipuk, 2006). Moreover, the BAX/BCL­2 protein ratio 
predetermines the implementation of apoptotic cell death. It 
was demonstrated that in case of ionizing radiation apoptosis 
is initiated against the early repression of the BAX gene and 
increase in the activity of BCL-2 in human blood cells (Azi-
mian et al., 2015).

In physiological conditions, a strict balance of pro- and anti-
apoptotic proteins is maintained. However, following radiation 
exposure as well as in the presence of various pathological 
conditions, a shift of this balance occurs due to changes in 
the expression of genes involved in apoptosis. In this respect, 
the study of the transcriptional activity of genes controlling 
cell proliferation and death is an important task of radiation 

biology as the disturbance of apoptosis promotes the develop-
ment of pathological conditions accompanied by retention 
of cells with unlimited proliferative potential in the exposed 
body (Baryshnikov, Shishkin, 2002), or by the development 
of cytopenic conditions associated with increased cell death 
(Kvatcheva, 2000).

In studies conducted earlier in chronically exposed residents 
of the Techa riverside settlements, changes in the intensity 
of apoptotic death of the peripheral blood lymphocytes were 
registered in the long­term period (Blinova et al., 2020a). 
Moreover, changes in the transcriptional activity of apoptotic 
genes accompanied by a decrease in the relative mRNA con-
tent of the BCL-2 gene and increase in the relative content 
of mRNA of the BAX gene were demonstrated in exposed 
people 60 years after the onset of chronic radiation exposure 
(Nikiforov et al., 2020).

The next step of the work is the study of the relative con-
tent of mRNA of genes involved in cellular homeostasis in 
residents of the Techa riverside settlements, which are noted 
for the disturbed mechanism of cell elimination, in particular 
by increased intensity of apoptotic and necrotic cell death.

In this regard, the objective of the current study is to 
perform quantitative assessment of the content of mRNA of 
TP53, MDM2, ATM, BAX, BCL-2, CDKN1A, OGG1, XPC, 
PADI4, MAPK8, NF-KB1, STAT3 and GATA3 genes in the 
long-term period in chronically exposed residents of the 
Techa riverside villages who had an increased frequency of 
peripheral blood lymphocytes (PBL) at different stages of 
apoptosis and necrosis.

Materials and methods
The study objects were the PBL of the 132 residents of the 
Techa riverside settlements who had been chronically exposed 
in 1949–1950 (Akleyev, 2016). Mean accumulated dose 
to the red bone marrow of all the exposed individuals was 
426.4 ± 48.2 mGy (1.3–2930.0 mGy), mean accumulated dose 
to the thymus and organs of  the peripheral immune system was 
58.9 ± 7.9 mGy (0.1–489.0 mGy). Mean age of exposed people 
at the time of examination was 68 ± 0.6 years (55–86 years). 
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Gene expression regulating cellular homeostasis in exposed 
persons with different intensity of apoptosis of lymphocytes

Table 1. Description of the individuals under study 

Studied groups of exposed 
people with various intensity 
of apoptosis and necrosis

Number  
of people

Frequency of 
apoptotic cells, %

Age at the time  
of examination, 
years

Accumulated  
dose to RBM, mGy

Accumulated dose to the thymus 
and organs of the peripheral 
immune system, mGy

M ± SD 
(range)

M ± SE 
(range)

Early 
apoptosis

Normal  
intensity 

104 5.69 ± 2.46 
(0.1–11.75)

68.19 ± 0.6 
(55–86)

427.6 ± 58.1 
(1.3–2930.0)

62.7 ± 9.65 
(0.15–489.0)

Increased 
intensity

26 17.17 ± 4.25
(13.09–30.45)

67.69 ± 1.3
(58–85)

415.5 ± 75.4
(10.4–1226.3)

41.3 ± 10.5
(0.74–252.2)

Late 
apoptosis

Normal  
intensity 

88 0.05 ± 0.04
(0–0.14)

68.00 ± 0.7
(56–86)

380.2 ± 47.3
(2.13–187.1)

52.9 ± 8.1
(0.15–456.2)

Increased 
intensity

43 0.67 ± 0.75
(0.15–3.66)

68.61 ± 0.9
(55–82)

523.1 ± 109.6
(1.3–2930.0)

70.7 ± 17.7
(0.18–489.0)

Necrosis Normal  
intensity 

106 0.02 ± 0.02
(0–0.09)

67.91 ± 0.6
(56–86)

395.4 ± 50.5
(1.3–2870.5)

59.5 ± 9.26
(0.2 – 489.0)

Increased 
intensity

26 0.31 ± 0.36
(0.1–1.86)

69.31 ± 1.4
(55–82)

548.5 ± 130.4
(2.1–2930.0)

56.9 ± 14.5
(0.2–300.2)

The control group consisted of 32 people who were not 
chronically exposed and lived in similar social and economic 
conditions. Mean age of the control group members at the time 
of examination was 67 ± 1.25 years (57–81 years). Intensity 
of apoptosis and necrosis was calculated in the control group 
according to the formula (1). For the purpose of the study the 
exposed people were subdivided into the following groups: ex-
posed people with the intensity of apoptosis/necrosis exceed-
ing the critical value, and exposed people with the intensity 
of apoptosis/necrosis within the normal range.

    Intensity of apoptosis = Σx
n  + 2√ Σ(x1 – x)2

n – 1 ,       (1)

where Σx
n  – mean value of the rate/frequency/intensity of 

PBL apoptosis/necrosis; √ Σ(x1 – x)2

n – 1 – standard deviation.

In the control group, mean frequency of cells at the early 
stage of apoptosis was 3.04, standard deviation – 4.52; at the 
late stage of apoptosis – 0.03, standard deviation – 0.06; at the 
stage of necrosis – 0.02, standard deviation – 0.04. Thus, the 
critical value of the frequency of cells for the early apoptosis 
was 12.08, for the late apoptosis – 0.15, for necrosis – 0.1. 
Exposed people who had frequency of cells at various stages of 
apoptotic death exceeding the critical value were included into 
the group with increased frequency of  PBL apoptosis/necro-
sis. The description of the studied groups is given in Table 1. 

Blood for the study of PBL apoptotic/necrotic death was 
taken from the cubital vein in a volume of 6 ml into Vacuette 
tubes with Li­heparin (Improvacuter, China). The study was 
performed using flow cytometer with the Annexin V FITC 
stain kit (BD, France). Leukocyte fraction was isolated in 
Ficoll­Urografin density gradient from whole blood (density 
1077–1078 g/cm3) in accordance with the standard method 
(Kheifets, Abalakin, 1973). Annexin­V (human) recombinant 
(FITC conjugate) and DNA binding fluorescent dye propidium 

iodide (PI) were added to cell-suspension. The analysis was 
performed using flow cytometer Navios (Beckman Coulter, 
USA). In the course of the analysis, cell populations at the 
stages of early and late apoptosis, and necrosis, as well as 
live cells were isolated. Results were given as a percentage 
ratio of cells that entered this or that stage of apoptosis and 
necrosis (see Table 1).

Blood for measuring mRNA relative content was taken from 
the cubital vein in a volume of 3 ml in sterile Tempus Blood 
RNA Collection Tubes (Applied Biosystem, USA). RNA was 
isolated through a column-based method with the Tempus 
Spin RNA Isolation Kit (Applied Biosystem). Information 
on concentration and purity of the isolated RNA samples 
was obtained using a NanoDrop 2000С spectrophotometer 
(Thermo Scientific, USA). Purity of the samples was measured 
by the values of absorption at wavelength of 260 and 280 nm 
(А260/280). The ratio of absorbances measured at A260/280 
for purified RNA extracted from all blood samples was 
2.1 ± 0.02. The total yield of the RNA was from 50 to 90 µg/ml. 
Reaction of reverse transcription for the cDNA synthesis was 
performed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystem). Relative quantitative content 
of the mRNA was measured with RT­PCR using the CFX96 
Touch amplifier (Bio­Rad Laboratories, USA).

The relative amount of mRNA in the studied samples was 
determined using 2–ΔΔСt-method. The data were evaluated with 
respect to the relative level of mRNA of the “housekeeping” 
COMT and B2 M genes and control group averaged values. 
Amplification curves were analyzed with the Bio­Rad CFX 
Manager 2.1 (Bio­Rad Laboratories) using the  threshold line 
method. The calculation was performed taking into account 
three replicates for each gene and the efficiency of amplifica-
tion was obtained by constructing calibration curves. Oligo-
nucleotide sequence of the primers, temperature conditions of 
the RT-PCR were taken from international published papers 
and adapted to our experiments. The characteristics of primers 
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Table 2. Relative content of mRNA (rel. un.) of the genes in the groups of examined people  
with different intensity of PBL early apoptosis (М ± SE; min–max)

Gene Exposed people with normal intensity  
of PBL early apoptosis, N = 106

Exposed people with increased intensity  
of PBL early apoptosis, N = 26

p

TP53 1.15 ± 0.04  (0.31–2.55) 1.05 ± 0.05  (0.59–1.46) 0.523

MDM2 1.06 ± 0.05  (0.37–2.27) 1.08 ± 0.08  (0.39–2.22) 0.629

BCL-2 1.06 ± 0.05  (0.28–2.48) 0.90 ± 0.08  (0.23–2.01) 0.106

OGG1 0.98 ± 0.03  (0.34–2.00) 0.94 ± 0.07  (0.42–1.69) 0.460

ATM 0.99 ± 0.02  (0.55–1.83) 1.00 ± 0.06  (0.32–1.67) 0.441

BAX 1.12 ± 0.03  (0.40–1.81) 1.17 ± 0.07  (0.61–1.96) 0.438

XPC 1.07 ± 0.02  (0.68–1.73) 1.10 ± 0.05  (0.70–1.66) 0.693

CDKN1A 0.99 ± 0.05  (0.43–1.51) 0.98 ± 0.05  (0.48–1.45) 0.756

STAT3 1.05 ± 0.06  (0.21–2.71) 1.08 ± 0.13  (0.28–2.60) 0.919

GATA3 1.05 ± 0.07  (0.27–2.82) 1.03 ± 0.10  (0.39–2.50) 0.664

MAPK8 1.17 ± 0.07  (0.26–2.85) 1.14 ± 0.13  (0.32–2.07) 0.864

NF-KB1 0.99 ± 0.07  (0.22–2.88) 0.94 ± 0.12  (0.32–2.39) 0.610

PADI4 0.93 ± 0.07  (0.18–2.79) 1.37 ± 0.14  (0.30–2.51) 0.006

Fig. 1. Distribution of the relative content of mRNA of the studied genes in chronically exposed people with normal and increased intensity of PBL early 
apoptosis. 
Here and in Figures 2 and 4 the data are presented as the median (25 and 75 percentile) and range (min–max); *** the differences between the groups are 
statistically signif icant (р < 0.05). 
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are described in detail in (Blinova et al., 2020b; Ni ki forov et 
al., 2020).

Statistical processing of the obtained data was performed 
using Statistica 10.0 and SigmaPlot software packages. The 
Kolmogorov–Smirnov test was used to check if the data in 
the samples were normally distributed. Since many of the 
investigated parameters did not have normal distribution, the 
non­parametric Mann–Whitney U­test and the Kruskall–Wal-
lis test were used to compare the groups. The results were 
given as mean values, error of mean and range of the data 
(M, min–max) (Tables 2–4).

Correlation-regression analysis performed without taking 
into account the outliers was used to reveal the dependences 
of changes in the relative mRNA content in the studied genes 
on radiation factors (dose to RBM, thymus and organs of 

the peripheral immune system). p­value ≤ 0.05 corrected for 
the multiple comparisons was used to exclude errors in the 
hypothesis wording. 

Results

Transcriptional activity of genes in chronically exposed 
people with increased intensity of early apoptosis
In the framework of the current study, a statistically significant 
increase (1.5 times) of the relative content of mRNA of the 
PADI4 gene was registered in the group of exposed people with 
increased intensity of the PBL apoptosis relative to the exposed 
people with normal intensity of early apoptosis (see Table 2). 

It can be seen from Fig. 1, that the changes in relative mRNA 
content of the PADI4 gene are due to the shifts of median data 



V.S. Nikiforov, E.A. Blinova 
A.I. Kotikova, A.V. Akleyev

54 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

Gene expression regulating cellular homeostasis in exposed 
persons with different intensity of apoptosis of lymphocytes

Table 3. Relative mRNA content (rel. un.) of genes in the groups of examined people  
with different intensity of PBL late apoptosis  (Ме; Q1–Q3)

Gene Exposed people with normal intensity  
of PBL late apoptosis, N = 89

Exposed people with increased intensity  
of PBL late apoptosis, N = 43

p

TP53 1.03 ± 0.03  (0.30–1.79) 1.31 ± 0.10  (0.50–2.65) 0.013

MDM2 1.01 ± 0.04  (0.37–2.27) 1.18 ± 0.09  (0.37–2.23) 0.140

BCL-2 0.94 ± 0.04  (0.23–2.01) 1.19 ± 0.09  (0.28–2.29) 0.021

OGG1 0.95 ± 0.03  (0.33–1.90) 1.02 ± 0.06  (0.53–2.00) 0.405

ATM 0.98 ± 0.03  (0.32–1.67) 1.02 ± 0.04  (0.58–1.82) 0.700

BAX 1.13 ± 0.03  (0.40–1.96) 1.14 ± 0.05  (0.59–1.81) 0.912

XPC 1.08 ± 0.03  (0.68–1.73) 1.08 ± 0.03  (0.74–1.51) 0.679

CDKN1A 0.95 ± 0.02  (0.43–1.51) 1.07 ± 0.12  (0.53–1.50) 0.940

STAT3 1.08 ± 0.07  (0.22–2.71) 0.99 ± 0.09  (0.21–2.17) 0.559

GATA3 1.06 ± 0.07  (0.27–2.83) 1.04 ± 0.11  (0.27–2.73) 0.902

MAPK8 1.13 ± 0.07  (0.29–2.84) 1.22 ± 0.13  (0.26–2.55) 0.699

NF-KB1 1.02 ± 0.07  (0.24–2.80) 0.95 ± 0.12  (0.22–2.89) 0.699

PADI4 1.06 ± 0.08  (0.18–2.77) 0.94 ± 0.12  (0.23–2.79) 0.345

Fig. 2. Distribution of the relative content of mRNA of the studied genes in chronically exposed people with normal and increased intensity  
of PBL late apoptosis. 

Intensity of PBL early apoptosis

Normal intensity
Increased intensity

ATM BAX

***

***

BCL-2 CDKN1A GATA3 MAPK8 MDM2 NF-KB1 OGG1 STAT3 TP53 XPCPADI4

4

3

2

1

0

Re
la

tiv
e 

m
RN

A
 le

ve
l

to the area/region of high values in the group of chronically 
exposed people with increased intensity of early apoptosis 
of the PBL, and not due to the changes in the transcriptional 
activity of this gene in some exposed people.

No statistically significant dependences were revealed 
when we checked the relationship between the mRNA content 
and dose characteristics (accumulated dose to RBM, thymus 
and organs of the peripheral immune system) in the group of 
exposed people with increased intensity of early apoptosis.

Transcriptional activity of genes  
in chronically exposed people  
with increased intensity of late apoptosis
In the study of the late stage of apoptosis, it was observed 
that chronically exposed people with increased intensity of 
late apoptosis have a statistically significant increase in the 
mRNA content of TP53 and BCL-2 genes relative to the ex-
posed people with normal frequency of PBL at the late stage 
of apoptosis (see Table 3, Fig. 2).
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Fig. 3. Linear dependence of the changes of the mRNA relative content 
of the ATM and BCL-2 genes on the accumulated dose to the RBM, thymus 
and organs of the peripheral immune system in the group of chronically 
exposed people with increased intensity of PBL late apoptosis. 
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As a result of the correlation analysis, negative correlation 
was revealed between relative content of the mRNA of the 
BCL-2 (r = –0.6; p = 0.001) and ATM (r = –0.4; p = 0.02) genes 
and dose to RBM in chronically exposed people with increased 
intensity of  PBL late apoptosis. In addition, a negative cor-
relation between the content of mRNA and dose to the thymus 
and organs of the peripheral immune system was noted for the 
BCL-2 (r = –0.4; p = 0.002) gene. The obtained dependences 
were studied using linear regression analysis (Fig. 3).

Transcriptional activity of genes in chronically exposed 
people with increased intensity of necrosis 
Statistically significant differences between the groups of 
exposed people with different intensity of PBL necrosis 
were shown only for the TP53 gene. An increase in the rela-
tive mRNA content of the TP53 gene (almost by 1.5 times) 
was observed in chronically exposed persons with increased 
PBL intensity of necrosis compared to chronically exposed 
individuals with a normal frequency of PBL that entered the 
phase of necrosis (see Table 4, Fig. 4).

Negative correlation of the relative mRNA content of the 
BCL-2 (r = –0.47; p = 0.02) and ATM (r = –0.6; p = 0.001) 
genes with RBM dose was registered in the group of exposed 
people with increased PBL frequency at the stage of necrosis. 
The results of linear regression analysis showed no significant 
dependence of changes of mRNA amount of the BCL-2 gene 
on the accumulated RBM dose (p = 0.13), while a statistically 
significant negative linear dependence of mRNA content 
on RBM dose was shown for the ATM gene in the group of 
chronically exposed persons with increased intensity of PBL 
necrosis (Fig. 5). 

Verification of the relationship between relative mRNA 
content and intensity of necrotic cell death revealed a nega-
tive correlation for the MAPK8 gene (r = –0.62; p = 0.01) in 
exposed people with increased frequency of PBL that entered 
the phase of necrosis. 

Discussion
This study showed that chronically exposed people with in-
creased frequency of PBL in the early stage of apoptosis have 
increased mRNA content of PADI4 gene compared to exposed 
people with normal intensity of early apoptosis. PADI4 is a 
Ca2+-dependent enzyme that catalyzes protein citrullination 
in the presence of Ca2+ (Rogers et al., 1977). In particular, 
PADI4 can mediate histone H3 citrullination on the promo-
ters of p53 target genes such as CDKN1A, BAX, BCL-2, etc, 
and also bind to the p53 C-terminal regulatory domain, which 
causes repression of its activity (Tanikawa et al., 2012). In this 
regard, we can assume that PADI4 protein is an important me-
diator of the p53 signaling pathway that can lead to apoptosis  
activation.

In the group of exposed people with increased intensity 
of PBL apoptotic death at a late stage, modification of tran-
scriptional activity of TP53 and BCL-2 genes is observed. In 
particular, a statistically significant increase in the relative 
mRNA content of these genes has been shown.  
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Table 4. Relative mRNA content (rel. unit) of genes in groups of exposed people  
with various intensity of PBL necrosis (М ± SE; min–max)

Gene Exposed people with normal frequency  
of PBL necrosis, N = 106

Exposed people with increased frequency  
of PBL necrosis, N = 26

p

TP53 1.01 ± 0.03  (0.31–1.94) 1.40 ± 0.15  (0.64–2.22) 0.015

MDM2 1.05 ± 0.04  (0.37–2.27) 1.12 ± 0.13  (0.37–2.23) 0.741

BCL-2 1.00 ± 0.04  (0.23–2.43) 1.10 ± 0.12  (0.41–1.73) 0.750

OGG1 0.95 ± 0.04  (0.33–2.00) 1.08 ± 0.08  (0.61–1.94) 0.150

ATM 1.01 ± 0.02  (0.32–1.83) 0.96 ± 0.06  (0.55–1.63) 0.151

BAX 1.12 ± 0.03  (0.40–1.95) 1.19 ± 0.07  (0.65–1.81) 0.390

XPC 1.07 ± 0.02  (0.68–1.73) 1.17 ± 0.05  (0.85–1.67) 0.079

CDKN1A 0.95 ± 0.02  (0.43–1.51) 1.18 ± 0.19  (0.59–1.50) 0.411

STAT3 1.08 ± 0.06  (0.21–2.71) 0.89 ± 0.12  (0.23–2.06) 0.220

GATA3 1.05 ± 0.07  (0.27–2.83) 1.06 ± 0.14  (0.27–2.56) 0.592

MAPK8 1.16 ± 0.07  (0.29–2.84) 1.15 ± 0.15  (0.27–2.04) 0.960

NF-KB1 1.04 ± 0.07  (0.22–2.89) 0.78 ± 0.11  (0.32–1.69) 0.185

PADI4 1.03 ± 0.07  (0.20–2.64) 1.03 ± 0.19  (0.18–2.79) 0.893

Fig. 4. Distribution of relative mRNA content of studied genes in chronically exposed people with normal and increased intensity of PBL necrosis.
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One of the main functions of p53 is induction of signaling 
mechanisms aimed at the elimination of potentially harmful 
cells (Miyashita et al., 1994). However, against the back-
ground of increased transcriptional activity of TP53, there is 
an increase in the anti-apoptotic BCL-2 gene in the group of 
exposed people with increased intensity of apoptosis. At the 
same time, the amount of mRNA of the BCL-2 gene decreases 
with the increase of dose to RBM, thymus and organs of the 
peripheral immune system. At this stage of work, it is difficult 
to explain this phenomenon; there is probably a violation of 
the mechanism of cell elimination against the background of 
hyperexpression of anti-apoptotic factors in some exposed 

people with increased intensity of apoptosis. This is also 
indicated by the fact that the transcriptional activity of the 
TP53 gene is increased in an exposed person with increased 
intensity of necrosis. 

Moreover, negative correlation between the relative mRNA 
content of ATM genes and RBM dose was recorded in exposed 
people with increased intensity of late apoptosis. ATM gene 
dysfunction leads to a progression of genome instability, which 
is primarily accompanied by increased frequency of chromo-
some aberrations (telomere length shortening, increased level 
of paired and single chromosome fragments and frequency of 
translocations) (Hahn, Weinberg, 2002; Franco et al., 2006). 
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Fig. 5. Linear dependence of changes of relative mRNA content of ATM 
genes on accumulated RBM dose in the group of chronically exposed 
people with increased intensity of PBL necrosis.
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It is possible that down-regulation of this gene transcription, 
which increases with an increasing dose to red bone marrow 
of the residents of the Techa Riverside villages, is associated 
with depletion of intracellular reserves for neutralizing the 
resulting DNA damage, and thus is the leading cause of the 
increased intensity of cell death.

In the group of chronically exposed people with increased 
intensity of necrosis, a decrease in relative mRNA content of 
MAPK8 gene with increased intensity of PBL necrotic death is 
observed against the background of increased transcriptional 
activity of the TP53 gene. 

MAPK8 phosphorylates hundreds of substrates responsible 
for stress response control and apoptosis regulation, includ-
ing p53 (Guimaraes, Hainaut, 2002). In addition, MAPK8 
phos phorylates BMF (BCL­2 modulating factor) on specific 
serine residues located inside and immediately adjacent to 
the BMF binding domain. BMF released from actin enters 
mitochondria, physically interacts with the BCL­2 protein, 
which subsequently also initiates apoptosis (Puthalakath et al.,  
2001).

Conclusion
Thus, in the framework of the study it has been noted that 
changes in the transcriptional activity of apoptotic genes are 
primarily registered in exposed people with increased intensity 
of apoptosis, which is consistent with current ideas about the 
activation of programmed cell death. It was shown that gene 
expression depends on the stage of PBL apoptosis. 

The study should be continued with an expanded sample of 
examined people and studied targets, which will allow defining 
the significance of parameters of transcriptional activity of 
some genes as markers of cancer and non-cancer incidence risk 
associated with apoptosis registered in chronically exposed 
people in the long-term period. 
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Abstract. The risk of cervical cancer is caused by persistent human papillomavirus (HPV) infection. Cervical cancer 
is the most frequent cancer among women. Our purpose was to investigate the association between TP53 215C>G 
(Pro72Arg), MDM2 -410T>G, and NQO1 609C>T gene polymorphisms with a high HPV load and the inf luence of 
gene-gene interactions on prolonged HPV infection. Eighty-nine women with a high HPV viral load and 114 healthy 
women were involved in a case–control study. Genotyping for TP53 215C>G (Pro72Arg) and MDM2 -410T>G SNPs 
was carried out by allele-specif ic PCR and genotyping for NQO1 609C>T was performed by a TaqMan assay. Quan-
titative analysis of HPV DNA was performed by AmpliSens® HPV HCR screen-titer-FRT test system. Gene-gene 
interactions were analyzed using the multifactor dimensionality reduction (MDR) method. The study of separate 
SNPs of MDM2 -410T>G and NQO1 609C>T genes did not reveal any statistically signif icant difference in geno-
type and allele frequencies among women within the two groups. The frequency of the 215G (72Arg) allele and 
215GG (72Arg/ Arg) genotype of the TP53 gene was signif icantly higher in the case group than in the control group 
(OR = 1.74, 95 % CI = 1.10–2.73; p = 0.02 and OR = 1.97, 95 % CI = 1.13–3.46; p = 0.04, respectively). MDR analysis 
showed the signif icance of intergenic interactions of the three studied loci TP53 (rs1042522) – MDM2 (rs2279744) – 
NQO1 (rs1800566) for the formation of a high HPV load (OR = 3.05, 95 % CI = 1.73–5.46; p = 0.0001).
Key words: polymorphism; human papillomavirus; viral load; TP53; MDM2; NQO1.
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Ассоциация полиморфизма генов ТР53, MDM2 и NQO1 
с вирусной нагрузкой среди женщин  
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Аннотация. Риск рака шейки матки вызван персистирующей инфекцией вируса папилломы человека (ВПЧ). 
Наша цель – исследовать связь между полиморфизмами генов TP53 215C>G (Pro72Arg), MDM2 -410T>G и 
NQO1 609C>T с риском формирования высокой вирусной нагрузки при ВПЧ-инфекции. Восемьдесят де-
вять женщин с высокой вирусной нагрузкой ВПЧ и 114 здоровых женщин были вовлечены в исследование 
случай–контроль. Генотипирование для SNP TP53 Pro72Arg и MDM2 -410T>G проводили методом аллель-
специфичной ПЦР, а для NQO1 609C>T – путем анализа ПЦР в реальном времени с использованием TaqMan 
зондов. Количественный анализ ДНК ВПЧ выполняли с использованием тест-системы «АмплиСенс ВПЧ ВКР 
скрин-титр-FL». Анализ межгенных взаимодействий осуществляли с помощью алгоритма многофакторного 
снижения размерности (MDR). Исследование отдельных SNP генов, MDM2 -410T>G и NQO1 609C>T, не вы-
явило статистически значимой разницы в частотах генотипов и аллелей среди женщин в двух группах. Часто-
та аллеля 72Arg и генотипа 72Arg/Arg гена TP53 в группе ВПЧ-инфицированных женщин была значительно 
выше, чем в контрольной группе (OR = 1.74, 95 % CI = 1.10–2.73; p = 0.02 и OR = 1.97, 95 % CI = 1.13–3.46; 
p = 0.04 соответственно). MDR-анализ показал значимость межгенных взаимодействий исследуемых локусов 
TP53 (rs1042522) – MDM2 (rs2279744) – NQO1 (rs1800566) для формирования высокой нагрузки ВПЧ (OR = 3.05, 
95 % CI = 1.73–5.46; p = 0. 0001).
Ключевые слова: полиморфизм; вирус папилломы человека; вирусная нагрузка; TP53; MDM2; NQO1.
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Introduction 
Human papillomavirus (HPV) is implicated in the develop-
ment of cervical cancer. A key critical step in papillomavirus-
related carcinogenesis is a persistent viral infection (Vonsky et 
al., 2019). There is heterogeneity in the development of human 
papillomavirus infection due to genetic variations, ethnicity, 
viral types involved in infection, viral load, and oncogenic 
expression, as well as environmental, and hormonal, phy-
sio logical, and nutritional factors (Roura et al., 2016; Tasic 
et al., 2018). After HPV-infection, especially with high-risk 
HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59), 
HPV oncoproteins induce mutations in oncogenes, epigenetic 
modifications, and chromosomal rearrangements (Mittal, 
Banks, 2017). A disequilibrium in the relationship between 
virus and host results in a decrease in the effectiveness of the 
immune system, the imbalance between cellular and humoral 
immune processes, as well as alteration in pro- and anti-
inflammatory cytokine levels, which increases the replicative 
ability of the virus (Fernandes et al., 2015; Bordignon et al., 
2017). In addition, modifications that alter the stability of cell 
cycle proteins such as retinoblastoma protein (pRb), tumor 
suppressor p53, result in uncontrolled cell cycle progression 
and induce oncogenic transformation of cells (Sen et al., 2017; 
Balasubramaniam et al., 2019).

The TP53 tumor suppressor gene plays a crucial role in 
regulating DNA repair, apoptosis, and cell cycle control. It 
has been observed that most human tumors contain mutated 
p53, with about 50 % of those mutations causing a reduction 
in DNA repair ability, irregular cell growth, and, eventually, 
progression to malignancy (Aubrey et al., 2016). Polymor-
phisms in the TP53 gene change p53 protein conformation, 
which leads to p53 degradation through a process mediated 
by ubiquitin (Rampias et al., 2014). The most widely studied 
of the non-synonymous SNP TP53 Pro72Arg (rs1042522) 
replaces proline (Pro) with arginine (Arg) in the p53 protein 
due to a substituted C to G base in the TP53 gene. Both variants 
have the same binding affinity for DNA while their ability to 
bind components of the transcription factor is different. So, the 
two variants of the p53 protein are not functionally equivalent 
(Thomas et al., 1999). The p53 is ubiquitinated in the protea-
some, which is regulated by MDM2 via a ubiquitin-dependent 
degradation pathway and NAD(P)H quinone oxidoreductase 1 
via a ubiquitin-independent degradation pathway (Tsvetkov 
et al., 2010; Karni-Schmidt et al., 2016). As a result, the level 
of p53 is affected by MDM2 and NQO1 activity.

Oncoprotein MDM2 is a negative regulator of the p53 tu mor 
protein (Saadatzadeh et al., 2017). A functional SNP in the 
MDM2 gene promoter (-410T>G rs2279744) regulates MDM2 
protein expression. When T is replaced with G, this increases 
the affinity of the transcriptional activator Sp1, resulting in 
higher MDM2 expression and subsequent suppression of the 
p53 pathway (Bond et al., 2004).

The NQO1 enzyme can catalyze the reduction of vari-
ous quinones to hydroquinones by a two-electron reduction 
mechanism (NADH or NADPH) as a reducing cofactor. This 
two-electron reduction prevents the formation of free radicals 
(semiquinones) that protect the cells from oxidative stress 
(Atia, Abdullah, 2020). The SNP of NQO1 at nucleotide 
position 609C>T in exon 6 (rs1800566) with the proline to 
serine amino acid substitution at codon 187 induces a change 

of enzyme activity. The homozygotes (TT ) genotype gives rise 
to an inactive enzyme NQO1, heterozygotes (CT ) have the 
enzyme displays mild activity, while the wild homozygotes 
(CC) have the highest activity of the NQO1 (Ross, Siegel, 
2004). Wild type NQO1 partially inhibits HPV E6-mediated 
p53 degradation, although this does not occur with the mutant 
type NQO1 (Niwa et al., 2005).

Thus, the efficiency of the cell cycle repair and control 
system depends not only on the p53 protein. Also, the levels of 
MDM2 and NQO1 proteins in the cell can affect the stability 
of the p53 protein and the activity of its degradation processes. 
However, human papillomavirus, as an exogenous factor, can 
be an additional cause affecting the work of the repair system. 
Most of the studies on the association of SNPs of genes with 
HPV infection and cervical cancer are devoted to the analysis 
of individual nucleotide substitutions. There is practically no 
data in the literature on the combined effect of polymorphic 
variants of these three genes in the presence of HPV load. 

Our work aims to analyze the distribution of the poly-
morphisms of the TP53 gene (rs1042522), MDM2 gene 
(rs2279744), and NQO1 gene (rs1800566) in patients with 
HPV load versus HPV-negative women.

Materials and methods
Two hundred and three samples of epithelial cells scraped from 
the urogenital tract of women were used for molecular genetic 
studies. The study equipment has been provided by the clinical 
diagnostic laboratory, Nauka (Rostov-on-Don, Russia). The 
women were divided into two groups: women with a high 
HPV load (above 3 log of HPV genomes per 100 thousand 
human cells) (n = 89), and HPV-negative women (n = 114). 
All the women included in the study were over thirty years 
old. Criteria for women being included in the control group: 
a normal result of colposcopy, HPV-negative PCR-test. The 
comparative group of cases included women with symptoms 
such as vaginal discharge, bleeding menstrual abnormali-
ties, and HPV-positive PCR-test with an HPV load of more 
than 3 log of HPV genomes per 105 human cells. The ethnic 
composition of the women involved in the study groups was as 
follows: Russians accounted for 86 %, Armenians accounted 
for 9 %, and other nationalities of the Caucasian race – 5 %. 

All women have given formal written consent to take part 
in the study. The study was approved by the Bioethics Com-
mittee of the Academy of Biology and Biotechnology of the 
Southern Federal University (Protocol No. 2 of March 29, 
2016). All the tests for clinical experimentation were carried 
out in line with the standards and ethical guidelines of the 
World Medical Association (Helsinki Declaration).

The total DNA was isolated from scraping epithelial cells of 
the cervical canal of women according to the DNA-sorb-AM 
(NextBio, Russia) reagent kit protocol. The quantification of 
DNA for high-risk HPV types (16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, and 59) in biological material was analyzed ac-
cording to the AmpliSens-HPV HCR screen-titre-FRT PCR 
kit (Interlabservice, Russia) protocol. According to the kit 
manufacturer’s instructions and clinical reports, the viral load 
is interpreted as follows: log ≤ 3 per 105 human cells – low 
clinical significance, 3–5 log per 105 human cells – clinically 
significance, risk of dysplasia; and > 5 log per 105 human 
cells – clinically significance, strongly probable dysplasia. 



Ассоциация полиморфизма генов ТР53, MDM2 и NQO1 с вирусной 
нагрузкой среди женщин с вирусом папилломы человека

А.Х. АлБосале 
Е.В. Машкина

2022
26 • 1

61МЕДИЦИНСКАЯ ГЕНЕТИКА / MEDICAL GENETICS

Genotyping was performed for the SNP of TP53 215C>G 
(Pro72Arg) (rs1042522), MDM2 -410T>G (rs2279744) genes 
by allele-specific PCR and the SNP-express reagent (Ly-
tech, Russia) according to the kit protocol. NQO1 609C>T 
(rs1800566) was genotyped by a TaqMan genotyping assay. 
The amplification was carried out in a 25-ml reaction contain-
ing 2 μl 25 mM MgCl2, 1 μl 10 mmol/L of the forward primer 
(5′-CAG AGT GGC ATT CTG CAT TTC T-3′) and reverse 
(5′-CTG GAG TGT GCC CAA TGC TA-3′) primers and 
0.5 μl mmol/L NQO1 wild-type (5′-6FAM-CTT AGA ACC 
TCA ACT GA-MGBNFQ-3′) and mutant (5′-VIC-CTT AGA 
ATC TCA ACT GAC A-MGBNFQ-3′) probes, 0.5 μl Taq-
polymerase (5 U/μl), 2.5 μl 2.5 мМ of dNTP, 2 μl 10 × PCR 
buffer B, 12 μl ddH2O (Syntol, Russia) and 3 μl DNA. Cycling 
conditions were as follows: initial denaturation at 95 °C for 
10 min, followed by 40 cycles consisting of denaturation 
at 95 °C for 15 sec, then annealing at 54 °C for 60 sec. The 
PCR products for NQO1 609C>T (rs1800566) were analyzed 
in real-time using RotorGene thermocycler. PCR products 
for the TP53 Pro72Arg and MDM2 -410T>G genes were 
analyzed by 3 % agarose gel horizontal electrophoresis and 
visualized under the ultraviolet (UV) transilluminator GelDoc 
(Bio-Rad, USA). 

To calculate the statistical data, the χ2 test was used to com-
pare the allele and genotype frequencies of the TP53 215C>G 
(Pro72Arg) (rs1042522), MDM2 -410T>G (rs2279744), and 
NQO1 609C>T (rs1800566) genes in the case group and 
control group. The Hardy–Weinberg equilibrium test was 
performed to determine the goodness-of-fit of the χ2 test with 
one degree of freedom by comparing the observed genotype 
frequencies with the expected genotype frequencies. The SNP 

genetic association was assessed by the χ2 test, odds ratio 
(OR), and its confidence interval (CI). A p-value < 0.05 was 
considered statistically significant. Statistical analyses were 
performed using GraphPad InStat 3.05 software. 

The analysis of intergenic interactions was performed using 
the MDR software (http://www.multifactordimensionalityre 
duction.org/) and by using the exhaustive search algorithm. 
All potential combinations of genotypes were evaluated with 
respect to the risk of developing an HPV infection. Multilocus 
genotypes are summed up in the MDR program into groups of 
increased and reduced disease risk, which reduces the dimen-
sion of the number of calculated parameters. Using multiple 
cross-recalculations of the input primary data, the optimal 
model is selected for intergenic interaction, with the highest 
accuracy and, accordingly, with the least error, to predict the 
presence or absence of predisposition to the studied pathology.

Results
In 89 HPV-positive women, the average age was 40.1 ± 7.3 years 
and 41.1 ± 7.6 years in 114 HPV-negative women. Among 89 
HPV-infected women the minimum, middle, and maximum 
HPV DNA load were 3.2, 5.1, and 8.6 log of HPV genomes 
per 100 thousand human cells, respectively. 

Frequency distributions for the three investigated TP53, 
MDM2, and NQO1 gene polymorphisms are given in Table 1. 
The polymorphic variants of MDM2 -410T>G and NQO1 
609C>T were not associated with a high HPV load. At the 
same time females with a high HPV load had a significantly 
higher frequency of TP53 215G (72Arg) allele (OR = 1.74, 
95 % CI = 1.10–2.73; p = 0.02) and 215GG (72ArgArg) 
genotype (OR = 1.97, 95 % CI = 1.13–3.46; p = 0.04) than 

Table 1. Genotypes (abs., %) and alleles frequencies for MDM2 -410T>G, TP53 215C>G (Pro72Arg), and NQO1 609C>T genes  
among women with high HPV load and without HPV 

Gene, polymorphism Group with high HPV load 
(n = 89)

Control group without HPV 
(n = 114)

p OR (95 % CI)

MDM2 -410T>G (rs2279744)

T 0.651 0.671 0.68 0.92 (0.61–1.39)

G 0.348 0.328 1.09 (0.72–1.65)

T/T 35 (39.3) 47 (41.2) 0.86 0.92 (0.53–1.62)

T/G 46 (51.7) 59 (51.8) 1.00 (0.57–1.73)

G/G 8 (9) 8 (7) 1.31 (0.47–3.62)

TP53 215C>G (Pro72Arg) (rs1042522)

C 0.213 0.321 0.02 0.58 (0.37–0.91)

G 0.787 0.679 1.74 (1.10–2.73)

C/C 3 (3.3) 9 (7.9) 0.04 0.41 (0.11–1.54)

C/G 32(36) 55 (48.2) 0.60 (0.34–1.06)

G/G 54 (60.7) 50 (43.9) 1.97 (1.13–3.46)

NQO1 609C>T (rs1800566)

C 0.516 0.587 0.18 0.75 (0.51–1.11)

T 0.483 0.412 1.33 (0.90–1.98)

C/C 20 (22.5) 36 (31.6) 0.29 0.63 (0.33–1.18)

C/T 52 (58.4) 62 (54.4) 1.18 (0.68–2.06)

T/T 17 (19.1) 16 (14) 1.45 (0.54–3.84)
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0.15 %
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Interaction analysis among three loci of MDM2 -410T>G, TP53 215C>G 
(Pro72Arg), and NQO1 609C>T of women with high HPV viral load. 
The informational value of each marker is presented on vertices; the infor-
mational value of the interaction for a pair of loci is presented on the edges. 
The nature of the interaction between genes is shown by the color of the line 
(red – pronounced synergism, orange – moderate synergism). 

healthy controls. The existence of multiple allelic variations 
in genes that encode for protein molecules can lead to several 
related changes in the genome and proteome function. There-
fore, an analysis of intergenic interactions of allelic variants 
was conducted.

An analysis of intergenic interactions showed that the three-
locus model of gene interaction has a prediction accuracy of 
64 % and cross-validation consistency (10/10) (Table 2). In-
teraction of TP53 (rs1042522) – MDM2 (rs2279744) – NQO1 
(rs1800566) genes is associated with the risk of  high HPV load 
among women (OR = 3.05, 95 % CI = 1.73–5.46; p = 0. 0001). 

A radial diagram demonstrates the contribution of  polymor-
phism of each gene, both individually and in combination with 
others for the three-loci. In the vertices of the diagram, the 
values of information for individual genes are indicated, on 
the edges – the information value of the interaction of a pair of 
genes. The studied SNPs affect the formation of the viral load 
to varying degrees. According to the model of loci interaction 
(see the Figure), the highest predictive potential is possessed 
by the SPN of the TP53 gene (2.26 %). The TP53 and MDM2 
loci have the greatest effect by intergenic interaction. A pro-
nounced synergism was revealed between these loci – the total 
effect of the combination is 2.87 %. Its information value is 
higher than the sum of its individual effects. 

Discussion
Cervical cancer is the most common gynecological cancer 
among women and the high-risk HPV genotypes play a major 
role in abnormal lesion development and cervical malignant 

neoplasms (Malagón et al., 2019; So et al., 2019). The presence 
of a high viral load in HPV-positive women indicates that the 
virus has not been entirely removed and will likely continue 
to replicate in the body cells for a long time. Long-term virus 
persistence contributes to the incorporation of HPV DNA 
into the human genome, the expression of E6/E7 oncogenic 
proteins, and the development of cancer (McBride, Warburton, 
2017; Gheit, 2019).

Human papillomatosis appears to be a polygenic disease, 
suggesting that recurrent, small-effect genetic variations can 
have consequences for disease susceptibility (Khoury et al., 
2018). Tumor development is largely attributed to genetic 
variations in the host’s cell cycle control (Litwin et al., 2017). 
The relationships between the TP53 gene (rs1042522), MDM2 
gene (rs2279744), NQO1 gene (rs1800566), and the risk of 
high HPV load have been investigated in this study.

In our study, 43.8 % of women (89 out of 203) were posi-
tive for high-risk HPV types. Our analysis revealed an asso-
ciation of high viral load formation risk with 215G (72Arg) 
allele carriage (OR = 1.74, 95 % CI = 1.10–2.73; p = 0.02) 
and 215GG (72Arg/Arg) genotype of TP53 gene (OR = 1.97, 
95 % CI = 1.13–3.46; p = 0.04). On the contrary, 215C (Pro72) 
allele (OR = 0.58, 95 % CI = 0.37–0.91; p = 0.02) and 215CC 
(72ProPro) genotype (OR = 0.41, 95 % CI = 0.11–1.54; 
p = 0.002) showed protective effect compared to the control 
group. The polymorphic variants of the p53 protein with Pro 
or Arg in codon 72 have been shown to vary in the efficiency 
of interaction with the E6 oncoprotein of HPV (Storey et al., 
1998). The Arg variant is degraded by the E6 oncoprotein 
more readily than the Pro variant. Therefore, the carriers of 
the Arg/Arg genotype have p53 protein more vulnerable to 
viral protein-induced degradation (Hu et al., 2010). Our results 
are consistent with several other studies suggesting that HPV-
positive women are more vulnerable to cervical malignant 
neoplasms when having ТР53 72Arg/Arg genotype and ТР53 
72Arg allele (Basyar et al., 2016; Moschonas et al., 2017). 

MDM2 promotes cell cycle progression through the activa-
tion of S-phase, via interaction with the retinoblastoma tumor 
suppressor protein and the transcriptional factor E2F (Oliner 
et al., 2016). MDM2 is one of the central nodes in the p53 
pathway regulation. It has been shown that even a small change 
in MDM2 level may affect the p53 pathway and, subsequently, 
cancer development (Mendoza et al., 2014). Our analysis 
showed no statistically significant difference in the genotypes 
( p = 0.86) and allele frequencies ( p = 0.68) distribution of 
MDM2 -410T>G gene polymorphism in two women groups.

Our analysis showed no statistically significant difference 
in the genotypes ( p = 0.29) and allele ( p = 0.18) distribution 
of NQO1 609C>T gene polymorphism in the two groups of 
women. In agreement with our results, J. Chansaenroj and 
his coworkers showed no association of the NQO1 609C>T 
polymorphism with the risk of cervical cancer (Chansaenroj 

Table 2. Analysis of intergenic interactions by the multifactor dimensional reduction algorithm (MDR) 

Genes, polymorphisms in model Testing balanced accuracy Cross-validation consistency χ2 p OR (95 % CI)

MDM2 (rs2279744)
TP53 (rs1042522)
NQO1 (rs1800566)

0.64 10/10 14.673 0.0001 3.05 (1.73–5.46)
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et al., 2013). At the same time, several studies reported a 
relationship between NQO1 609TT genotypes and the risk 
of cervical cancer (Niwa et al., 2005; Yang et al., 2020). The 
NQO1 gene (rs1800566) TT genotype is associated with null 
enzyme activity and could influence cancer progression by 
reducing cytotoxic agents containing the quinone moiety 
(Diao et al., 2017).

Favorable conditions for HPV persistence include mul-
tiple genetic substitutions which result in gene expression 
changes. In our work, the analysis of gene-gene interactions 
(MDR) showed significant interaction of the polymorphic loci 
(OR = 3.05, 95 % CI = 1.73–5.46; p = 0. 0001) for increased 
viral load (see Table 2). The interaction of the polymorphic 
va riants for the three loci of the genes TP53 215C>G (Pro-
72Arg), MDM2 -410T>G, and NQO1 609C>T are associated 
with HPV viral load increase. 

A synergistic effect was revealed between the studied loci. 
That is, the combined effect of these loci is more pronounced 
than individual effects. Thus, we revealed an increased risk of 
a high viral load in HPV infection in the case of a combina-
tion of polymorphic variants of the TP53, MDM2, and NQO1 
genes. The risk may be due to disturbances in the work of 
the checkpoints of the cell cycle due to the activation of the 
processes of degradation of the p53 protein.

The current study has several limitations. First, the small 
sample size: our results should be verified in larger populations 
as well as in other ethnic groups. Second, women with cervical 
cancer were not included in our research. Comparison of the 
different histological types of cervical cancer may also be war-
ranted for future studies to determine whether the frequency 
of TP53, MDM2, and NQO1 gene polymorphisms differ based 
on the histological types of cervical cancer. Third, the influ-
ence of epidemiologic risk factors such as smoking, alcohol 
intake, and sexual behavior or pathogenic factors like bacteria 
with the risk of HPV infection was not included. It would be 
interesting to analyze if TP53, MDM2, and NQO1 produc-
tion is associated with environmental or pathogenic factors.

Conclusion
Our results demonstrate that the risk of high viral load for-
mation is associated with TP53 215G (72Arg) allele and 
TP53 215GG (72ArgArg) genotype in HPV-positive women. 
Although the individual SNPs of MDM2 -410T>G and 
NQO1 609C>T genes did not reveal a statistically significant 
frequency difference in our study, intergenic interactions 
analysis revealed significant interaction for all polymorphic 
variants. This demonstrated that the infection development 
depends on the synergistic effect of several polymorphisms 
that induce changes in gene expression and represent an al-
lelic load for HPV-positive cells. However, the role of the 
genetic susceptibility to HPV infections and high HPV load 
with TP53 rs1042522, MDM2 rs2279744, NQO1 rs1800566 
polymorphisms requires further investigation. 
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Abstract. Cardiovascular diseases (CVDs), the leading cause of death worldwide, generally refer to a range of patho-
logical conditions with the involvement of the heart and the blood vessels. A sizable fraction of the susceptibility loci 
is known, but the underlying mechanisms have been established only for a small proportion. Therefore, there is an 
increasing need to explore the functional relevance of trait-associated variants and, moreover, to search for novel 
risk genetic variation. We have reported the bioinformatic approach allowing effective identif ication of functional 
non-coding variants by integrated analysis of genome-wide data. Here, the analysis of 1361 previously identif ied 
regulatory SNPs (rSNPs) was performed to provide new insights into cardiovascular risk. We found 773,471 coding 
co-segregating markers for input rSNPs using the 1000 Genomes Project. The intersection of GWAS-derived SNPs with 
a relevance to cardiovascular traits with these markers was analyzed within a window of 10 Kbp. The effects on the 
transcription factor (TF) binding sites were explored by DeFine models. Functional pathway enrichment and protein–
protein interaction (PPI) network analyses were performed on the targets and the extended genes by STRING and 
DAVID. Eighteen rSNPs were functionally linked to cardiovascular risk. A signif icant impact on binding sites of thirteen 
TFs including those involved in blood cells formation, hematopoiesis, macrophage function, inf lammation, and vaso-
constriction was found in K562 cells. 21 rSNP gene targets and 5 partners predicted by PPI were enriched for spliceo-
some and endocytosis KEGG pathways, endosome sorting complex and mRNA splicing REACTOME pathways. Related 
Gene Ontology terms included mRNA splicing and processing, endosome transport and protein catabolic processes. 
Together, the f indings provide further insight into the biological basis of CVDs and highlight the importance of the 
precise regulation of splicing and alternative splicing.
Key words: non-coding genetic variation; rSNPs; cardio-vascular disease risk; GWAS association; 1000 Genomes Pro-
ject; gene expression regulation; transcription factor binding.
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Функциональный подход к изучению генетики  
сердечно-сосудистых заболеваний: post-GWAS исследование
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Аннотация. Сердечно-сосудистые заболевания (ССЗ) занимают одно из ведущих мест по уровню смертности в 
развитых странах. На сегодняшний день значительное число геномных локусов продемонстрировали ассоци-
ации с ССЗ, в основном в полногеномных исследованиях (GWAS), но лишь в немногих случаях установлены мо-
лекулярно-генетические механизмы, лежащие в основе ассоциации. Таким образом, задача определения функ-
ционально значимых для предрасположенности к ССЗ генетических вариантов остается актуальной. Ранее мы 
разработали биоинформатический подход, позволяющий эффективно идентифицировать регуляторные SNP 
(rSNP) – функциональные однонуклеотидные полиморфизмы, влияющие на экспрессию генов, путем анализа 
комплекса полногеномных данных. В данной работе с использованием данных проекта «1000 геномов» найден 
773 471 кодирующий SNP, являющийся косегрегирующим маркером для 1361 идентифицированного нами rSNP. 
Проанализировано расположение этих маркеров в пределах геномного окна размером 10 Кб вокруг маркеров 
GWAS, ассоциированных с риском развития ССЗ или потенциально связанными с этим риском фенотипически-
ми признаками. Влияние rSNP на сайты связывания транскрипционных факторов исследовано с помощью мо-
делей DeFine. Анализ межбелковых взаимодействий и обогащения биологических путей для соответствующих 
генов-мишеней проведен с использованием баз STRING и DAVID. Найдено восемнадцать rSNP, функционально 
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связанных с риском развития ССЗ. В клеточной линии K562 выявлено значительное влияние этих rSNP на сайты 
связывания тринадцати транскрипционных факторов, в том числе участвующих в процессах кроветворения, 
функционирования макрофагов, воспаления и вазоконстрикции. Для двадцати одного соответствующего гена-
мишени, а также пяти функционально взаимодействующих с ними генов показано обогащение биологически-
ми категориями сплайсосомы и эндоцитоза (KEGG), комплекса сортировки эндосом и процессов сплайсинга 
(REACTOME), а также некоторыми терминами генетических онтологий, в том числе сплайсинга и процессинга 
мРНК. В целом полученные результаты расширяют имеющиеся представления о роли rSNP и связанных с ними 
изменений экспрессии генов в развитии ССЗ и подчеркивают важность точной регуляции процессов сплайсин-
га мРНК и альтернативного сплайсинга для формирования определенного фенотипа.
Ключевые слова: некодирующие полиморфизмы; регуляторные SNP; предрасположенность к сердечно-сосу-
дистым заболеваниям; полногеномные исследования ассоциаций, проект «1000 геномов»; регуляция экспрес-
сии генов; транскрипционные факторы.

Introduction
While the running data indicate that the prevalence of cardio-
vascular disease may vary among regions of the world, they 
remain one of the leading causes of death and health loss and 
a large proportion of their forms are shown to have a familial 
aggregation and high heritability (Smith J.G., Newton-Cheh, 
2015; Roth et al., 2017; Wang Y., Wang J.-G., 2018). The 
previous efforts led to the identification of candidate risk genes 
including the genes of renal homeostasis for Mendelian forms 
of abnormal blood pressure levels and several transcription 
fac tors (including NKX25, GATA4, TBX) for congenital sep-
tal (Kathiresan, Srivastava, 2012). However, the broad group 
of cardiovascular traits such as myocardial infarction/ische mia 
or coronary artery disease (CAD) show complex inheritance 
patterns, which suggest the collective and non-linear effects 
from multiple genetic and non-genetic factors. With the 
recent technological advances, the whole-exome sequenc-
ing (Li A.H. et al., 2017; Seidelmann et al., 2017; Khera et 
al., 2019) and genome-wide association studies, GWASs (in 
particular (Erdmann et al., 2018; Schunkert et al., 2018)) have 
been shown to be a powerful tool for discovering the genetic 
variation associated with cardiovascular risk. The outcomes 
from multiple GWASs and their meta-analysis completed 
during the past decade have been deposited in the catalogs, 
such as the catalog of published GWASs from The National 
Human Genome Research Institute (Buniello et al., 2019), 
the Coronary ARtery DIsease Genome-wide Replication And 
Meta-analysis, CARDIoGRAM (Preuss et al., 2010) plus The 
Coronary Artery Disease (C4D) Consortium and UK Biobank 
(Ge et al., 2017).

The genes related to regulating blood pressure, the tone and 
elasticity of the vascular wall, the inflammation process, the 
proliferation of vascular smooth muscle cells and the levels of 
low density lipoprotein cholesterol (LDC-C) are ‘traditionally’ 
involved in cardiovascular risk. Moreover, the GWA studies 
resulted in numerous loci for cardiometabolic risk factors such 
as plasma biomarkers of lipid metabolism, thrombosis, inflam-
mation and metabolic status playing a role in risk analysis. In 
the case of  long QT syndrome, in particular, fifteen candidate 
genes have been reported to date, including several genes for 
ion channels (Refsgaard et al., 2012; Arking et al., 2014). No-
tably, three candidates (KCNQ1, KCNH2, and SCN5A) account 
for approximately 75 % of cases (Wallace et al., 2019). And 
there are more than 150 suggestive loci estimated for CAD 
although only 46 from them have reached the genome-wide 
significance threshold (den Hoed et al., 2015). Interestingly, 

a considerable overlap has been shown between the risk genes 
for monogenic forms of CVDs and those generating an as-
sociation signal in GWAS (Rau et al., 2015).

Together, these findings have developed a relatively com-
prehensible picture of the biology underlying the cardiovascu-
lar disease, but despite the advances, we are not able to analyze 
the functionality for the majority of the reported associated 
genetic loci. Among the reasons, there may be important limi-
tation of GWAS for identifying risk genomic regions instead of 
risk genes and the non-coding localization of the majority of 
the susceptibility SNPs (Ward, Kellis, 2012). Current theories 
assume that so-called regulatory non-coding SNPs (rSNPs) 
seem to make the greatest contribution to the development 
of various multifactorial diseases including oncological and 
CAD as these are directly involved in the control of the gene 
expression levels.

One of the lessons learned is the growing need for the 
comprehensive post-GWAS analysis in order to translate the 
reported statistical association to uncover the causal variants 
amongst those in linkage disequilibrium (Mansur et al., 2018; 
Smith A.J.P. et al., 2018). Moreover, only some of GWAS-
implicated loci (i. e. sixteen of 46 validated loci for CAD) are 
also associated with ‘classic’ genes of risk, therefore show-
ing the potential involvement of ‘non-traditional’ biological 
pathways in the disease (Smith J.G., Newton-Cheh, 2015).

Since the advances in next-generation sequencing tech-
nologies have provided an expanding amount of large-scale 
-omics datasets, the research strategies have started to focus 
on the integration of various genome-wide information  layers 
(Huang S. et al., 2017) using functional genomics assays. 
One way to find putative functional variants is to detect re-
gions with allele-specific binding of transcription factors or 
histone modifications, suggesting their different regulatory 
downstream role. ChIP-seq data will provide the snapshots of 
protein-DNA interactions allowing the analysis of sites with 
significant difference in signal between the alleles or allelic 
differences. The employment of transcriptome (RNA-seq) data 
will provide the snapshots of gene expression levels depending 
on the allele. The epigenome (iTEA) analysis (Meng et al., 
2018) in combination with the regulatory sequence annota-
tions, i. e. DNase-seq and ChIP-seq datasets (Cavalli et al., 
2019), is beginning to be used to screen for the causal variants 
changing gene expression, including within GWAS-derived 
loci. However, the researchers have not come close to solving 
the issue of identifying the rSNPs at the genome-wide scale. 
The limitations are imposed by the incomplete experimen-
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tal data collected to date and some critical methodological 
problems. Notably, one of the major challenges has become 
the development of effective in silico (bioinformatic) ap-
proaches but these are relatively few in number to date and 
only the individual studies have been reported to elucidate the 
underlying mechanisms of CVDs (Gong et al., 2018; Roman, 
Mohlke, 2018). 

To address the challenges, we have recently reported an 
effective bioinformatic approach that facilitates the systematic 
identification of functional non-coding variants from avail-
able genome-wide data (Korbolina et al., 2018). Our pipeline 
utilized multiple positional and functional criteria to reveal 
non-coding regulatory variants in the human genome and im-
puted curated GWAS association signals to select the poten-
tially colorectal cancer-causal rSNPs within a 1 Kb window 
of genomic sequence centered at the GWAS-SNP. Initially, the 
regulatory properties of found rSNPs were shown on a num-
ber of human cell lines of different origins (HCT116, K562, 
MCF7). However, expression of tissue-specific transcription 
factors is suppressed in cell lines. For this reason, here we have 
adopted the list of 1361 regulatory SNPs from the said study. 
The data from 1000 Genomes Project (1000 Genomes Project 
Consortium et al., 2015) were incorporated in the analysis to 
improve matching rSNPs with the phenotypic outcome that 
would be the risk of CVDs. Further, we tried to narrow the 
focus toward rSNPs that potentially result in a difference in 
predicted binding status of various transcription factors and 
performed the functional annotation of the targeted genes.

Materials and methods
Input data on non-coding regulatory variants in human 
genome. Regulatory SNPs from our earlier study (Korbolina et 
al., 2018) were used for input including the data on identified 
targeted genes. All of these were associated with the allele-
specific binding of various TFs and allele-specific expression 
from raw data.

Genetics data. Genetic variants and allele information were 
retrieved from dbSNP150 (Database resources…, 2016) and 
four 1000 Genomes Project super populations (AFR, AMR, 
ASN and EUR) (1000 Genomes Project Consortium et al., 
2015). The GRCh37 annotation was used to map genetic va-
riants to gene loci.

Assessment of the SNP clustering with a distance mea-
sure. To map significant GWAS associations to novel func-
tional variants here we implemented the data of 1000 Geno-
mes Project. First, we extracted the data on 2500 individual 
haplotype-resolved human genomes from various super popu-
lations (AFR, AMR, ASN and EUR). We found 1361 variants 
from the 1476 input rSNPs reported earlier (Korbolina et al., 
2018) within this genomic data. Next, we extracted the data 
on all SNPs within the transcribed genomic regions. The lists 
of rSNPs defined from 1000 genomes (‘population’ set of 
1361 variant) and coding SNPs defined from 1000 genomes 
were consolidated. Each individual from 2500 genome 
samples was genotyped separately by each SNP from the con-
solidated list. The genotype data were turned to binary, where 
“0” represented the most frequent allele and “1” – the minor 
allele within the individual genotype. The resulting genotype 
data were set to the 2D matrix containing 2500 individual 
genomes and genotypes for all SNPs from the consolidated 

list. The initial matrix was then transformed to the distance 
matrix using XOR logic gate. Figure 1 shows an example of 
SNP distance measurement by XOR.

All the relative distances were normalized on the number 
of times the minor allele was found there in the genomic data 
of 2500 genomes. Based on the analysis of the resulting dis-
tances, we quantified the likelihood of the repeated recognition 
of rSNPs and the coding SNP within one genotype in human 
populations. Here we found that in total 773 471 coding SNPs 
( p < 0.01) may be merely co-segregating markers for our 
input rSNPs.

Implementing GWAS data to interpret the input rSNPs 
functionality. Next, we examined GWAS index SNPs avail-
able up to date (May 2019). We used the ‘cardio’ signature 
for querying the GWAS Catalog (including ‘heart’, ‘coronary 
artery disease’, ‘CAD’, ‘platelet’, ‘blood’, ‘blood cells’, ‘pres-
sure’, ‘count’, ‘vessel’, ‘caliber’, ‘pulse’, ‘artery’). Next, we 
evaluated whether the input rSNPs or any of the corresponding 
coding markers lying within a 10 Kbp window of GWAS SNPs 
(Brodie et al., 2016) could be related to heart and vascular 
disease association signals (Suppl. Table 1)1.

A functional protein association network. STRING v 11 
(Szklarczyk et al., 2019) was selected as the PPI database with 
a subset of 21 genes targeted by 18 rSNPs that were found to 
be associated with cardiovascular risk, as input (see Suppl. 
Table 2 for details of enrichment analysis).

Functional annotation by DAVID. DAVID Database for 
Annotation, Visualization and Integrated Discovery (Database 
resources…, 2016) was used to further interpret the same 
targeted genes with the default values set for all parameters. 
The outputs of DAVID functional annotation and clustering 
tools are given in the Suppl. Table 3.

In silico analysis of potentially affected TF binding sites. 
The sequence-based DeFine deep learning models were em-
ployed to predict the effects on transcription factor binding in 
K562 cells (the data are accessible online via the DeFine tool) 
and to rank 18 rSNPs identified for cardiovascular risk. The 
DeFine functional scores predict the transcriptional factor-
DNA binding intensities and are appointed in the view of the 
differences between the reference sequence and the altered 
sequence, as reviewed in (Wang M. et al., 2018). The outputs 
including the maximum TF functional scores, the most likely 
candidate TFs and top 10 contact genes for each rSNP position 
are given in the Suppl. Table 4.

R code. The R package, version 3.1.0, was used for data 
ana lysis. The custom-made Perl scripts employed are avail-
able upon request.
1 Supplementary Tables 1–4 are available in the online version of the paper: 
https://disk.icgbio.ru/s/zBiq4fm632zRywe

Fig. 1. Finding the relative SNP-to-SNP distance using XOR.
The binary code was used for genotypes (the symbols 0 and 1 were used to 
represent two different alleles in a heterozygous site).

http://disk.icgbio.ru/s/zBiq4fm632zRywe
http://disk.icgbio.ru/s/zBiq4fm632zRywe
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Results

Investigating rSNP functional relevance  
to cardiovascular risk via GWAS associations
We analyzed 438 GWAS-SNPs with relevance for cardiovas-
cular traits and defined eighteen candidate rSNP variants at 
a 10 Kbp window size (see Suppl. Table 1) including within 
the associated loci for coronary heart and artery disease (CAD, 
3 loci), HLD cholesterol, QT interval, red blood cells and 
platelet cells traits. One interesting result was that ten GWAS-
derived SNPs including the ones for phenotypical associations 
with systolic and diastolic blood pressure, pulse pressure, 
retinal arteriolar microcirculation and one for CAD entered 
the list of founded regulatory SNPs in the study. We consid-
ered the input rSNP targets (Korbolina et al., 2018), and any 
gene targeted to these ten GWAS-SNPs (initially from GWAS 
catalog) to be a candidate for mediating the association. Actu-
ally, only one cardio-related SNP out of eighteen was linked 
to more than one target gene: rs3744061 (MFSD11, JMJD6).

Functional annotation of the rSNP targeted genes
We further looked into the target genes to these eighteen 
cardio-vascular risk rSNPs as candidates for mediating the 
effects on CVDs. In our STRING enrichment analysis (Szklar-
czyk et al., 2019), 21 rSNP targeted genes had five predicted 
partners and these were shown significantly enriched in Kyoto 
Encyclopedia of Genes and Genomes (KEGG) spliceosome 

pathway, two REACTOME pathways (endosomal sorting 
complex required for transport and mRNA splicing) and 
40 Gene Ontology terms including gene expression, RNA 
splicing, regulation of mRNA splicing, regulation of alterna-
tive mRNA splicing via spliceosome, protein transport to 
vacuole involved in ubiquitin-dependent protein catabolic pro-
cess via the multivesicular body sorting pathway; ubiquitin-
dependent protein catabolic process (see Suppl. Table 2 for 
the details of STRING enrichment analysis). Figure 2 shows 
the corresponding protein association network with evidence 
for association between the targets. Such an enrichment indi-
cates that the input proteins are at least partially biologically 
connected as a group. 

The same enriched groups were found by DAVID functional 
annotation tool (Huang D.W. et al., 2008), including mRNA 
splicing and mRNA 3′-splice site recognition, regulation of 
transcription and endosomal transport GO terms (see Suppl. 
Table 3). However, these processes could all be linked to the 
pathological features of CVDs, but the most notable is the 
group of targets that are associated with splicing and alterna-
tive splicing regulation (given in red nodes).

DeFine rSNP prioritization
The DeFine online tool revealed that eight rSNPs had positive 
functional scores meeting the pathogenic potential to enhance 
TF binding, and five – to weaken TF binding (see Suppl. 
Table 4) in the supported K562 cell line. The binding sites of 
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from curated databases
co-expression
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mRNA splicing
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GO:0043328, protein transport  
and ubiquitin-depended protein catabolic process

Fig. 2. Protein association network for 21 rSNP-targeted genes and 5 gene partners with a functional relevance to cardiovascular risk in STRING.
The network for rSNP targets has been expanded by additional 5 proteins (via the ‘More’ button in the STRING interface and default confidence cut-off). The 
network contains 26 nodes with 24 edges (vs 10 expected edges, the disconnected nodes are hidden); enrichment p-value < 0.001. The legend inset at the right 
shows the various types of evidence for the predicted association and the enriched annotation term for the protein (by different colours of the nodes).
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ten TFs were most strongly altered by 13 rSNPs according to 
DeFine models: TAL1, REST, NR1H2, SP2, RFX5, MXI1, 
PBX2, NFYB, ZNF274 and ZNF263. Nine out of ten of these 
TFs (with the exception of ZNF274) were the proteins with 
antibodies to which the immunoprecipitation was made by 
the original authors (as given in the Supplementary material, 
Korbolina et al., 2018). This would be expected in principle 
when examining certain regulatory regions.

In more detail, rs210962 (GWAS-derived) and rs7920217 
functional variants shared the potential to weaken the binding 
of RE1 silencing transcription factor (REST) to the related 
genomic loci (the DeFine scores of –0.0778 and –0.0888, re-
spectively). rs2270574 and rs8106212 within the GWAS loci 
for CAD and platelet trait, respectively, shared the association 
with SP2 transcription factor, but had the opposite effects on 
TF binding according to DeFine scores (0.05020 to enhance 
and –0.0973 to weaken the binding, respectively). And again, 
two rSNPs shared the effects on TF binding sites for T-cell 
acute leukemia protein 1 (TAL1) in this study: rs140492 within 
the locus for HDL cholesterol (DeFine score 0.0996 to enhance 
the TF binding was counted) and rs10445033 – within GWAS 
locus for red blood cell levels with the DeFine score –0.0891 
to weaken the TF binding. Again, DeFine identified the same 
targeted genes (i. e. SNF8 for rs2270574) with additional po-
tential targets in each rSNP case (ten top candidate genes are 
listed in the DeFine output data, see Suppl. Table 4).

Discussion
As has been mentioned in the Results, we have identified 
eighteen rSNPs with a functional relevance to CVDs that 
matched the GWAS loci for coronary heart and artery disease, 
HLD cholesterol, retinal arteriolar microcirculation, QT in-
terval, red blood cells and platelet cells traits from this study 
(see Suppl. Table 1). The genome position of rSNP coincided 
with that for GWAS-derived SNP for ten identified variants 
out of eighteen. It was an interesting find as this was a rela-
tively large part compared to our previously reported results 
for colorectal cancer (Korbolina et al., 2018) and cognitive 
disorders (Bryzgalov et al., 2018).

What we should like to mention is that a number of truly 
critical processes depend on the blood cells functionality and 
biological activities as has been widely demonstrated. Regard-
ing erythrocytes, these include not only oxygen transport, 
but immune response (Astle et al., 2016), redox homeostasis 
(Kuhn et al., 2017) and regulation of vascular function (Helms 
et al., 2018; Rifkind et al., 2018). Moreover, several ex vivo 
studies on diabetes mellitus identified that red blood cells do 
act to mediate the development of endothelial dysfunction 
and cardiac injury (Yang et al., 2013; Zhou et al., 2018; Per-
now et al., 2019). This means that any qualitative or quantita-  
tive deviations from the physiological ranges may be closely 
linked to the disease (Leal et al., 2018). The data suggest that 
the blood cell count and hematological parameters could be 
useful markers to improve the cardiovascular risk prediction; 
however, they have limited sensitivity (Mozos, 2015; Sam-
man Tahhan et al., 2017; Lassale et al., 2018; Haybar et al., 
2019). Interestingly, it was shown that the level of expression 
of some curated genes may independently aid in the prediction 
of heart failure prognosis when combined with neutrophil-
to-lymphocyte ratio (Wan et al., 2018). The risk for CVDs 

correlates well with platelet traits (Sloan et al., 2015; Vélez, 
García, 2015; Reinthaler et al., 2016; Gill et al., 2018), the 
initiation and progression of CAD in particular (Uysal et al., 
2016). However, some have argued that shared genetic path-
ways linking blood cells with complex pathologies, including 
autoimmune diseases, schizophrenia, and CAD may be non-
causal (Astle et al., 2016).

Still, our current knowledge of splicing regulation and alter-
native splicing in the heart is limited, but splicing analysis has 
emerged as an important line of research for the cardiovascular 
risk. The studies revealed that the regulation of splicing and 
alternative splicing events (reviewed in (van den Hoogenhof et 
al., 2016)) seem to play a causative role in heart development 
and cardiovascular disease. The promising therapeutic targets 
(Rexiati et al., 2018) have already been proposed. There is 
evidence that a significant number of alternate transcripts are 
increased in diseased hearts compared to controls, and can 
be involved in disease. Thus, abnormal splicing of apoptotic 
genes contributes to the pathogenesis of several CVDs in-
cluding dilated and diabetic cardiomyopathy, atherosclerosis 
and heart failure as reviewed in (Dlamini et al., 2015). The 
dysregulation of cardiac splicing factors can also be sufficient 
to affect heart function and lead to disease. Thus, there is 
evidence that the decrease in RNA-binding motif protein 20 
(RBM20) levels may be involved in dilated cardiomyopathy 
by providing input to splicing of at least several known target 
genes (Maatz et al., 2014). In the study, the target gene of the 
rs4360494 functional variant within the GWAS-derived locus 
for pulse pressure is the SF3A3 gene that encodes subunit 3 
of the splicing factor 3a protein heterotrimeric complex. As 
is known, the splicing factor 3a plays an important role in U2 
snRNP biogenesis and thus, pre-mRNA splicing (Krämer et al., 
2005; Huang C.-J. et al., 2011). With respect to other patholo-
gical states, targeting the components of the spliceosome has 
full potential as a strategy for cancer treatment and prognosis 
(Lin, 2017; El Marabti, Younis, 2018; Martinez-Montiel et 
al., 2018). Thus, the data suggest that SF3A3 is involved in 
the p53 activation, the induction of cell cycle arrest and cell 
death in non-small cell lung cancer (Siebring-van Olst et al., 
2017). The SRSF2 gene, encoding another splicing machinery 
component, could be used as a reliable prognostic factor in 
patients with hepatocellular carcinoma (Luo et al., 2017).

The role of endosomal system in the heart functioning and 
cardiovascular disease is described as critical, too (Yang et 
al., 2019), as endosomes contribute to control of cholesterol 
(LDL) plasma levels (Wijers et al., 2018), Ca2+ homeostasis 
and protein trafficking (Curran et al., 2015) and play an im-
portant part in atherosclerosis risk (Cai et al., 2018). However, 
surprisingly little is known regarding the regulation of endo-
some-based protein trafficking in the heart. Thus, our results 
could serve as useful background for further research. Protein 
quality and control and ubiquitin-proteasome system, UPS 
(Gilda et al., 2016; Barac et al., 2017; Gilda, Gomes, 2017; 
Dorsch et al., 2019; Shukla, Rafiq, 2019) have also played an 
essential role in the initiation and progression of CVDs. In 
short, the findings suggest that UPS contributes to structural 
remodeling of the myocardium, ischemia-reperfusion injury 
and myocardial cell loss, important components of progressive 
heart failure. There is evidence for the non-degradative role as 
well, as the ubiquitination was shown to affect the important 
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regulators of signaling pathways including those for the cell 
growth and apoptosis, DNA damage response, the innate im-
mune response, endocytosis, and protein activity (reviewed 
partly in (Gupta et al., 2018)). Given that proteostasis is a dy-
namic multiple-step process involving complex molecular 
machinery, the deregulation at any stage could therefore be 
implicated in a wide variety of outcomes.

When addressing directly the list of targets for our 18 rSNPs 
that are likely relevant to cardiovascular function, a member 
of the VAV gene family – VAV1 is the target of the rs8106212 
variant for platelet distribution. Overall, the VAV proteins 
are known to interact with the receptors on cell surface to 
activate various downstream biological pathways thus lead-
ing to the alterations of transcription. VAV1 is important in 
hematopoiesis, playing a role in T-cell and B-cell development 
and activation (Rodríguez-Fdez, Bustelo, 2019). Another 
candidate, the PIEZO1 gene targeted by rs10445033 is widely 
associated with hereditary human diseases (Alper, 2017) and 
tissue homeostasis (Zhong et al., 2018). The homotetramer 
of the PIEZO1 protein functions as a pore-forming subunit of 
a mechanically activated cation channel and contributes a lot 
to vascular biology and development (Li J. et al., 2014) includ-
ing mechanistic signaling in endothelium (Albarrán-Juárez 
et al., 2018). Some studies suggest that the molecular events 
involved in the development of acute myocardial infarction 
may include MiR-103a microRNA expression in plasma and 
the subsequent regulation of the expression of PIEZO1 pro-
tein (Huang L. et al., 2013). However, the up-regulation of 
Piezo1 was de monstrated in rat model of heart failure (Liang 
et al., 2017).

Since the rSNPs do induce the variation in the gene expres-
sion, the significant rSNPs’ effects on the binding affinity 
of a genomic locus for transcription factors can be a cause 
(Deplancke et al., 2016). There is relative evidence for the 
GWAS loci for complex diseases to be associated with not only 
ultimate changes in gene expression (Gallagher, Chen-Plotkin, 
2018) but with the activity of various TFs (Harley et al., 2018). 
Here, we used the online classifier of variant pathogenicity, 
DeFine (Wang M. et al., 2018), to explore the functional effects 
of 18 rSNPs with the relevance to cardiovascular traits on the 
TF binding sites. DeFine classification approach employs the 
sequence-based deep learning models between the reference 
sequence and the altered sequence centered at the variant. The 
authors have shown that the given tool is capable to identify 
the causal non-coding variants within the reported GWAS loci 
for complex human diseases.

In this study, a significant functional impact on binding 
sites of thirteen TFs, including five genomic positions with 
potentially weakened and eight – with potentially enhanced 
TF binding, was found in K562 cells. Among ten identi-
fied TFs with maximum DeFine functional scores (see Suppl. 
Table 4), four TFs (NFYB, PBX2, SP2 and TAL1) were 
functionally reliable to CVDs when considering well-known 
roles. Thus, TAL1 is the erythroid differentiation factor that 
cooperates with various TFs to regulate hematopoiesis and 
normal differentiation of myeloid cells, and may also con-
tribute to the process of malignant transformation (Vagapova 
et al., 2018). PBX genes encode homeodomain transcription 
factors, that were shown to determine the allele-specific phe-
notypic presentation of heart defects in mice and their loss 

resulted in the insufficient expression of both genes controlling 
the blood vessel widening and narrowing and finally led to 
persistent vasoconstriction by multiple pathways (McCulley 
et al., 2017). NFYB (nuclear transcription factor Y subunit 
beta) is a subunit of a highly conserved trimeric TF that 
binds with high specificity to CCAAT motifs in the promoter 
regions in a variety of genes. Interestingly, the evidence for 
Nf-y, SP family factors (that bind to GC-boxes) and PBX1 to 
cooperate was identified (Suske, 2017; Völkel et al., 2018).

It is important that the regulatory elements of genome, the 
distribution of TF binding sites, and the effects of rSNPs on 
the gene expression can be highly tissue or cell line specific 
(Zhang et al., 2018). But since the tissue samples, in particular 
of the brain and heart, are very difficult to obtain from humans, 
it is not surprising that the approaches to genome-wide identi-
fying of the functional variants were trained and available in 
cells and animal models first. It can be argued that genome-
wide studying of the functional effects of non-coding variants 
on transcription very often relies on the modeling of the cell 
type-specific binding of transcription factors to regulatory ele-
ments of genome. The interest in the field of reliable in silico 
methods is increasing, but there are only a few that have been 
more or less broadly implemented according to PubMed analy-
sis (Wang M. et al., 2018). Moreover, the evidence suggests 
that the performance of different functional prediction tools 
varies by disease phenotype (Anderson, Lassmann, 2018) and 
thus may give contradictory statements.

Overall, to date, using GWAS associations seems the most 
common way to explore the non-coding variants in the terms 
of functionality. Still, a survey from published studies showed 
that this approach helps to interpret just a minor part of thou-
sands of identified rSNPs (Cavalli et al., 2016, 2019). Our 
results suggest that the reported analysis pipeline integrating 
the datasets from 1000 Genomes Project may serve as a gene-
ral framework for future research and would eventually lead 
to investigation of novel functional variants within significant 
GWAS loci that confer human disease risk. Considering our 
previously obtained data for colorectal cancer (Korbolina et 
al., 2018) and a number of cognitive disorders (Bryzgalov et 
al., 2018), we have more evidence for the precise regulation 
of splicing mechanisms and alternative splicing to be among 
the key mechanisms underlying the effects of non-coding 
genetic variation on the phenotype including various patho-
logical conditions.

Conclusions
Overall using GWAS associations seems the most commonly 
used way to explore the non-coding variants in the terms of 
functionality to date. Still, a survey from published studies 
showed that this approach helps to interpret just a minor part of 
thousands of identified rSNPs (Cavalli et al., 2016, 2019). Our 
results suggest that the reported analysis pipeline integrating 
the datasets from 1000 Genomes Project may serve as a gene-
ral framework for future research and would eventually lead 
to investigation of novel functional variants within significant 
GWAS loci that confer human disease risk. In consideration of 
our previously obtained data for colorectal cancer (Korbolina 
et al., 2018) and a number of cognitive disorders (Bryzgalov 
et al., 2018), we have got another evidence for the precise 
regulation of splicing mechanisms and alternative splicing to 
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be among the key mechanisms underlying the effects of non-
coding genetic variation on the phenotype including various 
pathological conditions.
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Abstract. In this article, the system of the green microalgal genus Micractinium, based on morphological, physio­
logical, ecological and molecular data, is considered. The main diagnostic species characteristics and the taxonomic 
placement of some taxa are also discussed. Phylogenetic analysis showed that the genus Micractinium is characte­
rized by high cryptic diversity. The algorithms used for species delimitation had different results on the number of 
potentially species­level clusters allocated. The ABGD method was less “sensitive”. The tree­based approaches GMYC 
and PTP showed a more feasible taxonomy of the genus Micractinium, being an effective additional tool for distin­
guishing species. The clustering obtained by the latter two methods is in good congruence with morphological (cell 
size and shape, ability to form colonies, production of bristles, chloroplast type), physiological (vitamin requirements, 
reaction to high and low temperatures), molecular (presence of introns, level of genetic differences, presence of CBCs 
or special features of the secondary structure in ITS1 and ITS2) and ecological characteristics (habitat). The polyphyly 
of the holotype of the genus M. pusillum as well as M. belenophorum is shown. The intron was effective as an ad­
ditional tool for distinguishing species, and the results of the intron analysis should be taken into account together 
with other characteristics. The CBC approach, based on the search for compensatory base changes in conservative 
ITS2 regions, was successful only for distinguishing cryptic species from “true” members of M. pusillum. Therefore, to 
distinguish species, it is more effective to take into account all the CBC in ITS1 and ITS2 and analyze characteristic 
structural differences (molecular signatures) in the secondary structure of internal transcribed spacers. The genetic 
distances analysis of 18S–ITS1–5.8S–ITS2 nucleotide sequences showed that intraspecific differences in the genus 
ranged from 0 to 0.5 % and interspecific differences, from 0.6 to 4.7 %. Due to the polyphasic approach, it was pos­
sible to characterize 29 clusters and phylogenetic lines at the species level within the genus Micractinium and to 
make assumptions about the species.
Key words: green microalgae; ABGD; GMYC; PTP; species delimitation; morphology; ecology; phylogeny; 18S−ITS1− 
5.8S–ITS2 fragment.
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Аннотация. В статье рассматривается система зеленых микроводорослей рода Micractinium, построенная на 
основании морфологических, физиологических, экологических и молекулярно­генетических данных. Обсуж­
даются главные диагностические признаки видов, а также систематическое положение некоторых таксонов. 
Филогенетический анализ показал, что род Micractinium характеризуется достаточно высоким криптическим 
разнообразием. Используемые алгоритмы разграничения видов имели различные результаты по количеству 
выделенных кластеров потенциально видового уровня. Метод ABGD, основанный на дистанциях, является ме­
нее «чувствительным». Алгоритмы GMYC и PTP, анализирующие топологию филогенетического дерева, более 
реалистично отражают систематику рода Micractinium и служат эффективными вспомогательными инструмен­
тами для разграничения видов. Кластеризация, полученная двумя последними методами, хорошо согласуется 
с морфологическими (размеры и форма клеток, способность формировать колонии, продуцирование щети­
нок, тип хлоропласта), физиологическими (потребность в витаминах, реакция на воздействие высоких и низ­
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ких температур), молекулярно­генетическими (наличие интронов и их длина, уровень генетических различий, 
наличие компенсаторных замен (СВС) или характерных особенностей вторичной структуры в ITS1 и ITS2) и 
экологическими признаками (среда обитания). Показана полифилетичность типового вида рода M. pusillum, а 
также M. belenophorum. Интрон был эффективен как вспомогательный инструмент для разграничения видов, 
однако результаты анализа интронов необходимо учитывать в совокупности с другими признаками. Приме­
нение СВС­подхода, базирующегося на поиске компенсаторных замен в консервативных регионах ITS2, было 
успешным только для отграничения криптических видов от «истинных» представителей M. pusillum. При раз­
граничении видов эффективнее учитывать все СВС в ITS1 и ITS2 и анализировать характерные структурные 
различия (молекулярные подписи) во вторичной структуре внутренних транскрибируемых спейсеров. Ана­
лиз генетических дистанций нуклеотидных последовательностей 18S–ITS1–5.8S–ITS2 показал, что внутриви­
довые различия у представителей рода колебались в пределах 0−0.5 %, межвидовые – 0.6–4.7 %. Благодаря 
полифазному подходу удалось охарактеризовать 29 кластеров и филогенетических линий видового уровня в 
рамках рода Micractinium и выдвинуть предположения о видах внутри выделенных групп.
Ключевые слова: зеленые микроводоросли; ABGD; GMYC; PTP; морфология; экология; филогения; фрагмент 
18S−ITS1−5.8S−ITS2.

Introduction
The genus Micractinium was described by G. Fresenius in 
1858 and was referred to the family Micractiniaceae. For 
a long time, it was thought that this genus includes only mi-
croalgae which unlike the genus Chlorella and other ‘small 
green balls’ form colonies and produce bristles consisting of 
protein, devoid of cellulose fibers and developing after the 
formation of a cell wall (Schnepf et al., 1980). The species 
differences were based on minor changes in the formation 
of colonies, as well as the length and number of bristles.

Based on the results of the phylogenetic analysis of the 
18S rRNA gene, Wolf et al. (2003) concluded that strains 
of the genus Micractinium are members of the Trebouxio­
phyceae class and are closely related to the genus Chlorella 
Beijerinck. Later, Luo et al. (2005, 2006) found that the 
formation of colonies and the production of bristles is often 
a reaction to the so-called algophages ‘grazing’ load from 
(primarily rotifers and ciliates), and in their studies, the 
authors also suggested that the type species of the genus, 
M. pusillum, is polyphyletic. Using molecular genetic analy-
sis, Pröschold et al. (2010) proved that the genus Diacanthos 
with its type species D. belenophorus is a member of the 
genus Micractinium. Summarizing the results of molecular 
genetic, morphological, and ontogenetic analyses by Wolf 
et al. (2003), Krienitz et al. (2004), Fawley et al. (2005), 
Luo et al. (2010), Pröschold et al. (2010) proposed a new 
concept of the Chlorella-clade, according to which the genus 
Micractinium was transferred to the family Chlorellaceae.

Currently, there are 20 species of microalgae in this 
genus. However, the fragment 18S–ITS1–5.8S–ITS2 was 
sequenced only for 9 species, among which there are both 
microalgae with a classical Micractinium-like morphotype, 
i. e. forming colonies and producing bristles, and organisms 
with a typical Chlorella-like morphology (for example, 
M. singularis, M. variabile, M. simplicissimum, M. inermum, 
M. tetrahymenae, which have single cells and lack bristles 
under standard conditions) (Hoshina, Fujiwara, 2013; Chae 
et al., 2019; Pröschold et al., 2020).

Members of the genus Micractinium are widely distri-
buted in various biotopes, including freshwater and brackish 
water reservoirs, hot springs, and cold waters of Antarctica, 

at temperatures from zero to above 70 °C (Hoshina, Fuji-
wara, 2013; Onay et al., 2014; Adar et al., 2016; Chae et al., 
2019). They play an important role in the life of ecosystems, 
actively participating in the processes of photosynthesis of 
organic substances and photosynthetic aeration, as well as 
natural self-purification of the reservoir through the accu-
mulation, transformation, and mineralization of pollutants 
(Vaishlya, Kulyatov, 2011; Mehrabadi et al., 2017). These 
microalgae are also actively used for the production of ani-
mal feed, food additives, and wastewater treatment (Lipstein, 
Hurwitz, 1983; Onay et al., 2014; Mehrabadi et al., 2017). 
In addition, some species of the genus Micractinium are re-
cognized as suitable raw materials for biofuels due to a high 
growth rate combined with a high lipid content (Onay et al., 
2014; Adar et al., 2016). Currently, thermophilic and cryo-
tolerant representatives of the genus Micractinium, which 
are able to accumulate lipids or other valuable substances, 
are of considerable interest for biotechnology (Onay et al., 
2014; Adar et al., 2016; Chae et al., 2021). Accurate species 
identification, in this case, becomes a priority task, since the 
ecological plasticity of species to abiotic environmental fac-
tors can vary significantly not only within the entire genus 
but also between closely related species (Onay et al., 2014; 
Chae et al., 2021).

The goal of this research was a comprehensive study 
of representatives of the genus Micractinium, including 
new strains of the Algal Collection of Soil Science Insti-
tute ( ACSSI), for reliable differentiation of closely related 
taxa at the species level. For the first time, morphological, 
physiological, and ecological characteristics were genera-
lized for all the described members of Micractinium, the 
results of phylogenetic analysis of the 18S–ITS1–5.8S–ITS2 
fragment were considered, including the presence of introns 
and their characteristics, the values of genetic distances, 
differences in the secondary structures of spacers ITS1 and 
ITS2, among them the presence of compensatory substitu-
tions (CBC) and structural differences, and species bounda-
ries were determined using GMYC, PTP and ABGD me-
thods. Based on the polyphasic approach, assumptions were 
made about the criteria for species distinguishing within  
the genus.
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Materials and methods
Objects of research. The objects of this study were the 
genetic sequences of strains belonging to the genus Micrac­
tinium described and deposited in GenBank, as well as six 
new strains of microalgae from the ACSSI collection. Strains 
ACSSI 198, ACSSI 287 and ACSSI 345 were isolated from 
water from the surface horizon of the pelagic zone of the 
lake Prudovikov (53°31′44.4″ N, 49°30′58.0″ E, Tolyatti, 
Samara region, Russia), ACSSI 343 and ACSSI 344 – from 
water from the surface horizon of the pelagic zone and 
macrophyte thickets of the lake Bolshoe Vasilyevskoe, re-
spectively (53°32′45.2″ N, 49°32′02.0″ E, Tolyatti, Samara 
region,  Russia). The strain ACSSI 332 (= IPPAS C-16) is 
a subculture of the IPPAS Collection of microalgae and 
cyanobacteria, and was isolated from hot springs on the 
Chukchi Peninsula.

Isolation and cultivation of new strains. A drop of lake 
water without prefiltration was applied to a solid medium 
BG-11 with nitrogen (1 % agar, pH = 7.2) and then individual 
colonies were repeatedly replanted. The obtained isolates 
were cultured in a climatostat under standard conditions (tem-
perature +23…+25 °C, light 60–75 µM of photons/ (m2·s),  
photoperiod of 12 hours).

Microscopy. The morphology and life cycle of these 
strains were studied by light microscopy (light field and 
interference contrast) using Leica DM750 and Carl Zeiss 
Axio Scope A1 microscopes (Germany) at the Federal Re-
search Center “Pushchino Scientific Center for Biological 
Research of  the Russian Academy of  Sciences”. The results 
of the observations were documented by working drawings 
and photographs taken with the help of color digital cameras 
Videosavr (Russia) and Carl Zeiss MRc 5 (Germany). The 
follow-up period ranged from 2 weeks to 12 months. To 
determine the limits of variation of morphological features, 
the characteristics of 200 vegetative cells of each strain 
were analyzed.

Isolation, amplification, purification, and sequencing 
of DNA. The total DNA from the strains was isolated  using 
a DNeasy Plant Mini Kit (Qiagen, USA), following the ma-
nufacturer’s protocol. For amplification, Screen Mix-HS 
mixture was used (Eurogen, Russia). Primers for PCR of 
the 18S and 5.8S rRNA genes and ITS1, ITS2 spacers, and 
amplification conditions are given in the work of Krivina and 
Temraleeva (2020). The detection of  the target PCR products 
was carried out electrophoretically in a 1 % agarose gel. For 
further purification of amplicons from the gel, a Cleanup 
Standard kit (Eurogen, Russia) was used. The sequencing 
of the nucleotide sequences was carried out based on CJSC 
“Syntol” (Russia).

Molecular phylogenetic analysis. To analyze the phylo-
geny and clarify the taxonomic position of  the studied strains, 
the homology of the nucleotide sequences 18S–ITS1–5.8S–
ITS2 was searched using the BLASTn algorithm in GenBank 
(https://blast.ncbi.nlm.nih.gov). The selection of sequences 
was carried out based on the criteria of maximum identity 
(similarity ≥95 %), reading quality, reading length (at least 
2300 bp) and belonging to type species and authentic strains. 

The sample for phylogenetic analysis included 59 strains. 
The names of taxa are given according to the International 
Electronic Database AlgaeBase (Guiry M.D., Guiry G.M., 
2021). In the BioEdit program, multiple alignment was per-
formed using the ClustalW algorithm. The phylogenetic tree 
reconstructed by the maximum likelihood (ML) method in 
the IQ-TREE program (with an assessment of the reliability 
of the topology by ultra-fast bootstrap analysis and testing of 
the evolutionary model using the AIC criterion) was used to 
distinguish species using the Poisson tree processes (PTP) 
algorithm on an online server https://species.h-its.org/.

To distinguish species in the data array, the method of 
automatic search for interspecific gap in genetic distances 
(automatic barcode gap discovery, ABGD) (Puillandre et 
al., 2012) was used on an online server https://bioinfo.
mnhn.fr/abi/public/abgd/. To analyze ABGD, a matrix of 
genetic distances calculated using the maximum likelihood 
method in the IQ-TREE program was used. When using the 
ABGD method, the results were analyzed both in the initial 
partition mode and in the recursive partition mode. The 
third method was a generalized mixed Yule model taking 
into account the integrity of species (general mixed Yule 
coalescent model, GMYC) (Fujisawa, Barraclough, 2013), 
implemented in the ‘splits’ package for the R programming 
language v. 3.4.4 (https://www.R-project.org/). For GMYC 
analysis, an ultrametric tree reconstructed in the BEAST 
v. 1.10.4 program was used.

The reconstruction of the tree in BEAST was carried out 
using four speciation models: the Yule speciation model 
(Aldous, 2001) with a strict molecular clock; the Yule spe-
ciation model with a relaxed molecular clock with evolu-
tion rates distributed according to a lognormal distribution; 
the birth–death speciation model (Lambert, Stadler, 2013) 
with a strict molecular clock; a model of speciation of the 
birth–death of species with a relaxed molecular clock with 
the rates of evolution distributed according to the lognormal 
distribution. The selection of the best speciation model was 
carried out by comparing the marginal likelihood values 
calculated by the method of sequential sampling (Lartillot, 
Philippe, 2006) in the BEAST v. 1.10.4 program. During 
the reconstruction of the tree, the BEAST program set 
50,000,000 generations for Markov chains and 250,000 ge-
nerations of Markov chains and 200 steps for calculating 
the marginal likelihood. With these parameters of the num-
ber of generations, all the values of the ESS statistics (the 
convergence indicator of the BEAST analysis) were more 
than 200. An ultrametric Bayesian phylogenetic tree was 
used to visualize the analysis results. A sample of ultra-fast 
bootstrap analysis trees obtained in the IQ-TREE program 
was combined with the topology of a Bayesian ultramet-
ric tree to calculate bootstrap supports by the maximum 
likelihood method (ultra-fast bootstrap analysis). Thus, 
the support of the ultrametric Bayesian tree topology was 
evaluated by the Bayesian inference (BI) using a posterior 
probabilities and bootstrap analysis. To calculate bootstrap 
supports, we used an algorithm previously developed by us 
(Temraleeva et al., 2018), implemented using the functions 
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Table 1. The vegetative cell sizes of the studied strains

Strains Average size, µm ± sd* Minimum size, µm Maximum size, µm

ACSSI 198, ACSSI 287 4.3 ± 1.08 2.2    6.2

ACSSI 343, ACSSI 344, ACSSI 345 5.7 ± 1.61 3.2 10.5

ACSSI 332 4.4 ± 1.04 2.5    6.1

* sd – standard deviation. 200 measurements for each strain.

of the APE package (Paradis et al., 2004) for the R statisti-
cal software environment v. 3.4.4. A representative of the 
sister genus Chlorella (Trebouxiophyceae, Chlorophyta), 
C. vulgaris, was chosen as an outgroup during phyloge-
netic reconstructions. The distribution of genetic distances 
was visualized as a histogram in the R statistical software 
environment v. 3.4.4. 

Genetic differences between nucleotide sequences were 
characterized using genetic distances (K2P distances), which 
were calculated in the MEGA 6.0 program. The boxplot 
of genetic distances was built in the R statistical software 
environment v. 3.4.4 (https://www.R-project.org/). To 
compare the topology of trees, we used data from articles 
(Krienitz et al., 2004; Luo et al., 2006; Hoshina et al., 2010, 
2017; Pröschold et al., 2010, 2011, 2020; Bock et al., 2011; 
Hoshina, Nakada, 2018).

Folding of ITS1 and ITS2 was performed using the 
RNAfold web server (http://rna.tbi.univie.ac.at//cgi-bin/
RNAWebSuite/RNAfold.cgi) in accordance with the prin-
ciple of minimum energy. When assessing the correctness 
of the prediction of the secondary structure, ITS1 and ITS2 
were guided by A. Coleman (2015) and Caisová et al. (2013), 
respectively. The comparison of the secondary structure of 
spacers between strains, the search for conservative motives 
and compensatory substitutions (CBCs) was carried out in 
the 4SALE program (Seibel et al., 2008). In the analysis 
of ITS2 for the species distinguishing, special attention is 
paid to the approach of sensu A. Coleman (2000, 2015), 
according to which the presence of even one CBC in con-
servative regions of  ITS2 (5 bp of I helix, 10 bp of II helix, 
all III helix) in two microalgae correlates with their sexual 
incompatibility. The secondary structures of spacers are 
visualized in the PseudoViewer3 program.

Statistical analysis of various characteristics of rep-
resentatives of the genus Micractinium. For comparative 
analysis, the characteristics of the strains were encoded in 
the form of  binary vectors. The length of the binary vector 
of the analyzed feature was equal to the number of its pos-
sible states, while each element corresponded to a certain 
state. For the analyzed strains, 1 was recorded in the position 
corresponding to the state of the characteristic, the remaining 
elements had the value 0. All binary vectors determining the 
states of each of the traits for all the strains studied in the 
analysis were summarized in a single table. The analysis 
used strains for which the states of 80 % or more of the 
considered traits were known, the remaining strains were 
excluded from the analysis.

On the basis of a binary table of feature states, the 
similarity and difference of strains were visualized using 
multidimensional scaling, for which a matrix of Jacquard 
distances was used (one minus the share of common non-
zero states in the total number of non-zero states in the two 
strains being compared), during the calculation of which 
for each pair of strains, features that were indeterminate for 
one of the strains were excluded. In order to determine the 
significance of a trait in the overall distribution of distances 
between strains, the Mantel test (Mantel, 1967) was used 
based on the Pearson correlation coefficient, the reliability 
of the correlation was determined by a permutation test 
(10,000 permutations). During the Mantel test, the general 
matrix of Jacquard distances was compared with the distance 
matrices calculated for each feature separately. The higher 
the value of the Pearson correlation coefficient for the trait 
under consideration, the greater the contribution it makes 
to the separation of strains. All calculations were performed 
using the functions of the ‘vegan’ package (Dixon, 2003) 
for the R statistical software environment.

Results
Morphology of ACSSI strains. All studied strains had 
a Chlorella-like morphotype: the cells were single, spheri-
cal in shape, without bristles. The vegetative cell sizes of 
ACSSI 343, ACSSI 344, and ACSSI 345 were more than 
ACSSI 198, ACSSI 287, and ACSSI 332 (Table 1).

The chloroplast is parietal, mainly cup-shaped. However, 
in the strains ACSSI 343, ACSSI 344 and ACSSI 345, 
a saucer-shaped chloroplast (~20 %) and a hollow spherical 
with a hole (~20 %) are found in adult cells. The pyrenoid 
is single, spherical or broadly oval with a starch sheath. All 
strains reproduce by autospores. The number of autospores 
in the strains ACSSI 343, ACSSI 344, and ACSSI 345 va-
ries from 2 to 8, in the strains ACSSI 198, ACSSI 287, as 
a rule, 2–4 autospores were noted (8 autospores are rare), 
while in ACSSI 332, there were no more than 4. Based on 
the morphological characteristics, the studied strains were 
initially assigned to the genus Chlorella.

Phylogenetic analysis. The best model of DNA evolution 
for the studied dataset of nucleotide sequences (18S–ITS1–
5.8S–ITS2) is GTR + I + G (AIC = 38198.0101), which 
was used for all further calculations. The results of the 
“path sampling” analysis showed that the best model for 
the reconstruction of the phylogenetic tree by the Bayesian 
method in the BEAST program is a model of speciation of 
the birth–death of species with a relaxed molecular clock 
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M. simplicissimum KSF0114 (MN414467)
M. simplicissimum KSF0127 (MN414471)
M. simplicissimum KSF0100 (MN414472)
M. simplicissimum KSF0112* (MN414470)
M. simplicissimum KNUA029 (KM243319; KM243321)
M. variabile KNUA034 (KM243325; KM243327)
M. variabile KSF0085* (MN414468)
M. singularis KSF0094* (MN414469)
Micractinium sp. ACSSI 345 (MW939913)
Micractinium sp. ACSSI 343 (MW939911)
Micractinium sp. ACSSI 344 (MW939912)
‘Chlorella vulgaris’  CCAP 211/79 (FR865683)
Chlorella-like algae voucher HS26 (KU641127)
M. inermum NLP­F014 (KF597304)
M. inermum NIES 2171* (JX889641)
M. inermum (KM114868)
Micractinium sp. CCAP 231/1 (FM205878)
Uncultured Chlorophyta clone PA2009C7 (HQ191364)
Micractinium sp. SH (KM820919)
Micractinium sp. CCAP 211/92 (FM205863)
Micractinium sp. TvB (KM820917)
Micractinium sp. ehime (JX889639)
Micractinium sp. ACSSI 332 (MT784118)
Micractinium sp. IC­76 (MF629793)
‘Pseudochlorella pringsheimii’  (KY364701)
M. tetrahymenae SAG 2587* (LT605003)
M. conductrix EdL_Cl1_MAF (KF887344; KF887345)
M. conductrix CCAP 211/83 (FM205852)
M. conductrix SW1­ZK (AB437244)
Uncultured Micractinium PB­SW1 (AB206547)
M. conductrix SAG 241.80* (FM205851)
Uncultured Micractinium specimen_voucher 1660/12 (AB260894)
Micractinium sp. KNUA032 (KM243322; KM243324)
Micractinium sp. ACSSI 198 (MK235183; MT010393)
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‘Chlorella sp.’  CCAP 211/86 (GQ487242)
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M. pusillum (T) CCAP 248/5* (FM205836)
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M. pusillum SAG 13.81 (FM205866)
M. pusillum CCAP 248/1 (FM205874)
M. pusillum CCAP 248/3 (FM205875)
M. pusillum SAG 72.80 (FM205837)
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Micractinium sp. NIES­4129 (LC331856; LC331857)
‘Chlorella luteoviridis’  CCAP 211/5B (FR865678)
Micractinium sp. CCAP 248/2 (FM205876)
Micractinium sp. FBA L404 (FR 865695)
Micractinium sp. CCAP 248/14 (FM205881)
Micractinium sp. GB1k (AB917105)
M. belenophorum CCAP 271/1 (FM205880)
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Fig. 1. A rooted ultrametric phylogenetic tree of green microalgae of the genus Micractinium, constructed by the Bayes inference (BI), based on the 
18S–ITS1–5.8S–ITS2 sequences (2546 bp).
As statistical support for the nodes of the tree, a posterior probabilities (PP) and bootstrap values (BP), respectively, are indicated; the values of PP < 0.7 and 
BP < 70 % are not shown. The model of nucleotide substitutions: GTR + I + G. ACSSI strains are highlighted in bold; * – authentic strains; (T) – type species. The 
rectangles indicate clustering by various methods of distinguishing species: gray – ABGD, white – PTP, black – GMYC.

with the rates of evolution distributed according to the 
lognormal distribution (the lowest value of the marginal 
likelihood index Ln(L) = –18996.049). The phylogenetic 
tree reconstructed according to this speciation model was 
used for further analysis. Fundamental differences between 
the topology of the BEAST tree (Fig. 1) and the topology 
of the IQ-TREE (Suppl. Material 1)1 were not detected in 
nodes with high support.
1 Supplementary Materials 1 and 2 are available in the online version of the 
paper: http://vavilov.elpub.ru/jour/manager/files/Suppl_Krivina_Engl.pdf

According to the results of the analysis, all six strains 
belonged to the genus Micractinium (see Fig. 1). Strains 
ACSSI 343, ACSSI 344, and ACSSI 345 with high statistical 
supports (posterior probabilities PP = 0.89, bootstrap pro-
babilities BP = 84 %) are combined with single-celled, non-
bristle-producing species M. simplicissimum, M. variabile, 
M. singularis, and the strain CCAP 211/79. The sister to them 
is M. inermum (PP = 1.00, BP = 100 %). The level of genetic 
differences between the strains ACSSI 343,  ACSSI 344, 
ACSSI 345, and sister clusters was 0.7–0.9 %. The strain 

http://vavilov.elpub.ru/jour/manager/files/Suppl_Krivina_Engl.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Krivina_Engl.pdf
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Fig. 2. Histogram of the distribution of genetic distances between representatives of the genus Micractinium.
The species delimitation boundary determined by the ABGD method is shown.

ACSSI 332 with maximum statistical support was clustered 
with Chlorella-like strains TvB, SH, CCAP 211/92, ehime, 
IC-80. The sister phylogenetic lines to this cluster are the 
incorrectly identified Pseudochlorella pringsheimii and 
M. tetrahymenae (PP = 0.99–1.00, BP = 98–100 %). The 
strain ACSSI 332 does not have an intron of the 18S rRNA 
gene, unlike TvB, SH, CCAP 211/92. The genetic distances 
between it and the strains TvB, SH, CCAP 211/92, ehime, 
IC-80 varied in the range of  0.1–0.5 %, with P. pringshei­
mii and M. tetrahymenae – 1.1–1.2 %. The sister strains 
to ACSSI 198, 287 are M. conductrix and the KNUA032 
strain with a Chlorella-like morphotype (statistical support 
is maximum). The level of genetic differences ranged from 
0.7 to 1.3 %.

The secondary structure of ITS1 and ITS2. The length 
of  ITS1 of the studied strains was 238–267 nt, ITS2 – 242–
243 nt. The ITS1 and ITS2 secondary structures generally 
corresponded to the models proposed by Coleman (2000, 
2015) for eukaryotic organisms. The strains ACSSI 343, 
ACSSI 344, and ACSSI 345 had 1 CBC in the III helix of 
ITS1 compared to M. inermum, 1 CBC in the conservative 
region of II helix and 1 CBC in the variable IV helix of 
ITS2 compared to M. simplicissimum. Strains ACSSI 332, 
198, 287 did not have CBC compared to similar species. 
However, the strains ACSSI 198, 287 differed in structure 
of ITS2 helix II from M. conductrix. The mismatch in its 
upper part of strains ACSSI  198, 287 consisted of 4 unpaired 
nucleotides, and of M. conductrix – of 10.

Delimitation of species. The ABGD method of species 
delimitation identified 18 MOTUs (molecular operational 
taxonomic units) of the species level in the genus Micrac­
tinium, not counting the external group. The ABGD distance 
of species differentiation in the pairwise comparison of 
sequences was 0.032 (Fig. 2). The results of ABGD analysis 
in the range of species distinction distances according to 

the variants of the algorithm of initial delimitation (initial 
partition) and recursive delimitation (recursive partition) 
coincided with each other.

Using the GMYC method, the largest number of clusters 
of the species level was identified – 33 (the delimitation 
distance of species is 0.0015). Statistical support for the 
results of differentiation P = 1.07493e–07 < 0.05, therefore, 
there is enough data in the array to obtain reliable results. 
Using the PTP method, 30 species were identified, which 
is close to the results of the GMYC method. The results of 
species differentiation by ABGD, GMYC, and PTP methods 
are shown on the phylogenetic tree (see Fig. 1). All clusters 
of the species level identified by these methods have high 
statistical support (PP = 0.95–1.00, BP = 90–100 %).

Multidimensional scaling. To clarify the taxonomic 
status, we correlated the MOTUs isolated by the GMYC al-
gorithm with their morphological, physiological, ecological, 
and molecular genetic characteristics (Suppl. Material 2). It 
should be noted that during the multidimensional scaling only 
the presence of  an intron was taken into account from the 
genetic characteristics, while the remaining parameters are 
discussed separately. According to the results of  the analysis, 
the studied MOTUs were divided into two groups (Fig. 3).

Group 1 included strains with single cells that do not pro-
duce bristles. Within it, only representatives of  MOTU5_1, 
MOTU5_2 were united into one subgroup. Members of  
the other species/MOTU had a unique position. It should 
be  noted separately that the studied strains ACSSI 343, 
 ACSSI 344, ACSSI 345 (MOTU1), and strains ACSSI 198, 
ACSSI 287 (MOTU8) did not form a single complex with 
related species according to the results of phylogenetic 
analy sis. The ACSSI strain 332 and IC-80 (MOTU5_4) 
are loca lized next to the ehime strain (MOTU5_3), while 
representatives of  MOTU5_1 and MOTU5_2 are somewhat 
removed.
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Fig. 3. The dot – MOTUs scattering diagram in the space of two coordinates of multidimensional scaling, constructed on 
the basis of similarity and difference of strains by a set of features.

Table 2. Mantel test results 

Features Code Pearson correlation 
coeff icient

p­value e

Ability to produce bristles B 0.56 0.0001

Form (single cells or colonies) A 0.50 0.0001

Chloroplast type E 0.45 0.0001

Intron number J 0.38 0.0001

Reproduction type F 0.37 0.0002

Maximum cell size D 0.36 0.0002

Cell shape C 0.35 0.0004

Lifestyle H 0.32 0.0003

Requirement for B vitamins G 0.19 0.087

Relation to temperature I 0.12 0.13

Notе. Statistically signif icant features are highlighted in bold.

All representatives of Group 2, on the contrary, have 
bristles and, as a rule, form colonies. The strains initially 
identified as M. pusillum formed a single group. All the other 
species were quite distant from each other. An intermediate 
position between the groups is occupied by M. variabile, in 
which only a part of the population is able to produce bristles 

and form colonies in the presence of algophages. According 
to the results of the Mantel test, in addition to the ability to 
produce bristles and form colonies, chloroplast type, intron 
number, reproduction type, cell maximum size and shape, 
and lifestyle were considered significant features when 
distinguishing MOTUs (Table 2).
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Discussion
The ABGD method, based on the analysis of genetic dis-
tance matrices, compared with other methods, identified the 
smallest number of MOTUs of the species level with the 
greatest distance of their differentiation. This is consistent 
with the research of Zou et al. (2016a, b), who also noted 
a lower sensitivity of this method. The GMYC and PTP 
algorithms, using phylogenetic trees as initial data, are 
able to capture the features of genetic divergence between 
strains, identify a larger number of putative species, and 
are more consistent with the modern concept of the genus 
Micractinium. To clarify the taxonomic status of  MOTU,  
the results of the GMYC algorithm, which identified the 
 largest number of potential species, were correlated with 
their morphological, physio logical, ecological, and molecu-
lar genetic characteristics. 

Morphological characteristics. All representatives of 
the genus Micractinium, for which morphological cha-
racteristics are known, had a number of common features: 
a coccoid thallome, one parietal chloroplast, one pyrenoid 
with fragmented starch sheath, asexual reproduction by 
autospores. Important morphological criteria are the abi-
lity to produce bristles and form colonies (Krienitz et al., 
2004; Luo et al., 2006). According to these characteristics, 
2 morphotypes can be distinguished within this genus: 
Chlorella-like (under standard conditions, single cells do not 
produce bristles) and Micractinium-like (single cells or colo-
nies producing bristles), which is confirmed by the results 
of multidimensional scaling (see Fig. 3). Other significant 
morphological characteristics for representatives of the ge-
nus Micractinium are chloroplast type, maximum size and 
shape of cells. However, Micractinium morphology is rather 
poor. The study did not reveal a single feature that could be 
considered as a universal tool for species distinguishing. For 
example, the phenotypes of M. simplicissimum and M. sin­
gularis are extremely similar, and it is quite problematic 
to separate them morphologically. It should be noted that 
microalgae of genus Micractinium have high phenotypic 
plasticity, and their morphotype can vary depending on the 
“grazing” load from algophages (Krienitz et al., 2004; Luo 
et al., 2006). Thus, in some cells of M. variabile, which 
usually exhibits a Chlorella-like morphotype, the forma-
tion of colonies and the production of bristles is noted at 
high trophic pressure of algophages (Chae et al., 2019). At 
the same time, representatives of M. pusillum, M. bornhe­
miense, M. belenophorum can stop producing bristles and 
form colonies during prolonged cultivation, especially on 
solid agar (Krienitz et al., 2004; Luo et al., 2006).

Reproduction. The main reproduction type of members 
of the genus Micractinium is asexual with the help of auto-
spores. At the moment, an exception is M. pusillum strains 
that reproduce using oogamy (sexual process) (Krienitz 
et al., 2004; Luo et al., 2006). However, according to the 
whole genome analysis, meiotic genes, the presence of which 
suggests a sexual process, were found in many representa-
tives of the Trebouxiophyceae class, for which only asexual 
reproduction was observed (Fučíková et al., 2015). This 

question is still open and needs to be studied for members 
of Micractinium.

The vitamins requirement and lifestyle. Most of the 
species are free-living organisms and vitamins do not need 
to be added when culturing them under laboratory condi-
tions. At the same time, a specific feature of M. conductrix 
is the requirement for vitamins B1 and B12 for normal 
implementation of vital processes. This species is an obli-
gate endosymbiont and naturally receives vitamins from the 
host organism (Vorobyev et al., 2009; Hoshina et al., 2010; 
Pröschold et al., 2011). It is noteworthy that other obligate 
endosymbionts of the clade Chlorella (С. variabilis, Caro­
librandtia ciliaticola) also grow only on media enriched 
with vitamins (Pröschold et al., 2011; Hoshina et al., 2017; 
Hoshina, Nakada, 2018). The strain CCAP 211/11F isolated 
from lichen and the facultative endosymbiont M. tetrahy­
menae are also cultivated on media containing B1 and B12. 
However, there is no information that vital activity of the 
strains is not possible without them. According to the results 
of multidimensional scaling, lifestyle is one of the significant 
characteristics when distinguishing species, while the need 
for B vitamins is a highly specific property characteristic 
only of M. conductrix. However, it is a unique feature of 
this species and helps to separate the representatives of this 
species from the “sister” ones at the cultivation stage.

Temperature. In relation to temperature, members of 
the genus Micractinium, for the most part, show mesophilic 
characteristics (Hong et al., 2015). However, M. simpli­
cissimum, M. variabile, M. singularis and the strain of 
Micractinium sp. KNUA032 withstand the effects of low 
temperatures. They are able to survive and reproduce 
at temperatures up to +5 °C, showing their cryotolerant 
properties. One of the main adaptation strategies of these 
microalgae species is to maintain vital activity through the 
accumulation of unsaturated fatty acids (Hong et al., 2015; 
Chae et al., 2019). The strains TvB, SH, CCAP 211/92 are 
thermophiles that can withstand high temperatures (Adar et 
al., 2016). The ACSSI 332 strain is presumably resistant to 
high temperatures, since it was isolated from a hot source. 
The question of the thermophilicity of related strains ehime 
and IC-76 remains unexplored. Multidimensional scaling 
has shown that resistance to the effects of extremely low 
or high temperatures are specific properties characteristic 
of only a small number of species. However, such species 
have a great biotechnological potential, and therefore they 
need to be carefully studied (Onay et al., 2014; Adar et al., 
2016; Chae et al., 2021).

Intron. As an auxiliary tool for distinguishing species, 
it was effective in proving the species status of strain 
KNUA032, ACSSI 198 and ACSSI 287 cluster, and repre-
sentatives of M. conductrix, all strains of which have an 
intron 324 nt long in the 18S rRNA gene. The composition 
of this intron and its specific position in 18S rRNA have 
been repeatedly considered by researchers as a characteristic 
feature of this species (Vorobyev et al., 2009; Hoshina et al., 
2010; Spanner et al., 2020). The intron was also useful in dis-
tinguishing between the strains of  M. belenophorum: CCAP 
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Fig. 4. Genetic distances within the genus Micractinium.
The borders of the box show the first and third quartiles, the bold horizontal 
line – the median value, the “whiskers” – the span.

strain 271/1, in contrast to the authentic strain SAG 42.98, 
has an intron 315 nt long in the 18S rRNA gene. At the same 
time, the presence of introns in some species may indicate 
that speciation processes began but are still occurring at 
the population level (Goankar et al., 2018). For example, 
within the clade Chlorella Hoshina et al. (2021) found in 
some populations of C. variabilis, geographically isolated 
from each other, the length of introns can vary. Within the 
genus Micractinium, a similar situation can be observed 
among MOTU5 members with similar morphology, genetic 
distances at the intraspecific level and without CBC (see 
Suppl. Material 2). In the strains TvB, SH (MOTU5_1), 
CCAP 211/92 (MOTU5_2), unlike the related ehime 
(MOTU5_3), ACSSI 332, and IC-76 (MOTU5_4), an intron 
with a length of 351 nt is present in the 18S rRNA gene. In 
other words, although the intron is a statistically significant 
feature in the differentiation of MOTUs, it cannot be used 
as the main criterion for the division of species, but only as 
an auxiliary one.

Comparative analysis of the secondary structure of 
internal transcribed spacers. The application of the sensu 
Coleman (2000, 2015) CBC approach, based on the search 
for CBC exclusively in conservative ITS2 regions, was 
successful in distinguishing the strains SAG 48.93 and 
SAG 72.80 from the “true” representatives of M. pusillum, 
M. conductrix from the KNUA032 strain, as well as the 
authentic strain M. belenophorum SAG 42.98 compared to 
strain CCAP 271/1. The low efficiency of  the sensu Coleman 
CBC approach for distinguishing green microalgae species 
with low genetic divergence was also noted in (Hoshina, 
Fujiwara, 2013; Song et al., 2018). Therefore, at present, 
when distinguishing species of the genus Micractinium, 
all CBCs in ITS1 and ITS2 are often taken into account 
(Hoshina, Fujiwara, 2013; Chae et al., 2019; Pröschold 
et al., 2020). However, for example, between the species 
M. singularis and M. variabile, there are no CBCs in both 
ITS1 and ITS2. At the same time, Chae et al. (2019) noted 
that these species differ in the structure of the ITS2 helix I.

The use of characteristic structural differences in the 
secondary structure of internal transcribed spacers as an ana-
logue of CBC among members of the genus Micractinium 
was first proposed by Hoshina et al. (2010), who found a spe-
cific feature in the M. conductrix ITS2 secondary structure. 
In all representatives of the clade Chlorella in general and 
the genus Micractinium in particular, the II helix of ITS2 
consists of two double-stranded regions articulated by an 
“elbow-like bulge”. Compared to other species, M. conduc­
trix has a large “elbow” of 10 unpaired nucleotides (bachelor 
nucleotides), although other species have from three to 
six unpaired nucleotides. We believe that this feature can 
be considered a “molecular signature” of M. conductrix. 
For comparison, the sister strains KNUA032, ACSSI 198, 
and ACSSI 287 had only four unpaired nucleotides in this 
region. Thus, the CBC approach is not a universal tool for 
distinguishing species of the genus Micractinium. In addi-
tion, when analyzing internal transcribed spacers, one should 
not limit oneself only to searching for CBC in conservative 

areas, it is also important to take into account the structural 
features of their secondary structures.

Genetic distances. A comparative analysis of the level of 
genetic differences of the fragment 18S–ITS1–5.8S–ITS2 of 
the studied strains with such diacritical features as the cell 
shape and size, the ability to produce bristles, the chloroplast 
type, the intron presence in the 18S rRNA gene, CBC in ITS1 
and ITS2, molecular signatures, the ratio to temperature, 
vitamin requirement, lifestyle, clustering by ABGD, GMYC, 
PTP, allowed us to clarify intraspecific and interspecific 
levels genetic differences (Fig. 4). Within the species, the ge-
netic distances varied in the range of 0–0.5 %, between spe-
cies – 0.6–4.7 %. Minimal genetic distances were observed 
between single-celled and non-bristle-producing cryotole-
rant Antarctic species M. singularis and M. variabile, which, 
under the influence of  “grazing” load, is able to form colo-
nies and release bristles. The maximum genetic distances are 
between the Chlorella-like cryotolerant  M. simplicissimum 
and M. bornhemiense, which under standard conditions has 
a classical Micractinium-like morphotype.

Based on the results of a comprehensive analysis of the 
above parameters, 29 species were identified within the 
genus Micractinium (Fig. 5), including candidates for three 
new species from the ACSSI Algological Collection, whose 
validation is yet to be performed.

Conclusion
At present, only 9 species were described in the genus 
Micractinium using a combination of morphological and 
molecular genetic methods, but according to the analysis 
results, its true species richness turned out to be significantly 
higher – at least 29 species. The delimitation method ABGD, 
which is based on a matrix of genetic distances, is less “sen-
sitive” and identified only 18 MOTUs of the species level, 
while the more advanced topological algorithms GMYC and 
PTP found 33 and 30, respectively. In our opinion, GMYC 
and PTP reflect the taxonomy of the genus Micractinium 
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M. simplicissimum KSF0114 (MN414467)
M. simplicissimum KSF0127 (MN414471)
M. simplicissimum KSF0100 (MN414472)
M. simplicissimum KSF0112* (MN414470)
M. simplicissimum KNUA029 (KM243319; KM243321)
M. variabile KNUA034 (KM243325; KM243327)
M. variabile KSF0085* (MN414468)
M. singularis KSF0094* (MN414469)
Micractinium sp. ACSSI 345 (MW939913)
Micractinium sp. ACSSI 343 (MW939911)
Micractinium sp. ACSSI 344 (MW939912)
‘Chlorella vulgaris’  CCAP 211/79 (FR865683)
Chlorella-like algae voucher HS26 (KU641127)
M. inermum NLP­F014 (KF597304)
M. inermum NIES 2171* (JX889641)
M. inermum (KM114868)
Micractinium sp. CCAP 231/1 (FM205878)
Uncultured Chlorophyta clone PA2009C7 (HQ191364)
Micractinium sp. SH (KM820919)
Micractinium sp. CCAP 211/92 (FM205863)
Micractinium sp. TvB (KM820917)
Micractinium sp. ehime (JX889639)
Micractinium sp. ACSSI 332 (MT784118)
Micractinium sp. IC­76 (MF629793)
‘Pseudochlorella pringsheimii ’ (KY364701)
M. tetrahymenae SAG 2587* (LT605003)
M. conductrix EdL_Cl1_MAF (KF887344; KF887345)
M. conductrix CCAP 211/83 (FM205852)
M. conductrix SW1­ZK (AB437244)
Uncultured Micractinium PB­SW1 (AB206547)
M. conductrix SAG 241.80* (FM205851)
Uncultured Micractinium specimen_voucher 1660/12 (AB260894)
Micractinium sp. KNUA032 (KM243322; KM243324)
Micractinium sp. ACSSI 198 (MK235183; MT010393)
Micractinium sp. ACSSI 287 (MT780113)
‘Chlorella sp.’  CCAP 211/86 (GQ487242)
Micractinium sp. CCAP 211/11F (FM205877)
Micractinium sp. CCAP 248/4 (FM205868)
M. pusillum (T) CCAP 248/5* (FM205836)
M. pusillum CCAP 248/11 (FM205867)
M. pusillum NIES­151 (JX889642)
M. pusillum CCAP 248/6 (FM205872)
M. pusillum SAG 13.81 (FM205866)
M. pusillum CCAP 248/1 (FM205874)
M. pusillum CCAP 248/3 (FM205875)
M. pusillum SAG 72.80 (FM205837)
M. pusillum SAG 48.93 (FM205838)
Micractinium sp. CCAP 248/7 (FM205835)
Micractinium sp. (FM205865)
M. bornhemiense NIES 455* (JX889640)
Micractinium sp. NIES­4129 (LC331856; LC331857)
‘Chlorella luteoviridis’  CCAP 211/5B (FR865678)
Micractinium sp. CCAP 248/2 (FM205876)
Micractinium sp. FBA L404 (FR 865695)
Micractinium sp. CCAP 248/14 (FM205881)
Micractinium sp. GB1k (AB917105)
M. belenophorum CCAP 271/1 (FM205880)
M. belenophorum SAG 42.98* (FM205879)

C. vulgatis (T) SAG 211­11b* (FM205832)
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Fig. 5. The proposed separation of species within the genus Micractinium based on a comprehensive analysis of features.
The ACSSI strains studied in this work are highlighted in bold; * – authentic strains; (T) – type species; ? – taxonomic status needs to be clarif ied.

more realistically, being an effective auxiliary tool for dis-
tinguishing species.

Multidimensional scaling of qualitative characteristics 
of the strains under consideration showed that the most 
significant for representatives of the genus Micractinium is 
the ability to produce bristles and form colonies, the chlo-
roplast type, the intron presence, the reproduction type, the 
cell maximum size and shape, and lifestyle. However, not 
a single trait has been identified that could be considered as 
a universal species criterion. The requirements for B vita-
mins and resistance to extremely low or high temperatures 
are highly specific properties that are characteristic of only 
a small number of species and help in distinguishing them 

from “sister” species. The application of the CBC approach 
based on the search for CBC in conservative ITS2 regions 
was successful only for the separation of “true” represen-
tatives of cryptic species (SAG 48.93, SAG 72.80) from 
M. pusillum, M. conductrix from strain KNUA032 and 
M. belenophorum from strain CCAP 271/1. When analyz-
ing ITS1 and ITS2, in addition to searching for CBC, the 
structural features of their secondary structures should be 
taken into account. Based on the results of the analysis of 
the genetic distances of the 18S–ITS1–5.8S–ITS2 nucleotide 
sequences, it can be assumed that intraspecific differences 
are in the range of 0–0.5 %, interspecific differences are in 
the range of 0.6–4.7 %. 
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Species delimitation and microalgal cryptic diversity 
analysis of the genus Micractinium (Chlorophyta)

Thus, based on the joint use of morphological, physiologi-
cal, ecological, and genetic characteristics (the polyphasic 
approach), it was possible to characterize 29 species within 
the genus Micractinium and propose additional criteria 
for their separation. Among the strains of the Algological 
Collection ACSSI, candidates for three new species of the 
genus Micractinium, the validation of which is yet to be 
performed, were found.
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Abstract. Here we report new data describing the biodiversity of phytobenthic communities based on DNA-meta-
barcoding using the 18S rDNA marker and the Illumina MiSeq system. The study was initiated due to the blooming 
of f ilamentous algae (mainly of the genus Spirogyra) and cyanobacteria in the coastal zone of Lake Baikal under 
climate change and anthropogenic impact. The composition and taxonomic diversity of algae and other orga nisms 
associated with them on different sites of Lake Baikal (near Bolshoi Ushkaniy Island, in Listvennichny Bay) and in 
the Kaya (within the city of Irkutsk, located in the same drainage basin as Lake Baikal) were determined  using DNA-
meta barcoding. About 15 thousand reads of the 18S rRNA marker were obtained by applying NGS (next-genera-
tion sequencing). The species of algae dominating in the number of reads, as well as the diff icult-to-identify taxa 
(Stramenopiles, Alveolata, Euglenozoa, Chromista, Rhizaria, Amoebozoa, etc.), which play an important role in the 
functioning and formation of the structure of algal communities, were revealed. The Shannon index of the commu-
nities studied ranges from 1.56 to 2.72. The advantages and weaknesses of using DNA-metabarcoding based on the 
18S rRNA gene fragment for studying the structure of algal communities are shown. The advantage of this method is 
the possibility to more fully determine the diversity of eukaryotes taxa, which are diff icult to identify by morphology, 
without involving a large number of specialists, while the disadvantage of the method is the distortion that may oc-
cur during the PCR. Here, ways of solving this problem are proposed. The results of the study show that the analysis 
of the minor component of the eukaryotic community in samples (organisms with low biomass) consisting of a 
mixture of multicellular and unicellular organisms requires a read-depths of at least 100,000 sequences per sample. 
In general, the DNA-metabarcoding method is recommended for studying the structure of algal communities and 
eukaryotes associated with them.
Key words: algal communities; metabarcoding; 18S rDNA; Illumina MiSeq; Lake Baikal; green algae; Spirogyra.
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ДНК-метабаркодинг бентосных водорослей 
и ассоциированных с ними эукариот оз. Байкал  
в условиях быстрых экологических изменений
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Аннотация. Впервые приводится оценка разнообразия фитобентосных сообществ на основе ДНК-мета бар-
кодинга с использованием ампликонов фрагмента гена 18S рРНК и технологии Illumina MiSeq. Исследование 
проведено в связи с цветением нитчатых водорослей (преимущественно рода Spirogyra) и цианобактерий в 
прибрежной зоне озера Байкал в условиях изменения климата и антропогенного воздействия. С помощью 
ДНК-метабаркодинга определен видовой состав водорослей, а также таксономическое разнообразие ассо-
циированных с ними эукариот в разных районах Байкала (у острова Большой Ушканий, в заливе Лиственнич-
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ный) и в р. Кая (в черте г. Иркутска), находящейся в одном водосборном бассейне с оз. Байкал. С помощью 
NGS (next generation sequencing) получено более 15 тыс. прочтений 18S рРНК маркера. Выявлены виды водо-
рослей, доминирующие по количеству прочтений, а также трудно идентифицируемые таксоны Stramenopiles, 
Alveolata, Euglenozoa, Chromista, Rhizaria, Amoebozoa и др., играющие важную роль в функционировании и 
формировании структуры водорослевых сообществ. Охарактеризовано разнообразие грибов и грибоподоб-
ных организмов в изучаемых сообществах. Индекс Шеннона рассмотренных сообществ колеблется от 1.56 
до 2.72. Показаны преимущества и слабые стороны использования ДНК-метабаркодинга на основе фрагмен-
та гена 18S рРНК для изучения структуры сообществ водорослей. Метод позволяет более полно учесть раз-
нообразие таксонов эукариот, трудно идентифицируемых по морфологии, без привлечения большого числа 
специалистов, что характеризует его преимущество. Недостатком метода являются искажения, возникающие 
при проведении ПЦР. Предложены пути решения для устранения этого недостатка. Результаты исследования 
показывают, что для анализа минорной компоненты сообщества эукариот в образцах (организмы с малой 
биомассой), состоящих из смеси многоклеточных и одноклеточных организмов, требуется глубина прочте-
ния не менее чем 100 000 последовательностей на пробу. В целом метод ДНК-метабаркодинга рекомендован 
для исследования структуры сообществ водорослей и ассоциированных с ними эукариот.
Ключевые слова: водорослевые сообщества; метабаркодинг; 18S рРНК; Illumina MiSeq; озеро Байкал; зеленые 
водоросли; Spirogyra.

Introduction
Recently, a number of catastrophic and rapidly developing 
ecological phenomena, including the expansion of  fila­
mentous Chlorophyta and Cyanobacteria, took place in 
some areas of the coastal zone of Lake Baikal (Timoshkin 
et al., 2016). The first reports of such changes appeared in 
2011 (Kravtsova et al., 2012, 2014). Previously, no changes 
in the coastal zone of the lake had been observed, with the 
invasion of Elodea canadensis in the 1970s being the only 
exception (Izhboldina, 1990).

It is known that the algae of  Lake Baikal are characterized 
by zoning in spatial distribution and seasonal dynamics, 
which persisted for a long time (Meyer, 1930; Izhboldina, 
1990, 2007; Izhboldina et al., 2017). However, since 2011, 
researchers have begun to note the overgrowth of the bottom 
with filamentous algae in Listvennichny Bay (Kravtsova 
et al., 2012, 2014). The overgrowth of the bottom with 
filamentous algae is also recorded in other areas of the lake 
near the settlements Kultuk, Baikalsk, Severobaikalsk (Ti­
moshkin et al., 2018; Kravtsova et al., 2020). Among the 
filamentous algae blooms in the littoral zone near the List­
vyanka, representatives of the genus Spirogyra dominate. 
For the first time (in almost 100 years of research), benthic 
filamentous algae Spirogyra were found in the plankton 
communities of the coastal zone (Bondarenko, Logacheva, 
2016). In some areas of Lake Baikal, large accumulations 
of algae washed up on the shore were recorded (Suturin et 
al., 2016; Timoshkin et al., 2016, 2018). Forming algal mats 
along the coastline, filamentous algae impede the penetra­
tion of light, concentrate suspension and thus negatively 
affect filter feeders organisms; in particular, Baikal sponges 
(Khanaev et al., 2018). It should be noted that algae of the 
genus Spirogyra were encountered in Lake Baikal earlier. 
Researchers have occasionally found single spirogyra fila­
ments in bottom phytocenoses in the bays of Lake Baikal. 
Among them, 4 species of the genus Spirogyra and 3 forms 
were registered: S. calospora, S. decimina (S. decimina 
f. jurgensis, S. decimina f. longata), S. weberi (S. weberi 

f. weberi), S. hassallii (Izhboldina, 2007). Later, the spe­
cies S. f luviatilis was discovered. This species dominated 
in the littoral zone of Listvennichny Bay in accumulations 
of filamentous algae in 2012 (Timoshkin et al., 2014). It 
is possible that endemic species of the genus Spirogyra, 
which have adapted to the specific conditions of the lake’s 
ecosystem, can also inhabit Baikal. Currently, the question 
about the number of species occurred in accumulations of 
filamentous algae remains open.

A change in the composition of algae communities (and 
the ratio of algae biomass) entails a change in the composi­
tion of eukaryotic organisms associated with them (unicel­
lular algae, protozoa and fungus­like organisms). The role 
of parasitic forms of eukaryotes (fungus­like organisms), 
negatively affecting the development of algae typical of the 
littoral zone, is practically not studied.

Algae of the littoral zone of open Lake Baikal are a rather 
complex object for taxonomic identification. Therefore, the 
analysis of the species diversity of algae and their abundance 
in benthic communities using classical morphological and 
hydrobiological methods is a laborious and time­consuming 
process. An even more difficult task is to study the taxonomic 
composition and quantitative ratio of various groups of 
euka ryotic organisms (including microeukaryotes) asso­
ciated with algae. Identification of such taxa may require 
long­term cultivation on selective media and laborious 
microscopic analysis.

The application of modern molecular genetic approaches, 
such as DNA metabarcoding, can simplify and speed up 
these studies. This method includes the amplification of  uni­
versal genetic markers in a mixture of DNA extracted from 
a sample followed by next generation sequencing (NGS) and 
analysis of the obtained sequence data set. Metabarcoding 
allows the detection of all species present in the bulk of 
DNA extracts and determines the species composition and 
quantitative ratio of taxa.

The metagenomic analysis of amplicons was widely used 
in the study of bacterial community composition using the 
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universal marker 16S ribosomal DNA (Petrosino et al., 
2009). Similar studies were carried out for different bacte­
rial communities of Lake Baikal (Kurilkina et al., 2016). 
The number of studies where metabarcoding based on 18S 
rDNA fragments and Folmer fragment of COI of mtDNA 
is used for analysis of eukaryotic communities is continu­
ously increasing (Leray et al., 2013; Taylor, Cunliffe, 2014; 
Hawkins et al., 2015; Smith et al., 2017). These markers 
were implemented for studying communities from Lake 
Baikal. In particular, 18S rDNA was used for metabarcod­
ing micro­eukaryotic communitie (Yi et al., 2017), and COI 
was used for studying invertebrates’ communities (Metazoa) 
(Kravtsova et al., 2021). Data on the DNA­metabarcoding 
of benthic algae in Lake Baikal are extremely limited 
(Mincheva et al., 2017), and data on algae communities 
and eukaryotes associated with them are currently lacking.

18S rRNA is most suitable for studying algal communi­
ties and associated organisms. To amplify various regions 
of this gene, universal primers that cover a wide range of 
species belonging to different distant taxa have been deve­
loped. Interpretation of sequencing results is facilitated by 
the availability of databases containing templates that allow 
alignment of large arrays of sequences, taking into account 
the secondary structure.

The aim of the study was to test the DNA­metabarcoding 
approach using the 18S rRNA marker to assess the diversity 
of benthic algal communities and associated eukaryotic 
organisms.

Materials and methods
The sampling of algae (meio­, macrophytes ≥2 mm in size) 
was carried out in July–August 2015 on a stony littoral near 
Bolshoi Ushkaniy Island in Northern Baikal (background 
area, stony littoral), Listvennichny Bay opposite Listvyanka 
village in South Baikal (area overgrowing of the bottom with 
filamentous algae, stony littoral). For comparison, sample 
was collected in the Kaya River, flowing within the city of 
Irkutsk, located in the same drainage basin as Lake Baikal 
(Table 1).

In Northern and Southern Baikal, algae were collected 
by divers from three depths: 0–2, 2–5 and 6–10 m, and in 
the Kaya River – from a depth of  0.05–0.10 m. In each 
sampling site, algae collected from different depths were 
combined into one integral sample. The identification of 
algae was carried out according to L.A. Izhboldina (2007).

For molecular genetic analysis, the collected algae sam­
ples were fixed with 80 % ethyl ethanol, and then refixed 
with 70 % ethanol a day later.

Total DNA was isolated according to the modified method 
of  Doyle and Dickson (Doyle, Dickson, 1987). A fragment 
of the 18S rRNA gene was used as a molecular genetic 
marker (Katana et al., 2001). Amplification was carried 
out with a set of PCR reagents with HS­Taq (Biolabmix, 
Novosibirsk, www.biolabmix.ru) in 25 μL of the reaction 
mixture in a Bio­Rad­T100 thermal cycler (Bio­Rad, USA). 
The genetic marker (about 400 base pairs in length) encod­

ing the V1–V2 variable region of 18S rRNA was amplified 
 using the 18SF universal primers: 5′­AACCTGGTTGATC 
CTGCCAGT­3′ and 416­37R: 5′­ATTTGCGCGCCTGCT 
GCCTTCC­3′ (Katana et al., 2001). The amplification con­
ditions were as follows: predenaturation at 95 °C for 5 mi­
nutes, then 25 cycles: denaturation at 95 °C for 1 minute, 
annealing of primers at 55 °C for 1 minute, elongation at 
72 °C for 2 minutes (5 minutes on the last cycle).

The reaction products were analyzed by electrophoresis in 
1 % agarose gel. The band of the expected size was excised 
and purified using an agarose gel DNA elution kit (Biosilica, 
Novosibirsk).

The paired DNA sequencing of amplification products 
was performed using the Illumina MiSeq technology at the 
SB RAS Genomics Core Facility of the Institute of Chemi­
cal Biology and Fundamental Medicine, Siberian Branch 
of the Russian Academy of Sciences (Novosibirsk, Russia).

All stages of the analysis of Illumina MiSeq DNA reads 
were carried out using the MOTHUR program (Schloss 
et al., 2009) and the SILVA 18S rRNA sequence database 
(Quast et al., 2012) according to the MiSeq standard ope­
rating procedure (MiSeq SOP) (Kozich et al., 2013). The 
analysis consisted of the following procedures: (1) merg­
ing of paired MiSeq reads of amplification products into 
consensus sequences; (2) trimming of cosensus sequences 
by reading quality (deleting sequences with an average 
quality below 20 units); (3) removal of chimeric sequences 
from the data set; (4) deletion of sequences that do not cor­
respond to the amplified 18S rRNA fragment in the SILVA 
database; (5) aligning sequences according to the SILVA 
database template; (6) calculation of the matrix of genetic 
distances (the proportion of mismatched nucleotides in 
pairwise comparison of sequences was used as a metric 
of distances); (7) clustering of sequences based on genetic 
distances; (8) identification of OTUs (operational taxonomic 
units) at the level of cluster distance (0.01) corresponding 
to interspecific differences (1 %); (9) drawing up of a table 
indicating the number of sequences per OTU in the sample; 
(10) secretion of representative sequences for each OTU; 
(11) taxonomic identification of representative sequences 
using the online BLAST application.

The statistical convergence of the results of assessing 
taxonomic diversity was characterized using saturation 
curves and the Chao1 index (Chao, 1987). The Chao1 
index gives an estimate of the expected α diversity in the 
studied community based on the observed number of taxa 
at the current number of reads per sample. In other words, 
Chao1’s calculations allow the researcher to understand 
how many more taxa (species) can potentially be found in 
a sample if the number of reads increases from the existing 
value to infinity. A significant excess of the expected α di­
versity calculated using the Chao1 index over the observed 
one indicates an insufficient number of reads in the sample 
and a loss of taxa.

Data on the taxonomic composition of communities (rep­
resentation of  OTU species rank) were compared using clus­

http://www.biolabmix.ru
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Table 1. General characteristics of the sample studied

Sampling locality Coordinates Dominant species 
identified by morphology

Reads 
number 

Species 
richness 
(abundance)

Chao1 Shannon 
index

Bolshoi Ushkaniy Island (sample UI) 
(stony littoral)

N 53.848626°
E 108.616931°

Draparnaldioides baicalensis 6610 19 22 2.72

Listvennichny Bay (sample LB)  
(stony littoral)

N 51.867102°
E 104.832101°

Spirogyra sp. 5054 15 16 2.45

Kaya River (sample KR) N 52.265051°
E 104.235322°

Cladophora glomerata, 
Draparnaldia plumosa

3400    7 10 1.56
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Fig. 1. Curves of saturation of the number of taxa of species rank in samples with various sample sizes of reads (a) and curves of the species abun-
dance  (b).
Here and in Fig. 2 and 3: UI – Lake Baikal, stony littoral, Bolshoi Ushkaniy Island; LB – Lake Baikal, stony littoral, Listvennichny Bay; KR – Irkutsk, Kaya River.

ter analysis by the UPGMA method, where the Bray–Curtis 
dissimilarity coefficient was used as a measure of distance. 
Before clustering, the data on the number of sequences per 
each presented OTU in the samples were normalized to the 
average number of reads per sample. The structure of the 
identified communities was visualized on a heat map.

The diversity of communities was assessed by the Shan­
non index, as well as by the species rank abundance curve, 
taking into account that the slower the abundance curve goes 
to zero, the more diverse the community is.

Statistical calculations (diversity index, clustering, data 
visualization) were carried out using the vegan package 
(Dixon, 2003) for the R programming language.

Results
After applying initial data filtering, the dataset included 
6610 reads from the Bolshoi Ushkaniy Island, 5054 reads 
from the Listvennichny Bay and 3400 reads from the Kaya 
River (see Table 1).

OTUs grouped at genetic distances of 1 % (0.01) had dif­
ferent numbers of sequences: 88 OTUs contained more than 
one sequence (2 – 4000), and 378 OTUs were presented by 

a single sequence. The OTUs presented by a single sequence 
accounted for 2.57 % of the entire dataset, which was lower 
than the permissible 5 % threshold and indicated the absence 
of errors in the amplification, sequencing and initial data 
filtering steps. According to the practice of metabarcoding 
research (Kozich et al., 2013), only those OTUs that included 
4 or more sequences were used for analysis (Table 2).

The convergence curves of species abundance in samples 
from different localities showed the absence of saturation 
(Fig. 1, a). The same result is provided by the values of the 
Chao1 index (see Table 1), according to which the number 
of species in the communities was also underestimated. 
Moreover, the most underestimated was the species com­
position of the minor component represented by unicellular 
eukaryotic organisms.

We identified 27 OTUs characterizing different taxa of 
algae and associated organisms (Fig. 2 and 3, see Table 2). 
Most taxa identified by BLAST belonged to the Charophyta 
and Chlorophyta algae: Spirogyra, Draparnaldioides, Cla­
dophora, and  Draparnaldia (see Table 2). Dominant taxa 
identified by DNA­metabarcoding are fully corroborated 
with those revealed by the morphologic analysis of samples 
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Table 2. Results of the taxonomic identif ication of OTU based on homology with sequences from the NCBI database

Taxon of species rank Taxon of high rank The homology 
with the reference 
sequences  
from NCBI

Proportion of the total reads, %

Lake Baikal,  
Bolshoi Ushkaniy Island 
(stony littoral)

Lake Baikal, 
Listvennichny Bay 
(stony littoral)

Kaya River 
(Irkutsk City)

Draparnaldioides baicalensis Plantae 100 91.88 0.04 –

Spirogyra sp. 1 100 0.078 97.157 –

Cladophora glomerata 100 – 0.02 49.836

Draparnaldia plumosa    99 – – 49.21

Navicula radiosa Stramenopiles 100 3.928 – –

Eukaryote sp. Unclassif ied 
eukaryota

   99 1.761 – –

Vorticella sp. Alveolata 100 0.358 0.26 0.03

Gomphonema cf. angustatum Stramenopiles    99 – 0.641 0.03

Didymosphenia geminata    99 0.405 0.02 –

Spumella sp. 100 0.016 0.45 –

Procryptobia sorokini Euglenozoa 100 – 0.44 –

Nitzschia aequorea Stramenopiles    99 0.3 – –

Pythium myophilum 100 0.15 0.03 0.596

Adriamonas sp.    93 0.25 – –

Pseudovorticella coscinodisci Alveolata    98 0.281 – –

Oikomonas sp. Stramenopiles    99 0.016 0.3 –

No identif ication 
Stramenopiles

100 – 0.3 –

Ulnaria ulna Chromista 100 0.140 0.02 –

Aspidisca sp. Alveolata    93 0.140 – –

Cladophora sp. Plantae    93 – – 0.268

Ichthyobodo sp. Euglenozoa    90 0.125 – –

Bodomorpha sp. Rhizaria    99 – 0.14 –

Chaetophora sp. Plantae    97 0.109 – –

Hartmannellidae sp. Amoebozoa    93 0.094 – –

Achnanthidium sp. Stramenopiles    98 0.031 0.06 –

Amphileptus sp. Alveolata    99 0.016 0.08 –

Cocconeis sp. Stramenopiles    99 0.016 0.04 0.03

(see Table 1). In addition, a significant proportion of the se­
quences belonged to high­level taxa: Stramenopiles, Alveo­
lata, Euglenozoa, Chromista, Rhizaria, and Amoebozoa (see 
Fig. 2). All samples differed by spectrum of dominant species 
(see Fig. 3, Table 2). Endemic Draparnaldioides baicalensis 
dominated in the background area near Bolshoi Ushkaniy 
Island of Northern Baikal. Spirogyra sp. dominated in List­

vennichny Bay. Communities of Bolshoi Ushkaniy Island 
and Listvennichny Bay include 10 common taxa in their 
composition and form one cluster on the dendrogram (see 
Fig. 3). Cladophora glomerata and Draparnaldia plumosa 
dominated in the Kaya River. The community from the Kaya 
River differed significantly from two other communities in 
the taxonomic composition and shared two taxa with the 
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Stramenopiles
(62.18 %)

Euglenozoa
(1.57 %) Chromista

(1.76 %)

Amoebozoa
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Fig. 2. Distribution of high rank taxa associated with algae (percentage ratios from their number of reads).

Fig. 3. Heat map of the structure of the benthic algae communities with eukaryotes associated with them and their clustering according to the degree 
of similarity based on the Bray–Curtis distances.
Gray gradient shows the normalized number of reads (in a logarithmic scale) per taxon.
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community of Bolshoi Ushkaniy Island, and four taxa with 
the community from Listvennichny Bay.

In general, according to the Shannon index, the communi­
ties from the Bolshoi Ushkaniy Island and Listvennichny 
Bay are more diverse compared to Kaya River (see Table 1). 
The abundance curves also confirm this result (see Fig. 1, b).

Discussion
In the coastal zone near the Bolshoi Ushkaniy Island, 
located in the central conservation area of Lake Baikal, 
where there is practically no anthropogenic impact, typical 
representatives of the algal flora of the stony littoral of the 
lake are endemic species Draparnaldioides baicalensis, 
D. arnoldii, D. arenaria and Cladophora f loccosa f. f loc­
cosa (Izhboldina, 1990). According to the results of the study, 
no structural changes were observed in the community near 
Bolshoi Ushkaniy Island (see Table 2, Fig. 3), although it 
contained trace amounts of Spirogyra sp. 1. The findings of 
Spirogyra in this area are due to the circulation currents that 
exist in Lake Baikal (Kravtsova et al., 2020).

During the summer period, in the littoral zone of List­
vennichny Bay (before 2000s), at a depth of more than 
1.5 metres, Dermatochrysis reticulata, Didymosphenia 
geminata, and Nitella flexilis species dominated. However, 
currently, they have lost the leading role in phytocenoses 
due to the expansion of green filamentous algae Spirogyra 
atypical for the open littoral zone of Lake Baikal (Kravtsova 
et al., 2014, 2020), which is confirmed by our results (see 
Table 2, Fig. 3). Sequences of 18S rDNA fragment obtained 
for filamentous algae Spirogyra from Listvennichny Bay 
were 100 % identical to a previously published sequence 
Spirogyra sp. 1 found in the littoral of this bay in 2013 (Ro­
manova et al., 2013). Thus, we can assume that during the 
period from 2011 to 2015, the same species, Spirogyra sp. 1, 
developed in Listvennichny Bay. The spread of filamentous 
algae creates stressful conditions for the habitation of algal 
communities. It is known that there is a decrease in diversity 
according to Shannon index due to the expansion of species 
in ecosystems (Ling, 2008; Powell et al., 2013). The same 
regularities are observed in Listvennichny Bay, where algae 
typical for this period are suppressed; moreover, the Shan­
non index is lower here than in the community near Bolshoi 
Ushkaniy Island (see Table 1). Even less diversity by Shan­
non index was observed in the Kaya River (see Table 1). But 
we cannot unambiguously conclude that this community is 
in stressful conditions, because in the literature, we did not 
find information on the value of the Shannon diversity index 
characteristic of communities of bottom algae and associated 
eukaryotic organisms for river ecosystems. It is possible that 
the value of the Shannon index obtained for Kaya River is, 
in principle, typical for such an ecosystem.

The composition of eukaryotes associated with algae is 
quite diverse: Stramenopiles, Alveolata, Euglenozoa, Chro­
mista, Rhizaria, and Amoebozoa. Of particular interest are 
oomycetes of the genus Pythium found in samples from the 
littoral zone of  Lake Baikal (see Fig. 3, Table 2). It should be 

noted that at present the mycofauna of Lake Baikal has not 
been practically studied, although the DNA of representa­
tives of the genus Pythium was found during the study of 
microeukaryotes of the surface layer of  bottom sediments 
of Lake Baikal (Yi et al., 2017). However, it is known that 
most of freshwater fungi of the genus Pythium are parasites 
of green algae (Raghukumar, 1987; Li et al., 2010; Carney, 
Lane, 2014). An increase in the concentration of  Pythium in 
phytocenoses occurs at the end of the growing season, as it 
contributes to a more rapid destruction of the primary organic 
matter of plant origin. It is possible that the algae in the com­
munity near Bolshoi Ushkaniy Island ended their growing 
season, and therefore, they were more affected by para­
sitic fungi, as evidenced by the greater amount of  DNA of 
P. myophilum in samples from this area compared to samples 
from Listvennichny Bay. On the one hand, P. myophilum, 
apparently, has not yet had time to spread in the community 
of the littoral zone of Listvennichny Bay, since during the 
study Spirogyra sp. 1 was in a good phenological state. On 
the other hand, Spirogyra sp. 1 can potentially be resistant 
to the P. myophilum, in contrast to other typical species (for 
example, Ulothrix), which are widespread in the littoral of  
Lake Baikal. Then, in this situation, Spirogyra sp. 1 gains 
a competitive advantage over other species and becomes a 
community­forming taxon. The distribution of  P. myophi­
lum probably makes a certain contribution to changes in the 
structure of  benthic communities of algae in the littoral of  
Lake Baikal.

Despite the originality of the results obtained, we would 
like to draw attention to the features of the use of the DNA­
metabarcoding approach in the study of algal communities 
and associated eukaryotes. Analyzing the 18S rRNA me­
tabarcoding data, we faced the problem of determining the 
threshold of the genetic distance between species within 
a genus. For 16S rRNA (a marker for bacterial communi­
ties), this distance was chosen as 3 % (0.03) of mismatched 
nucleotides between the compared sequences (Petrosino et 
al., 2009; Kurilkina et al., 2016). Some researchers use the 
same distance to separate the OTUs of the species level for 
analysis of eukaryotic communities based on 18S rRNA (Yi 
et al., 2017). If this is justified for microeukaryotes to some 
extent (due to the high rate of evolution and rapid change of 
generations), then for multicellular organisms such a mea­
sure cannot be used to separate species, since it is proved that 
18S rRNA is one of the slowly evolving markers for them 
(Anne, 2006). Our analysis of the literature data showed that 
for multicellular algae, the distance threshold corresponding 
to 3 % of mismatched nucleotides separates not species, but 
different genera and families (Chen et al., 2012; Romanova 
et al., 2013; Sherwood et al., 2014; Taylor, Cunliffe, 2014). 
Thus, if we used a threshold of 3 % for isolating OTUs, then 
we could not identify species, and the study of species diver­
sity in this group of organisms would become impossible. 
A more detailed analysis of the published information (Chen 
et al., 2012; Romanova et al., 2013; Sherwood et al., 2014; 
Taylor, Cunliffe, 2014) allowed us to choose a threshold 
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of 1 % (0.01) substitutions for separating different species 
within one genus and use it in our study.

In the course of the study, it was found that with 3400–
6610 reads of the 18S rRNA fragment for each sample, the 
species diversity of eukaryotic organisms associated with 
benthic algae is clearly underestimated. In the DNA mixture 
consisting of macro and microorganisms, the main pool of 
reads was presented by multicellular species (algae), and 
accounted for from 91 to 99 % of all 18S rRNA reads in 
each sample. In this case, we adequately evaluate the species 
diversity of macroorganisms (algae), but lose most of  the 
diversity of eukaryotic organisms associated with them. In 
the methodological works on the study of  bacterial com­
munities based on 16S rRNA metabarcoding (Bukin et al., 
2019), it is given that the final number of filtered in quality 
reads in the sample for an adequate assessment of  the species 
diversity of microorganisms should be 10,000. Considering 
this, in order to evaluate the species diversity of the minor 
component of the community of eukaryotic organisms as­
sociated with algae, it is necessary to increase the number of 
reads per sample 50 or more times. Then the minor compo­
nent will account for approximately 10,000 DNA sequences. 
In total, several hundred thousand reads will be required. 
With the current level of development of NGS technologies, 
this is a completely accessible task. Another way to obtain 
10,000 readings on the minor component of the community 
is a preliminary mechanical separation of the sample into two 
parts: one of them will include algae, and another will con­
tain organisms associated with algae. In this case, the DNA 
of the two selected parts should be sequenced separately.

It should also be noticed that the specificity of  the univer­
sal primers varies for different taxa in samples, and a distor­
tion of  DNA­metabarcoding results may arise. As a result, 
the initial DNA concentration of different taxa in the sample 
is changed after PCR. It is possible to decrease this effect by 
reducing the number of  PCR cycles during the preparation 
of a sample for sequencing, using the same sets of reagents 
and standardizing the sampling method. Another important 
note refers to the methodology of statistical analysis, which 
must contain the data range stage. To do this, you can con­
vert the number of reads to the proportion of reads on a 
taxon in a sample, or normalize the entire dataset (as done 
in our study) to the average number of reads on the sample. 
Such data rationing, despite the distortions associated with 
PCR, will allow determining the trend of changes in the 
concentration of  DNA of any taxon in different compared 
natural samples using multidimensional statistics (clustering  
methods, etc.). 

Conclusion
Due to the growth of filamentous green algae, one of the 
Spirogyra species began to dominate in the community of the 
littoral in Listvennichny Bay. DNA of this species was also 
found in the samples of the background area near Bolshoi 
Ushkaniy Island of  Lake Baikal. DNA­metabarcoding based 
on a fragment of the 18S rRNA gene is a perspective method 

for studying the structure of algae communities and makes 
it possible to obtain statistically representative results. This 
method is also effective for accurate taxonomic identification 
of a morphologically complex group of organisms, such as 
filamentous algae. At the same time, DNA­metabarcoding 
allows determining the representation in the samples of 
difficult­to­study taxa associated with algae, which play 
an important role in the formation of the diversity and the 
functioning of the communities. For a representative assess­
ment of  the minor component of  the community (eukaryotic 
organisms associated with algae), a significant increase in 
the sample sizes of DNA sequences is necessary.
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Abstract. One of the greatest achievements of genetics in the 20th century is D.K. Belyaev’s discovery of destabiliz-
ing selection during the domestication of animals and that this selection affects only gene expression regulation 
(not gene structure) and inf luences systems of neuroendocrine control of ontogenesis in a stressful environment. 
Among the experimental data generalized by Belyaev’s discovery, there are also f indings about accelerated extinc-
tion of testes’ hormonal function and disrupted seasonality of reproduction of domesticated foxes in comparison 
with their wild congeners. To date, Belyaev’s discovery has already been repeatedly conf irmed, for example, by in-
dependent observations during deer domestication, during the use of rats as laboratory animals, after the reintro-
duction of endangered species such as Przewalski’s horse, and during the creation of a Siberian reserve population 
of the Siberian grouse when it had reached an endangered status in natural habitats. A genome-wide comparison 
among humans, several domestic animals, and some of their wild congeners has given rise to the concept of self-do-
mestication syndrome, which includes autism spectrum disorders. In our previous study, we created a bioinformatic 
model of human self-domestication syndrome using differentially expressed genes (DEGs; of domestic animals 
versus their wild congeners) orthologous to the human genes (mainly, nervous-system genes) whose changes in 
expression affect reproductive potential, i. e., growth of the number of humans in the absence of restrictions caused 
by limiting factors. Here, we applied this model to 68 human genes whose changes in expression alter the reproduc-
tive health of women and men and to 3080 DEGs of domestic versus wild animals. As a result, in domestic animals, 
we identif ied 16 and 4 DEGs, the expression changes of which are codirected with changes in the expression of the 
human orthologous genes decreasing and increasing human reproductive potential, respectively. The wild animals 
had 9 and 11 such DEGs, respectively. This difference between domestic and wild animals was signif icant according 
to Pearson’s χ2 test ( p < 0.05) and Fisher’s exact test ( p < 0.05). We discuss the results from the standpoint of restora-
tion of endangered animal species whose natural habitats are subject to an anthropogenic impact.
Key words: human; reproductive potential; animal model of human disease; domestication; RNA-Seq; most recent 
common ancestor.
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Биоинформатический поиск соответствия  
дифференциально экспрессируемых генов  
домашних и диких животных с ортологичными генами, 
изменяющими репродуктивный потенциал человека
М.П. Пономаренко , И.В. Чадаева, П.М. Пономаренко, А.Г. Богомолов, Д.Ю. Ощепков, Е.Б. Шарыпова, В.В. Суслов,  
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Аннотация. Одним из крупнейших достижений генетики ХХ в. стало открытие Д.К. Беляевым дестабилизи-
рующего отбора при одомашнивании животных, который затрагивает регуляцию экспрессии генов, но не их 
структуру, и влияет на системы нейроэндокринного контроля онтогенеза при стрессовом воздействии окру-
жающей среды. Среди экспериментов, результаты которых были обобщены этим открытием, были также на-
блюдения ускоренного угасания гормональной функции семенников и нарушения сезонности размножения 
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одомашненных лисиц по сравнению с дикими сородичами. На сегодняшний день открытие Д.К. Беляева уже 
многократно подтверждено независимыми наблюдениями при одомашнивании, например, оленя, использо-
вании крыс как лабораторных животных, восстановлении таких исчезающих видов, как лошадь Пржевальско-
го, а также при создании резервной популяции дикуши, оказавшейся на грани исчезновения в естественных 
местах обитания. В результате сравнения геномов человека, ряда домашних животных и некоторых их диких 
сородичей был введен термин «синдром самодоместикации», в симптомы которого включены расстройства 
аутистического спектра. Ранее мы создали биоинформатическую модель синдрома самодоместикации чело-
века с использованием дифференциально экспрессируемых генов (ДЭГ) домашних животных по сравнению с 
дикими сородичами, ортологичных генам преимущественно нервной системы человека, чьи изменения экс-
прессии могут влиять на репродуктивный потенциал, т. е. рост численности людей при отсутствии ограниче-
ний со стороны лимитирующих факторов. В настоящей работе мы применили эту модель к 68 генам человека, 
изменения экспрессии которых влияют на репродуктивное здоровье женщин и мужчин, и к 3080 ДЭГ живот-
ных. Обнаружено 16 и 4 ДЭГ домашних животных, изменения экспрессии которых являются сонаправленны-
ми изменениям экспрессии генов-ортологов человека, соответственно понижающим и повышающим его ре-
продуктивный потенциал, тогда как у диких животных было 9 и 11 таких ДЭГ. Это различие было достоверно 
по критерию χ2 Пирсона ( p < 0.05) и точному критерию Фишера ( p < 0.05). Полученный результат обсуждается 
в связи с восстановлением видов животных, исчезающих под антропогенной нагрузкой.
Ключевые слова: человек; репродуктивный потенциал; модель болезни человека с использованием живот-
ных; доместикация; RNA-Seq; ближайший общий предок.

Introduction
One of the greatest achievements of genetics in the 20th cen-
tury was D.K. Belyaev’s discovery of destabilizing selection 
during the domestication of animals and his finding that this 
selection affects the regulation of gene expression (i. e., speci-
ficity and level of expression) but not gene structure. In this 
context, destabilizing selection directly or indirectly affects 
systems of neuroendocrine control of ontogenesis when pre-
existing stress factors strengthen or new ones emerge in the 
environment: “In a genetic and biochemical sense, what may 
be selected for are changes in the regulation of genes – that is, 
in the timing and the amount of gene expression rather than 
changes in individual structural genes. Selection having such 
an effect is called by me destabilizing selection. The selection 
becomes destabilizing when it affects, directly or indirectly, 
the systems of neuroendocrine control of ontogenesis. This 
seems always to be the case when some new stressful factors 
appear in the environment, or when stresses usual for the spe-
cies increase in strength.” (Belyaev, 1979, p. 307). 

This discovery is the result of many years of unique ex-
periments on the domestication of the mink (Belyaev et al., 
1972) and fox (Belyaev et al., 1975) as well as the mouse as 
a laboratory model of human cancer (Belyaev, Gruntenko, 
1972). In these experiments, there were findings about ac-
celerated extinction of testes’ hormonal function (Osadchuk 
et al., 1978a) and disturbances in reproduction seasonality 
(Osadchuk et al., 1978b) of domesticated foxes versus wild 
foxes; these experiments were conducted with the participa-
tion of a coauthor of the present study. 

Subsequent comparative analysis of reproductive indices 
of domesticated foxes versus wild ones (taken as the norm) 
revealed decreases in the activity indicators of the female 
endocrine system (Osadchuk, 1992a), in sexual activity of 
first-year males (Osadchuk, 1992b, 2006), in embryonic gonad 
mass, and in developmental heterochrony of their pituitary-
testicular axis (Osadchuk, 1998) as evidence of destabilizing 
selection during the domestication of animals (Belyaev, 1979). 
Additionally, in a laboratory model of animal domestication 
involving outbred rat strains, a delay in puberty was inde-
pendently documented in males of a tame strain compared 

to an aggressive strain (Prasolova et al., 2014). The results 
of a comparison among the genomes of humans, numerous 
domestic animals, and some of their wild congeners have 
been generalized by the term “self-domestication syndrome”, 
the symptoms of which include autism spectrum disorders 
(Theofanopoulou et al., 2017), although the idea of human 
self-domestication is still subject to debate (Del Savio, Ma-
meli, 2020) to this day.

Following a trend in the postgenomic era of life sciences 
(Qian et al., 2021), we have created a bioinformatic model of 
self-domestication syndrome using differentially expressed 
genes (DEGs) – of domestic animals versus their wild con-
geners – that are orthologous to human genes associated with 
rheumatoid arthritis (Klimova et al., 2021) and with reproduc-
tive potential (Vasiliev et al., 2021), i. e., with an increase in 
the number of humans when there are no restrictions caused 
by limiting factors (Chapman, 1931; Pianka, 1976).

In the present work, we analyzed 68 human genes whose 
expression changes affect the reproductive health of women 
(Chadaeva et al., 2018) and men (Ponomarenko et al., 2020). 
The results are discussed in terms of restoration of animal 
species that are disappearing under anthropogenic pressure 
(Esmaeili et al., 2019).

Materials and methods
The analyzed human genes. We analyzed 68 human genes 
in the promoters of which we have previously evaluated can-
didate SNP markers of changes in the reproductive health of 
women (Chadaeva et al., 2018) and men (Ponomarenko et al., 
2020); the examples are presented in Table 1, and complete 
descriptions – in Supplementary Material1.

For instance, in the promoter of the human ACKR1 gene 
(atypical chemokine receptor 1), we previously found SNP 
rs2814778, which lowers the affinity of TATA-binding pro-
tein (TBP) for this promoter (Chadaeva et al., 2018), thereby 
(Mogno et al., 2010) lowering the expression of this gene 
(see Table 1, column iii, NSNP = 1). This finding is consistent 
with independent clinical data on patients carrying rs2814778 
1 Supplementary Material is available in the online version of the paper: 
http://vavilov.elpub.ru/jour/manager/files/Suppl_Ponomarenko_Engl.pdf

http://vavilov.elpub.ru/jour/manager/files/Suppl_Ponomarenko_Engl.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Ponomarenko_Engl.pdf
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Table 1. Examples of the 68 studied human genes for which a signif icant effect of an SNP(s) in the binding site  
for TATA-binding protein (TBP) on the aff inity of TBP for the promoter of these genes has been previously documented,  
as have the effects on the levels of their expression and corresponding changes in the reproductive system  
of women (Chadaeva et al., 2018) and men (Ponomarenko et al., 2020). The complete list is provided in Supplemental Material

No. Human 
gene

Lowered expression (–) Elevated expression  (+)

NSNP 
(references)

impact on reproductive system  
and health (references)

♂♀ NSNP 
(references)

impact on reproductive system  
and health (references)

♂♀

i ii iii iv v vi vii viii

1 ACKR1 1  
(Chadaeva  
et al., 2018)

Increased risk of preeclampsia as 
one of the most pressing problems 
of modern obstetrics   
(Velzing-Aarts et al., 2002)

↓ – According to pathology reports, 
mortality from atherosclerosis and 
coronary artery diseases is higher   
(Hernandez-Aguilera et al., 2020)

↓

18 DNMT1 2  
(Chadaeva  
et al., 2018)

Decitabine as an anticancer drug 
lowers DNMT1 levels (Awada et al., 
2020)

↑ 7  
(Chadaeva  
et al., 2018)

In a mouse model of a human 
disease: impaired fetal brain 
development under stress 
(Matrisciano et al., 2013)

↓

49 PLCXD1 15  
(Ponomarenko 
et al., 2020)

Gender-specif ic increased risk in 
men of middle (reproductive) age  
of ischemic stroke (Tian et al., 2012)

↓ 35  
(Ponomarenko 
et al., 2020)

Transfection of a vector carrying the 
PLCXD1 gene into human cultured 
melanoma cells inhibits their growth 
(Mithani et al., 2011)

↑

68 ZFY – In a bovine model of a human 
disease: asthenozoospermia (Xi et 
al., 2019)

↓ 2 
(Ponomarenko 
et al., 2020)

Higher risk of meiosis stoppage 
in spermatocytes, leading to their 
apoptosis and to infertility (Jan et 
al., 2018)

↓

Notе. No. is the ID number of a gene in the full list, sorted alphabetically in Supplementary Material. NSNP is the number of candidate SNP markers that sig-
nif icantly reduce or increase the aff inity of TBP for a promoter of a gene (Chadaeva et al., 2018; Ponomarenko et al., 2020), thus decreasing (–) or increas-
ing (+) its  expression (Mogno et al., 2010; Ponomarenko et al., 2010); impact on reproductive system and health: deterioration (↓) or improvement (↑).  
Genes: ACKR1 – atypical chemokine receptor 1; DNMT1 – DNA methyltransferase 1; PLCXD1 – phosphatidylinositol-specif ic phospholipase CX domain – con-
taining 1; ZFY – Y- linked zinc f inger protein.

(Michon et al., 2001; Nalls et al., 2008), and therefore we pro-
posed rs2814778 as a candidate SNP marker of preeclampsia 
as one of the most pressing problems of modern obstetrics 
(Velzing-Aarts et al., 2002), which worsens the reproduc-
tive health of women (Chadaeva et al., 2018), as indicated 
by the down arrow (↓) in column v of Table 1. On the other 
hand, according to pathology reports (Hernandez-Aguilera 
et al., 2020), an excess of the ACKR1 protein contributes to 
increased human mortality from atherosclerosis and other 
coronary artery diseases (see Table 1, column vii), thus reduc-
ing human reproductive potential (see Table 1, column viii).

Another example of a gene studied by us earlier (Ponoma-
renko et al., 2020), the decrease and increase in expression 
of which impair the reproductive system of humans, is ZFY 
(located on the Y chromosome) encoding a protein with a zinc 
finger (see Table 1). 

In addition, we previously found two candidate SNP mar-
kers, rs758026532 and rs772821225, in the promoter of 
DNMT1 encoding human DNA methyltransferase 1 – that 
reduce DNMT1 expression (Chadaeva et al., 2018), as does 
anticancer drug decitabine (Awada et al., 2020), thereby 
increasing the reproductive potential of people (see Table 1, 
column v, symbol “↑”). Besides, in the promoter of this gene, 
we previously found seven candidate SNP markers of  DNMT1 
overexpression (Chadaeva et al., 2018), which, according to 
a mouse model of a human disease (Matrisciano et al., 2013), 
can cause epigenetic aberrations of fetal brain development 

under the influence of stressors, thus impairing the human 
reproductive system (see Table 1, column viii, symbol “↓”).

Finally, in Table 1, readers can see that the previously 
studied (Ponomarenko et al., 2020) PLCXD1 gene (phosphati-
dylinositol-specific phospholipase CX domain-containing 1) 
represents a diametrically opposite situation (see Table 1, sym-
bols “↓” and “↑” in columns v and viii, respectively). Indeed, 
underexpression of this gene is a risk factor for stroke in men 
of reproductive age (Tian et al., 2012), whereas its overexpres-
sion improves human reproductive potential by suppressing 
the progression of melanomas: some of the deadliest human 
malignant tumors (Mithani et al., 2011).

As done for the genes ACKR1, DNMT1, PLCXD1, and ZFY 
above, Supplementary Material describes all 68 human genes 
analyzed in the present study. 

The studied DEGs of domestic versus wild animals. 
A total of 3080 DEGs of domestic versus wild animals were 
analyzed here, which are freely available in the PubMed da-
tabase (Lu, 2011), as described in Table 2 and characterized 
by examples in Table 3. At the same time, according to (Kli-
mova et al., 2021; Vasiliev et al., 2021), here, RNA-Seq data 
were examined in accordance with one of the oldest (Samet, 
1985), widely used (Sun et al., 2008; Morozova et al., 2020; 
Hakizimana et al., 2021), and fundamental (Zhang et al., 2021) 
concepts of phylogenetic analysis – “most recent common 
ancestor” (Samet, 1985). In this regard, domestic animals 
and their wild relatives were studied by means of oppositely 
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Table 2. The analyzed RNA-Seq data on DEGs of domestic vs wild animals available in the PubMed database (Lu, 2011)

No. Domestic animals Wild animals Organ/tissue No. of 
DEGs

References

  i ii iii iv   v vi

   1 Dog (Canis familiaris) Wolf (C. lupus) Blood 450 Yang X. et al., 2018

   2 Dog (C. familiaris) Wolf (C. lupus) Frontal cortex 19 Albert et al., 2012

   3 Tame fox (Vulpes vulpes) Aggressive fox (V. vulpes) Pituitary gland 327 Hekman et al., 2018

   4 Pig (Sus scrofa) Boar (S. scrofa) Frontal cortex 61 Albert et al., 2012

   5 Pig (S. scrofa) Boar (S. scrofa) Frontal cortex 34 Long et al., 2018

   6 Pig (S. scrofa) Boar (S. scrofa) Pituitary gland 22 Yang Y. et al., 2018

   7 Domestic guinea pig   
(Cavia porcellus)

Wild guinea pig   
(C. aperea)

Frontal cortex 1174 Albert et al., 2012

   8 Domestic rabbit   
(Oryctolagus cuniculus domesticus)

Wild rabbit (O. cuniculus) Frontal cortex 19 Albert et al., 2012

   9 Domestic rabbit  
(O. cuniculus domesticus)

Wild rabbit (O. cuniculus) Parietal and 
temporal cortex 

216 Sato et al., 2020

10 Domestic rabbit  
(O. cuniculus domesticus)

Wild rabbit (O. cuniculus) Amygdala 118 Sato et al., 2020

11 Domestic rabbit  
(O. cuniculus domesticus)

Wild rabbit (O. cuniculus) Hypothalamus 43 Sato et al., 2020

12 Domestic rabbit (O. cuniculus 
domesticus)

Wild rabbit (O. cuniculus) Hypothalamus 100 Sato et al., 2020

13 Tame rat (Rattus norvegicus) Aggressive rat (R. norvegicus) Frontal cortex 23 Albert et al., 2012

14 Domestic chickens (Gallus gallus) Wild chickens (G. gallus) Pituitary gland 474 Fallahshahroudi et al., 2019

Total 3080

directed equivalent changes in gene expression in comparison 
with their unknown most recent common ancestor. 

For example, the Ckbl gene (creatine kinase B-like protein) 
was characterized in column v of Table 1 by a positive score 
of 4.33 log2 units of relative expression in the blood of dogs 
(Canis familiaris) versus wolves (C. lupus), as reported by 
(Yang X. et al., 2018). Therefore, dogs and wolves respec-
tively show increased and decreased expression of this gene as 
compared to their most recent common ancestor (see Table 3, 
columns vii and viii). Likewise, a negative score of (–1.55) on 
the relative expression of Adm (adrenomedullin) in the dog’s 
frontal cortex as compared to the wolf (see Table 3, column v) 
corresponds to decreased and increased expression of this gene 
in this part of the brain during divergence from their most 
recent common ancestor (see Table 3, columns vii and viii). 
A total of 450 DEGs in the blood (Yang X. et al., 2018) and 
19 DEGs in the frontal cortex (Albert et al., 2012) of dogs 
and wolves (see Table 2, column v) were characterized in  
this way.

The score of (–0.47) on the differential expression of the 
Hpd gene, which encodes 4-hydroxyphenylpyruvate dioxy-
genase, in the pituitary gland of tame versus aggressive foxes 
Vulpes vulpes (Hekman et al., 2018) denotes respectively 
decreased and increased expression of this gene during diver-
gence from their most recent ancestor (see Table 3).

In addition, positive scores on relative expression of genes 
Mdk (Albert et al., 2012) and C7 (Long et al., 2018) (respec-
tively encoding midkine and component 7 of the complement 
system of innate immunity) in the frontal cortex of the pig 
(Sus scrofa) as compared to the boar (S. scrofa) indicates their 
higher expression in the pig than in the boar when these spe-
cies diverged from their most recent common ancestor (see 
Table 3). On the contrary, the negative score of (–1.32) for the 
Ano3 gene in the pituitary gland of the pig compared to the 
boar (Yang Y. et al., 2018) denotes respectively a deficiency 
and an excess of anoctamin 3 (encoded by this gene) in this 
part of the brain when these species diverged from their most 
recent common ancestor (see Table 3).

Accordingly, a negative score on the differential expression 
of the Agt gene (angiotensinogen) in the frontal cortex of 
domestic guinea pigs Cavia porcellus relative to wild guinea 
pigs C. aperea (Albert et al., 2012) corresponds to decreased 
and increased expression of this gene as these animals diverged 
from their most recent common ancestor (see Table 3, co-
lumns v, vii, and viii). Table 3 provides similar examples of 
description for some of the 3080 DEGs of domestic animals 
versus their wild congeners, as investigated in this work 
(groups of all genes are described in Table 2).

A search for orthologous genes of humans and animals. 
For each analyzed DEG of domestic animals versus their wild 
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Table 3. Examples of the studied DEGs of domestic vs wild animals. These DEGs are collectively characterized in Table 2

Animals RNA-Seq Change in expression  
upon divergence of animals 
from most recent common 
ancestor

References

domestic wild Organ/tissue DEG log2 p domestic 
animals

wild animals

i ii iii iv  v vi vii viii ix

Dog Wolf Blood Ckbl 4.33 10–3 Elevated (+) Lowered (–) Yang X. et al., 2018

Dog Wolf Frontal cortex Adm –1.55 10–4 Lowered (–) Elevated (+) Albert et al., 2012

Tame fox Aggressive fox Pituitary gland Hpd –0.47 10–5 Lowered (–) Elevated (+) Hekman et al., 2018

Pig Boar Fontal cortex Mdk 1.10 10–8 Elevated (+) Lowered (–) Albert et al., 2012

Pig Boar Frontal cortex C7 1.64 10–4 Elevated (+) Lowered (–) Long et al., 2018

Pig Boar Pituitary gland Ano3 –1.32 0.05 Lowered (–) Elevated (+) Yang Y. et al., 2018

Domestic guinea pig Wild guinea pig Frontal cortex Agt –1.80 10–16 Lowered (–) Elevated (+) Albert et al., 2012

Domestic rabbit Wild rabbit Frontal cortex Gp2 6.36 10–3 Elevated (+) Lowered (–) Albert et al., 2012

Domestic rabbit Wild rabbit Parietal and 
temporal cortex

ApoD 1.05 0.05 Elevated (+) Lowered (–) Sato et al., 2020

Domestic rabbit Wild rabbit Amygdala Pgk1 –1.22 0.05 Lowered (–) Elevated (+) Sato et al., 2020

Domestic rabbit Wild rabbit Hypothalamus Aqp1 –3.46 0.05 Lowered (–) Elevated (+) Sato et al., 2020

Domestic rabbit Wild rabbit Hippocampus Irf6 1.66 0.05 Elevated (+) Lowered (–) Sato et al., 2020

Tame rat Aggressive rat Frontal cortex Alb 1.64 10–6 Elevated (+) Lowered (–) Albert et al., 2012

Domestic chickens Wild chickens Pituitary gland Fst –1.21 10–3 Lowered (–) Elevated (+) Fallahshahroudi  
et al., 2019

Notе. log2 –  expression in domesticated relative to wild animals (in log2 units); p – statistical signif icance as determined by the authors cited in column ix.  
Genes: Ckbl – creatine kinase B-like protein; Adm – adrenomedullin; Hpd – 4-hydroxyphenylpyruvate dioxygenase; Mdk – midkine; C7 – component 7 of the 
complement system of innate immunity; Ano3 – anoctamin 3; Agt – angiotensinogen; Gp2 – glycoprotein 2; ApoD – apolipoprotein D; Pgk1 – phosphoglycerate 
kinase 1; Aqp1 – aquaporin 1; Irf6 – interferon regulatory factor 6; Alb – albumin; Fst – follistatin.

congeners (see Tables 2 and 3), an orthologous gene was 
sought among all the 68 studied human genes (see Table 1 and 
Supplemental Material). If no such orthologous human gene 
was found, then the animal DEG in question was excluded 
from further analysis. Otherwise, we collated the effects of 
codirected changes in the expression of the found orthologous 
genes on the reproductive potential of humans (see Table 1 and 
Supplemental Material, columns v and viii) with expression 
changes during the emergence of a domesticated species or 
during preservation of the wild species of the respective animal 
in the microevolution of their most recent common ancestor 
(see Table 3, columns vii and viii). For example, the Apoa1 
gene (apolipoprotein A1) is characterized by a negative score 
of (–3.2) on differential expression in domestic versus wild 
guinea pigs (Albert et al., 2012), indicating decreased and 
increased expression of this gene, respectively, in the process 
of their divergence from their most recent common ancestor 
(Table 4, columns ii, iv, and vi). Accordingly, underexpression 
of a human orthologous gene, APOA1, was clinically asso-
ciated with a predisposition to cognitive disorders (Peng et al., 
2017), whereas its overexpression correlates with infertility 
in women (Manohar et al., 2014), as illustrated in columns vii 

and ix of Table 4. Thus, a deficiency and excess of APOA1 
in humans impair the reproductive system of humans (see 
Table 4, columns viii and x).

In the present study, within the framework of the previously 
proposed bioinformatic model of human diseases involving 
DEGs of domestic versus wild animals (Klimova et al., 2021; 
Vasiliev et al., 2021), all of the above means that the expression 
changes of Apoa1 during the divergence of domestic and wild 
guinea pigs from their most recent common ancestor corre-
spond to a negative impact of expression changes of the human 
orthologous gene APOA1 on human reproductive potential.

Similarly, the CETP gene encoding cholesteryl ester transfer 
protein is overexpressed in hypercholesterolemia of pregnancy 
(Silliman et al., 1993), thereby impairing the reproductive 
health of women (see Table 4, columns ix and x). The excess 
of CETP in humans is consistent with an excess of Cetp in the 
domestic guinea pig during its divergence from the most recent 
common ancestor with the wild guinea pig (Albert et al., 2012), 
as shown in Table 4 (columns ii and iv). By contrast, a CETP 
deficiency in humans is a clinically proven marker of slowing 
atherogenesis as well as lower risks of stroke and myocardial 
infarction (Plengpanich et al., 2011); these correlations can be 
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Table 4. A comparison between the effects of expression changes of human orthologous genes on reproductive potential  
and expression changes during the divergence of domestic and wild animals from their most recent common ancestor

Animals Humans

RNA-Seq Change in expression upon 
divergence of animals from 
most recent common ancestor

Gene Effect of changed gene expression  
on reproductive potential (♂♀)

DEG   log2 p domestic wild low expression (–) ♂♀ high expression (+) ♂♀

i   ii iii iv v vi vii viii ix x

Domestic and wild guinea pigs (Albert et al., 2012)

Apoa1 –3.2 10–2 Lowered (–) Elevated (+) APOA1 Higher risk of cognitive 
impairment  
(Peng et al., 2017)

↓ Infertility in women   
(Manohar et al., 2014)

↓

Cetp 2.1 10–4 Elevated (+) Lowered (–) CETP Slowing of atherogenesis 
thus preventing stroke  
and heart attack  
(Plengpanich et al., 2011)

↑ In pregnancy, the risk  
of hypercholesterolemia 
is higher  
(Silliman et al., 1993)

↓

Cyp17a1 –1.1 10–2 Lowered (–) Elevated (+) CYP17A1 Higher risk of impaired 
fertility  
(Marsh, Auchus, 2014)

↓ Malaysian propolis 
upregulates CYP17A1 
thereby correcting 
subfertility  
(Nna et al., 2020)

↑

Gcg 3.0 10–2 Elevated (+) Lowered (–) GCG Lower pregnancy rates 
(Sugiyama et al., 2012)

↓ Lower pregnancy rates 
(Sun et al., 2019)

↓

Il1b 2.3 10–4 Elevated (+) Lowered (–) IL1B No bone deformity during 
bacterial invasion  
(Sasaki et al., 2020) 

↑ Higher circadian 
hypersensitivity to pain 
(Olkkonen et al., 2015)

↓

Nr5a1 –2.2 10–3 Lowered (–) Elevated (+) NR5A1 Gonadal dysgenesis  
(Nagaraja et al., 2019)

↓ Better Sertoli cell 
differentiation and sperm 
quality (Wood et al., 2011)

↑

Proc 1.8 10–2 Elevated (+) Lowered (–) PROC Higher risk of deadly 
purpura fulminans  
in newborns  
(Dinarvand, Moser, 2019)

↓ Higher risk of miscarriage  
(Lay et al., 2005)

↓

Dog and wolf (Yang X. et al., 2018)

Gh1 2.8 10–4 Elevated (+) Lowered (–) GH1 Higher mortality from 
cardiovascular pathologies  
(Jorgensen, Juul, 2018)

↓ Growth hormone 
prolongs reproductive 
age of women  
(Regan et al., 2018)

↑

Hba1 –4.1 10–7 Lowered (–) Elevated (+) HBB Thalassemia impairs 
women’s reproductive 
health  
(Takhviji et al., 2020)

↓ In Chinese medicine, 
Jian-Pi-Yi-Shen decoction 
increases hemoglobin 
levels, relieving chronic 
anemia  
(Wang et al., 2020)

↑
Hbbl –5.9 10–11 Lowered (–) Elevated (+)

Hbm –6.5 10–9 Lowered (–) Elevated (+)

Hbzl –7.1 10–4 Lowered (–) Elevated (+)

Tame and aggressive foxes (Hekman et al., 2018)

Esr2 –0.3 10–2 Lowered (–) Elevated (+) ESR2 ESR2 deficiency in 
adolescents reduces sperm 
quality in adults  
(Ivanski et al., 2020)

↓ Excess ESR2 in 
adolescents reduces 
sperm quality in adults 
(Ivanski et al., 2020)

↓

Il9r 0.4 10–5 Elevated (+) Lowered (–) IL9R Impaired trophoblast 
Implantation  
(Sun et al., 2020)

↓ Higher risk of fatal 
anaphylactic shock 
(Osterfeld et al., 2010)

↓

Domestic and wild rabbits (Albert et al., 2012)

F7 –0.3 10–2 Lowered (–) Elevated (+) F7 Spontaneous difficult-
to-stop life-threatening 
hemorrhages  
(Senol, Zulfikar, 2020)

↓ Exogenous F7 is a life-
saving drug for obstetric 
bleeding  
(Burad et al., 2012)

↑
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Table 4 (end)

Animals Humans

RNA-Seq Change in expression upon 
divergence of animals from most 
recent common ancestor

Gene Effect of changed gene expression  
on reproductive potential (♂♀)

DEG   log2 p domestic wild low expression (–) ♂♀ high expression (+) ♂♀

i   ii iii iv v vi vii viii ix x

Domestic and wild chickens (Fallahshahroudi et al., 2019)

Cyp17a1 0.6 10–9 Elevated (+) Lowered (–) CYP17A1 Higher risk  
of impaired fertility   
(Marsh, Auchus, 2014)

↓ Malaysian propolis 
upregulates CYP17A1 
thereby correcting 
subfertility  
(Nna et al., 2020)

↑

F3 0.8 10–4 Elevated (+) Lowered (–) F3 Ozone therapy 
downregulates F3  
for the treatment  
of thromboischemic  
bowel injury   
(Yu et al., 2020)

↑ Higher risk of stroke  
and myocardial infarction  
(Arnaud et al., 2000)

↓

Hbad –1.1 10–2 Lowered (–) Elevated (+) HBD Thalassemia impairs 
women’s reproductive 
health   
(Takhviji et al., 2020)

↓ In Chinese medicine, 
Jian-Pi-Yi-Shen decoction 
upregulates hemoglobin 
alleviating chronic anemia 
(Wang et al., 2020)

↑

Pgr 1.3 10–6 Elevated (+) Lowered (–) PGR Infertility due to sexual-
behavior aberrations 
(Kubota et al., 2016)

↓ Increased fertility  
(Yao et al., 2020)

↑

Slc25a6 0.5 10–5 Elevated (+) Lowered (–) SLC25A6 Higher risk of muscle 
dystrophy  
(Clemencon et al., 2013)

↓ Higher resistance  
to the herpes virus  
(Guo et al., 2015)

↑

Notе. See the footnote of Table 3. Genes: Apoa1 – apolipoprotein A1; Cetp – cholesteryl ester transfer protein; Cyp17a1 – steroid 17α-monooxygenase; Gcg – 
glucagon; Il1b – interleukin 1β; Nr5a1 – steroidogenic factor 1; F3, F7, and Proc – blood coagulation factors III, VII, and XIV, respectively; Gh1 – growth hormone; 
HBD, Hba1, Hbad, Hbbl, Hbm, and Hbz1 are hemoglobin subunits δ, α1, αD, β-like, μ, and ζ1, respectively; Esr2 – estrogen receptor 2; Il9r – interleukin 9 receptor; 
Pgr – progesterone receptor; Slc25a6 – mitochondrial solute transporter.

regarded as factors increasing human reproductive potential 
(see Table 4, columns vii and viii). CETP downregulation in 
humans is consistent with Cetp downregulation in the wild 
guinea pig when it diverged with the domestic guinea pig 
from the most recent common ancestor (Albert et al., 2012) 
(see Table 4, column v). 

Finally, the human CYP17A1 gene produces steroid 17α-mo-
nooxygenase, underexpression of which impairs fertility in 
humans (Marsh, Auchus, 2014), thereby reducing their re-
productive potential, as displayed in Table 4. The deficiency 
of CYP17A1 in humans is consistent with the deficiency of 
Cyp17a1 in the domestic guinea pig (Albert et al., 2012) and 
in wild chickens Gallus gallus (Fallahshahroudi et al., 2019) 
when domestic and wild forms of these animals diverged from 
their respective most recent common ancestors (see Table 4, 
columns ii and iv). On the contrary, a CYP17A1 excess in 
humans overcomes subfertility (Nna et al., 2020), thus increas-
ing human reproductive potential (see Table 4, columns ix 
and x). This influence is consistent with higher expression 
of the orthologous Cyp17a1 gene in the wild guinea pig and 
domestic chicken as compared with this gene’s expression 
during their microevolution from the corresponding most 
recent common (see Table 4).

In Table 4, the reader can find similar descriptions for all 
the human and animal orthologous genes that we identified 
among the 68 human genes under study (see Table 1 and Sup-
plemental Material) and among the 3080 DEGs of domestic 
animals versus their wild congeners (see Tables 2 and 3). In 
this context, it is noteworthy that because of the concept of 
“divergence from the most recent common ancestor,” it was 
possible to compare phenotypic manifestations of increased 
and decreased expression of human genes (see Table 1, co-
lumns v and viii; Table 4, columns viii and x) with changes 
in the expression of respective orthologous genes in domestic 
and wild animals as they diverged from their most recent 
common ancestor (see Table 3, columns v and vi; Table 4, 
columns iv and v).

Knowledge base PetDEGsDB on human diseases as can-
didate symptoms of self-domestication syndrome. Identified 
here as the main finding, the matches – between the effects of 
changed expression of human genes on human reproductive 
potential and expression changes of orthologous animal genes 
during the divergence of domestic and wild animals from 
their most recent common ancestors – were compiled into a 
flat text Excel-compatible file and were finally transformed in 
the MariaDB 10.2.12 Web environment (MariaDB Corp AB, 
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Espoo, Finland) into a knowledge base, named PetDEGsDB, 
on human diseases that are candidates for self-domestication 
syndrome (Vasiliev et al., 2021). This knowledge base is freely 
available at https://www.sysbio.ru/domestic-wild.

Statistical analysis. The correspondences (see Table 4) 
between the phenotypic manifestations of codirected changes 
in the expression of orthologous genes of humans and animals 
were summarized in a standard Fisher 2×2 table represented 
by intersections of the rows “domestic animals” and “wild 
animals” (Table 5, columns iii and iv). This Fisher 2×2 table 
was analyzed using the Statistica package (Statsoft™, Tulsa, 
USA); its operating mode was chosen via the sequence of 
commands Statistics → Nonparametrics → 2×2 Table”, which 
enabled us to perform a binomial distribution analysis, Fisher’s 
exact test, and Pearson’s χ2 test (see Table 5, columns v, vi, 
vii, and viii).

Results and discussion
In this work, we examined 68 human genes (see Table 1 and 
Supplemental Material) and 3080 DEGs of domestic ani-
mals versus wild congeners (see Tables 2 and 3), which are 
described in the “Materials and methods” section. As a result 
of the technique described in the subsection “A search for 
orthologous genes of humans and animals” (Materials and 
methods), 20 animal DEGs were found that turned out to 
be orthologous to the studied human genes, as presented in 
Table 4 and described in the “Materials and methods,” with 
human genes APOA1, CETP, and CYP17A1 as examples. 
Let us review the identified orthologous genes of humans 
and animals.

The human CGC gene codes for glucagon; both a deficiency 
(Sugiyama et al., 2012) and an excess (Sun et al., 2019) of 
this protein are clinically proven markers of a reduced preg-
nancy rate and hence impairment of the reproductive system 
in humans (see Table 4). Upregulation and downregulation 
of glucagon in humans are consistent with increased and de-
creased expression of Gcg in domestic and wild guinea pigs 
(Albert et al., 2012) during their divergence from their most 
recent common ancestor.

The IL1B gene codes for interleukin 1β. An excess of this 
interleukin increases circadian sensitivity to pain (Olkkonen 
et al., 2015), thereby reducing human reproductive potential 
(see Table 4). By contrast, IL1B deficiency prevents bone 
deformation during bacterial invasion (Sasaki et al., 2020), 
thus expectedly increasing human reproductive potential 
(see Table 4). The excess and deficiency of IL1B in humans 
are the expression changes codirected with the upregulation 
and downregulation of Il1b in the wild guinea pig during its 
divergence with the domestic guinea pig from a common 
ancestor (Albert et al., 2012).

The NR5A1 gene encoding human steroidogenic factor 1 
is characterized by underexpression in gonadal dysgenesis 
(Nagaraja et al., 2019), which reduces human reproductive 
potential (see Table 4), whereas overexpression of the NR5A1 
protein improves sperm quality (Wood et al., 2011). Both 
the NR5A1 deficiency and excess in humans are consistent 
with the decreased and increased expression of Nr5a1 in 
the domestic guinea pig in the process of divergence with 
the wild guinea pig from a common ancestor (Albert et al.,  
2012).

The PROC gene represents human coagulation factor XIV, 
a deficiency of which in neonates can cause deadly purpura 
fulminans (Dinarvand, Moser, 2019), whereas its overexpres-
sion increases miscarriage risk (Lay et al., 2005). These altera-
tions of PROC expression are in agreement with the decreased 
and increased expression of Proc in wild and domestic gui nea 
pigs (Albert et al., 2012) during their microevolution (see  
Table 4).

The GH1 gene codes for growth hormone, which increases 
the reproductive potential of women (Regan et al., 2018). The 
excess of GH1 in humans is similar to the excess of Gh1 in 
dogs (C. familiaris) when compared to the most recent com-
mon ancestor of dogs and wolves (C. lupus) (Yang X. et al., 
2018). GH1 deficiency increases human mortality from car-
diovascular disease (Jorgensen, Juul, 2018) in line with Gh1 
deficiency in wolves during their microevolution.

Genes HBB and HBD encode hemoglobin subunits β and δ. 
Their deficiency is associated with thalassemia, a contributing 
factor of poor reproductive potential in women (Takhviji et 
al., 2020). Human hemoglobin deficiency is consistent with 
hemoglobin underexpression in dogs (Yang X. et al., 2018) 
and domestic chickens (Fallahshahroudi et al., 2019) when 
compared with the most recent common ancestors for their 
wild counterparts (see Table 4). Conversely, an excess of 
hemoglobin in humans is in agreement with overexpression 
of hemoglobin in wolves and wild chickens (see Table 4).

The human ESR2 gene (estrogen receptor 2) – both in the 
case of underexpression in adolescents and in the case of its 
overexpression in this segment of the population – was as-
sociated with decreased sperm quality in adults (Ivanski et 
al., 2020). These alterations of its expression in humans are 
consistent with those of an orthologous gene, Esr2, in tame 
and aggressive foxes (Hekman et al., 2018) during their mi-
croevolution (see Table 4).

The IL9R gene encodes human interleukin 9 receptor, the 
deficiency of which disrupts trophoblast implantation (Sun et 
al., 2020), whereas its excess contributes to deadly anaphy-
lactic shock (Osterfeld et al., 2010). The upregulation and 
downregulation of this receptor in humans are consistent with 
increased and decreased expression of the Il9r gene in tame 
and aggressive foxes (Hekman et al., 2018) as they diverged 
from their most recent common ancestor (see Table 4).

The F7 gene encodes proconvertin. Its recombinant ac-
tivated form is used as an emergency life-saving modality 
against obstetric bleeding (Burad et al., 2012). Upregulation 
of  F7 in humans is consistent with that of its ortholog in wild 
rabbits in the process of divergence with domestic rabbits 
from a common ancestor (Albert et al., 2012). A proconvertin 
deficiency accompanies spontaneous life-threatening bleeding 
(Senol, Zulfikar, 2020) and is consistent with F7 deficiency 
in domestic rabbits (see Table 2).

The F3 gene (thromboplastin) is overexpressed in stroke 
and myocardial infarction (Arnaud et al., 2000) and thus may 
reduce human reproductive potential (see Table 4). An excess 
of F3 in humans is consistent with an excess of F3 in domestic 
chickens (Fallahshahroudi et al., 2019). On the other hand, 
thromboplastin deficiency contributes to an increase in human 
reproductive potential (Yu et al., 2020), in agreement with 
F3 deficiency in wild chickens during their divergence with 
domestic chickens from the most recent common ancestor.
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Table 5. Signif icant matches between the effects of codirected changes in the expression of human orthologous genes  
on reproductive potential and gene expression changes during the divergence of wild and domestic animals  
from their most recent common ancestor 

Animals

Humans Statistics

Changes in gene expression that cause 
changes in reproductive potential (♂♀)

Binomial  
distribution analysis

Pearson χ2-test Fisher’s 
exact test

worse (↓) better (↑) p χ2 p p

i ii iii iv v vi vii viii

Change in DEG expression 
during divergence from most 
recent common ancestor

Domestic 16    4 0.01 5.2 0.05 0.05

WIld    9 11 > 0.4

The PGR gene codes for progesterone receptor. A human 
disease model based on Pgr knockout rats features infertility 
due to impaired sexual behavior (Kubota et al., 2016). PGR 
deficiency in humans is codirected with Pgr deficiency in wild 
chickens during their divergence from a common ancestor with 
domestic chickens (Fallahshahroudi et al., 2019). A human 
fertility model based on ewes revealed a positive correlation 
between Pgr and fertility (Yao et al., 2020). Upregulation of 
PGR in humans is consistent with Pgr overexpression in do-
mestic chickens as a consequence of their selection by humans 
for egg production (see Table 4).

The SLC25A6 gene encodes human steroidogenic factor 1. 
Its overexpression correlates with resistance to the herpes 
virus (Guo et al., 2015), in line with Slc25a6 overexpression 
in domestic chickens compared to their most recent common 
ancestor with wild chickens (Fallahshahroudi et al., 2019). An 
SLC25A6 deficiency is accompanied by an increased risk of 
muscle dystrophy (Clemencon et al., 2013) in agreement with 
the Slc25a6 underexpression in wild chickens as compared to 
their most recent common ancestor with domestic chickens 
selected for muscle growth by humans.

All the results of this study are summarized in Table 5, 
where we present domestic animals’ 16 and 4 DEGs the 
changes in expression of which are consistently codirected 
with changes in the expression of the orthologous genes in 
humans that respectively decrease and increase human re-
productive potential. By contrast, in the wild animals, there 
were 9 and 11 such DEGs, respectively (almost equal numbers 
of oppositely acting DEGs). This difference between wild 
and domestic animals is statistically significant according to 
Pearson’s χ2 test ( p < 0.05) and Fisher’s exact test ( p < 0.05). 
Finally, the binomial distribution analysis ( p < 0.01) indicates 
that the anthropogenic living conditions of animals during their 
domestication usually alter gene expression in a direction cor-
responding to the expression changes of human orthologous 
genes that decrease reproductive potential. 

On the contrary, microevolution of wild animals in a natural 
habitat has changed the expression of genes equally often in 
the directions that either decrease or increase reproductive 
potential, judging from expression changes of respective hu-
man orthologous genes (binomial distribution: p > 0.4). This 
finding is in agreement with the generally accepted choice of 
the wild type as the norm.

While discussing this result, we should note, first of all, 
that in laboratory animal models of human diseases, DEGs 

are usually detected in inbred strains having symptoms of a 
disease in comparison with outbred strains as the norm (Fe-
doseeva et al., 2019).

Nevertheless, in the literature, we were unable to find un-
equivocal evidence that codirected changes in the expression 
of orthologous genes cause similar pathologies in humans and 
animals, probably owing to different genetic contexts of these 
changes in different species.

Among parameters of the harmful anthropogenic impact 
on animal populations, a decrease in their effective size is 
often mentioned, which promotes their inbreeding, which in 
turn negatively correlates with sperm quality, for example, in 
the domestic cat Felis catus (Pukazhenthi et al., 2006), deer 
Cervus elaphus (Gomendio et al., 2007), and finch Taenio­
pygia guttata (Forstmeier et al., 2017) as well as in Mexican 
wolves (Canis lupus baileyi), which disappeared from the wild 
in the 20th century and exist only as part of a program for 
their restoration and reintroduction into their former habitats 
(Asa et al., 2007). 

When endangered cranes Grus americana are reintro-
duced, a high degree of inbreeding of their ex situ population 
(~400 individuals) delays the onset of reproduction, and as a 
consequence, decreases egg production; this problem is ex-
pected to be overcome by sperm cryopreservation and artificial 
insemination (Songsasen et al., 2019). 

For the feline family Felidae, sperm cryopreservation and 
artificial insemination have already been successfully imple-
mented for the reintroduction of the endangered wild cat 
Prionailurus bengalensis euptilurus (Amstislavsky et al., 
2018). The creation of protected areas for natural habitats 
of the Amur tiger Panthera tigris altaica has contributed to 
the restoration of its population (Xiao et al., 2016). Due to 
an anthropogenic reduction in the geographic range of the 
Florida cougar Puma concolor coryi, only ~20 individuals are 
left. On the basis of theoretical populational calculations (He-
drick, 1995), individuals of the closely related Texas cougar 
P. concolor couguar were transported to restore this species, 
thereby ensuring the success of the reintroduction (Hedrick,  
2010). 

Crossing of subspecies has facilitated the reintroduction 
of Przewalski’s horses Equus caballus przewalskii, which 
disappeared from the wild half a century ago (Der Sarkissian 
et al., 2015).

As a continuation of these successes, we can cite examples 
of the comparison of genomic diversity of inbred with out-
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bred populations of the bull Bos taurus, comparisons of F1 
descendants (from crosses between them) and descendants of 
F1 backcrosses with parental populations, as well as similar 
comparisons for the bison (Bison bison). The results of these 
studies independently confirm the finding of a decrease in 
the inbreeding degree when inbred strains of animals are 
crossed with their outbred relatives (Cronin, Leesburg, 2016). 
Finally, through the deciphering of the genome in the Austrian 
Fleckvieh bull Bos (primigenius) taurus, geographic locations 
influencing sperm quality were identified, and interbreeding 
options were found that improve this quality (Ferencakovic 
et al., 2017).

An increase in mortality from infections, as, for example, 
at the beginning of the reintroduction of Przewalski’s horses, 
is a much less studied parameter of the negative anthropogenic 
impact on animal populations (Robert et al., 2005). 

Besides, during the creation of a reserve population of the 
Siberian grouse Falcipennis falcipennis, which had been on 
the verge of extinction in natural habitats, the intestinal micro-
biota of these birds changed, acting as a stressor of the immune 
system (Konyaev et al., 2013). An analysis of phylogenetic 
inertia of the infection–host network revealed an increase in 
the number of common infections of humans and domestic 
animals with the growing number of new tamed animals; 
this increase may be an epidemiological bridge connecting 
the anthropogenic environment with wildlife (Morand et al.,  
2014).

Finally, a possible counterargument to the above notion of 
a decrease in the reproductive potential of animals under the 
influence of humans is the domestic pig, which surpasses the 
wild boar in sperm quality (Almeida et al., 2006). The reason 
is selection for fertility for the sake of meat. Another counterar-
gument is an increased proportion of females among domestic 
chickens in comparison with wild chickens as a consequence 
of selection for egg production (Zhang et al., 2020).

All of the above means that the decrease in reproductive 
 potential during the domestication of new economically va-
luable species of animals (for example, the Asiatic wild ass 
Equus hemionus hemionus (Soilemetzidou et al., 2020)) can 
be compensated either by artificial selection for fertility in ad-
dition to the main desired trait or through interbreed crosses. 
When natural habitats of wild animals are included into eco-
nomic land rotation by humans, an inbreeding-related diminu-
tion of their reproductive potential takes place (up to ex tinc-
tion), which can be compensated by subspecies crossings of 
these animals and by methods of assisted reproductive tech- 
 nology.

Conclusion
We examined 68 human genes (see Table 1 and Supplemental 
Material) and 3080 DEGs of domestic animals versus their 
wild congeners. We found that the anthropogenic impact 
during the domestication of animals usually changes the 
expression of their genes in the same direction as seen in the 
expression alterations of orthologous human genes that worsen 
reproductive potential. By contrast, the natural habitat of wild 
animals maintains the intraspecific variation of expression of 
their genes in a way that equally corresponds to decreases 
and increases of reproductive potential in people, according 
to the expression alterations of the orthologous human genes.

References
Albert F.W., Somel M., Carneiro M., Aximu-Petri A., Halbwax M., 

Thalmann O., Blanco-Aguiar J.A., Plyusnina I.Z., Trut L., Villafuer-
te R., Ferrand N., Kaiser S., Jensen P., Paabo S. A comparison of 
brain gene expression levels in domesticated and wild animals. PLoS 
Genet. 2012;8(9):e1002962. DOI 10.1371/journal.pgen.1002962.

Almeida F.F., Leal M.C., França L.R. Testis morphometry, duration of 
spermatogenesis, and spermatogenic efficiency in the wild boar (Sus 
scrofa scrofa). Biol. Reprod. 2006;75(5):792-799. DOI 10.1095/ 
biolreprod.106.053835.

Amstislavsky S., Brusentsev E., Kizilova E., Mokrousova V., Ko zhev-
nikova V., Abramova T., Rozhkova I., Naidenko S. Sperm cryo-
preservation in the Far-Eastern wildcat (Prionailurus bengalensis 
euptilurus). Reprod. Domest. Anim. 2018;53(5):1219-1226. DOI 
10.1111/rda.13230.

Arnaud E., Barbalat V., Nicaud V., Cambien F., Evans A., Morrison C., 
Arveiler D., Luc G., Ruidavets J.B., Emmerich J., Fiessinger J.N., 
Aiach M. Polymorphisms in the 5′ regulatory region of the tis-
sue factor gene and the risk of myocardial infarction and venous 
thromboembolism: the ECTIM and PATHROS studies. Arterioscler. 
Thromb. Vasc. Biol. 2000;20(3):892-898. DOI 10.1161/01.atv.20. 
3.892.

Asa C., Miller P., Agnew M., Rebolledo J.A.R., Lindsey S.L., Calla-
han M., Bauman K. Relationship of inbreeding with sperm quality 
and reproductive success in Mexican gray wolves. Anim. Conserv. 
2007;10(3):326-331. DOI 10.1111/j.1469-1795.2007.00116.x.

Awada H., Mahfouz R.Z., Kishtagari A., Kuzmanovic T., Durrani J., 
Kerr C.M., Patel B.J., Visconte V., Radivoyevitch T., Lichtin A., 
Carraway H.E., Maciejewski J.P., Saunthararajah Y. Extended ex-
perience with a non-cytotoxic DNMT1-targeting regimen of decita-
bine to treat myeloid malignancies. Br. J. Haematol. 2020;188(6): 
924-929. DOI 10.1111/bjh.16281.

Belyaev D.K. The Wilhelmine E. Key 1978 invitational lecture. De-
stabilizing selection as a factor in domestication. J. Hered. 1979; 
70(5):301-308. DOI 10.1093/oxfordjournals.jhered.a109263.

Belyaev D.K., Evsikov V.I., Matysko E.K. Genetics of animal fertility: 
3. Effect of monohybrid heterosis on the fertility and viability of 
minks and prospects of its use in breeding. Sov. Genet. 1972;8(1): 
46-51. 

Belyaev D.K., Gruntenko E.V. Strain differences in thymus weight in 
mice with different predispositions to spontaneous mammary cancer. 
Nature. 1972;237(5355):401-402. DOI 10.1038/237401a0.

Belyaev D.K., Trut L.N., Ruvinsky A.O. Genetics of the W locus in 
foxes and expression of its lethal effects. J. Hered. 1975;66(6):331-
338. DOI 10.1093/oxfordjournals.jhered.a108643.

Burad J., Bhakta P., Sharma J. Timely ‘off-label’ use of recombinant 
activated factor VII (NovoSeven®) can help in avoiding hysterec-
tomy in intractable obstetric bleeding complicated with dissemi-
nated intravascular coagulation: A case report and review of the 
literature. Indian J. Anaesth. 2012;56(1):69-71. DOI 10.4103/0019-
5049.93349.

Chadaeva I.V., Ponomarenko P.M., Rasskazov D.A., Sharypova E.B., 
Kashina E.V., Zhechev D.A., Drachkova I.A., Arkova O.V., Sa-
vinkova L.K., Ponomarenko M.P., Kolchanov N.A., Osadchuk L.V., 
Osadchuk A.V. Candidate SNP markers of reproductive poten-
tial are predicted by a significant change in the affinity of TATA-
binding protein for human gene promoters. BMC Genomics. 2018; 
19(Suppl. 3). DOI 10.1186/s12864-018-4478-3.

Chapman R.N. Animal Ecology with Special Reference to Insects. 
New York: McGraw-Hill, 1931.

Clemencon B., Babot M., Trezeguet V. The mitochondrial ADP/ATP 
carrier (SLC25 family): pathological implications of its dysfunction. 
Mol. Aspects Med. 2013;34(2-3):485-493. DOI 10.1016/j.mam. 
2012.05.006.

Cronin M.A., Leesburg V.L. Genetic variation and differentiation in 
parent-descendant cattle and bison populations. J. Anim. Sci. 2016; 
94(11):4491-4497. DOI 10.2527/jas.2016-0476.



M.P. Ponomarenko, I.V. Chadaeva, P.M. Ponomarenko … 
A.V. Osadchuk, L.V. Osadchuk, Yu.G. Matushkin

106 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

Accordance of DEGs in domestic and wild animals  
with human gene orthologs altering reproductive potential

Del Savio L., Mameli M. Human domestication and the roles of human 
agency in human evolution. Hist. Philos. Life Sci. 2020;42(2):21. 
DOI 10.1007/s40656-020-00315-0.

Der Sarkissian C., Ermini L., Schubert M., Yang M.A., Librado P., Fu-
magalli M., Jonsson H., Bar-Gal G.K., Albrechtsen A., Vieira F.G., 
Petersen B., Ginolhac A., Seguin-Orlando A., Magnussen K., Fa-
ges A., Gamba C., Lorente-Galdos B., Polani S., Steiner C., Neu-
ditschko M., Jagannathan V., Feh C., Greenblatt C.L., Ludwig A., 
Abramson N.I., Zimmermann W., Schafberg R., Tikhonov A., 
Siche ritz-Ponten T., Willerslev E., Marques-Bonet T., Ryder O.A., 
 McCue M., Rieder S., Leeb T., Slatkin M., Orlando L. Evolutio nary 
genomics and conservation of the endangered Przewalski’s Horse. 
Curr. Biol. 2015;25(19):2577-2583. DOI 10.1016/j.cub.2015.08.032.

Dinarvand P., Moser K.A. Protein C deficiency. Arch. Pathol. Lab. 
Med. 2019;143(10):1281-1285. DOI 10.5858/arpa.2017-0403-rs.

Esmaeili S., Hemami M.R., Goheen J.R. Human dimensions of wild-
life conservation in Iran: Assessment of human-wildlife conflict 
in restoring a wide-ranging endangered species. PLoS One. 2019; 
14(8):e0220702. DOI 10.1371/journal.pone.0220702.

Fallahshahroudi A., Lotvedt P., Belteky J., Altimiras J., Jensen P. 
Changes in pituitary gene expression may underlie multiple domes-
ticated traits in chickens. Heredity (Edinb.). 2019;122(2):195-204. 
DOI 10.1038/s41437-018-0092-z.

Fedoseeva L.A., Klimov L.O., Ershov N.I., Efimov V.M., Markel A.L., 
Orlov Y.L., Redina O.E. The differences in brain stem transcrip-
tional profiling in hypertensive ISIAH and normotensive WAG rats. 
BMC Genomics. 2019;20(Suppl. 3):297. DOI 10.1186/s12864-019-
5540-5.

Ferencakovic M., Solkner J., Kaps M., Curik I. Genome-wide map-
ping and estimation of inbreeding depression of semen quality traits 
in a cattle population. J. Dairy Sci. 2017;100(6):4721-4730. DOI 
10.3168/jds.2016-12164.

Forstmeier W., Ihle M., Opatova P., Martin K., Knief U., Albrechto-
va J., Albrecht T., Kempenaers B. Testing the phenotype-linked fer-
tility hypothesis in the presence and absence of inbreeding. J. Evol. 
Biol. 2017;30(5):968-976. DOI 10.1111/jeb.13062.

Gomendio M., Malo A.F., Garde J., Roldan E.R. Sperm traits and male 
fertility in natural populations. Reproduction. 2007;134(1):19-29. 
DOI 10.1530/rep-07-0143.

Guo X., Huang Y., Qi Y., Liu Z., Ma Y., Shao Y., Jiang S., Sun Z., 
Ruan Q. Human cytomegalovirus miR-UL36-5p inhibits apoptosis 
via downregulation of adenine nucleotide translocator 3 in cultured 
cells. Arch. Virol. 2015;160(10):2483-2490. DOI 10.1007/s00705-
015-2498-8.

Hakizimana J.N., Yona C., Kamana O., Nauwynck H., Misinzo G. 
African swine fever virus circulation between Tanzania and neigh-
boring countries: a systematic review and meta-analysis. Viruses. 
2021;13(2):306. DOI 10.3390/v13020306.

Hedrick P. Genetic future for Florida panthers. Science. 2010; 
330(6012):1744. DOI 10.1126/science.330.6012.1744-a. 

Hedrick P.W. Gene flow and genetic restoration: the Florida panther 
as a case study. Conserv. Biol. 1995;9(5):996-1007. DOI 10.1046/ 
j.1523-1739.1995.9050988.x-i1.

Hekman J.P., Johnson J.L., Edwards W., Vladimirova A.V., Gule-
vich R.G., Ford A.L., Kharlamova A.V., Herbeck Y., Acland G.M., 
Raetzman L.T., Trut L.N., Kukekova A.V. Anterior pituitary tran-
scriptome suggests differences in ACTH release in tame and ag-
gressive foxes. G3 (Bethesda). 2018;8(3):859-873. DOI 10.1534/
g3.117.300508.

Hernandez-Aguilera A., Fibla M., Cabre N., Luciano-Mateo F., 
Camps J., Fernandez-Arroyo S., Martin-Paredero V., Menendez J.A., 
Sirvent J.J., Joven J. Chemokine (C-C motif) ligand 2 and coronary 
artery disease: tissue expression of functional and atypical receptors. 
Cytokine. 2020;126:154923. DOI 10.1016/j.cyto.2019.154923.

Ivanski F., de Oliveira V.M., de Oliveira I.M., de Araújo Ramos A.T., 
de Oliveira Tonete S.T., de Oliveira Hykavei G., Bargi-Souza P., 
Schiessel D.L., Martino-Andrade A.J., Romano M.A., Marino Ro-
mano R. Prepubertal acrylamide exposure causes dose-response de-

creases in spermatic production and functionality with modulation 
of genes involved in the spermatogenesis in rats. Toxicology. 2020; 
436:152428. DOI 10.1016/j.tox.2020.152428.

Jan S.Z., Jongejan A., Korver C.M., van Daalen S.K.M., van  
Pelt A.M.M., Repping S., Hamer G. Distinct prophase arrest 
mechanisms in human male meiosis. Development. 2018;145(16): 
dev160614. DOI 10.1242/dev.160614.

Jorgensen J.O.L., Juul A. Therapy of endocrine disease: growth hor-
mone replacement therapy in adults: 30 years of personal clinical ex-
perience. Eur. J. Endocrinol. 2018;179(1):R47-R56. DOI 10.1530/
EJE-18-0306.

Klimova N.V., Oshchepkova E., Chadaeva I., Sharypova E., Ponoma-
renko P., Drachkova I., Rasskazov D., Oshchepkov D., Ponomaren-
ko M., Savinkova L., Kolchanov N.A., Kozlov V. Disruptive selec-
tion of human immunostimulatory and immunosuppressive genes 
both provokes and prevents rheumatoid arthritis, respectively, as a 
self-domestication syndrome. Front. Genet. 2021;12:610774. DOI 
10.3389/fgene.2021.610774.

Konyaev S.V., Klimova S.N., Shilo V.A. Invasions of wild birds from 
the order Galliformes bred in captivity. Rossiy skiy Ve terinarnyy 
Zhurnal. Melkiye Domashniye i Dikiye Zhivotnye = Russian Vete­
rinary Journal. Small Pets and Wild Animals. 2013;5:19-22. (in Rus-
sian)

Kubota K., Cui W., Dhakal P., Wolfe M.W., Rumi M.A., Vivian J.L., 
Roby K.F., Soares M.J. Rethinking progesterone regulation of fe-
male reproductive cyclicity. Proc. Natl. Acad. Sci. USA. 2016; 
113(15):4212-4217. DOI 10.1073/pnas.1601825113.

Lay A.J., Liang Z., Rosen E.D., Castellino F.J. Mice with a severe de-
ficiency in protein C display prothrombotic and proinflammatory 
phenotypes and compromised maternal reproductive capabilities. 
J. Clin. Invest. 2005;115(6):1552-1561. DOI 10.1172/jci24030.

Long K., Mao K., Che T., Zhang J., Qiu W., Wang Y., Tang Q., Ma J., 
Li M., Li X. Transcriptome differences in frontal cortex between 
wild boar and domesticated pig. Anim. Sci. J. 2018;89(6):848-857. 
DOI 10.1111/asj.12999.

Lu Z. PubMed and beyond: a survey of web tools for searching bio-
me dical literature. Database (Oxford). 2011;2011:baq036. DOI 
10.1093/database/baq036.

Manohar M., Khan H., Sirohi V.K., Das V., Agarwal A., Pandey A., 
Siddiqui W.A., Dwivedi A. Alteration in endometrial proteins  during 
early- and mid-secretory phases of the cycle in women with unex-
plained infertility. PLoS One. 2014;9(11):e111687. DOI 10.1371/
journal.pone.0111687.

Marsh C.A., Auchus R.J. Fertility in patients with genetic deficiencies of 
cytochrome P450c17 (CYP17A1): combined 17-hydroxylase/17,20-
lyase deficiency and isolated 17,20-lyase deficiency. Fertil. Steril. 
2014;101(2):317-322. DOI 10.1016/j.fertnstert.2013.11.011.

Matrisciano F., Tueting P., Dalal I., Kadriu B., Grayson D.R., Da-
vis J.M., Nicoletti F., Guidotti A. Epigenetic modifications of 
 GABAergic interneurons are associated with the schizophrenia-like 
phenotype induced by prenatal stress in mice. Neuropharmacology. 
2013;68:184-194. DOI 10.1016/j.neuropharm.2012.04.013.

Michon P., Woolley I., Wood E.M., Kastens W., Zimmerman P.A., 
Adams J.H. Duffy-null promoter heterozygosity reduces DARC 
expression and abrogates adhesion of the P. vivax ligand required 
for blood-stage infection. FEBS Lett. 2001;495(1-2):111-114. DOI 
10.1016/s0014-5793(01)02370-5.

Mithani S.K., Smith I.M., Califano J.A. Use of integrative epigenetic 
and cytogenetic analyses to identify novel tumor-suppressor genes 
in malignant melanoma. Melanoma Res. 2011;21(4):298-307. DOI 
10.1097/CMR.0b013e328344a003.

Mogno I., Vallania F., Mitra R.D., Cohen B.A. TATA is a modular 
component of synthetic promoters. Genome Res. 2010;20(10):1391-
1397. DOI 10.1101/gr.106732.110.

Morand S., McIntyre K.M., Baylis M. Domesticated animals and hu-
man infectious diseases of zoonotic origins: domestication time 
matters. Infect. Genet. Evol. 2014;24:76-81. DOI 10.1016/j.meegid. 
2014.02.013.



Соответствие ДЭГ домашних и диких животных генам- 
ортологам человека, изменяющим репродуктивный потенциал 

М.П. Пономаренко, И.В. Чадаева, П.М. Пономаренко … 
А.В. Осадчук, Л.В. Осадчук, Ю.Г. Матушкин

2022
26 • 1

107АКТУАЛЬНЫЕ ТЕХНОЛОГИИ / MAINSTREAM TECHNOLOGIES

Morozova O.V., Alekseeva A.E., Sashina T.A., Brusnigina N.F., Epi-
fanova N.V., Kashnikov A.U., Zverev V.V., Novikova N.A. Phylo-
dynamics of G4P[8] and G2P[4] strains of rotavirus A isolated in 
Russia in 2017 based on full-genome analyses. Virus Genes. 2020; 
56(5):537-545. DOI 10.1007/s11262-020-01771-3.

Nagaraja M.R., Gubbala S.P., Delphine Silvia C.R.W., Amanchy R. 
Molecular diagnostics of disorders of sexual development: an Indian 
survey and systems biology perspective. Syst. Biol. Reprod. Med. 
2019;65(2):105-120. DOI 10.1080/19396368.2018.1549619.

Nalls M.A., Wilson J.G., Patterson N.J., Tandon A., Zmuda J.M., 
Huntsman S., Garcia M., Hu D., Li R., Beamer B.A., Patel K.V., 
Akylbekova E.L., Files J.C., Hardy C.L., Buxbaum S.G., Tay-
lor H.A., Reich D., Harris T.B., Ziv E. Admixture mapping of white 
cell count: genetic locus responsible for lower white blood cell count 
in the Health ABC and Jackson Heart studies. Am. J. Hum. Genet. 
2008;82(1):81-87. DOI 10.1016/j.ajhg.2007.09.003.

Nna V.U., Bakar A.B.A., Ahmad A., Umar U.Z., Suleiman J.B., Za-
karia Z., Othman Z.A., Mohamed M. Malaysian propolis and met-
formin mitigate subfertility in streptozotocin-induced diabetic male 
rats by targeting steroidogenesis, testicular lactate transport, sper-
matogenesis and mating behaviour. Andrology. 2020;8(3):731-746. 
DOI 10.1111/andr.12739.

Olkkonen J., Kouri V.P., Hynninen J., Konttinen Y.T., Mandelin J. Dif-
ferentially expressed in chondrocytes 2 (DEC2) increases the ex-
pression of IL-1β and is abundantly present in synovial membrane 
in rheumatoid arthritis. PLoS One. 2015;10(12):e0145279. DOI 
10.1371/journal.pone.0145279.

Osadchuk L.V. Endocrine gonadal function in silver fox under domesti-
cation. Scientifur (Denmark). 1992a;16(2):116-121.

Osadchuk L.V. Some peculiarities in reproduction in silver fox males 
under domestication. Scientifur (Denmark). 1992b;16(4):285-288.

Osadchuk L.V. Biosynthesis of testosterone in the fetal gonads of the 
silver fox after long-term domestication. Russ. J. Gene t. 1998;34(7): 
780-784.

Osadchuk L.V. Reproductive potential of male silver foxes Vulpes 
vulpes after long selection for the domesticated behavior type. 
J. Evol. Biochem. Physiol. 2006;42(2):182-189.

Osadchuk L.V., Krass P.M., Trut L.N., Belyaev D.K. Effects of selec-
tion for behavior on the endocrine function of the gonads in male sil-
ver-black foxes. Doklady Akademii Nauk SSSR = Proceedings of the 
USSR Academy of Sciences. 1978a;240(5):1255-1258. (in Russian)

Osadchuk L.V., Krass P.M., Trut L.N., Ivanova L.N. Gonadal endocrine 
function in male silver foxes with different hereditary determined 
forms of defensive behavior. Izvestiya Sibirskogo Otdeleniya Aka­
demii Nauk SSSR = Proceedings of the Siberian Branch of the USSR 
Academy of  Sciences. 1978b;10: 79-86. (in Russian)

Osterfeld H., Ahrens R., Strait R., Finkelman F.D., Renauld J.C., Ho-
gan S.P. Differential roles for the IL-9/IL-9 receptor alpha-chain 
pathway in systemic and oral antigen-induced anaphylaxis. J. Al­
lergy Clin. Immunol. 2010;125(2):469-476.e2. DOI 10.1016/j.jaci. 
2009.09.054.

Peng Y., Zhou L., Cao Y., Chen P., Chen Y., Zong D., Ouyang R. Rela-
tion between serum leptin levels, lipid profiles and neurocognitive 
deficits in Chinese OSAHS patients. Int. J. Neurosci. 2017;127(11): 
981-987. DOI 10.1080/00207454.2017.1286654.

Pianka E.R. Natural selection of optimal reproductive tactics. Amer. 
Zool. 1976;16(4):775-784. 

Plengpanich W., Le Goff W., Poolsuk S., Julia Z., Guerin M., Khovid-
hunkit W. CETP deficiency due to a novel mutation in the CETP 
gene promoter and its effect on cholesterol efflux and selective 
uptake into hepatocytes. Atherosclerosis. 2011;216:370-373. DOI 
10.1016/j.atherosclerosis.2011.01.051.

Ponomarenko M., Kleshchev M., Ponomarenko P., Chadaeva I., Shary-
pova E., Rasskazov D., Kolmykov S., Drachkova I., Vasiliev G., 
Gutorova N., Ignatieva E., Savinkova L., Bogomolov A., Osad-
chuk L., Osadchuk A., Oshchepkov D. Disruptive natural selection 
by male reproductive potential prevents underexpression of protein-
coding genes on the human Y chromosome as a self-domestication 

syndrome. BMC Genomics. 2020;21(Suppl. 1):89. DOI 10.1186/
s12863-020-00896-6.

Ponomarenko P.M., Suslov V.V., Savinkova L.K., Ponomarenko M.P., 
Kolchanov N.A. A precise equilibrium equation for four steps of 
binding between TBP and TATA-box allows for the prediction of 
phenotypical expression upon mutation. Biophysics (Mosk.). 2010; 
55(3):358-369. https://pubmed.ncbi.nlm.nih.gov/20586319/.

Prasolova L.A., Gerbek Y.E., Gulevich R.G., Shikhevich S.G., Kono-
shenko M.Yu., Kozhemyakina R.V., Oskina I.N., Plyusnina I.Z. The 
effects of prolonged selection for behavior on the stress response 
and activity of the reproductive system of male grey mice (Rattus 
norvegicus). Russ. J. Genet. 2014;50(8):846-852. DOI 10.1134/
S1022795414080031.

Pukazhenthi B.S., Neubauer K., Jewgenow K., Howard J., Wildt D.E. 
The impact and potential etiology of teratospermia in the domestic 
cat and its wild relatives. Theriogenology. 2006;66(1):112-121. DOI 
10.1016/j.theriogenology.2006.03.020.

Qian Y., Li L., Sun Z., Liu J., Yuan W., Wang Z. A multi-omics view of 
the complex mechanism of vascular calcification. Biomed. Pharma­
cother. 2021;135:111192. DOI 10.1016/j.biopha.2020.111192.

Regan S.L.P., Knight P.G., Yovich J.L., Arfuso F., Dharmarajan A. 
Growth hormone during in vitro fertilization in older women mo-
dulates the density of receptors in granulosa cells, with improved 
pregnancy outcomes. Fertil. Steril. 2018;110(7):1298-1310. DOI 
10.1016/j.fertnstert.2018.08.018.

Robert N., Walzer C., Ruegg S.R., Kaczensky P., Ganbaatar O., Stauf-
fer C. Pathologic findings in reintroduced Przewalski’s horses 
(Equus caballus przewalskii) in southwestern Mongolia. J. Zoo 
Wildl. Med. 2005;36(2):273-285. DOI 10.1638/03-035.1.

Samet H. A top-down quadtree traversal algorithm. IEEE Trans. Pat­
tern Anal. Mach. Intell. 1985;7(1):94-98. DOI 10.1109/tpami.1985. 
4767622.

Sasaki Y., Otsuka K., Arimochi H., Tsukumo S.I., Yasutomo K. Dis-
tinct roles of IL-1β and IL-18 in NLRC4-induced autoinflammation. 
Front. Immunol. 2020;11:591713. DOI 10.3389/fimmu.2020.591713.

Sato D.X., Rafati N., Ring H., Younis S., Feng C., Blanco-Aguiar J.A., 
Rubin C.J., Villafuerte R., Hallbook F., Carneiro M., Andersson L. 
Brain transcriptomics of wild and domestic rabbits suggests that 
changes in dopamine signaling and ciliary function contributed to 
evolution of tameness. Genome Biol. Evol. 2020;12(10):1918-1928. 
DOI 10.1093/gbe/evaa158.

Senol B.K., Zulfikar B. Clinical problems and surgical interventions in 
inherited factor VII deficiency. Turk. Pediatri Ars. 2020;55(2):184-
190. DOI 10.14744/TurkPediatriArs.2020.79069.

Silliman K., Tall A.R., Kretchmer N., Forte T.M. Unusual high-density 
lipoprotein subclass distribution during late pregnancy. Metabolism. 
1993;42(12):1592-1599. DOI 10.1016/0026-0495(93)90156-i.

Soilemetzidou E.S., de Bruin E., Eschke K., Azab W., Osterrieder N., 
Czirják G.A., Buuveibaatar B., Kaczensky P., Koopmans M., Wal-
zer C., Greenwood A.D. Bearing the brunt: Mongolian khulan (Equus 
hemionus hemionus) are exposed to multiple influenza A strains. Vet. 
Microbiol. 2020;242:108605. DOI 10.1016/j.vetmic.2020.108605.

Songsasen N., Converse S.J., Brown M. Reproduction and reproduc-
tive strategies relevant to management of whooping cranes ex situ. 
In: Biodiversity of the World: Conservation from Genes to Land-
scapes. San Diego, California: Academic Press, 2019;373-387. DOI 
10.1016/B978-0-12-803555-9.00017-7.

Sugiyama C., Yamamoto M., Kotani T., Kikkawa F., Murata Y., Haya-
shi Y. Fertility and pregnancy-associated ß-cell proliferation in mice 
deficient in proglucagon-derived peptides. PLoS One. 2012;7(8): 
e43745. DOI 10.1371/journal.pone.0043745.

Sun G.L., Shen W., Wen J.F. Triosephosphate isomerase genes in two 
trophic modes of euglenoids (euglenophyceae) and their phyloge-
netic analysis. J. Eukaryot. Microbiol. 2008;55(3):170-177. DOI 
10.1111/j.1550-7408.2008.00324.x.

Sun S., Liu S., Luo J., Chen Z., Li C., Loor J.J., Cao Y. Repeated preg-
nant mare serum gonadotropin-mediated oestrous synchronization 
alters gene expression in the ovaries and reduces reproductive per-



M.P. Ponomarenko, I.V. Chadaeva, P.M. Ponomarenko … 
A.V. Osadchuk, L.V. Osadchuk, Yu.G. Matushkin

108 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

Accordance of DEGs in domestic and wild animals  
with human gene orthologs altering reproductive potential

ORCID ID
M.P. Ponomarenko orcid.org/0000-0003-1663-318X
I.V. Chadaeva orcid.org/0000-0002-2724-5441
P.M. Ponomarenko orcid.org/0000-0003-2715-9612
A.G. Bogomolov orcid.org/0000-0003-4359-6089

Acknowledgements. The authors are thankful to Shevchuk Editing (Brooklyn, NY, United States; URL: http://www.shevchuk-editing.com) for translation 
from Russian into English. The idea (LVO, AVO, MPP, IVC) was supported by Russian Science Foundation grant No. 19-15-00075. The data analysis (DYuO, 
PMP, EBS, and AGB) was carried out with the help of the computing resources of the Multi-Access Center “Bioinformatics” with the support of publicly 
funded project No. FWNR-2022-0020. The knowledge base (VVS) and study coordination (YuGM) were supported by the Federal Scientific and Technical 
Program for the Development of Genetic Technologies in Russia.
Conflict of interest. The authors declare no conflict of interest.
Received October 30, 2020. Revised August 20, 2021. Accepted August 24, 2021. 

D.Yu. Oshchepkov orcid.org/0000-0002-6097-5155
E.B. Sharypova orcid.org/0000-0002-5517-920X
V.V. Suslov orcid.org/0000-0002-1940-9389
A.V. Osadchuk orcid.org/0000-0002-4210-7354
L.V. Osadchuk orcid.org/0000-0002-7597-9204

formance in dairy goats. Reprod. Domest. Anim. 2019;54(6):873-
881. DOI 10.1111/rda.13439.

Sun Y., Liu S., Hu R., Zhou Q., Li X. Decreased placental IL9 and 
IL9R in preeclampsia impair trophoblast cell proliferation, invasion, 
and angiogenesis. Hypertens. Pregnancy. 2020;39(3):228-235. DOI 
10.1080/10641955.2020.1754852.

Takhviji V., Zibara K., Azarkeivan A., Mehrvar N., Mehrvar N., 
Mezginejad F., Khosravi A. Fertility and pregnancy in Iranian thal-
assemia patients: An update on transfusion complications. Transfus. 
Med. 2020;30(5):352-360. DOI 10.1111/tme.12707.

Theofanopoulou C., Gastaldon S., O’Rourke T., Samuels B.D., Mar-
tins P.T., Delogu F., Alamri S., Boeckx C. Self-domestication in 
Homo sapiens: Insights from comparative genomics. PLoS One. 
2017;12(10):e0185306. DOI 10.1371/journal.pone.0185306.

Tian Y., Stamova B., Jickling G.C., Xu H., Liu D., Ander B.P., Bu-
shnell C., Zhan X., Turner R.J., Davis R.R., Verro P., Pevec W.C., 
Hedayati N., Dawson D.L., Khoury J., Jauch E.C., Pancioli A., Bro-
derick J.P., Sharp F.R. Y chromosome gene expression in the blood 
of male patients with ischemic stroke compared with male controls. 
Gend. Med. 2012;9(2):68-75.e3. DOI 10.1016/j.genm.2012.01.005.

Vasiliev G., Chadaeva I., Rasskazov D., Ponomarenko P., Sharypova E., 
Drachkova I., Bogomolov A., Savinkova L., Ponomarenko M., Kol-
chanov N., Osadchuk A., Oshchepkov D., Osadchuk L. A bioinfor-
matics model of human diseases on the basis of differentially ex-
pressed genes (of domestic versus wild animals) that are orthologs 
of human genes associated with reproductive-potential changes. Int. 
J. Mol. Sci. 2021;22(5):2346. DOI 10.3390/ijms22052346.

Velzing-Aarts F.V., van der Dijs F.P., Muskiet F.A., Duits A.J. The as-
sociation of pre-eclampsia with the Duffy negative phenotype in 
women of West African descent. BJOG. 2002;109(4):453-455. DOI 
10.1111/j.1471-0528.2002.01181.x.

Wang F., Yu H., Huang S., Zheng L., Zheng P., Zhang S., Li S., Chen J.  
Jian-Pi-Yi-Shen regulates EPO and iron recycling protein expres-
sions in anemic rats with chronic kidney disease: accumulation of 
hypoxia inducible factor-2α via ERK signaling. Evid. Based Com­
ple ment. Altern. Med. 2020;2020:8894257. DOI 10.1155/2020/ 
8894257.

Wood M.A., Mukherjee P., Toocheck C.A., Walker W.H. Upstream 
stimulatory factor induces Nr5a1 and Shbg gene expression  during 
the onset of rat Sertoli cell differentiation. Biol. Reprod. 2011;85(5): 
965-976. DOI 10.1095/biolreprod.111.093013.

Xi J.F., Wang X.Z., Zhang Y.S., Jia B., Li C.C., Wang X.H., Ying R.W. 
Sex control by Zfy siRNA in the dairy cattle. Anim. Reprod. Sci. 
2019;200:1-6. DOI 10.1016/j.anireprosci.2018.05.015.

Xiao W., Feng L., Mou P., Miquelle D.G., Hebblewhite M., Gold-
berg J.F., Robinson H.S., Zhao X., Zhou B., Wang T., Ge J. Estimating 
abundance and density of  Amur tigers along the Sino-Russian border. 
Integr. Zool. 2016;11(4):322-332. DOI 10.1111/1749-4877.12210.

Yang X., Zhang H., Shang J., Liu G., Xia T., Zhao C., Sun G., Dou H. 
Comparative analysis of the blood transcriptomes between wolves 
and dogs. Anim. Genet. 2018;49(4):291-302. DOI 10.1111/age.12675.

Yang Y., Adeola A.C., Xie H.B., Zhang Y.P. Genomic and transcrip-
tomic analyses reveal selection of genes for puberty in Bama Xiang 
pigs. Zool. Res. 2018;39(6):424-430. DOI 10.24272/j.issn.2095-
8137.2018.068.

Yao X., Wang Z., Gao X., Li X., Yang H., Ei-Samahy M.A., Bao Y., 
Xiao S., Meng F., Wang F. Unconservative_15_2570409 suppresses 
progesterone receptor expression in the granulosa cells of Hu sheep. 
Theriogenology. 2020;157:303-313. DOI 10.1016/j.theriogenology. 
2020.08.011.

Yu Q., Yang X., Zhang C., Zhang X., Wang C., Chen L., Liu X., Gu Y., 
He X., Hu L., Liu W.T., Li Y. AMPK activation by ozone therapy 
inhibits tissue factor-triggered intestinal ischemia and ameliorates 
chemotherapeutic enteritis. FASEB J. 2020;34(9):13005-13021. DOI 
10.1096/fj.201902717rr.

Zhang J., Nie C., Li X., Ning Z., Chen Y., Jia Y., Han J., Wang L., 
Lv X., Yang W., Qu L. Genome-wide population genetic analysis 
of commercial, indigenous, game, and wild chickens using 600K 
SNP microarray data. Front. Genet. 2020;11:543294. DOI 10.3389/
fgene.2020.543294.

Zhang Y., Katoh T.K., Finet C., Izumitani H.F., Toda M.J., Wa-
tabe H.A., Katoh T. Phylogeny and evolution of mycophagy in the 
Zygothrica genus group (Diptera: Drosophilidae). Mol. Phylogenet. 
Evol. 2021;163:107257.



De novo assembly and analysis of the transcriptome  
of the Siberian wood frog Rana amurensis
D.N. Smirnov1, 2, S.V. Shekhovtsov3, 4 , A.A. Shipova4, G.R. Gazizova5, E.I. Shagimardanova5,  
N.A. Bulakhova3, E.N. Meshcheryakova3, T.V. Poluboyarova4, E.E. Khrameeva1, S.E. Peltek4, D.I. Berman3

1 Center of Life Sciences, Skolkovo Institute of Science and Technology, Moscow, Russia
2 Ben-Gurion University of the Negev, Department of Life Sciences, Beer Sheva, Israel
3 Institute of the Biological Problems of the North of the Far-Eastern Branch of the Russian Academy of Sciences, Magadan, Russia 
4 Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia 
5 Institute of Fundamental Medicine and Biology, Kazan Federal University, Kazan, Russia

  shekhovtsov@bionet.nsc.ru

Abstract. The Siberian wood frog Rana amurensis Boulenger, 1886 is the most hypoxia-tolerant amphibian. It can 
survive for several months in an almost complete absence of oxygen. Little is known about the mechanisms of this 
remarkable resilience, in part because studies of amphibian genomes are impeded by their large size. To make the 
Siberian wood frog more amenable for genetic analysis, we performed transcriptome sequencing and de novo as-
sembly for the R. amurensis brain under hypoxia and normoxia, as well as for the normoxic heart. In order to build a 
de novo transcriptome assembly of R. amurensis, we utilized 125-bp paired-end reads obtained from the brain under 
normoxia and hypoxia conditions, and from the heart under normoxia. In the transcriptome assembled from about 
100,000,000 reads, 81.5 % of transcripts were annotated as complete, 5.3 % as fragmented, and 13.2 % as missing. We 
detected 59,078 known transcripts that clustered into 22,251 genes; 11,482 of them were assigned to specific GO ca-
tegories. Among them, we found 6696 genes involved in protein binding, 3531 genes involved in catalytic activity, 
and 576 genes associated with transporter activity. A search for genes encoding receptors of the most important neu-
rotransmitters, which may participate in the response to hypoxia, resulted in a set of expressed receptors of dopamine, 
serotonin, GABA, glutamate, acetylcholine, and norepinephrine. Unexpectedly, no transcripts for histamine receptors 
were found. The data obtained in this study create a valuable resource for studying the mechanisms of hypoxia tole-
rance in the Siberian wood frog, as well as for amphibian studies in general.
Key words: Siberian wood frog; Rana amurensis; transcriptome; de novo assembly; neurotransmitters.

For citation: Smirnov D.N., Shekhovtsov S.V., Shipova A.A., Gazizova G.R., Shagimardanova E.I., Bula kho va N.A., Me-
shcheryakova E.N., Poluboyarova T.V., Khrameeva E.E., Peltek S.E., Berman D.I. De novo assembly and analysis of the 
transcriptome of the Siberian wood frog Rana amurensis. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics 
and Breeding. 2022;26(1):109-116. DOI 10.18699/VJGB-22-07

De novo сборка и анализ транскриптома  
сибирской лягушки Rana amurensis
Д.Н. Смирнов1, 2, С.В. Шеховцов3, 4 , А.А. Шипова4, Г.Р. Газизова5, Е.И. Шагимарданова5,  
Н.А. Булахова3, Е.Н. Мещерякова3, Т.В. Полубоярова4, Е.Е. Храмеева1, С.Е. Пельтек4, Д.И. Берман3

1 Центр наук о жизни Сколковского института науки и технологий, Москва, Россия
2 Университет им. Давида Бен-Гуриона в Негеве, Отделение наук о жизни, Беэр-Шева, Израиль
3 Институт биологических проблем Севера Дальневосточного отделения Российской академии наук, Магадан, Россия
4 Федеральный исследовательский центр Институт цитологии и генетики Сибирского отделения Российской академии наук, Новосибирск, Россия
5 Институт фундаментальной медицины и биологии Казанского федерального университета, Казань, Россия

  shekhovtsov@bionet.nsc.ru

Аннотация. Сибирская лягушка Rana amurensis Boulenger, 1886 – наиболее устойчивый к гипоксии вид амфи-
бий. Она может прожить несколько месяцев при почти полном отсутствии кислорода. О механизмах этой за-
мечательной устойчивости мало что известно, отчасти потому, что исследования геномов амфибий затруднены 
из-за их большого размера. Чтобы сделать сибирскую лягушку более доступной для генетического анализа, мы 
провели секвенирование и сборку de novo транскриптома мозга R. amurensis в условиях гипоксии и нормоксии, 
а также для сердца – в нормоксии. Для сборки транскриптома de novo использовали парные прочтения длиной 
125 п. н., полученные для мозга сибирской лягушки в нормоксии и гипоксии, а также для сердца контрольных 
особей. В транскриптоме, собранном из примерно 100 млн ридов, 81.5 % транскриптов были аннотированы как 
полные, 5.3 – как фрагментированные и 13.2 % – как отсутствующие. Мы обнаружили 59 078 известных транс-
криптов, которые были сгруппированы в 22 251 ген, 11 482 из них были отнесены к определенным категориям 

© Smirnov D.N., Shekhovtsov S.V., Shipova A.A., Gazizova G.R., Shagimardanova E.I., Bula khova N.A., Meshcheryakova E.N.,  
    Poluboyarova T.V., Khrameeva E.E., Peltek S.E., Berman D.I., 2022

This work is licensed under a Creative Commons Attribution 4.0 License

АКТУАЛЬНЫЕ ТЕХНОЛОГИИ
Оригинальное исследование / Original article
 

Вавиловский журнал генетики и селекции. 2022;26(1):109-116
DOI 10.18699/VJGB-22-07



D.N. Smirnov, S.V. Shekhovtsov, A.A. Shipova … 
E.E. Khrameeva, S.E. Peltek, D.I. Berman

110 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 1

De novo assembly and analysis of the transcriptome 
of the Siberian wood frog Rana amurensis

Gene Ontology. Среди них – 6696 генов, участвующих в белок-белковом взаимодействии, 3531 ген, кодирующий 
белок с каталитической функцией, и 576 генов, связанных с транспортной активностью. Для большинства транс-
криптов были установлены тканеспецифичные различия в экспрессии. Известно, что нейротрансмиттеры игра-
ют важную роль в ответе на гипоксию различных организмов, устойчивых к недостатку кислорода. Поиск генов, 
кодирующих рецепторы важнейших нейромедиаторов, которые могут участвовать в реакции на гипоксию, 
выявил набор экспрессируемых рецепторов дофамина, серотонина, гамма-аминомасляной кислоты (ГАМК), 
глутамата, ацетилхолина и норадреналина. При этом не обнаружено транскриптов для рецепторов гистамина. 
Данные, полученные в нашей работе, представляют собой ценный ресурс для исследования механизмов толе-
рантности к гипоксии у сибирской лягушки, а также для изучения амфибий в целом.
Ключевые слова: сибирская лягушка; Rana amurensis; транскриптом; сборка de novo; нейромедиаторы.

Introduction
Next-generation sequencing revolutionized the studies in the 
field of molecular genetics. In contrast to early whole-genome 
projects, this technology presents a quick and relatively cheap 
way to obtain genome-wide information for non-model orga-
nisms. However, for organisms with large genome sizes, such 
as amphibians, this is still a challenge due to many repeat 
sequences, frequent cases of polyploidy and high costs asso-
ciated with the sequences of large genomes (Schatz et al., 
2010). Among the family Ranidae, there are currently only 
three genome assemblies: Rana temporaria, Glandirana ru­
gosa, and Lithobates catesbeianus (Hammond et al., 2017; 
Ka tsura et al., 2021; Streicher et al., 2021). Available transcrip-
tomes are more numerous; however, they are still provided 
only for a limited number of members of the family Ranidae 
and do not always meet the high-quality standards of modern 
transcriptome assemblies.

Assembled transcriptomes would be useful resources for 
studies on the emergent model species. Among these species 
are the northern amphibians that adapted to extreme conditions 
of the northern Palearctic. These include highly freeze-tolerant 
Rana sylvatica LeConte, 1825 (Storey, 1984), R. arvalis Nils-
son, 1842 (Berman et al., 2020), Hyla japonica Günther, 
1859 (Berman et al., 2016a), and the urodelas Salamandrella 
keyserlingii Dybowski, 1870 and S. schrenkii (Strauch, 1870) 
(Berman et al., 1984, 2010, 2016b), as well as the hypoxia-
tolerant Siberian wood frog Rana amurensis Boulenger, 1886 
(Berman et al., 2019). These species are intensely studied 
because they represent one of the most remarkable adapta-
tions of vertebrates to extreme conditions and could give 
insights into ischemia treatment and organ transplantation. 
Earlier studies of freeze- and hypoxia tolerant amphibians 
were mostly aimed at their physiology and biochemistry, but 
studying genetic systems becomes more important (Bickler, 
Buck, 2007; Storey K.B., Storey J.M., 2017).

Amphibians in general are believed to be not particularly 
tolerant to hypoxia: adults of the different studied species can 
survive for a few hours to a few days even at low (near-zero) 
temperatures in water with low oxygen content (Bickler, 
Buck, 2007). However, the Siberian wood frog R. amurensis 
Boulenger, 1886 is unique among amphibians in its ability 
to survive almost complete anoxia for several months (Ber-
man et al., 2019). This makes it a promising model object for 
studying hypoxia tolerance. Metabolomic patterns in its organs 
indicate dramatic changes in biochemical pathways under 
hypoxia (Shekhovtsov et al., 2020). However, these patterns 
are not easy to interpret, and this could be facilitated by the 
analysis of gene expression and gene networks. In order to 
create a resource for studying gene expression in the Siberian 

wood frog, we performed sequencing, de novo assembly, and 
annotation of the transcriptome of this species. 

Brain and heart are the most sensitive to hypoxia (Nilsson et 
al., 2015; Swenson, 2016), so we used transcripts from these 
organs for transcriptome construction. To test the assembled 
transcriptome, we also performed a search for neurotransmit-
ter receptor genes: it was demonstrated (Nilsson et al., 1990, 
1991) that neurotransmitters mediate hypoxia response in 
turtles, so we hypothesized that this might also be true for 
the Siberian wood frog.

Materials and methods
RNA extraction and sequencing. Specimens of the Sibe-
rian wood frog were collected in September 2019 near the 
Lesopilnoye village, Khabarovsk Krai (46° N, 134° E). We 
followed approved methods under appropriate permits is-
sued by cognizant governmental agencies (No. 001/04-19). 
Frog handling, hypoxia exposure, and organ extraction were 
performed as described in S.V. Shekhovtsov et al. (2020): 
briefly, the frogs were distributed by 5–7 individuals into 10 L 
containers filled with water (oxygen level 7–8 mg/L) and ac-
climated to low temperatures: 2 days at 14–15 °C, for 4 days 
at 8, 4, and 2–3 °C. Acclimation was performed in a TSO-1/80 
SPU thermostat (SKTB SPU, Russia) and in a WT-64/75 cli-
matic test chamber (Weiss Umwelttechnik GmbH, Germany). 
Control animals were kept in open containers; those exposed 
to hypoxia, in closed airtight bottles. The dissolved oxygen 
content was measured daily by a HACH HQ30D Flexi digital 
single-channel device with a luminescent LDO101 sensor 
until it reached 0.2 mg/L. After 17 days in hypoxia, animals 
were slaughtered as quickly as possible, and the organs were 
extracted and immediately submerged in liquid nitrogen. RNA 
was extracted using commercial kits (Biolabmix, Russia) fol-
lowing the manufacturer’s protocol. 

The purity of total RNA was estimated on a NanoPho-
tometer (Implen, Germany). The quantity of total RNA was 
measured by fluorimeter Qubit 4.0 (ThermoFisher Scien-
tific, USA). The quality of total RNA was evaluated using a 
Bioanalyzer 2100 (Agilent Technologies, USA). Then, from 
800–1000 ng of pure and good quality total RNA (RIN ≥ 7), 
polyA mRNA was isolated using NEBNext Poly(A) mRNA 
Magnetic Isolation Module (New England Biolabs, USA). 

cDNA libraries were prepared using NEBNext Ultra II 
Directional RNA Library Prep Kit for Illumina (New Eng-
land Biolabs) according to the manufacturer’s protocol. The 
concentration of amplified libraries was estimated by fluo-
rimeter Qubit 3.0 (ThermoFisher Scientific). Size selection 
of pooled libraries was performed on the BluePippin system 
(SAGE Science, USA) using 1.5 % agarose gel cassettes with 
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300–400 bp target size. The quality of libraries was verified 
on a Bioanalyzer 2100 (Agilent Technologies) using DNA 
High Sensitivity Kit. Range of library fragment size was 
200–1000 bp. The concentration of libraries was validated 
by qPCR using 2.5× EVA Green Mix (Synthol, Russia) and 
primers for Illumina adapters (Evrogen, Russia). Libraries 
were then sequenced on a HiSeq 2500 (Illumina, USA) with 
paired-end 125 bp reads. 

Transcriptome assembly. RNA reads from R. amurensis 
brain and heart samples (brain+normoxia, brain+hypoxia, 
heart+normoxia, 3 samples in total) were used for de novo 
transcriptome assembly. The quality of raw reads was esti-
mated with FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Adaptor trimming and read filtering 
were performed using fastp (Chen et al., 2018) with default 
parameters. The rCorrector tool (Song, Florea, 2015) was 
used for correcting the non-solid k-mers within reads and 
removing unfixable ones. Transcriptome assembly was per-
formed on all samples via Trinity (Grabherr et al., 2011) 
with ­­SS_lib_type FR parameter for a stranded library. The 
basic assembly metrics were calculated using the ‘Trini­
tyStats.pl’ script incorporated in Trinity. Redundant tran-
scripts were identified and removed from the assembly via 
CD­HIT (Fu et al., 2012) with the following parameters:  
­c 0.98 ­p 1 ­d 0 ­b 3 ­T 5 ­M 2000. Completeness of the as-
sembled transcriptome was estimated using BUSCO (Simão 
et al., 2015) with the mode ­m transcriptome and lineage 
“tetrapoda_odb10” parameters.

Transcript quantification. The transcript abundance was 
estimated using the ‘align_and_estimate_abundance.pl’ script 
(­­est_method salmon) included in Trinity. Both gene- and 
isoform-level abundance matrices for all samples were con-
structed with the ‘abundance_estimates_to_matrix.pl’ script. 
The comparison of samples based on their expression level 
and the subsequent visualization procedures were performed 
using the ‘PtR’ script as well as custom scripts.

Assembly annotation and candidate coding regions 
identification. We used a collection of scripts from TransDe-
coder (Grabherr et al., 2011) to identify the candidate coding 
regions. First, open reading frames (ORF) were retrieved 
from the assembly file. A set of the longest obtained ORFs 
were then queried against Swiss-Prot (Bairoch, Apweiler, 
1999; The Uniprot Consortium, 2021) and Pfam (Mistry et 
al., 2021) databases to search for sequence similarity with 
known proteins and Pfam protein domains. To achieve better 
computational efficiency, we used hmmsearch v3.3.2 (Eddy, 
2011) scripts instead of hmmscan for domain identification, 
and the homology search was done with Blast+ (Camacho et 
al., 2009). The output generated from the database searching 
step was then used for the prediction of coding regions using 
the TransDecoder.Predict script from TransDecoder and for 
transcriptome assembly annotation via the Trinotate (Bryant 
et al., 2017) pipeline.

Gene Ontology (GO) analysis. The Trinotate report ob-
tained in the assembly annotation step was used to characte-
rize the annotated genes according to their biological role and 
the occupied cell compartments. We counted the number of 
annotated genes per GO category for the cellular component 
(CC), biological process (BP), and molecular function (MF) 
sub-ontologies at level 2. Graphical representation was done 

using an in-house R script. Annotated genes without assigned 
GO categories were classified according to the PFAM protein 
families they associated with.

Searching for neurotransmitter receptors. We extracted a 
set of genes encoding receptors of the main neurotransmitters 
(dopamine, serotonin, GABA, glutamate, acetylcholine, hista-
mine, and norepinephrine) from the Xenopus genome database 
(Xenbase; http://www.xenbase.org). Xenbase was chosen over 
more closely related species due to its longer history and bet-
ter annotation. For each annotated gene, the transcripts were 
taken for Xenopus tropicalis, or, if absent, for X. laevis. We 
performed a blastn search for this Xenopus transcript dataset 
in the assembled transcriptome (Trinity_filtered.fasta) with 
e-value < 1e–5. Transcripts with > 70 % sequence similarity 
were included in the final dataset.

Results and discussion

De novo transcriptome assembly
In order to build a de novo transcriptome assembly of R. amu­
rensis, we utilized 125 bp paired-end reads obtained from 
the brain under normoxia and hypoxia conditions (RABN 
and RABH samples, respectively) and from the heart under 
normoxia (RAHN sample).

After filtering out low-quality reads, a total of 98,948,825 
reads from all three samples were used for the subsequent tran-
scriptome assembling procedure. An initial assembly consisted 
of 610,890 Trinity ‘genes’ composed of 839,939 transcripts 
with an average contig length of 639 bp (or 481 bp based on 
the longest isoform per Trinity ’gene’). In addition, we filtered 
out 56,044 redundant transcripts using CD-HIT. Once filtering 
was done, the final assembly was generated (Table 1). 

Estimates using BUSCO demonstrated that 81.5 % of the 
transcripts were annotated as complete, 5.3 % as fragmented, 
and 13.2 % as missing.

Abundance quantification
For each RNA sample, we calculated the levels of transcript 
abundances using the resulting assembled transcriptome. The 
Salmon alignment rate varied from 87.9 to 91 % across all 
samples, which is an additional indicator of good quality of the 
final assembly. The majority of  Trinity ‘genes’ turned out to 
be low-expressed, and only 20,251 out of  588,475 ‘genes’ had 
expression levels ≥ 10 TPM (transcripts per million) in at least 
one sample. The sum of gene expression counts per sample 

Table 1. The statistics of the final Trinity assembly

Number of assembled transcripts 783,895

Number of ‘genes’ 588,475

Median contig length 347/323*

Average contig 616,66/487,50*

Contig N50 857/533*

Total assembled bases 483,398,726

Percent GC 43,37

* Indicates values for statistics based on the longest isoform per Trinity ‘gene’.
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varied from 28,587,718 to 31,477,299 with the largest value 
for the R. amurensis brain sample under hypoxia (Fig. 1, a).

Moreover, we observed tissue-specific differences in gene ex-
pression levels between brain and heart samples (see Fig. 1, b).  

As was expected, we found that the brain transcriptomes corre-
lated better with each other (Pearson’s r = 0.770) than with the 
heart transcriptome (Pearson’s r = 0.538 and 0.535 for RAHN 
correlation with RABN and RABH, respectively). In addi-
tion, we counted the number of genes with more than 2-fold 
expression change between each pair of samples (Fig. 2). For 
brain-brain transcriptome comparisons, the number of such 
genes was equal to 34,488, while for brain-heart comparisons, 
this number almost doubled (70,005 genes for RABN versus 
RAHN and 68,497 genes for RABH versus RAHN). Taken 
together, all these findings on gene and transcript quantifica-
tion indicate the correctness of the transcriptome assembly.

Transcriptome assembly and annotation 
Once the expression quantification step was done, we an-
notated the obtained transcripts to evaluate the number of 
biologically relevant ones. We first identified a total of 141,950 
candidate coding regions using TransDecoder and obtained 
information about known protein homologs and protein do-
mains. Using the Trinotate pipeline for functional annotation 
of transcripts, we then detected 59,078 known transcripts 
in our assembly that clustered into 22,251 genes. Finally, 
we explored the fraction of annotated genes with TPM > 0 
that are common between replicates. We retrieved a total of  
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Fig. 1. Comparative analysis of expression of R. amurensis samples. 
a – barplot representing the distribution of the total number of mapped 
frag ments across all samples; b – heatmap showing hierarchical clustering of 
samples based on their expression levels. In both panels, RABH corresponds 
to R. amurensis brain sample under hypoxia; RABN – R. amurensis brain sample 
under normoxia, and RAHN is a R. amurensis heart sample under normoxia.
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18,229 genes with expression in all three replicates as well as 
2680 and 448 genes expressed only in brain and heart samples, 
respectively (Fig. 3).

Gene Ontology analysis
During the annotation step, we identified a total of 11,482 ge-
nes for which corresponding GO categories were described. 
In particular, we found 6696 genes involved in binding 
(including 2988 genes associated with protein binding and 
878 genes responsible for DNA binding), 3531 genes involved 
in catalytic activity, and 576 genes associated with transporter 
activity (Fig. 4).

For 10,769 annotated genes without assigned GO catego-
ries, we performed an additional analysis of their functional 
roles. Among them, we found several large functional gene 
groups, including 1969 genes associated with the RVT_1 
(Reverse transcriptase) family, 1365 genes encoding zf-C2H2 
(zinc finger) protein domains, and 455 genes belonging to the 
endonuclease/exonuclease/phosphatase family. 

Fig. 4. Distribution of the gene number per GO category in the transcriptome of R. amurensis. 
Red circles represent molecular function (MF) terms, yellow circles represent biological process (BP) terms, and light green circles 
show terms related to the cellular component (CC) sub-ontology.
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Fig. 3. Venn diagram showing the number of common and sample-
specific expressed genes between R. amurensis samples.
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Table 2. Transcripts of neurotransmitter receptors detected in R. amurensis transcriptome 

Receptors % id. Receptors % id. Receptors % id.

Dopamine receptors GABA receptors Glutamate receptors

Dopamine receptor d1 83.9 GABAA receptor α1 84.4 NMDA receptor 2B 84.8

Dopamine receptor d1c 78.5 GABAA receptor α2 85.5 NMDA receptor 2C 82.6

Dopamine receptor d2 83.2 GABAA receptor α3 79.3 NMDA receptor 2D 83.2

Dopamine receptor d4 80.9 GABAA receptor α5 76.1 NMDA receptor 3A 78.8

Dopamine receptor d5 82.2 GABAA receptor β1 82.1 Delta receptor GRID1 82.3

Acetylcholine receptors GABAA receptor γ3 85.3 Delta receptor GRID2 82.6

Muscarinic receptor 5 81.8 GABAA receptor rho1 81.9 Metabotropic receptor 1 80.4

Nicotinic receptor α5 91.7 GABAA receptor rho3 83.1 Metabotropic receptor 3 81.1

Nicotinic receptor α6 85.6 Glutamate receptors Metabotropic receptor 4 81.4

Nicotinic receptor β2 82.4 AMPA receptor 1/2 82.9 Metabotropic receptor 5 81.0

Nicotinic receptor β3 83.2 AMPA receptor 3 86.0 Metabotropic receptor 7 80.0

Serotonin receptors AMPA receptor 4 84.7 Metabotropic receptor 8 85.1

Serotonin receptor 1A 80.1 Kainate receptor 1 83.7 Norepinephrine receptors

Serotonin receptor 1B 82.7 Kainate receptor 2 86.5 Adrenoreceptor α2a 78.35

Serotonin receptor 4 82.5 Kainate receptor 4 80.8 Adrenoreceptor α2b 80.00

Serotonin receptor 6 80.6 Kainate receptor 5 82.0 Adrenoreceptor α2c 78.46

NMDA receptor 1 81.0 Adrenoreceptor α2d 83.97

NMDA receptor 2A 81.5 Adrenoreceptor β2 77.00

Note. % id. shows the percentage of identity to the respective X. tropicalis transcript along the alignable part.

Neurotransmitter receptor genes
A search for neurotransmitter receptors recovered a total of 
47 transcripts belonging to six classes (Table 2). All detected 
transcripts could be unambiguously attributed to particular 
classes of receptors. Unexpectedly, we failed to detect any 
transcripts of histamine receptors. Our blastn and blastx search 
for these genes in the available ranid genome and transcrip-
tome data resulted in no expressed histamine receptors in any 
sequenced cDNA data from any tissue. However, the genome 
of R. temporaria was found to contain the full gene set of 
histamine receptor genes. This may indicate that the histamine 
pathway has very limited expression in the family Ranidae.

The information on neurotransmitters is of special interest 
because they are known to be involved in hypoxia response 
in various organisms. G.E. Nilsson et al. (1990, 1991) found 
that levels of different neurotransmitters in the brain and other 
organs changed significantly upon exposure to hypoxia: the 
concentrations of GABA increased, and those of glutamate 
decreased in the crucian carp and the red-eared slider turtle, but 
not in the hypoxia-intolerant species. The authors also found 
that the levels of serotonin, dopamine, and norepinephrine 
remained unchanged, although their synthesis is oxygen-de-
pendent. This response probably involves not just an upregula-
tion of neurotransmitter synthesis, but the rearrangement of 
the whole pathway, and thus the obtained transcriptome data 
will be of particular use to elucidate this issue.

Conclusion
In recent years, transcriptome analysis is increasingly used 
for amphibians, e. g., to study the effects of pathogens (Price 
et al., 2015; Xu et al., 2017), insecticides (Ma et al., 2018), 
or the changes occurring during metamorphosis (Birol et al., 
2015; Zhao et al., 2016). Many of those studies combine data 
from different tissues to obtain a more or less comprehensive 
set of transcripts expressed in the most important organs 
(Yang et al., 2012; Qiao et al., 2013; Robertson, Cornman, 
2014; Christenson et al., 2014). In this study, we sequenced 
and assembled the transcriptome of the Siberian frog R. amu­
rensis. We also provided a quality assessment of the obtained 
assembly and characterized the functional roles of annotated 
transcripts. The available information on amphibian transcrip-
tomes is still limited; therefore, our dataset contributes to the 
understanding of genome functioning and evolution of am-
phibians. Moreover, the majority of the previously published 
transcriptome assemblies for other species of the genus Rana, 
e. g., in I. Birol et al. (2015) and S.J. Price et al. (2015), are 
probably not the best option for studying the mechanisms of 
the hypoxia tolerance in these species. Because these studies 
do not focus on hypoxia and are not based on hypoxia samples, 
the assembled transcriptomes might miss or under-represent 
some transcripts specific for hypoxia. In contrast, our work 
creates a useful resource for studying the mechanisms of the 
tolerance of R. amurensis to hypoxia.
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