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В последние 15 лет в генетике про­
исходит информационный взрыв, 
обусловленный появлением эф­

фективных методов расшифровки ге­
номов и, как следствие, снижением бо­  
лее чем на четыре порядка стоимости 
геномно го секвенирования. В результа­
те этого нау ки о жизни стали главным 
источни ком больших данных, обогнав 
по тем пам роста не только другие науч­
ные на правления, но даже социальные 
сети. Одновременно совершенство­
вались экс периментальные методы 
транскриптомного, протеомного, мета­
бо лом ного и дру гих видов исследова­
ний. Все это создало грандиозный вы­
зов для биоинформати ки и системной 
ком пьютерной биологии, поскольку 
темпы генерации геномных и других 
типов данных намного опережают воз­
можности их глубокого компьютерного 
анализа.

Объем и сложность этих данных на­
столько велики, что их понимание, ин­
терпретация и, тем более, практическое 
применение невозможны без использо­
вания новых информационных техно­
логий, эффективных методов анализа 
данных и компьютерного моделиро­
вания живых систем. На наших глазах 
возникает новая биология, ключевой 
особенностью которой является тесная 
интеграция экспериментальных и ком­
пьютерных подходов. Она включает: 

• накопление больших объемов экспериментальных 
данных о структурной и функциональной организации 
живых систем, процессов и структур; 

• крупномасштабный анализ получаемой эксперимен­
тальной информации в контексте накопленных ранее 
больших данных (молекулярно­биологических, гене­
тических, биохимических, физиологических и др.);

• компьютерное моделирование изучаемых систем, 
процессов и структур на различных иерархических 
уровнях их организации; 

• предсказание новых свойств и изучаемых живых си­
стем на основе результатов анализа и моделирования; 

• планирование новых экспериментов для подтвержде­
ния результатов предсказаний и прогнозов и, наконец, 
проведение новых экспериментов и получение новых 
данных и знаний. 
И вот таким образом стремительно развивается новая 

биология, движущей силой которой является интеграция 
экспериментальных и компьютерных подходов. В этой 
интеграции важнейшую роль играют: 
а) биоинформатика, обеспечивающая хранение, обработ­

ку и анализ больших данных, получаемых с помощью 
методов геномики, транскриптомики, протеомики, 
метаболомики и других высокопроизводительных экс­
периментальных технологий, а также 

б) системная компьютерная биология, к числу ключевых 
задач которой относятся реконструкция, компьютерный 
анализ и моделирование генных сетей и молекуляр­
но­генетических систем, ответственных за контроль 
процессов формирования молекулярно­генетических, 
биохимических, физиологических, структурно­мор­
фологических, поведенческих и других характеристик 
человека, животных, растений и микроорганизмов на 
основе информации, закодированной в их геномах. 

Н.А. Колчанов Ю.Г. Матушкин
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При этом биоинформатика и системная компьютерная 
биология имеют важнейшее значение не только для про­
ведения фундаментальных исследований, но и для реше­
ния практических задач в интересах сельского хозяйства, 
биомедицины, фармакологии, биотехнологий, экологии и 
множества других направлений в науках о жизни и меж­
дисциплинарных исследованиях. 

В очередной выпуск «Вавиловского журнала генетики 
и селекции» включены статьи, подготовленные по мате­
риалам ряда докладов, представленных на 13­й между­

народной мультиконференции «Биоинформатика регуля­
ции геномов/системная биология» (4–8 июля 2022 г.) по 
таким направлениям, как компьютерный анализ бакте­
риальных и митохондриальных геномов, компьютерная 
вирусология (взаимодействия в системе «вирус–хозяин», 
рациональная инженерия метаболических путей бакте­
рий, моделирование динамики генных сетей и процессы 
морфогенеза растений, эволюционная компьютерная био­
логия, экспериментально­компьютерная психология и ряд  
других.
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Abstract. A vascular system in plants is a product of aromorphosis that enabled them to colonize land because it 
delivers water, mineral and organic compounds to plant organs and provides effective communications between 
organs and mechanical support. Vascular system development is a common object of fundamental research in plant 
development biology. In the model plant Arabidopsis thaliana, early stages of vascular tissue formation in the root 
are a bright example of the self-organization of a bisymmetric (having two planes of symmetry) pattern of hormone 
distribution, which determines vascular cell fates. In the root, vascular tissue development comprises four stages: 
(1) specification of progenitor cells for the provascular meristem in early embryonic stages, (2) the growth and pat-
terning of the embryo provascular meristem, (3) postembryonic maintenance of the cell identity in the vascular tissue 
initials within the root apical meristem, and (4) differentiation of their descendants. Although the anatomical details 
of A. thaliana root vasculature development have long been known and described in detail, our knowledge of the 
underlying molecular and genetic mechanisms remains limited. In recent years, several important advances have 
been made, shedding light on the regulation of the earliest events in provascular cells specification. In this review, 
we summarize the latest data on the molecular and genetic mechanisms of vascular tissue patterning in A. thaliana 
root. The first part of the review describes the root vasculature ontogeny, and the second reconstructs the sequence 
of regulatory events that underlie this histogenesis and determine the development of the progenitors of the vascular 
initials in the embryo and organization of vascular initials in the seedling root.
Key words: merystem; xylem; phloem; (pro)cambium; plant hormones; auxin; cytokinin; Arabidopsis thaliana.

For citation: Sidorenko A.D., Omelyanchuk N.A., Zemlyanskaya E.V. Molecular mechanisms of vascular tissue pat-
terning in Arabidopsis thaliana L. roots. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 
2022;26(8):721-732. DOI 10.18699/VJGB-22-88

Молекулярные механизмы детерминации клеток  
сосудистой системы корня Arabidopsis thaliana L.
А.Д. Сидоренко1, 2, Н.А. Омельянчук1, Е.В. Землянская1, 2 
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Аннотация. Сосудистая система является результатом ароморфоза, который позволил растениям успешно 
освоить сушу. За счет нее осуществляется проведение воды, минеральных и органических соединений, обес-
печивается эффективное сообщение между органами, а также выполняется функция механической опоры. 
Процесс формирования сосудистой системы – общепринятый объект фундаментальных исследований в обла-
сти биологии развития растений. В частности, ранние этапы развития сосудистой системы корня модельного 
растения Arabidopsis thaliana представляют собой яркий пример самоорганизации бисимметричного (имею-
щего две плоскости симметрии) паттерна распределения фитогормонов, который направляет детерминацию 
клеток сосудистой системы. В процессе формирования сосудистой системы корня можно выделить четыре 
этапа: 1) детерминацию (спецификацию) клеток-предшественников проваскулярной меристемы на ранних 
стадиях эмбриогенеза; 2) рост и разметку проваскулярной меристемы зародыша; 3) постэмбриональное под-
держание инициалей (стволовых клеток) сосудистой системы в апикальной меристеме корня; 4) конечную 
специализацию (дифференцировку) их дочерних клеток. Анатомические детали развития сосудистой системы 
A. thaliana давно известны и подробно описаны, однако наши знания о молекулярно-генетических механиз-
мах этого процесса все еще ограничены. В последние годы сделано несколько важных открытий, проливаю-
щих свет на регуляцию самых ранних событий, предшествующих дифференцировке клеток сосудистой си-
стемы. В настоящем обзоре мы обобщаем данные о молекулярно-генетических механизмах, определяющих 
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направление клеточной дифференцировки в элементы сосудистой системы корня у A. thaliana. Первая часть 
обзора посвящена описанию гистогенеза сосудистой системы корня. Далее мы реконструируем последова-
тельность регуляторных событий, которые лежат в основе этого гистогенеза и обусловливают развитие пред-
шественников инициалей сосудистой системы у зародыша и организацию инициалей сосудистой системы в 
корне проростка.
Ключевые слова: меристема; ксилема; флоэма; (про)камбий; фитогормоны; ауксин; цитокинин; Arabidopsis 
thaliana.
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Fig. 1. Arabidopsis thaliana root apical meristem.
The vertical line is the root central axis. 

Introduction
Evolutionary formation of a vascular system in plants was 
a necessary prerequisite for terrestrial colonization (Lucas et 
al., 2013). Vasculature provides mechanical support, effective 
transportation of water, and mineral and organic compounds 
as well as signal molecules and by this has enabled plants to 
reach enormous sizes and populate different territories. The 
vascular system consists of two domains different in their 
structure and functions. These are xylem that provides water 
transportation and delivers mineral compounds from the root 
to above-ground organs; and phloem that conveys organic 
compounds from photosynthesizing tissues rootward (Evert, 
Eichhorn, 2006). 

In angiosperms, the mature xylem consists of (1) water-
trans portation vessels; (2) fibers to provide mechanical sup-
port; (3) parenchyma cells (Evert, Eichhorn, 2006). The vessels 
are the hollow tubes formed by the cells connected in a raw 
and having perforations in the anticlinal walls and pores in the 
periclinal walls (Fig. 1). The vessels and fibers are a product 
of the programmed death of the cells that have formed a ligni-

fied secondary cell wall (Courtois-Moreau et al., 2009; Smith 
et al., 2013; Furuta et al., 2014). Meanwhile, the living cells 
of parenchyma perform a storage function, participating in 
vessel lignification and regulating the water transport speed 
(Ménard, Pesquet, 2015; Růžička et al., 2015).

The phloem, on the other hand, consists of (1) sieve tubes 
to transport organic substances; (2) companion cells; (3) fibers 
and sclereids to provide mechanical support, and (4) paren-
chyma cells (Sjolund, 1997; Evert, Eichhorn, 2006). Unlike 
the lignified hollow vessels of the xylem, the sieve tubes are 
a strand of living cells (sieve elements) communicating by 
sieve fields, anticlinal-wall regions with high numbers of 
small pores. The sieve elements form a thickened non-lignified 
secondary cell wall (Heo et al., 2014) and their main feature is 
the lack most of the organelles including a nucleus, va cuole, 
rough endoplasmic reticulum, Golgi body, cytoskeleton, 
ribosomes whose presence could prevent substances trans-
portation. The viability of the sieve elements is maintained 
by companion cells – the parenchyma cells with large nuclei 
and mitochondria, directly contacting sieve elements. As for 
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Glossary

Amphicribral vascular bundle – a vascular bundle in 
which the phloem surrounds the xylem.
Anticlinal – located in a plane perpendicular to the sur-
face of a tissue or organ. Talking about anticlinal cell walls 
or divisions we will mean an anticlinal plane perpendicu-
lar to the central axis of an organ.
Anticlinal cell division – cell division in the anticlinal 
plane that leads to an increase in length.
Asymmetric cell division – results in the formation of 
two daughter cells with different cell fates.
Cortex – a cell layer surrounding the endodermis.
Diarch vascular bundle – a vascular bundle whose phlo-
em and xylem are located at different radii, wherein two 
rays of xylem are distinguished.
Endodermis – the innermost cell layer surrounding the 
stele.
Hypophysis is the upper cell of the suspensor, which ac-
quires its identity at the 16–32 cell stage; gives rise to the 
quiescent center (the organizing center of the root apical 
meristem) and the root cap.
Periclinal – located in a plane parallel to the surface of 
a tissue or organ.
Periclinal cell division – cell division in the periclinal 
plain leading to an increase in the number of cell layers 
in the radial direction.
Pericycle – parenchyma cell layer surrounding conduc-
tive tissues and forming the stele outer layer.
Primary meristem – formed during embryogenesis.
Procambium – indeterminate primary vascular meri-
stem cells located between the xylem plate and phloem 
poles in the root of Arabidopsis thaliana.
Provascular initials – four proembryo cells occurring at 
the early globular stage to form the entire provascular 
meristem of the root/hypocotyl, and only it.
Provascular root/hypocotyl meristem – primary meri-
stem from which the primary vascular system of these 
organs differentiates after embryo germination.
Root apical meristem – primary root meristem to pro-
duce all cells of the root during its post-embryonic 
growth.
Secondary meristem – formed during the postembryo-
nic period.
Stele (central cylinder) – primary conductive tissues lo-
cated in the center of the axial organ, and surrounded by 
a pericycle.
Suspensor – a structure at the base of an embryo that 
connects it to endosperm and consists of the descen-
dants of a two-celled pro-embryo basal cell.
Vascular cambium – secondary vascular meristem to 
provide root thickening.
Xylem plate – a layer of primary xylem cells (or their 
predetermined precursors) located in the central plane 
along the root axis.

mechanical phloem elements – fibers and sclereids – they differ 
from each other by the shape of their cells. While the former 
are strongly elongated and pointed at the ends, the latter are 
just slightly elongated.

Organization of vascular system is different for different 
organs in different plant species at different stages of their 
development (Scarpella, Meijer, 2004; Lucas et al., 2013; Fu-
ruta et al., 2014). Nevertheless, the mechanisms determining 
its de velopment are quite conservative (Li et al., 2010; Seo et 
al., 2020). Plant cells are not capable of migration, so during 
morphogenesis, the tissue and organ architecture is formed 
by regulating the sequence and orientation of cell divisions. 
In terms of its anatomy, the vascular system development has 
been described in much detail (Scheres et al., 1994; Evert, 
Eichhorn, 2006; Miyashima et al., 2013; Furuta et al., 2014; 
De Rybel et al., 2014b, 2016), however, the molecular and 
genetic mechanisms responsible for this process are much 
less known. Our current understanding of these mechanisms 
is mainly based on the investigation of the model plant Ara-
bidopsis thaliana.

In the further sections of this review, we will provide a short 
description of vascular tissue histogenesis in this plant spe-
cies and reconstruct the corresponding sequence of regulatory 
events. We will describe the control of root vascular system 
development in the embryo and seedling, i. e. the earliest 
stages of its formation. As for the mechanisms controlling 
vasculature development at later stages, their description can 
be found in the recent reviews (see Agustí, Blázquez, 2020; 
Seo et al., 2020).

Root vascular tissue histogenesis
There are primary (produced by the primary meristem) and 
secondary (produced by the secondary meristem) vascular 
tissues.

Development of root primary conductive tissues
At the globule stage of A. thaliana embryogenesis the specifi-
cation of four provascular initials occurs. Provascular initials 
undergo oriented divisions, finally giving rise to the provas­
cular meristem of the embryonic root and hypocotyl (Fig. 2) 
(Scheres et al., 1994; Evert, Eichhorn, 2006; Miyashima et al., 
2013; Furuta et al., 2014; De Rybel et al., 2014b, 2016). The 
cells of provascular meristem are not yet differentiated, but the 
cellular fate of some of them has already been determined – 
after the embryo germination they give birth either to xylem 
or to phloem cells. The positions of these predetermined cells 
in the provascular meristem matches that of the bisymmetric 
(that is, having two planes of symmetry) diarch organization 
of the vascular system in the postembryonic root tip: in its 
transverse – section, there is one layer of xylem precursor cells 
surrounded on both sides by procambial cells that separate the 
future xylem from two files of phloem progenitor cells, which 
lie in a perpendicular plane (Dolan et al., 1993) (Fig. 2, 3, a). 
This structure is surrounded by pericycle cells that are also 
derived from provascular initials, so together they form a cen­
tral cylinder or a stele (see Fig. 1). It is noteworthy that the 
terminology designating the cells in developing root vascular 
system is rather blurred (Furuta et al., 2014). In particular, the 
term ‘procambium’ is applied to address either indeterminate 
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Fig. 2. Provascular meristem development in A. thaliana embryo.
The mature embryo contains predetermined but not differentiated progenitor cells of the future vascular system elements.

Fig. 3. Primary and secondary vascular tissues in postembryonic A. thaliana root.
The root-tip stele (a, b) is diarch and comprised of the procambium, primary phloem and xylem surrounded by pericycle. The primary phloem 
is composed of proto- and metaphloem and of companion-like cells. The primary xylem consists of proto- and metaxylem. In the stem cell 
niche in longitudinal section (b) two initials producing the procambium/proto-/metaphloem, two initials producing the pericycle, and one 
producing the metaxylem are visible. During the root secondary growth (c), the cambium produces phloem cells outwards and xylem cells – 
inwards, so the vascular bundle stops being diarch and becomes amphicribral.
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cells of the primary vascular tissue in seedlings (and their 
progenitors) or the whole embryonic provascular meristem 
(see Busse, Evert, 1999).

Soon after germination, vascular elements start to differen-
tiate in a hypocotyl stele and cotyledon veins, the provascular 
meristem of the latter comes from the shoot apical meristem 
(Miyashima et al., 2013). From the hypocotyl, the process 
spreads upwards and downwards taking the epicotyl and root, 
respectively (Busse, Evert, 1999; De Rybel et al., 2014b; 
Furuta et al., 2014). In A. thaliana, these are the protophloem 
sieve elements adjacent to the pericycle that differentiate 
first, and since the cells surrounding them keep elongating, 
protophloem cells soon die to be functionally replaced by 
the metaphloem sieve elements placed closer to the center of 
the stele (Graeff, Hardtke, 2021; Truernit, 2022). Later, the 
protoxylem vascular elements are formed that are located at 
the poles of the xylem plate and have annular or spiral thicken-
ings of the secondary cell walls. The last cells to differentiate 
are the metaxylem cells occupying the central position in the 
xylem plate and having pitted or reticulate lignin deposits 
(Růžička et al., 2015).

While the root grows in length, its new cells are produced 
through anticlinal division of the cells in the apical meristem 
located at the root tip (Desvoyes et al., 2021). In A. thaliana, 
the root apical meristem is closed, i. e. different stem cells 
(initials) can produce not any but strictly limited set of cell 
types and for each differentiated cell it is easy to trace which 
stem cell it has originated from (see Fig. 1). Among the stele 
initials those can be distinguished that give birth to (1) pro-
toxylem; (2) metaxylem; (3) procambium and sieve elements 
of proto- and metaphloem (in this case, the three cell types 
are produced through a series of anticlinal and periclinal divi­
sions); (4) only procambial cells; (5) pericycle (see Fig. 3, b) 
(Mähönen et al., 2000; Rodriguez-Villalon et al., 2015; Tru-
ernit, 2022). The mutual arrangement of initials corresponds 
to the diarch organization of young root vasculature, so the 
cell identity established in the embryo provascular meristem is 
maintained in the root apical meristem. Here it is worth men-
tioning that apart from the proto- and metaxylem, proto- and 
metaphloem and procambium there are also companion cells. 
Some authors designate them more srictly as companion-like 
cells (Truernit, 2022). These cells are adjacent to the sieve 
elements of proto- and metaphloem and possess a number of 
morphological and physiological characteristics of companion 
cells (Stadler et al., 2005; Ross-Elliott et al., 2017; Smetana 
et al., 2019; Graeff, Hardtke, 2021) but, unlike the latter, they 
do not share a common initial with the proto- and metaphloem 
elements in the stem cell niche (Mähönen et al., 2000). The 
companion-like cells differentiate when the protophloem 
sieve elements start functioning (Graeff, Hardtke, 2021). In 
A. thaliana, the xylem and phloem parenchyma, fibers and 
true companion cells differentiate only during the secondary 
growth (Růžička et al., 2015; Truernit, 2022).

Cambium formation
In A. thaliana primary vascular system, periclinal divisions 
of procambium cells are few, but after differentiation of the 
primary vascular elements, these cells begin to actively divide 
periclinally. The periclinal divisions also occur in the pericycle 

cells adjacent to the xylem plate. As a result, a closed cell ring 
forms around the xylem to give birth to the vascular cam­
bium (see Fig. 3, c) (Baum et al., 2002; Nieminen et al., 2015; 
Růžička et al., 2015; Smetana et al., 2019). It is noteworthy 
that only those procambium and pericycle cells in direct con-
tact with the xylem primary vessels give rise to the vascular 
cambium, i. e., have the properties of stem cells (Smetana et al., 
2019) while the descendants of other proliferating procambial 
cells differentiate into the phloem. 

Thus, the diarch root vasculature transforms into am­
phicribral one, in which the xylem is surrounded by the 
phloem with the cambium placed in between (see Fig. 3, c). 
Through asymmetric division, every initial is capable of pro-
ducing phloem cells outwards and xylem cells inwards, so 
the root gets thicker (Smetana et al., 2019). In some species, 
e. g., in the vast majority of monocots, the cambium is not 
formed and no secondary growth is initiated. In this case, all 
procambium cells get differentiated. 

Embryo polarity establishment  
and the predetermination of provascular initials
The development of a multicellular organism is accompanied 
by a gradual increase in the limitation of cellular potencies. At 
the first stage of this process predetermination or specification 
occurs, in other words, the fate of a totipotent cell is established 
in terms of the progenitor of what type of cells it will become. 
Meanwhile, the cell remains undifferentiated and can change 
its fate under certain conditions. The process of cell iden-
tity determination involves the local accumulation of signal 
molecules, which either activate or suppress the activity the 
gene networks inherent in specific cell types. In this case, an 
important role is given to the non-cell-autonomous factors able 
to move between cells and form gradients (Seo et al., 2020).

Provascular stem cells specification at the early globular 
stage of embryogenesis is preceded by a series of cell divisions 
and embryo polarity determination (Lau et al., 2012; De Rybel 
et al., 2014b). The proper accomplishment of these processes is 
essential for the vascular tissue to begin its development from 
the right number of cells placed in the right positions. Plant 
hormone auxin is a key regulator of embryogenesis, whose 
heterogeneous distribution provides positional information, 
which directs embryo development (Weijers, Jürgens, 2005; 
Smit, Weijers, 2015; Mironova et al., 2017). The main auxin 
effector in embryogenesis is transcription factor (TF) AUXIN 
RESPONSE FACTOR 5 (ARF5)/MONOPTEROS (MP) 
(Smit, Weijers, 2015; Verma et al., 2021) and it is believed 
that forming the auxin signal-distribution pattern is provided 
mainly due to feedbacks in regulation of phytohormone 
biosynthesis, its polar intercellular transport and signaling 
pathway (Sauer et al., 2006; Möller, Weijers, 2009; Lau et 
al., 2011; Robert et al., 2015). As a result, at the early stages 
of embryogenesis, auxin is accumulated in the apical cells to 
determine the embryo polarity (Wabnik et al., 2013). Starting 
from the early globular stage (32 cells), its maximum is shifted 
to the upper cells of the suspensor including the hypophysis 
that later gives rise the quiescent center of the root apical 
meristem (Friml et al., 2003; Tanaka et al., 2006).

Although the four provascular initials are only distinguished 
at the early globular stage (Scheres et al., 1994), the cellular 
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Fig. 4. Genetic regulation of provascular meristem development during embryogenesis.
а, Predetermination of provascular initials. The identity of vascular-tissue progenitors is determined in the four inner cells 
of the proembryo lower layer at the dermatogen stage. However, anatomically the four initials can only be detected at the 
early globular stage. b, Xylem progenitor predetermination at the early globular stage; c, formation of the bisymmetric pat-
tern and xylem/phloem progenitor predetermination starting from the heart stage.

identity of vascular tissue progenitors is determined in the four 
inner cells of the lower layer of the proembryo as early as at 
dermatogen stage (Fig. 4, a) (Smit et al., 2020). Via pericli-
nal division at transferring to the 32-cell stage, they produce 
outwards the ground tissue progenitors that lose the vascular 
identity of their maternal cells (see Fig. 4, a, b) (Palovaara et 
al., 2017; Smit et al., 2020). A necessary condition for provas-
cular-initial specification is ARF5/MP-dependent activation of 
the auxin signaling pathway, but meeting this condition alone 
is not enough (Möller et al., 2017; Smit et al., 2020). While 
particular auxin assistants remain unknown, its is suggested 
that this role is performed not by a single key regulator but 
by a multicomponent regulatory network, and TF G-BOX 
BINDING FACTOR 2 (GBF2) is believed to be one of its 
members (Smit et al., 2020) (see Fig. 4, a). GBF2 is assumed 
to modulate ARF5/MP binding to target-gene promoters. It is 
worth mentioning here that the state, in which vascular system 
progenitors are uniformly specified is most likely transient 
with no stable uniform cellular identity. 

Vascular cell predetermination  
in the provascular meristem
As the oriented divisions of the provascular initials and their 
descendants continue, the hypocotyl and root vascular sys-
tems become patterned through specification of particular 
cellular types. An important aspect at this stage is setting the 
boundaries for the cellular domains with different structural 
and functional identities. By the end of embryogenesis, in 

the embryo provascular meristem, the cell identity of all ele-
ments such as proto- and metaphloem, proto- and metaxylem, 
companion-like cells and procambium has been determined 
as evidenced by the data on cell morpho logy and expression 
of marker genes (see Fig. 2) (Bonke et al., 2003; Bauby et 
al., 2007).

In A. thaliana, the bisymmetry of the future root is believed 
to be predetermined already at the early globular stage by the 
extended contact between two provascular initials located 
diagonally relative to each other (see Fig. 4, b). This contact 
is probably formed due to the inaccurate match of cell division 
planes in proembryo (at the four-cell stage) and is important 
for xylem plate formation (De Rybel et al., 2014a). Start-
ing from the early heart stage, auxin begins to be actively 
transported into such contacting provascular cells from the 
cotyledon primordia located above them, while in other cells 
the hormone levels remain low (Bishopp et al., 2011a; Help 
et al., 2011; De Rybel et al., 2014a). The local increase in 
auxin concentration is necessary for the specification of xylem 
progenitor cells (Bishopp et al., 2011a).

At the same time, the cells rich in auxin begin to act as an 
organizing center for the provascular meristem, coordinating 
its growth through periclinal divisions and establishment of 
bisymmetric organization (De Rybel et al., 2014a). Auxin in-
duces the ARF5/MP-dependent expression of  TFs TARGET 
OF MONOPTEROS 5 (TMO5) and TMO5-LIKE1 (T5L1) 
(Schlereth et al., 2010; De Rybel et al., 2013, 2014b), which, 
forming heterodimers with the auxin-independent LONE-
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SOME HIGHWAY (LHW) TF (De Rybel et al., 2013), acti-
vate the expression of cytokinin biosynthesis genes LONELY 
GUY3 (LOG3) and LOG4 (Kuroha et al., 2009; De Rybel 
et al., 2014a) (see Fig. 4, c). Simultaneously, auxin blocks 
cytokinin signal transduction, increasing the expression of 
gene ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER 
PROTEIN 6 (AHP6 ) encoding a cytokinin signaling pathway 
inhibitor (Mähönen et al., 2006; Bishopp et al., 2011a), so 
a local cytokinin source is formed in xylem progenitors lack-
ing cytokinin signaling.

The high cytokinin level, on the one hand, limits auxin ef-
flux from xylem progenitor cells by controlling the localization 
of auxin transporter PIN-FORMED 1 (PIN1) on the cell mem-
brane (Marhavý et al., 2011; De Rybel et al., 2014a). On the 
other hand, cytokinin diffuses into neighboring cells following 
the concentration gradient. In these cells, in the absence of the 
inhibitor (Cheng, Kieber, 2014), cytokinin activates signaling 
cascade to stimulate periclinal divisions (Smit, Weijers, 2015). 
Simultaneously, cytokinin signaling suppresses cell specifi-
cation into xylem (Mähönen et al., 2006). This mechanism 
provides for the radial growth of the provascular meristem, 
which is accompanied by spatial separation of the domains 
for increased auxin signal (cells obtain xylem identity) and 
cytokinin signal (pluripotent procambial cells). Its sufficiency 
for self-organization of the bisymmetric pattern was confirmed 
using a mathematical model (De Rybel et al., 2014a).

In early embryogenesis, provascular-meristem progenitors 
begin to express genes encoding peptide hormone CLAVATA 3 
(CLV3)/EMBRYO SURROUNDING REGION 25 (CLE25) 
and mobile TFs of the DNA BINDING WITH ONE  FINGER 
(DOF) family united in the PHLOEM EARLY DOF (PEAR) 
group marking sieve-element progenitors in the postembryo-
nic period (Miyashima et al., 2019; Ren et al., 2019). CLE25 

is expressed starting from a 64-cell embryo stage (Ren et 
al., 2019). Cytokinin-independent expression of PEAR1 is 
detected already at a 16-cell stage, and starting from an early 
heart stage, this gene expression is activated by cytokinin 
(Miyashima et al., 2019). It is assumed that the CLE25 pep-
tide binding to the CLE-RESISTANT RECEPTOR KINASE 
(CLERK)-CLV2 receptor together with the PEAR1 TF con-
tribute to the early specification of phloem progenitor cells. 
However, unlike that for xylem, the mechanism to initiate 
phloem development in embryogenesis remains unknown. 

Maintaining xylem/phloem-precursor cellular 
identity in the root apical meristem

Bisymmetric pattern in stele
In the postembryonic period, the stele cells progenitors main-
tain the bisymmetric pattern established in embryogenesis, 
so some of the mechanisms regulating the cell dynamics and 
vascular-system element predetermination in provascular me-
ristem keep functioning even after germination. However, it 
cannot be said with complete certainty that these mechanisms 
are identical.

In the apical meristem, auxin-rich xylem progenitors retain 
the function of an organizing center, carrying out TMO5/
LHW-mediated regulation of cytokinin levels in procambial 
cells (Fig. 5) (Ohashi-Ito, Bergmann, 2007; Bishopp et al., 
2011a; De Rybel et al., 2013; Ohashi-Ito et al., 2013, 2014; 
Vera-Sirera et al., 2015; Yang et al., 2021). The high content 
of active cytokinin in xylem cells is maintained by TMO5/
LHW-dependent activation of not only cytokinin biosynthesis 
genes LOG3 and LOG4 but also of the BGLU44 gene encod-
ing a β-glucosidase enzyme (Fig. 6). Cytokinin response in 
xylem is blocked by auxin through AHP6 gene expression  

ba

Fig. 5. Bisymmetric auxin/cytokinin distribution pattern in A. thaliana root tip stele. a, Xylem plate is located perpendicular to an 
optical section plane; b, xylem plate is in parallel to an optical section plane.
Microimages for the TCSn::ntdTomato-DR5revV2::n3GFP reporter line (Smet et al., 2019) were obtained using a confocal microscope. The 
cell walls were stained with propidium iodide. GFP (green) and Tomato (red) nuclear signals mark the activity of auxin and cytokinin signal-
ing pathways, respectively. An auxin response is observed in xylem progenitors with the maximum in protoxylem ones, and a cytokinin 
response – in xylem-adjacent procambial cells, in this way marking the morphofunctional domains of the root tip stele. Scale 50 µm.
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Fig. 7. Genetic circuit regulating proto- and metaxylem/phloem cell pre-
determination in A. thaliana.
Separation of the proto- and metaxylem domains is determined by the con-
centration gradient of the TFs of the HD-ZIP III TF family. The auxin-activat-
ed mobile SHR TF diffuses from the xylem to the endodermis and binds to 
the SCR protein to activate miRNA165 expression. MicroRNAs that degrade 
HD- ZIP III family TF mRNA form the concentration gradient towards the center 
and limit HD-ZIP III TF localization to the central domain, thus predetermining 
metaxylem cells. Phloem predetermination, on the other hand, begins with 
cytokinin-activated expression of the DOF family TFs. They activate the signal 
CLE peptides that migrate to neighboring cells, interact with the BAM recep-
tors, and induce DOF degradation to produce a boundary between the future 
phloem and its neighboring cells. The dashed arrow indicates mobile regula-
tor movement.
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induction (Bishopp et al., 2011a) as well as through limiting 
the activity of TMO5/LHW by activating the ACAULIS 5 
(ACL5)–SUPPRESSOR OF ACAULIS5 LIKE3 (SACL3) 
regulatory module blocking the formation of the TMO5/LHW 
heterodimer by competing with TMO5 for binding to LHW 
(Katayama et al., 2015; Cai et al., 2016) (see Fig. 6). Mean-
while, in xylem-adjacent procambial cells, the level of the 
cytokinin diffusing from the xylem is limited by TMO5/ LHW-
dependent activation of CYTOKININ OXIDASE 3 (CKX3). 
The activation is mediated by the mobile SHORT ROOT 
(SHR) TF, encoded by TMO5/LHW target gene. The com-
bined action of multidirectional regulatory modules ensures 
the stability of the pattern to short-term fluctuations in auxin 
concentrations in xylem cells, while maintaining its sensitivity 
to slower/stable changes (Yang et al., 2021). What is interest-
ing is that the SHR gene is important not only for the root 
radial symmetry but also for the functioning of the quiescent 
center (Tvorogova et al., 2012).

TMO5/LHW-induced cytokinin activates the transcription 
of the DOF2.1 TF in the procambial cells surrounding the 
xylem pole, thus controlling their division (see Fig. 6) (Smet 
et al., 2019). It is worth noting that, besides xylem cells, it is 
differentiated phloem that transports the phytohormone and 
thus can be a source of cytokinin in the root apical meristem 
(Bishopp et al., 2011b). However, mathematical modeling 
has demonstrated that phloem cytokinin is not a fundamental 
source of the positional information for bisymmetric pattern 
formation (Muraro et al., 2014). At the same time, the high 
cytokinin content at the phloem poles arranges periclinal 
divisions of procambium cells through activating the genes 
of mobile TFs of the DOF family united in the PEAR group 
including PEAR1, PEAR2, TMO6, DOF6 (Miyashima et al., 
2019; Smet et al., 2019). They create a concentration gradient 
and activate the periclinal divisions of the procambial cells sur-
rounding the phloem pole. HOMEODOMAIN LEU-ZIPPER 
class-III (HD-ZIP III), TFs whose expression domain is set in 

the central part of the stele (see below) limit the activity of the 
PEAR TFs (see Fig. 6), and PEAR1 activates the transcrip-
tion of the genes belonging to the HD-ZIP III family, forming 
a negative feedback loop.

Proto- and metaxylem predetermination
As in embryogenesis, auxin is necessary for xylem cells 
pre determination in the root apical meristem. In proto- and 
metaxylem predetermination, a key role is given to the 
SHR and miRNA165/166 mobile regulators (Fig. 7). SHR 
is produced by xylem cells, from where the TF spreads 
towards the periphery and, upon reaching the endodermis, 
activates the SCARECROW (SCR) TF, so they together 
induce  miRNA165/166 expression (Carlsbecker et al., 2010; 
De Rybel et al., 2016). MicroRNAs diffuse into neighboring 
cells, creating a concentration gradient towards the center of 
the root. In the stele, miRNA165/166 suppress the expression 
of the genes encoding the TFs of the HD-ZIP III family, limit-
ing it to the central domain (see Fig. 7). In such a way, the 
metaxylem cells are predetermined. Whether this mechanism 
works in embryogenesis remains unknown, but this is a pos-
sibility since the PHABULOSA (PHB) TF of the HD-ZIP III 
family is expressed in the embryo root (Grigg et al., 2009).
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Predetermination of phloem elements
The phloem markers expressed in progenitors and induce the 
tissue development include a number of the DOF family TFs 
(Miyashima et al., 2019; Roszak et al., 2021); strigolactone 
signaling pathway suppressors SUPPRESSOR OF MAX2 
1-LIKE 3 (SMLX3), SMLX4 and SMLX5 (Wallner et al., 
2017); membrane proteins BREVIS RADIX (BRX), OCTO-
PUS (OPS), OPS-LIKE 2 (OPL2) (Ruiz Sola et al., 2017); 
phosphatase COTYLEDON VASCULAR PATTERN 2 
(CVP2) and its homolog CVP2-LIKE 1 (CVL1) (Rodriguez-
Villalon et al., 2015); the ALTERED PHLOEM DEVELOP-
MENT (APL) TF (Bonke et al., 2003).

The formation of protophloem elements is controlled by 
shifting the balance towards inducing or suppressing mecha-
nisms with the central link connecting the opposing regula-
tory modules being phloem-specific TFs of the DOF family 
(Qian et al., 2022). On the one hand, these TFs induce the 
expression of phloem development activators, such as APL 
as well as their own genes, forming a positive feedback loop. 
On the other hand, DOFs induce the expression of CLE25, 
CLE26, and CLE45 signaling peptides migrating to neighbor-
ing cells where they trigger an inhibitory regulatory module 
(see Fig. 7). Interacting with the BARELY ANY MERI-
STEM (BAM) receptors and the CLAVATA3 INSENSITIVE 
RECEPTOR KINASE (CIK) co-receptors, the CLE peptides 
induce the degradation of the DOF family TFs, suppressing 
the formation of protophloem elements. The activity of the 
CLE peptide receptors can be additionally regulated, e. g., by 
the MEMBRANE-ASSOCIATED KINASE REGULATOR 5 
(MAKR5) (Kang, Hardtke, 2016) or CORYNE (CRN) (Hazak 
et al., 2017) regulators. The TFs of the DOF family activate 
the expression of the genes encoding the OPS membrane 
protein suppressing the BAM-CIK module (Qian et al., 2022). 
Properly positioned protophloem progenitor cells overcome 
the inhibitory effect of CLE peptides due to the DOF TF ac-
cumulation determined by the positive feedback. Such a ba-
lancing mechanism makes it possible to repattern the phloem 
in case protophloem development has been disrupted (Gujas et 
al., 2020). Here it should be noted that metaphloem develop-
ment is probably regulated by other mechanisms and does not 
depend on that of the protophloem (Graeff, Hardtke, 2021).

During phloem formation, the phloem/procambium stem 
cell divides anticlinally to produce a daughter procambium 
and sieve-element progenitor to divide periclinally and form 
a procambium progenitor and a phloem sieve-element pro-
genitor. The latter undergoes another periclinal division to 
produce proto- and metaphloem progenitors (Rodriguez-
Villalon, 2016). Companion-like cells are another product of 
asymmetric division, but come from a different initial. These 
asymmetric cell divisions are controlled by a positional signal, 
a SHR-protein gradient whose migration into the endodermis 
activates miRNA165/166 and induces asymmetric divisions 
producing companion-like cells, while SHR movement into 
the phloem is necessary for the asymmetric divisions leading 
to proto- and metaxylem formation (Kim et al., 2020).

Conclusions
The vascular system of A. thaliana root is set at the earliest 
stages of embryogenesis. Wherein, the predetermination of 
provascular initials implies a labile, unstable, and reversible 

specification based on the physical arrangement of cells in the 
embryo and influenced by a complex regulatory network of 
transcription factors. An interesting moment here is that both 
xylem (e. g., TMO5, T5L1) and phloem (e. g., PEAR1, TMO6, 
DOF6) markers are jointly expressed by provascular initials in 
early embryogenesis, but later they are separated into different 
spatial domains in the provascular meristem and seedling.

In A. thaliana, the vascular system is patterned by the time 
of embryo maturation. Partially, the gene network that con-
trols this process in embryogenesis continues to maintain the 
vascular system structure of the growing root of the seedling 
and later during plant ontogenesis. This is associated with 
local accumulation of the molecular markers that are stably 
expressed in progenitor cells of a certain type. However, 
the factors working both in embryogenesis and during post- 
embryonic development can act at these stages in different 
ways.

Despite the significant progress that has recently been 
achieved in understanding the molecular and genetic mecha-
nisms regulating vascular system development in plants, 
many questions remain open, in particular, those related to 
the existence of parallel regulatory pathways and feedfor-
ward loops. This is a good basis for building mathematical 
models whose analysis helps shed light on the relationship 
between various regulatory circuits and their functional  
significance.
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Abstract. Hepatitis C virus (HCV) is a risk factor that leads to hepatocellular carcinoma (HCC) development. Epigenetic 
changes are known to play an important role in the molecular genetic mechanisms of virus-induced oncogenesis. 
Aber rant DNA methylation is a mediator of epigenetic changes that are closely associated with the HCC pathogenesis 
and considered a biomarker for its early diagnosis. The ANDSystem software package was used to reconstruct and 
evaluate the statistical significance of the pathways HCV could potentially use to regulate 32 hypermethylated genes 
in HCC, including both oncosuppressor and protumorigenic ones identified by genome-wide analysis of DNA methyla-
tion. The reconstructed pathways included those affecting protein-protein interactions (PPI), gene expression, protein 
activity, stability, and transport regulations, the expression regulation pathways being statistically significant. It has 
been shown that 8 out of 10 HCV proteins were involved in these pathways, the HCV NS3 protein being implicated 
in the largest number of regulatory pathways. NS3 was associated with the regulation of 5 tumor-suppressor genes, 
which may be the evidence of its central role in HCC pathogenesis. Analysis of the reconstructed pathways has demon-
strated that following the transcription factor inhibition caused by binding to viral proteins, the expression of a number 
of oncosuppressors (WT1, MGMT, SOCS1, P53) was suppressed, while the expression of others (RASF1, RUNX3, WIF1, 
DAPK1) was activated. Thus, the performed gene-network reconstruction has shown that HCV proteins can influence 
not only the methylation status of oncosuppressor genes, but also their transcriptional regulation. The results obtained 
can be used in the search for pharmacological targets to develop new drugs against HCV-induced HCC.
Key words: hepatocellular carcinoma; hepatitis C virus; expression regulation; methylation; regulatory pathways; gene 
networks; bioinformatics.
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Аннотация. Вирус гепатита С (ВГС) считается фактором риска для возникновения гепатоцеллюлярной карци-
номы (ГЦК). Известно, что большую роль в молекулярно-генетических механизмах вирус-индуцированного 
онкогенеза играют эпигенетические изменения. Аберрантное метилирование ДНК служит медиатором эпиге-
нетических изменений, которые тесно связаны с патогенезом ГЦК, и признано биомаркером для его ранней 
диагностики. С помощью ANDSystem проведены реконструкция и оценка статистической значимости путей 
потенциальной регуляции вирусными белками ВГС 32 генов человека, гиперметилированных при ГЦК. Среди 
исследованных генов были как онкосупрессоры, так и проопухолевые гены, идентифицированных по данным 

© Antropova E.A., Khlebodarova T.M., Demenkov P.S., Venzel A.S., Ivanisenko N.V., Gavrilenko A.D., Ivani senko T.V., Adamovskaya A.V., Revva P.M.,  
     Lavrik I.N., Ivanisenko V.A., 2022

This work is licensed under a Creative Commons Attribution 4.0 License

СИСТЕМНАЯ КОМПЬЮТЕРНАЯ БИОЛОГИЯ
Оригинальное исследование / Original article

Вавиловский журнал генетики и селекции. 2022;26(8):733-742
DOI 10.18699/VJGB-22-89

Original Russian text  https://sites.icgbio.ru/vogis/

https://sites.icgbio.ru/vogis/


E.A. Antropova, T.M. Khlebodarova, P.S. Demenkov… 
P.M. Revva, I.N. Lavrik, V.A. Ivanisenko

734 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 8

Computer analysis of regulation of hepatocarcinoma 
marker genes hypermethylated by HCV proteins

полногеномного анализа метилирования ДНК. Реконструированы регуляторные пути, включающие белок-бел-
ковые взаимодействия, регуляцию экспрессии генов, регуляцию активности, стабильности и транспорта белков. 
Среди статистически значимых оказались пути регуляции экспрессии. Показано, что восемь из десяти белков 
ВГС являются участниками данных путей. Белок ВГС NS3 был вовлечен в наибольшее число регуляторных путей. 
NS3 связан с регуляцией пяти генов-онкосупрессоров, что может свидетельствовать о его центральной роли в 
патогенезе ГЦК. Анализ реконструированных путей показал, что при ингибировании транскрипционных фак-
торов в результате связывания с вирусными белками, экспрессия ряда онкосупрессоров (WT1, MGMT, SOCS1, 
P53) подавлялась, тогда как экспрессия других (RASF1, RUNX3, WIF1, DAPK1) активировалась. Таким образом, с 
помощью реконструкции генных сетей показано, что вирусные белки гепатита С способны влиять не только на 
статус метилирования генов-онкосупрессоров, но и на их транскрипционную регуляцию. Полученные резуль-
таты могут быть использованы при поиске фармакологических мишеней для разработки новых средств против 
ГЦК, индуцированной ВГС.
Ключевые слова: гепатоцеллюлярная карцинома; вирус гепатита С; регуляция экспрессии; гиперметилирование; 
регуляторные пути; генные сети; биоинформатика.

Introduction
Liver cancer is the third leading cause of cancer-related 
death in the world according to year 2020 statistics with over 
900,000 new cases of this pathology registered the same 
year around the world (International Agency for Research 
on Cancer, https://gco.iarc.fr/today/home). Hepatocellular 
carcinoma (HCC) has been the dominant type of primary 
liver cancer, comprising about 90 % of all the cases (Llovet 
et al., 2016). It may be caused by several risk factors such 
as aflatoxin exposure, alcohol consumption; hepatitis B or 
C (HCV) virus infection, liver cirrhosis, non-alcoholic fatty 
liver disease, non-alcoholic steatohepatitis, metabolic syn-
drome, obesity, type II diabetes, and genetic predisposition 
(McGlynn et al., 2021).

Currently, a lot of data has been accumulated on HCV 
association with impaired liver function, cirrhosis and HCC 
development (Rabaan et al., 2020). Having gotten into a hu-
man body, HCV seeks to exercise control over the biological 
processes occurring in host cells in order to increase its sur-
vival and replication efficiency. In more than 70 % of those 
initially infected, the disease takes on a chronic course, so the 
patients experience progressive liver-tissue fibrosis and cir-
rhosis accompanied by long-term inflammation (Jaroszewicz 
et al., 2015). Using various mechanisms for infected cell coop-
tation, the virus can inadvertently lead to HCC development 
(D’souza et al., 2020). At the same time, the molecular and 
genetic mechanisms of virus-induced carcinogenesis remain 
understudied.

In addition, HCC pathogenesis is associated with epigenetic 
modifications and aberrant DNA methylation being a mediator 
of epigenetic changes (Fernández-Barrena et al., 2020) that 
can serve as a biomarker for early HCC diagnosis (Zhang C. 
et al., 2016; Xu et al., 2017).

To establish the functional links between genes and to elu-
cidate the molecular mechanisms of biological processes, the 
methods for gene networks reconstruction have been widely 
employed. Previously, we developed the Associative Net work 
Discovery System (ANDSystem) software package designed 
to reconstruct gene networks based on the knowledge extrac-
ted from factual databases and scientific publications  using 
text-mining techniques (Ivanisenko V.A. et al., 2015, 2019; 
Ivanisenko T.V. et al., 2020). The package has enabled one to 
reconstruct the molecular mechanisms of a number of patholo-
gies such as preeclampsia (Glotov et al., 2015), tuberculosis 

(Bragina et al., 2016), comorbid conditions of asthma and 
hypertension (Saik et al., 2018), COVID-19 (Ivanisenko N.V. 
et al., 2020), HCV life cycle (Saik et al., 2016), etc. 

In the present study, ANDSystem was employed to re-
construct the regulatory pathways describing the potential 
regulation mechanisms of the genes hypermethylated in HCC 
by HCV proteins. The analysis looked at the 32 genes known 
to be hypermethylated HCC markers. Among the 7 types of 
reconstructed regulatory pathways including protein-protein 
interactions (PPI), gene expression, protein activity, stability 
and transport regulations, those responsible for gene expres-
sion regulation turned out to be statistically significant. Nine 
marker genes were identified that could potentially be subject 
to regulation by HCV proteins, including three HCC suppres-
sor genes (MGMT, SOCS1 and TP53) that could be negatively 
regulated and one apoptosis suppressor gene (TERT ) that can 
be positively regulated. 

Materials and methods
Genes hypermethylated in HCC. Information about the 
hypermethylated genes was taken from publications (Table 1). 
Only those genes were considered whose hypermethylation 
was associated with HCC and confirmed through the analysis 
and meta-analysis given in the publications. The schematic of 
the data-processing algorithm can be seen in Figure 1.

Regulatory pathways reconstruction in ANDSystem. 
The regulatory pathways were reconstructed using the AND-
System software package (Ivanisenko V.A. et al., 2019) that 
had been designed to perform gene-networks reconstruction 
based on automated analysis of scientific texts and factual 
databases. ANDSystem includes a knowledge base with more 
than 40 million facts about molecular-genetic interactions, 
containing physical intermolecular interactions, gene expres-
sion, protein activity, stability and transport regulations. In the 
package, it is the the ANDVisio program that reconstructs and 
analyzes gene networks using the Pathway Wizard function 
performing search calls to the knowledge base according to 
a given pattern. A schematic description of the used patterns 
is given in Table 2.

For instance, P4 means searching for all possible molecular 
genetic pathways in the ANDSystem knowledge base that 
satisfy the following requirement: the first participant in 
the pathway is the viral protein (Vp); the second is human 
protein (Hp); the third is a human gene from a list of target 
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Table 1. List of the hypermethylated genes used in the analysis

Gene Encoded protein Source

APC Adenomatous polyposis coli Zhang С. et al., 2016

COL7A1 Collagen alpha-1(VII) chain Schulze et al., 2015

COL16A1 Collagen alpha-1(XVI) chain Schulze et al., 2015

DAPK1 Death-associated protein kinase 1 Zhang C. et al., 2016

DSE Dermatan-sulfate epimerase Cheng et al., 2018

FAM55C NXPE family member 3 Cheng et al., 2018

FAT4 Protocadherin Fat 4 Schulze et al., 2015

GALNT3 Polypeptide N-acetylgalactosaminyltransferase 3 Cheng et al., 2018

GSTP1 Glutathione S-transferase P Zhang C. et al., 2016

IGFALS Insulin-like growth-factor–binding protein, acid labile subunit Neumann et al., 2012

KCNA3 Potassium voltage-gated channel subfamily A member 3 Hernandez-Meza et al., 2021

LDHB L-lactate dehydrogenase B chain Hernandez-Meza et al., 2021

MGMT O6-methylguanine-DNA methyltransferase Zhang C. et al., 2016

NEBL Nebulette Cheng et al., 2018

NEFH Neurofilament heavy polypeptide Revill et al., 2013

OPCML Opioid binding protein/cell adhesion molecule-like Zhang C. et al., 2016

TP53 Cellular tumor antigen p53 Zhang C. et al., 2016

PER3 Period circadian protein homolog 3 Neumann et al., 2012

PRDM2 PR domain containing 2 Zhang C. et al., 2016

PROZ Vitamin K-dependent protein Z Neumann et al., 2012

RARβ Retinoic acid receptor beta Zhang C. et al., 2016

RASSF1A Ras association domain-containing protein 1 Zhang C. et al., 2016

RUNX3 Runt-related transcription factor 3 Zhang C. et al., 2016

SFRP1 Secreted frizzled-related protein 1 Zhang C. et al., 2016

SMPD3 Sphingomyelin phosphodiesterase 3 Revill et al., 2013

SOCS1 Suppressor of the cytokine signalling 1 Zhang C. et al., 2016

SPINT2 Serine peptidase inhibitor, Kunitz type, 2 Zhang C. et al., 2016; Hernandez-Meza et al., 2021 

TERT Telomerase reverse transcriptase Zhang H. et al., 2015

TSPYL5 Testis-specific Y-encoded-like protein 5 Hernandez-Meza et al., 2021

TTC36 Tetratricopeptide repeat protein 36 Jing et al., 2022

WIF1 WNT inhibitory factor 1 Zhang C. et al., 2016

WT1 Wilms tumor 1 Zhang C. et al., 2016

genes (Tg); the last member of the pathway is a Tg-encoded 
protein (Tp). Further in the text, HCC marker genes will be 
regarded as target ones. Interactions between pathway par-
ticipants are represented by the following types: Vp and Hp 
are linked by PPIs; Hp and Tg are “expression regulation” 
interaction type (Exp reg), where Hp regulates Tg gene expres-
sion; Tg and Tp are interaction of the “expression” interaction 
type (Exp), i. e., the Tp protein is the expression product of 
the Tg gene. Examples of regulatory pathway reconstruction 

in ANDSystem using the patterns presented in the previous 
work (Ivanisenko V.A. et al., 2022).

Estimating the statistical significance of pathways. The 
pattens from Table 2 were used to calculate the number of 
marker genes K participating in the regulatory pathways, 
as well as the number of such participants in the sample of 
control gene. The likelihood of observing the number K for 
random reasons was estimated using the standard hypergeo-
metric distribution and the hypergeom function from the 
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Enlist hypermethylated genes 
from publications

Build patterns for searching 
the regulatory pathways

Select  
HCC-associated genes

Reconstruct  
the pathways  
in ANDSystem

Estimate  
statistical significance  

of the pathways

Analyze of the statistically significant pathways  
from HCV to the hypermethylated HCC genes 

Fig. 1. Schematic description of the data processing algorithm.

Table 2. Patterns to search for the regulatory pathways  
describing viral – protein modulation of HCC marker genes 

Pattern #  Pattern scheme

P1 Vp Tp

P2 Vp Hp Tp

P3 Vp Hp               Tp

P4 Vp Hp Tg Tp

P5 Vp Hp Hg Hp Tg Tp

P6 Vp Hp Hg Hp               Tp

P7 Vp Hp Hg Hp Tp

Notе. Vp – HCV proteins; Hp – any human proteins involved in the interac-
tions; Hg – any human genes involved in the interactions; Tg – target genes 
(HCC marker genes); Tp – Tg-encoded target genes; PPI – protein-protein in-
teractions; Act/Stab/Pr/PPM/Tr – activity or stability regulation, or proteolysis, 
or post-translational modifications, or transport regulation function; Exp reg – 
gene-expression regulation; Exp – protein-producing gene expression.

PPI

PPI PPI

Exp reg

Act/Stab/Pr/PPM/Tr

Act/Stab/Pr/PPM/Tr

PPI

Exp reg

Exp reg

Exp reg

Exp reg

Exp

Exp Exp

Exp

Exp

PPI

PPI

PPI

PPI PPI

Table 3. Results of assessing the significance  
of the regulatory pathways described by different patterns 

Regulatory 
pathway 
pattern

Number  
of participating  
gene-markers 

P-val FDR

P1 0 – –

P2 15 0.52 0.62

P3 5 0.17 0.34

P4 9 0.0054 0.032

P5 21 0.047 0.14

P6 10 0.39 0.58

P7 23 0.83 0.83

Notе. P-val is the level of statistical significance; FDR is the level of statistical 
significance accounting for multiple comparisons as per the false discovery 
rate (expected proportion of false rejections). 

SciPy 1.8.0 package (https://scipy.org). For the purposes of 
statistical processing, a group of genes proposed by Hoshida 
et al. (2008) as a control to predict HCC outcomes based on 
the expression level of genes was taken.

Results

Reconstruction of the potential regulatory pathways  
HCV proteins use to affect HCC marker genes
A set of hypermethylated HCC marker genes was used to 
reconstruct the potential regulatory pathways through which 
viral proteins could modulate the genes playing an important 
role in HCC pathogenesis (see Table 1). The set had been 
based on the published results of a genome-wide analysis of 
DNA methylation and included 30 genes, the expression of 
which, according to the studies, was reduced in hepatocellular 
carcinoma, and two genes (WT1 and TERT ) with increased 
expression.

To reconstruct the regulatory pathways, the ANDSystem 
software package was used. The search queries to the know-
ledge base were formed using the pathway patterns presented 
in Table 2. The patterns described different types of regulatory 
pathways determined by different combinations of molecular-
genetic interactions, including PPIs, gene expression, protein 
activity, stability, and transport regulations.

Analysis of the statistical significance of the pathways 
automatically reconstructed by ANDSystem according to the 
given patterns showed that among the seven types of regula-
tory pathways analyzed, expression regulation ones turned 
out to be statistically significant (P4 in Table 3). This pattern 
describes the pathways including four participants: (1) viral 
proteins; (2) human transcription factors (TF) involved in PPIs 
with viral proteins; (3) marker genes presented in Table 1, 
whose expression is regulated by (2); (4) protein products of 
marker genes.

The gene network describing the regulation pathways of 
HCC marker genes included 8 HCV proteins, 7 intermediate 
host proteins involved in PPIs with HCV proteins, and 9 genes 

(DAPK1, SOCS1, MGMT, RASSF1, RUNX3, TP53, WIF1, 
WT1, and TERT) whose aberrant expression correlated with 
HCC progression (Fig. 2).

Analysis of the regulatory pathways
The regulatory pathways involved 8 out of 10 HCV proteins 
and 6 human genes, which protein products acting as the in-
termediate participants the viral proteins could form protein 
heterocomplexes with. The latter included such genes of 
transcription factors as STAT3 (Signal transducer and activa-
tor of transcription 3), NR4A1 (Nuclear receptor subfamily 4 
group A member 1), JUN (c-Jun/activator protein 1), BCL6 
(B-cell lymphoma 6 protein), transmembrane receptor NOTC1 
(Neurogenic locus notch homolog protein 1) and histone 
methyltransferase SMYD3 (Lysine methyltransferase SET 
and MYND domain containing protein 3).

Most of the viral proteins were associated with RUNX3 and 
WT1 regulation. Six of them (NS4A, Core, p23, gp32, NS1, 
and NS5B) interacted with NR4A1 being a general expression 
regulator of these two HCC marker genes.
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Fig. 2. Gene network including statistically significant regulatory pathways for the viral proteins to influence HCC marker genes ex-
pression that was reconstructed in ANDSystem using the P4 pattern.
Legend: HCV proteins (yellow-red large balls) – p8 (Non-structural protein 4A, NS4A), p21 (Core, Capsid protein C), p23 (Protease NS2-3), gp32 
(Envelope glycoprotein E1), NS1 (Envelope glycoprotein E2), p56 (NS5A), p68 (NS5B), p70 (Hepacivirin, NS3); intermediate proteins (blue-red 
balls) – BCL6 (B-cell lymphoma 6 protein), NOTC1 (Neurogenic locus notch homolog protein 1), NR4A1 (Nuclear receptor subfamily 4 group A 
member 1), JUN (c-Jun/activator protein 1), SMYD3 (lysine methyltransferase SET and MYND domain containing protein 3), STAT3 (Signal 
trans ducer and activator of transcription 3); hypermethylated genes (highlighted in white frames) and their protein products – DAPK1 (Death 
associated protein kinase 1), MGMT (Methylated-DNA-protein-cysteine methyltransferase), RASSF1 (Ras association domain family member 1), 
RUNX3 (Runt-related transcription factor 3), SOCS1 (Suppressor of cytokine signaling 1), TERT (Telomerase reverse transcriptase), TP53 (Tumor 
protein p53), WIF1 (Wnt inhibitory factor 1), WT1 (Wilms tumor protein).

HCV protein NS3 (p70) interacted with the largest number 
of expression regulators, and through these interactions it 
could potentially regulate the expression of five tumor sup-
pressor genes and that of TERT.

Now, let us consider the possibilities of implementing of 
these regulatory pathways in more detail.

p8, p21, p68, gp32, p23, NS1/NR4A1/RUNX3, WT1. This 
regulatory pathway suggests six HCV proteins (p8, p21, p68, 
gp32, p23, NS1) can possibly affect HCC development by con-
trolling the activity of the RUNX3 and WT1 genes through the 
NR4A1 transcription factor. Indeed, NR4A1 directly interacts 
with the RUNX3 and WT1 promoters, suppressing RUNX3 
activity and activating that of WT1 (Nowyhed et al., 2015; 
Zong et al., 2017). Both factors are involved in apoptosis regu-
lation, hence, RUNX3 promotes activation of the extrinsic, 
TRAIL-induced apoptosis pathway (Kim et al., 2019), while 
WT1 controls the mitochondrial (internal) apoptosis pathway 
through the regulation of the Bcl-2 anti-apoptotic protein 
gene, and, depending on a cell type, affects the expression 
of the Bcl-2 gene in both positive and negative ways (Mayo 
et al., 1999; Loeb, 2006). It has been shown that in HCC, an 
increased expression of the WT1 gene is observed, which is 
due to hypermethylation of its promoter and correlates with 
a poor prognosis (Sera et al., 2008; Mžik et al., 2016). These 
data suggest that the role WT1 plays in HCC progression is 
associated with blocked apoptosis. 

Experiments have demonstrated that HCV core protein 
inhibits at least the NR4A1 and RUNX3 genes expression in 
infected cells (Tan, Li, 2015), contributing to suppressing an 
external apoptosis pathway. The Y2H test (Two Hybrid Test) 
has shown NR4A1 can interact with such viral proteins as 
CORE, E1, E2, NS2, NS4A, and NS5B (de Chassey et al., 
2008), but except for CORE, the effects of the other HCV 
proteins on TF activity have not been investigated yet.

E1, NS3, Core, p23, NS1, p68/JUN, NOTC1, STAT3/
TERT. Aberrant expression of the TERT gene, associated, 
among other things, with hypermethylation of its promoter, is 
a prognostic marker of HCC (Zhang H. et al., 2015; Zucman-
Rossi et al., 2015; Oversoe et al., 2020). TERT affects disease 
progression through stimulation of cell proliferation due to 
reactivation of its gene expression in carcinoma cells (Nault 
et al., 2019; In der Stroth et al., 2020). TERT activity has been 
shown to also increase in HCV-infected cells, partly through 
direct interaction of the core protein with the enzyme (Zhu et 
al., 2010, 2017), however, in general, the mechanisms HCV 
proteins affect TERT activity are not clear. This regulatory 
pathway suggests the involvement of the virus NS3, Core, 
E1, p23, NS1, and NS5B proteins in TERT gene expression 
through interaction with the JUN (AP-1), STAT3, and NOTC1 
proteins.

Indeed, experiments have shown that there is a possibility 
to affect TERT expression through the AP-1 and STAT3 TFs 
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being its direct regulators (Konnikova et al., 2005; Takakura 
et al., 2005), as well as through the NOTC1 signaling pathway 
(Sawangarun et al., 2018). Moreover, it has been demonstrated 
that the HCV NS3 protein affects NOTC1 activity through 
the SRCAP transcription factor (Iwai et al., 2011) and the 
expression of AP1- and STAT3-regulated genes (Hassan et al., 
2005, 2007; Machida et al., 2006; Li et al., 2010), however, 
the specific mechanisms of realization of these influences in 
infected hepatocyte cells have not been practically examined.

gp32, p70/JUN/WIF1.  This regulatory pathway describes 
the effect the NS3 and E1 HCV proteins have on WIF1 (Wnt 
inhibitory factor 1) gene expression through interaction with 
the c-Jun/AP-1 TF. WIF1 is a tumor suppressor that reduces 
cell growth in HCC (Deng et al., 2010), and its expression 
level is a prognostic indicator of the course of the disease 
(Huang et al., 2011).

Experiments have demonstrated that there is both the pos-
sibility of a direct effect of the NS3 and E1 proteins on the 
activity of c-Jun/AP-1 (de Chassey et al., 2008), and the latter 
can affect the expression of the WIF1 gene through interaction 
with the DNMT1 methyltransferase (DNA methyltransfe-
rase 1), suppressing WIF1 in gallbladder cancer cells (Lin et 
al., 2018). But what mechanisms of WIF1 gene suppression 
are initiated in HCV-infected hepatocarcinoma cells remains 
unknown.

p70/STAT3/MGMT, DAPK1, SOCS1. This regulatory 
pathway is initiated by NS3 (p70) affecting the activity of the 
MGMT, SOCS, and DAPK1 genes through interaction with 
the STAT3 TF. Proteins DAPK1 (Death-associated protein 
kinase 1), MGMT (Methylated-DNA-protein-cysteine methyl-
transferase), and SOCS1 (Suppressor of cytokine signaling 1) 
are considered tumor suppressors, and their low expression 
in carcinomas correlates with disease progression (Gui et al., 
2011; Jiang et al., 2019; Chen J. et al., 2020; Chen P. et al., 
2020; Song et al., 2020).

Experiments have demonstrated that NS3 can directly in-
teract with the STAT3 TF (de Chassey et al., 2008) involved 
in the regulation of the expression of the abovementioned 
genes (Kohsaka et al., 2012; Benderska, Schneider-Stock, 
2014; Yang C. et al., 2015), however, the effect of STAT3 
on MGMT, SOCS, and DAPK1 expression is not unambigu-
ous and may be associated with cell specialization. As for 
the mechanisms regulating the expression of these genes in  
HCV-infected hepatocarcinoma cells, they have not been 
studied yet.

p70/BCL6/TP53. TP53 is a key activator of intrinsic apop-
tosis pathway. The NS3 (p70) protein affects TP53 through 
interaction with the BCL6 (B-cell lymphoma 6 protein) TF. 
TP53 is a HCC marker gene of and its low expression cor-
relates with poor disease prognosis (Liu et al., 2012; Ye et 
al., 2017). BCL6 represses the TP53 gene in lymphoid cells, 
and its constitutive expression protects B lymphocytes from 
DNA damage-induced apoptosis (Phan, Dalla-Favera, 2004; 
Jardin et al., 2007). However, the data describing the effect 
of HCV has on TP53 and BCL6 expression in these cells are 
associated with a possible mutation induction and are mutu-
ally exclusive (Machida et al., 2004; Tucci et al., 2013). The 
interaction of NS3 and BCL6 is discussed in (Han et al., 2016), 
but the specific mechanisms NS3 affects the TF activity have 
not been studied yet.

Discussion
The studied set of hypermethylated HCC marker genes (see 
Table 1) included 30 downexpressed and two over-expressed 
genes. Using ANDSystem, the regulatory pathways by which 
HCV proteins are able to influence the expression of these 
marker genes were reconstructed. The relationship between 
the pathways and HCC-associated key biological processes is 
shown in Figure 3. According to the published data, the WT1, 
RUNX3, TP53, and SOCS1 genes are closely associated with 
apoptosis (Mayo et al., 1999; Loeb, 2006; Kim et al., 2019), 
while the MGMT, TERT, RASSF1A, and WIF1 genes – with 
apoptosis and cell proliferation (He et al., 2005; Sarin et al., 
2005; Choi et al., 2008; Feng et al., 2014; Chen J. et al., 2020; 
Ni et al., 2020).

The analysis showed the identified pathways could poten-
tially be a part of the mechanism HCV proteins affect the ac-
tivity of HCC marker genes. However, the effects the proteins 
have on the function of human regulatory proteins during PPI 
formation are currently poorly understood. This fact prevents 
us from unambiguous interpretation of the reconstructed 
pathways, because what determines if a regulatory pathway 
functions as an activator or suppressor of target gene expres-
sion is whether or not the ability to regulate gene expression 
remains in the host regulatory protein after its interaction with 
the viral protein. Investigation of these effects requires further 
experimental studies and computer molecular modeling.

The literature describes the effects viral proteins can have on 
the function of host proteins, e. g., the NS5A protein is known 
to bind to SMYD3 in the cytoplasm and inhibit SMYD3 trans-
location to the nucleus (Chen M. et al., 2016). If the regulatory 
proteins of a host organism are assumed to lose their ability to 
regulate gene expression due to the complexes formed with 
viral proteins, then the following effects can be expected: 
when considering the pathways regulating onco-suppressor 
expression, four of the seven pathways inhibiting RASF1, 
RUNX3, WIF1, and DAPK1 will be suppressed, which can 
lead to their activation by HCV proteins, and that, in turn, will 
prevent carcinogenesis. In the remaining three pathways, the 
activation of MGMT, SOCS1 and TP53 will be suppressed, 
which may possibly have a protumor effect. In the presented 
pathways (see Fig. 2), WT1, MGMT, SOCS1 and TP53 are 
activated by the corresponding factors (Phan et al., 2004; 
Koh saka et al., 2012; Yang C. et al., 2015; Zong et al., 2017), 
while the expression of RASF1, RUNX3, WIF1, and DAPK1 
genes is negatively controlled (Guo et al., 2011; Benderska, 
Schneider-Stock, 2014; Nowyhed et al., 2015; Lin et al., 2018).

In the case of the TERT and WT1 genes that can be at-
tributed to those with protumor activity, suppression of the 
WT1 gene can be expected and will lead to a negative effect 
on carcinogenesis. As for the TERT gene involved in apoptosis 
suppression and stimulating cell proliferation (Nault et al., 
2019; In der Stroth et al., 2020), according to our results (see 
Fig. 2), this gene was controlled through three different regula-
tory pathways. Its expression was activated by two pathways 
involving the STAT3 and NOTC1 host genes (Konnikova et 
al., 2005; Sawangarun et al., 2018), and one of the pathways 
suppressed the expression involving c-JUN/AP-1 (Takakura 
et al., 2005). The interaction with these host proteins could 
lead to a blockage of these regulatory pathways. The pathway 
involving c-JUN/AP-1 may be of particular interest in this 



Компьютерный анализ особенностей регуляции  
гиперметилированных маркерных генов ГЦК белками ВГС

Е.А. Антропова, Т.М. Хлебодарова, П.С. Деменков… 
П.М. Ревва, И.Н. Лаврик, В.А. Иванисенко

2022
26 • 8

739СИСТЕМНАЯ КОМПЬЮТЕРНАЯ БИОЛОГИЯ / SYSTEMS COMPUTATIONAL BIOLOGY

Cancer

Apoptosis Cell proliferation HCV infections 
particle assembly

Hypermethylated 
genes in HCC

Cell proteins

Viral proteins

Fig. 3. Interrelation of the reconstructed regulatory pathways and the key biological processes associated with HCC.

respect, since inhibition of this TF by viral proteins (gp32 and 
NS3) could promote TERT activation. These assumptions are 
in good agreement with the data on differential gene expres-
sion in acute HCV infection when the infected cells showed 
an increased TERT expression (Papic et al., 2012), so this 
pathway can be a promising pharmacological target.

Thus, the considered assumptions lead one to conclude the 
presence of multidirectional regulation of the observed expres-
sion of HCC marker genes. This may indicate that not all regu-
latory pathways controlled by viral proteins can be at tributed 
to HCC risk factors. However, the regulatory pathways that 
ensure the protumor activity of virus proteins undoubtedly 
deserve additional study to understand the mechanisms of 
virus-induced HCC carcinogenesis. In particular, the suppres-
sion of tumor suppressor gene expression by viral proteins can 
enhance the effect of their methylation in HCC or mimic this 
effect when these genes are not methylated, which can either 
provoke HCC onset or complicate its course.

Conclusion
Using the computer methods for gene network reconstruc-
tion available in the ANDSystem package, the statistically 
significant pathways for HCV proteins to regulate HCC gene 
markers have been established. The obtained results describe 
the potential mechanisms of the proteins involvement in HCC 
pathogenesis and may be useful for planning experimental 
studies to search for new targets for the development of drugs 
and prophylactic agents to reduce the risk of HCC developing 
in presence of HCV infection.
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Abstract. L-Valine is one of the nine amino acids that cannot be synthesized de novo by higher organisms and must 
come from food. This amino acid not only serves as a building block for proteins, but also regulates protein and energy 
metabolism and participates in neurotransmission. L-Valine is used in the food and pharmaceutical industries, medicine 
and cosmetics, but primarily as an animal feed additive. Adding L-valine to feed, alone or mixed with other essential 
amino acids, allows for feeds with lower crude protein content, increases the quality and quantity of pig meat and 
broiler chicken meat, as well as improves reproductive functions of farm animals. Despite the fact that the market for 
L-valine is constantly growing, this amino acid is not yet produced in our country. In modern conditions, the creation 
of strains-producers and organization of L-valine production are especially relevant for Russia. One of the basic micro-
organisms most commonly used for the creation of amino acid producers, along with Escherichia coli, is the soil bacte-
rium Corynebacterium glutamicum. This review is devoted to the analysis of the main strategies for the development 
of L- valine producers based on C. glutamicum. Various aspects of L-valine biosynthesis in C. glutamicum are reviewed: 
process biochemistry, stoichiometry and regulation, enzymes and their corresponding genes, export and import sys-
tems, and the relationship of L-valine biosynthesis with central cell metabolism. Key genetic elements for the creation 
of C. glutamicum-based strains-producers are identified. The use of metabolic engineering to enhance L-valine biosyn-
thesis reactions and to reduce the formation of byproducts is described. The prospects for improving strains in terms 
of their productivity and technological characteristics are shown. The information presented in the review can be used 
in the production of producers of other amino acids with a branched side chain, namely L-leucine and L-isoleucine, as 
well as D-pantothenate.
Key words: Corynebacterium glutamicum; L-valine; metabolic engineering; producer strain.
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Аннотация. L-Валин – одна из девяти аминокислот, которые не могут быть синтезированы de novo высшими 
организмами и должны поступать с пищей. Эта аминокислота не только служит строительным материалом для 
белков, но также регулирует белковый и энергетический обмен и участвует в нейротрансмиссии. L-Валин ис-
пользуется в пищевой и фармацевтической промышленности, медицине и косметике, но в первую очередь в 
качестве кормовой добавки для животных. Добавление L-валина в корм отдельно или в смеси с другими неза-
менимыми аминокислотами позволяет использовать корма с меньшим содержанием сырого белка, повышает 
качество и количество мяса свиней и цыплят-бройлеров, а также улучшает репродуктивные функции сельскохо-
зяйственных животных. Несмотря на то что рынок L-валина постоянно растет, в нашей стране эта аминокислота 
пока не производится. В современных условиях создание штаммов-продуцентов и организация производства 
L-валина для России особенно актуальны. Один из наиболее часто используемых базовых микроорганизмов для 
создания продуцентов аминокислот наряду с Escherichia coli – почвенная бактерия Corynebacterium glutamicum. 
Обзор посвящен анализу основных стратегий разработки продуцентов L-валина на базе C. glutamicum. Рассмот-
рены различные аспекты биосинтеза L-валина у коринебактерий: биохимия, стехиометрия и регуляция процес-
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са, ферменты и соответствующие им гены, системы экспорта и импорта, связь биосинтеза L-валина с централь-
ным метаболизмом клетки. Выявлены ключевые генетические элементы для создания штаммов-продуцентов на 
основе C. glutamicum. Описано использование метаболической инженерии для усиления реакций биосинтеза 
L-валина и уменьшения образования побочных продуктов. Показаны перспективы усовершенствования штам-
мов с точки зрения повышения их продуктивности и улучшения технологических характеристик. Информация, 
представленная в обзоре, может быть использована при получении продуцентов других аминокислот с развет-
в ленной боковой цепью – L-лейцина и L-изолейцина, а также D-пантотената.
Ключевые слова: Corynebacterium glutamicum; L-валин; метаболическая инженерия; штамм-продуцент.

Introduction 
L-Valine is a proteinogenic branched-chain amino acid (BCAA), 
which also include L-leucine and L-isoleucine (hereinafter re-
ferred to as valine, leucine, isoleucine). These are essential 
amino acids that are not synthesized in humans or animals 
and must be present in the diet. Therefore, these amino acids 
are mainly used in the animal feed industry and as a dietary 
supplement for humans (Karau, Grayson, 2014). The former 
is particularly relevant to the global task of intensifying 
livestock production. Adding valine to feeds, either alone 
or mixed with other BCAAs, leads to improved meat qual-
ity and quantity in pigs and broiler chickens, increased egg 
production in chickens, increased lactation, milk fat content 
and appetite in pigs (Zheng et al., 2017; Che et al., 2021; Jian 
et al., 2021). A ba lance between different BCAAs, however, 
must be maintained, as its disruption can reduce the observed 
beneficial effects (Holen et al., 2022). 

In addition to the livestock and food industries, BCAAs 
find their application in pharmacology and medicine. BCAAs 
not only serve as building blocks for proteins, but also par-
ticipate in the regulation of protein and energy metabolism, 
their consumption increases exercise tolerance and accele-
rates fatty acid oxidation (Kainulainen et al., 2013). They are 
useful as supplements for chronic liver disease (Kawaguchi 
et al., 2011) and for stimulating macrophage phagocytosis of 
multidrug-resistant bacterial pathogens (Chen et al., 2017). 
As with feed additives, when using BCAAs for food and drug 
production their concentration should be chosen carefully. 
Excess BCAA in human plasma increases the risk of several 
diseases, including type 2 diabetes, metabolic syndrome, 
obesity, hypertension, and cardiovascular disease (Holeček, 
2018; Dimou et al., 2022), but has little effect on athletes who 
are characterized by high physical activity (Shou et al., 2019).

Amino acids account for 62.3 % of the global feed supple-
ment market, which is projected to be $34.2 billion in 2022. 
L-lysine and L-methionine (hereinafter referred to as lysine, 
methionine) are the most in demand; the valine market is one 
of the fastest growing, along with L-threonine (hereinafter 
referred to as threonine) and L-tryptophan. Consumption of 
feed amino acids is concentrated in Europe, USA and China; 
Russia’s share is less than 2 %, but shows a growing trend: 
from 2016 to 2017 the increase was 2.9 % (https://agri-news.
ru/zhurnal/2018/32018/ekonomika-menedzhment-ryinki/
ryinok-kormovyix-aminokislot.html). Currently, all valine on 
the Russian market is imported from China, one of the main 
producers of this amino acid. 

Amino acids can be isolated from natural protein sources, 
obtained by chemical synthesis, as well as by a microbiologi-
cal method based on the use of strain-producers. The latter 
option has important advantages: it allows to use renewable 

raw material resources and to produce biologically active 
L-enan tiomers of amino acids separately, rather than mixed 
with D-enantiomers, and is therefore used by leading valine 
producers (D’Este et al., 2017). 

Amino acid producers are developed from Escherichia 
coli and Corynebacterium glutamicum. E. coli is a thoroughly 
studied bacterium for which an extensive toolkit of genetic 
modification is available. Due to that fact producer strains were 
previously derived mainly from E. coli. However, strains of 
C. glutamicum created by selection were also used. The his-
tory of their use for amino acid production goes back more 
than 60 years (Leuchtenberger et al., 2005). In recent decades, 
having made considerable progress both in understanding the 
metabolism of C. glutamicum and in improving methods for 
modifying their genome, developers of producer strains have 
increasingly begun to favor Corynebacteria. 

Corynebacteria are nonpathogenic, GC-rich gram-positive 
bacteria, which, unlike E. coli, do not form endotoxins that 
cause allergic reactions in higher organisms. They are also 
characterized by flexible cellular metabolism, genetic stability, 
stress tolerance, including resistance to high concentrations of 
carbon sources and metabolites, and the ability to synthesize 
the target product when growth stops (Baritugo et al., 2018). 
Valine produced by fermentation using C. glutamicum strains 
is now recognized as safe (non-toxic and non-carcinogenic) 
for use as a food and feed additive and for other biological 
purposes (Kang et al., 2020).

This review presents the main strategies for increasing 
valine production by C. glutamicum cells. It also summarizes 
the achievements in the creation of valine-producing strains. 
In addition to obtaining valine, some aspects of obtaining 
isoleucine, leucine, and D-pantothenate (hereinafter, panto-
thenate) are also discussed because the biosynthesis of these 
compounds involves the same metabolic precursors, cofactors, 
and enzymes as does valine biosynthesis.

Valine biosynthesis in C. glutamicum  
and mechanisms of regulation of this process 
Valine (2-amino-3-methylbutyric acid) is synthesized from 
pyruvate (pyruvic acid) through four consecutive reactions 
involving (Fig. 1): 1) condensation of two pyruvate molecu-
les to form acetolactate, catalyzed by acetolactate synthase 
(AHAS); 2) NADPH-dependent conversion of acetolactate 
to 2,3-dihydroxyketoisovalerate, catalyzed by acetolactate re-
ductoisomerase (AHAIR); 3) conversion of  2,3-dihydroxyke-
toisovalerate to 2-ketoisovalerate catalyzed by dihydroxyacid 
dehydratase (DHAD); 4) NADPH-dependent formation of 
valine from 2-ketoisovalerate catalyzed by BCAA transami-
nase (BCAT) and several other transaminases (Yamamoto et 
al., 2017). 
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During synthesis, 2 mol of pyruvate and 2 mol of reducing 
equivalents in the form of reduced nicotinamide dinucleo-
tide phosphate (NADPH) are consumed to produce 1 mol of 
valine. Pyruvate is formed from phosphoenolpyruvate (PEP) 
in glycolysis, which converts 1 mol of glucose to 2 mol of 
pyruvate. The main source of NADPH in Corynebacteria is 
the pentose-phosphate pathway (PPP) (Marx et al., 1997). 

2-Ketoisovalerate is also a precursor of leucine and panto-
thenate (Park, Lee, 2010). In most microorganisms, including 
C. glutamicum, the same four enzymes catalyze isoleucine 
biosynthesis from pyruvate and 2-ketobutyrate. The latter is 
formed from threonine by threonine dehydratase (TD). Thus, 
the processes of biosynthesis of all three BCAAs (valine, 
leucine, and isoleucine) are closely linked. The synthesized 
BCAAs are removed from the cell by one export system, 
BrnFE (Lange et al., 2012). 

A schematic of valine biosynthesis and related metabolic 
pathways in C. glutamicum is shown in Fig. 1. The key enzyme 
in the biosynthesis pathway of valine and other BCAAs is 
acetolactate synthase AHAS, which catalyzes the formation 

of either acetolactate from two pyruvate molecules (in valine 
and leucine biosynthesis) or 2-aceto-2-hydroxybutyrate from 
pyruvate and 2-ketobutyrate (in isoleucine biosynthesis). In 
contrast to E. coli, only one form of the AHAS enzyme was 
found in C. glutamicum (Keilhauer et al., 1993), a tetramer 
consisting of two catalytic and two regulatory subunits (Liu 
et al., 2016). The catalytic and regulatory subunits of AHAS 
are encoded by the ilvB and ilvN genes, respectively. Together 
with the ilvC gene encoding the acetolactate reductoisomerase 
AHAIR, these two genes form the operon ilvBNC with two 
additional promoters within it. Expression from the three pro-
moters leads to the formation of transcripts of different lengths 
(Fig. 2). The ilvC gene is transcribed as part of all mRNAs; 
its expression efficiency is the highest among the three genes 
(Keilhauer et al., 1993; Morbach et al., 2000). 

The expression of the operon ilvBNC is thought to be con-
trolled by the mechanism of transcription attenuation, which 
is realized through the formation of secondary RNA structures 
(hairpins) on the transcript, i. e., transcription terminators 
that arise in the regulatory region in the presence of high 

Fig. 1. Biosynthesis of valine and related metabolic pathways in C. glutamicum cells. 
The genes whose increased expression leads to an increase (green) or decrease (red) in valine production are highlighted. A detailed description and transcript 
of the abbreviations are given in the text. An asterisk marks the reaction in which NADPH is used indirectly (see explanations in the text). 
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Fig. 2. Organization of the ilvBNC operon in C. glutamicum and regulation of its expression (adapted from the review (Wang et al., 2018)).

Promoter 1
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Leader sequence

Hairpin structure 1

Hairpin structure 2
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Leader peptide
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ilvN ilvC

concentrations of BCAA (see Fig. 2). The regulatory region 
is upstream of the ilvB gene; in addition to the sites respon-
sible for hairpin formation, it also encodes a leader peptide 
(25 amino acids) enriched with isoleucine (2), valine (3), and 
leucine (2) residues. It is assumed that this peptide is a sensor 
element of the regulatory system: when the concentration of 
any of the BCAAs in the cells is low, its translation is slowed 
down, resulting in no formation of terminator hairpin. 

When one or more BCAA were lacking, the expression of 
operon ilvBNC doubled; replacement of valine residues in the 
leader peptide with alanine residues led to loss of valine effect 
on expression (Morbach et al., 2000). A significant increase 
in the expression of the operon ilvBNC in the presence of 
2-ketobutyrate was observed (Eggeling et al., 1987; Keilhauer 
et al., 1993; Morbach et al., 2000). The mechanism of this 
regulation has not been investigated. 

AHAS activity is strictly inhibited by valine (Ki = 0.9 mM) 
as well as leucine (Ki = 6.0 mM) and isoleucine (Ki = 3.1 mM) 
by a feedback mechanism through amino acid attachment to 
the regulatory subunit of the enzyme (Eggeling et al., 1987; 
Morbach et al., 2000; Leyval et al., 2003; Elišáková et al., 
2005) and is also competitively inhibited by 2-ketoisova-
lerate (Krause et al., 2010a). Regardless of the number of 
BCAAs present (one, two, or all three), the degree of inhibi-
tion of AHAS activity does not exceed 57 % (Elišáková et  
al., 2005). 

It should be noted that AHAS has lower substrate specifi-
city towards pyruvate (Km = 8.3 mM) (Leyval et al., 2003) 
than towards 2-ketobutyrate (Km = 4.8 mM) (Eggeling et al., 
1987), therefore, all other conditions being equal, the reac-
tion of pyruvate condensation with 2-ketobutyrate leading to 
isoleucine synthesis is preferred. 

As for AHAIR (product of the ilvC gene), which catalyzes 
the isomerization step and the conversion of acetolactate to 
2,3-dihydroxyketoisovalerate and 2-aceto-2-hydroxybutyrate 
to 2,3-dihydoxy-3-methylvalerate in the isoleucine synthesis 
pathway, its activity depends on the presence of NADPH and 
is inhibited by the feedback mechanism of valine and leucine, 
but not isoleucine (Leyval et al., 2003; Lee et al., 2019). 

There is little information about the regulation of the ac-
tivity of the enzymes controlling the third and fourth, final, 

steps of valine synthesis in C. glutamicum, as well as about 
the regulation of the genes encoding their structure. It is only 
known that the activity of dihydroxyacid dehydratase DHAD 
(product of the ilvD gene) is weakly inhibited by valine and 
leucine and not inhibited by isoleucine (Leyval et al., 2003), 
and the activity of transaminase BCAT (product of the ilvE 
gene) depends on NADPH availability. The donor amino 
group in the transamination reaction is L-glutamate (hereafter 
referred to as glutamate), which is converted to 2-ketoglutarat; 
NADPH is required for glutamate regeneration by glutamate 
dehydrogenase. It has been shown that the reaction cata-
lyzed by glutamate dehydrogenase is the main reaction of 
nitrogen assimilation under conditions of ammonia excess, 
which usually take place in amino acid production processes 
(Burkovski, 2003). 

It has also been shown that alanine/valintransaminase 
(a pro duct of the avtA gene) is involved in valine biosynthesis. 
Alanine/valintransaminase uses L-alanine (hereafter referred 
to as alanine) or α-aminobutyrate as an amino group donor 
instead of glutamate (Leyval et al., 2003).

Analysis of the dynamics of changes in the concentra-
tions of the metabolites of valine biosynthesis using a kinetic 
mo del in C. glutamicum strain ATCC 13032 ΔpanBC ΔilvA  
pJC1ilvBNCD showed that the rate-limiting sites in this chain 
are 1) reactions catalyzed by the AHAS and BCAT enzymes 
and 2) transport of valine from cells by BrnFE (Magnus et 
al., 2009).

Creation of valine-producing strains  
based on C. glutamicum 
The information obtained so far on the biochemical, genetic, 
and regulatory aspects of valine biosynthesis in C. glutamicum 
suggests that the barriers to increasing valine production in 
this microorganism are:
– negative regulation of AHAS activity by valine, leucine, 

isoleucine, and 2-ketoisovalerate (retroinhibition);
– low substrate specificity of AHAS to pyruvate;
– negative regulation of ilvBNC operon expression by BCAA;
– consumption of pyruvate for synthesis of isoleucine, leu-

cine, and pantothenate; and consumption of 2-ketoisova-
lerate for synthesis of the latter two compounds;
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– expenditure of pyruvate and its precursor FEP, key me-
tabolites of glycolytic processes, in cell energy metabolism 
and carboxylic acid synthesis, as well as in alanine for- 
mation;

– necessity of NADPH for the second and fourth reactions 
of valine biosynthesis;

– low efficiency of the BCAA BrnFE export system with 
respect to valine. 
In the following, we will review the approaches to over-

come these obstacles used in the creation of valine-producing 
strains based on C. glutamicum (information on the strains is 
presented in the Table). 

Enhancement of valine biosynthesis reactions 
Increase in AHAS activity. There are several approaches to 
increasing AHAS activity when creating valine-producing 
strains. The key one is modification of the ilvN gene, which 
eliminates retroinhibition of the enzyme. A number of muta-
tions in the sequence of the ilvN gene have been found to 
weaken the effect of BCAA on AHAS activity. These muta-
tions include substitutions of three amino acids, Gly20Asp, 
Ile21Asp, and Ile22Phe, in the IlvN regulatory subunit 
(Elišáková et al., 2005). The Ile22Phe substitution showed the 
best effect in this series, which was later used in other studies 
(Hou et al., 2012a, b). Similar effects were demonstrated for 
mutations leading to Ala42Val, Ala89Val, and Lys136Glu sub-
stitutions in the small subunit. The double Ala42Val-Ala89Val 
mutation resulted in almost complete resistance of the enzyme 
to inhibition by all three BCAAs (Guo et al., 2014). 

Enhancement of AHAS substrate specificity with re-
spect to pyruvate. This approach is related to the possibility 
of modifications of the catalytic subunit IlvB of AHAS that 
increase the affinity of the enzyme for pyruvate. Reliable data 
on suitable mutations are scarce. A mutation was found in the 
ilvB gene that leads to a replacement of alanine for valine at 
position 138 of the large AHAS subunit. This mutation has 
made possible a 2.5-fold increase in valine production (Liu 
et al., 2019). It is assumed that this substitution leads to a 
change in the substrate specificity of AHAS with respect to 
pyruvate. The molecular mechanism of action of the mutation 
remains unclear. 

Other mutations in the ilvB gene of the catalytic subunit of 
AHAS leading to an increase in the enzyme activity toward 
valine production are also known (Chen et al., 2015; Guo et 
al., 2015). These other mutations have not yet found practical 
application. 

The modified AHAS enzyme can be introduced into C. glu-
tamicum cells in two ways: either the cells are transformed 
with a plasmid carrying a mutant gene (Hasegawa et al., 
2012; Hou et al., 2012b; Buchholz et al., 2013) or appropriate 
changes are made in chromosomal DNA (Bartek et al., 2010; 
Hasegawa et al., 2013). Such manipulations result in a 2–3-
fold increase in valine production. The use of autonomous 
expression plasmids also makes it possible to increase AHAS 
activity by introducing additional copies of the ilvBN genes 
or the entire ilvBNC operon into cells. The latter leads to an 
increase in the activity of not only AHAS, but also AHAIR. 

Overcoming the negative effect of BCCA on the expres-
sion of the ilvBNC operon. The most rational approach to 
solve this problem is overexpression of the ilvBNC operon 

using expression plasmids. At present, overexpression of the 
ilvBNCDE genes, in various combinations, is performed using 
constructs with strong constitutive promoters. These include, 
for example, promoters of superoxide dismutase (Psod ) and 
elongation factor Tu (Ptuf  ) genes and a synthetic construct 
based on trp and lac operon promoters (Ptac) (Tarutina et al., 
2016; Wei et al., 2018; Li et al., 2020b; Wang et al., 2020; 
Zhang et al., 2021). Other efficient promoters have also been 
described (Tarutina et al., 2016; Wei et al., 2018; Li et al., 
2020b). Modifications of this type lead to an increase in valine 
production by about 60 % (Wei et al., 2018). 

Optimization of the activity of DHAD and BCAT, which 
catalyze the last steps of valine biosynthesis, is provided by 
overexpression of the genes encoding these enzymes (ilvD 
and ilvE, respectively), which is usually achieved by gene 
amplification on plasmids (see Table). For valine production, 
it is especially important to increase BCAT activity because 
this enzyme catalyzes the rate-limiting step of biosynthesis 
(Magnus et al., 2009).

Minimizing the formation of byproducts
Enzymes of the valine biosynthesis pathway are involved in 
the formation of other metabolites such as isoleucine, leucine, 
and pantothenate (see Fig. 1). Consequently, activation of 
these enzymes and increased expression of the genes encoding 
them increase the yield of all the above compounds. This leads 
to contamination of the target product as well as a decrease in 
the availability of cofactors, intermediates, and the enzymes 
themselves for valine production. As a result, it also leads to 
a lower yield. Minimizing the formation of byproducts when 
creating strain-producers requires suppression of the relevant 
metabolic pathways while preserving the strains’ ability to 
grow on poor media. 

Minimization of isoleucine formation. As noted above, 
the synthesis of isoleucine (2-amino-3-methylpentanoic acid) 
is catalyzed by the same enzymes that are involved in valine 
biosynthesis and begins with the condensation of pyruvate 
and 2-ketobutyrate (see Fig. 1). The obvious way to mini-
mize isoleucine formation is to decrease the concentration of 
2-ketobutyrate in cells, the interaction of which with pyruvate 
determines the direction of further reactions. 2-ketobutyrate 
is formed from threonine by the threonine dehydratase TD, 
which is encoded by the ilvA gene (Cordes et al., 1992). The 
threonine dehydratase is negatively allosterically regulated 
by isoleucine and positively regulated by valine (Möckel et 
al., 1992).

The most common modification of this gene in the creation 
of valine-producing strains is its inactivation by deletion 
(ΔilvA). Most strains were obtained using this modification 
(see Table). It results in the appearance of the strains’ ability to 
produce valine or a significant increase in the existing produc-
tion. In this case, isoleucine auxotrophy occurs, requiring the 
addition of isoleucine to the cultivation medium, which com-
plicates the production process and may increase the cost of 
production. In a number of studies to create valine-pro ducing 
strains, instead of complete inactivation of the ilvA gene, a 
directed modification of its promoter was performed. This has 
resulted in a decrease in gene expression, isoleucine brady-
trophy, and, as a consequence, increased production of valine 
(Holátko et al., 2009; Hou et al., 2012a).
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Valine-producing strains engineered from C. glutamicum

Strain L-Valine,  
g/L*

Yield,  
mol/mol** 

References

C. glutamicum ATCC 13032

ΔilvA ΔpanBC (pJC1-ilvBNCD) 92 NA 10.7 – Radmacher et al., 2002

ΔilvA ΔpanBC ilvNM13 (pECKA-ilvBNC) 15.2 – Elišáková et al., 2005

ΔpanB ilvNM13 (P-ilvAM1CG P-ilvDM7 P-ilvEM6) 15.9 – Holátko et al., 2009

ΔaceE (pJC4-ilvBNCE) 24.6 0.60 Blombach et al., 2007

ΔaceE Δpqo (pJC4-ilvBNCE) 26.4 0.52 Blombach et al., 2008

ΔaceE Δpqo Δpgi (pJC4-ilvBNCE) 48.2 0.75 »

ΔaceE Δpqo Δpgi Δpyc (pJC4-ilvBNCE) 28.1 0.86 »

ΔaceE Δpqo (pJC4-ilvBNCE) 24.6 0.23 Blombach et al., 2009

ΔaceE Δpqo ΔsugR (pJC4-ilvBNCE) 35.2 0.20 »

ΔaceE Δpqo (pJC4-ilvBNCE) (pBB1-pntAB) 14.6 0.92 Bartek et al., 2011

(P-ilvAM1CG) ΔavtA pDXW-8-ilvEBN(r)C 31.2 0.17 Hou et al., 2012a

∆ilvA ∆panB ilvNM13 (pECKA-ilvBNC) 12.5 – Denina et al., 2010

ΔilvA ΔpanB Δrel ilvNM13 (pECKA-ilvBNC) 11.5 – »

ΔilvA ΔpanBC ΔavtA (pJC4-ilvBNCE) 8.8 – Marienhagen, Eggeling, 2008

aceEA16 Δpqo Δppc (pJC4-ilvBNCE) 86.5 0.36 Buchholz et al., 2013

Δppc Δpyc icdAla94Asp (pJC4-ilvBNCE) 8.0 0.20 Schwentner et al., 2018

Δppc Δpyc icdGly407Ser (pJC4-ilvBNCE) 8.9 0.22 »

ΔponA ΔilvA PilvBG183A 15.6 – Ryabchenko et al., 2021

C. glutamicum ATCC 13869

ΔaceE ΔalaT ΔilvA (pJYW4-ilvBNC1-lrp1-brnFE) 51.2 0.47 Chen et al., 2015

ΔponA ΔilvA PilvBG183A 25.1 – Ryabchenko et al., 2021

C. glutamicum R

ΔldhA (pCRB-BNGEC™) (pCRB-DLD) 172.2*** 0.63 Hasegawa et al., 2012

ΔldhA Δppc Δpta ΔackA ΔctfA ΔavtA ilvNGEC™ + 
gapA+pyk+pfkA+pgi+tpi (pCRB-BNGEC™) (pCRB-DLD)

149.9*** 0.88 Hasegawa et al., 2013

B. flavum ATCC14067 (C. glutamicum ssp. flavum)

pDXW-8-ilvEBN(r) 38.1 0.24 Hou et al., 2012b

Δalr ΔaceE ΔilvA ΔleuA (pJYW4) 9.5 – Liu et al., 2019

Δalr ΔaceE ΔilvA ΔleuA (pJYW4-ilvB138Val404Ala-ilvN) 14.5 – »

Δalr ΔaceE ΔilvA ΔleuA (pJYW4-ilvB138Val404Ala-ilvNCE) 25.9 0.49 »

B. flavum JV16

avtA::Cm (pDXW8-ilvEBNr C) 34.4 0.22 Hou et al., 2012a

С. glutamicum

Δppc ΔaceE ΔalaT Δpqo 3.2 – Han et al., 2020

    * Concentration of valine in the culture liquid. 
  ** Yield of target product (valine) from substrate (glucose).
*** Data were obtained using concentrated cell suspension.
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Another target for modifications aimed at reducing iso-
leucine biosynthesis is AHAS. A variant modification of the 
enzyme’s catalytic subunit that increases its specificity toward 
pyruvate and redirects cellular resources toward valine pro-
duction (Liu et al., 2019) is described above. 

Minimization of leucine and pantothenate formation. 
2-ketoisovalerate is a precursor not only to valine but also to 
leucine and pantothenate (see Fig. 1). The synthesis of leucine 
(2-amino-4-methylpentanoic acid) from 2-ketoisovalerate is 
controlled by the leuA, leuB, and leuCD genes localized in 
different regions of the chromosome. It is known that leuB and 
leuCD are subject to the control of the LtbR transcriptional re-
pressor, while leuA regulation seems to involve the mechanism 
of attenuation of transcription (Wang et al., 2019a). A modifi-
cation to preserve 2-oxoisovalerate for valine biosynthesis at 
the expense of decreased leucine biosynthesis was carried out 
by J. Holátko and colleagues (2009) by reducing the expres-
sion of the leuA gene by replacing the native promoter with 
a weaker one. The result was a 50–70 % increase in valine 
production, which is comparable to the effect observed when 
the expression of the ilvA gene is weakened. 

The synthesis of pantothenate (amide of β-alanine and pan-
toic acid) from 2-ketoisovalerate is controlled by the panB 
and panC genes, which form one operon (Sahm, Eggeling, 
1999), and the panD gene which is located separately in the 
genome (Dusch et al., 1999). It was noted that the carbon flux 
going to valine biosynthesis is 10 times higher than the flux 
going to pantothenate biosynthesis, even in the strain with 
enhanced expression of panBC (Chassagnole et al., 2002). 
However, inactivation of the panB gene or the entire panBC 
operon has a favorable effect on valine production, even 
though it leads to pantothenate auxotrophy in strains. This 
inac tivation allows valine production to appear in wild-type 
strains and to increase valine production in valine-producing 
strains by more than 30 % or even 50 % (Radmacher et al., 
2002; Holátko et al., 2009).

Increasing availability of precursors and cofactors
Increasing availability of pyruvate. Pyruvate, the center-
piece of carbon and energy metabolism in all organisms, is 
a precursor not only to BCAA and pantothenate, but also to 
many other compounds, including components of the tricar-
boxylic acid cycle (TCA cycle) as well as lactate and alanine 
(see Fig. 1). Efficient production of valine requires maintain-
ing a pool of pyruvate in the cells and, therefore, enhancing 
pyruvate formation reactions and/or reducing its “off-target” 
consumption. Pyruvate, which synthesizes 2 mol of reduced 
nicotinamide dinucleotide (NADH), is a product of glycolysis 
(Wieschalka et al., 2012). However, glycolytic enzyme acti-
vity is generally not increased in the development of valine 
producers, except for the microaerobic process (see below). 
The main approach is to reduce the outflow of pyruvate, and 
its precursor PEP, into other pathways.

One of the main pathways of pyruvate outflow is the TCA 
cycle. This process becomes less active in the late stages of 
growth, which could be used to create favorable conditions 
for valine production. Indeed, a decrease in the growth rate 
of C. glutamicum is accompanied by an increase in pyru-
vate levels in cells and an increase in valine (Ruklisha et 
al., 2007). In valine-producing strains that are auxotrophic 

for isoleucine and pantothenate, growth of cultures can be 
controlled by changing the amount of supplementation with 
these substances. Growth restriction also leads to increased 
productivity (Bartek et al., 2008).

Involvement of pyruvate and PEP in the TCA cycle occurs 
both through conversion of both compounds to oxaloacetate 
(OA) and of pyruvate to acetyl-CoA directly or through acetate 
and acetyl-phosphate (see Fig. 1). As a rule, increasing the 
production of valine as well as pyruvate itself is attempted 
through reducing the activity of the pyruvate dehydrogenase 
complex (PDHC), which catalyzes the oxidative decarboxy-
lation of pyruvate to acetyl-CoA. In C. glutamicum, this com-
plex consists of three subunits, E1, E2, and E3, encoded by the 
aceE, aceF, and lpd genes, respectively (Eikmanns, Blombach, 
2014). Inactivation of the aceE gene by deletion (ΔaceE) is one 
of the most frequent steps in creating a valine producer (see 
Table). The resulting strains require the addition of acetate in 
minimal medium, but the level of valine production increases 
manifold. Metabolomic analysis showed that inactivation of 
aceE in wild-type C. glutamicum leads to a 13-fold increase 
in the pyruvate pool in cells (Blombach et al., 2007).

A characteristic feature of C. glutamicum strains devoid 
of PDHC is the production of valine in the absence of cell 
growth. Increased glucose utilization rate was achieved by 
adding maltose instead of glucose, using ethanol instead of 
acetate, or inactivating the transcriptional regulator SugR 
(Blombach et al., 2009; Krause et al., 2010b). SugR in 
C. glutamicum is responsible for acetate-mediated repression 
of the ptsG, ptsI, and ptsH genes encoding the enzymes of 
the phosphotransferase system (PTS). PTS ensures the con-
jugated processes of sugars transport into the cell and their 
phosphorylation (Engels, Wendisch, 2007). However, because 
of PDHC deficiency, all strains still needed acetate or etha-
nol, which is then also converted to acetate as an additional  
carbon source.

To overcome this need, the native aceE gene promoter was 
replaced with mutant variants from a previously established 
promoter library based on the dapA gene promoter (Vasicová 
et al., 1999). This allowed to obtain a series of C. glutami-
cum strains with gradually decreased PDHC activity as well 
as gradually decreased growth rate on medium containing 
glucose as the only carbon source. Transformed with the 
pJC4-ilvBNCE plasmid, these strains produced valine and did 
not require acetate as an additional carbon source (Buchholz 
et al., 2013). A growth-dependent promoter of the aldehyde 
dehydrogenase gene from C. glutamicum CP (PCP_2836) has 
been used for the same purposes. This has led to a threefold 
decrease in aceE transcription levels compared to the native 
promoter, as well as has had positive effects on both cell 
growth and valine production (Ma et al., 2018b).

It is also possible to reduce pyruvate consumption in the 
TCA cycle by decreasing the activity of the cycle itself. For 
example, suppression of the gene of the transcription factor 
RamA responsible for the TCA cycle activation has been 
shown to contribute to efficient pyruvate production (Katao-
ka et al., 2019). 

The conversion of pyruvate to acetate is catalyzed by 
pyruvate:quinoxidoreductase (product of the pqo gene), the 
inactivation of which (Δpqo) leads to increased valine produc-
tion (see Table), but also to impaired growth characteristics of 
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strains. The combination of this modification with inactivation 
of PEP carboxylase (product of the ppc gene), which cata-
lyzes formation of OA from PEP, resulted in a slight increase 
in valine production, however, the yield increased by 14 % 
(Buchholz et al., 2013). It was noted that the valine-producing 
strain with inactivated aceE and pqo genes grew better and 
produced more valine on maltose-enriched medium (Krause 
et al., 2010b).

Another pathway for the outflow of pyruvate is the forma-
tion of OA from it under the action of pyruvate carboxylase 
(product of the pyc gene). Inactivation of pyc in the creation 
of a valine-producing strain leads to an increase in yield to 
0.86 mol of valine per 1 mol of glucose (Blombach et al., 
2008). When developing a leucine-producing strain, it was 
found that, in order to minimize pyruvate outflow, inactivation 
of pyruvate carboxylase is more beneficial than inactivation 
of PEP carboxylase (Wang et al., 2020).

Two other pathways of pyruvate consumption in C. glutami-
cum cells are the processes of lactate and alanine biosynthesis 
(see Fig. 1). Lactate formation catalyzed by lactate dehydro-
genase (a product of the ldhA gene) becomes important in 
terms of valine production under oxygen deficiency conditions 
(Hasegawa et al., 2012) and will be discussed further.

Minimization of alanine synthesis is required under all 
conditions because this process leads not only to untargeted 
consumption of pyruvate but also to loss of NADPH in the 
amino group transfer reaction and to unwanted impurities in 
the final product.

Alanine formation in Corynebacteria is catalyzed by the 
transaminases AlaT and AvtA, which use glutamate and valine 
as amino group donors, respectively (Marienhagen et al., 2005; 
Marienhagen, Eggeling, 2008). It was noted above that AvtA 
is one of the transaminases involved in valine biosynthesis, 
but its role, compared with BCAT, is minor.

The question of the participation of these transaminases in 
alanine biosynthesis in C. glutamicum remains open due to 
the inconsistency of existing data. On the one hand, inactiva-
tion of alaT and avtA in the valine-producing strain has been 
shown to reduce alanine formation by about 80 and 20 %, 
respectively (Marienhagen, Eggeling, 2008). A significant 
decrease in alanine synthesis (to less than 0.2 g/L) is observed 
as a result of the inactivation of both genes (Hou et al., 2012a). 
These data suggest that the AlaT aminotransferase is the major 
one, but both enzymes are involved in alanine synthesis. On 
the other hand, in the proline producer, inactivation of alaT 
has no effect on alanine levels, whereas inactivation of avtA 
reduces this level by 48 % (Zhang et al., 2020). Moreover, 
analysis of the transcriptome of the industrial valine producer 
line VWB-1 showed that its low level of L-alanine synthesis is 
not associated with the alaT gene, the transcriptional level of 
which in this strain is 5.1-fold higher than that in the wild-type 
strain. It is assumed that a lower level of L-alanine synthesis is 
due to the lower expression of the gene alr encoding alanine 
racemase that converts L-alanine to D-alanine (Zhang H. et 
al., 2018). Thus, it is also impossible to give an unequivocal 
answer to the question of whether inactivation of one or the 
other of these two transaminases is more advantageous in 
terms of valine production.

Increasing availability of NADPH. In C. glutamicum, the 
main supplier of NADPH is PPP, in which the reduction of 

NADP+ to NADPH is provided by glucose-6-phosphate de-
hydrogenase (a heteromultimeric complex wherein one of the 
subunits is encoded by the zwf gene) and 6-phosphogluconate 
dehydrogenase (a product of the gnd gene). The activity of 
both enzymes is negatively regulated by ATP, NADPH, and 
other metabolites (Moritz et al., 2000). NADPH-dependent 
decarboxylating malate dehydrogenase (malic enzyme) and 
isocitrate dehydrogenase play a minor role in the synthesis 
of NADPH from NADP+ (Bartek et al., 2010; Siedler et 
al., 2013). The source of NADP+ and, hence, the source 
of NADPH in C. glutamicum can also be NAD+, which is 
phosphorylated by NAD kinase (product of the ppnK gene) 
to form NADP+. This enzyme has been characterized as a 
polyphosphate-ATP-dependent NAD kinase that uses ATP to 
phosphorylate NAD+ (Shi et al., 2013).

Theoretical analysis showed that the level of substrate 
conversion to valine (the yield) significantly depends on the 
reactions used for NADPH regeneration. The maximum yield, 
equal to 1 mol of valine per 1 mol of glucose, is obtained 
without the expenditure of carbon for growth and synthesis of 
NADPH. If NADPH is provided by isocitrate dehydrogenase 
activity, the yield is 0.5 mol of valine per 1 mol of glucose. 
Directing the entire carbon flux into the NADPH-generating 
PPP results in a much higher yield of 0.86. In this analysis, the 
main target for the redirection of carbon flux from the TCA 
cycle to valine biosynthesis appeared to be PDHC. A scenario 
in which carbon is not consumed for NADPH synthesis at 
all can be realized by the combined activity of pyruvate car-
boxylase (or PEP carboxylase), malate dehydrogenase, and 
malic enzyme, theoretically capable of transferring hydro-
gen from NADН to NADP+ (Bartek et al., 2010). Such a path - 
way, designated a transhydrogenase-like shunt, is involved 
in NADPH formation for anaerobic isobutanol production in 
C. glutamicum (Blombach, Eikmanns, 2011). Thus, enhance-
ment of PPP and NAD kinase activity are the most obvious 
ways to increase the NADPH pool in the cell.

From the point of view of the efficiency of the valine bio-
synthesis process, it is advantageous to combine the enhance-
ment of PPP with some weakening of glycolysis. Indeed, 
inactivation of the glucose-6-phosphatisomerase gene pgi 
(this inactivation directs carbon flux from glycolysis to PFP) 
resulted in more efficient valine production in the C. glu-
tamicum strain ΔaceE Δpqo Δpgi (pilvBNCE), producing 
48.0 g/L with a yield of 0.75 mol of valine per 1 mol of 
glucose (Blombach et al., 2008). Further analysis of this 
strain showed that inactivation of pgi results in increased 
intracellular NADPH concentrations and decreased byproduct 
formation (Bartek et al., 2010). Monitoring cellular NADPH 
content using NADPH-dependent fluorescence also showed 
that the C. glutamicum strain carrying Δpgi does accumulate 
NADPH (Goldbeck et al., 2018).

The growth deterioration observed in Δpgi-strains on me-
dium with glucose has been attributed to a decrease in PTS 
activity and suggested to be overcome by overexpression of 
the gene ptsG, which encodes a glucose-specific compo-
nent of this system (Lindner et al., 2013). For pgi-mutants, 
enhancement of the alternative glucose transport system by 
inositol permeases IolT1, IolT2, and the glucokinase PpgK, 
which was used to produce lysine producer, is also effective 
(Xu J.Z. et al., 2019).
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Another approach to increase the NADPH pool is related 
to the possibility of changing the specificity of glycolytic 
enzymes from NAD+ to NADP+. It has been implemented to 
improve lysine production. Point mutations in the glyceral-
dehyde-3-phosphate dehydrogenase gapA gene that changed 
enzyme specificity resulted in a 35–60 % increase in lysine 
production (Bommareddy et al., 2014; Xu et al., 2014).

It was noted above that enzymes that synthesize NADPH 
are susceptible to negative regulation by various metabolites. 
Therefore, one approach to PPP activation is to introduce 
into the corresponding genes mutations that increase enzyme 
activity. Such an approach has been implemented for the zwf 
and gnd genes in works on methionine, proline, and riboflavin 
producers. It has indeed led to an increase in the NADPH 
pool and production levels in cells (Wang et al., 2011; Li et 
al., 2016; Zhang et al., 2020).

As for NAD-kinase, the studies published to date on en-
hancing its activity target isoleucine production. These studies 
indicate that modifications that increase the enzyme activity 
(point mutations in the ppnK gene, overexpression of the ppnK 
gene) lead to increased intracellular concentration of NADP+ 
and NADPH and contribute to enhanced biosynthesis of the 
target product (Yin et al., 2014; Zhang et al., 2020).

Another attractive possibility for increasing NADPH avail-
ability for valine biosynthesis is heterologous expression of 
transhydrogenase genes, such as pntAB from E. coli, that 
catalyze NADP+ reduction involving NADH. This possibi-
lity was previously used to improve lysine production with 
C. glutamicum (Kabus et al., 2007). A significant increase 
in intracellular NADPH concentration was observed when 
pntAB expression was combined with overexpression of the 
ppnK gene (Zhan et al., 2019). Introduction of PntAB from 
E. coli into the valine-producing strain C. glutamicum ΔaceE 
Δpqo (pJC4ilvBNCE) resulted in a significant decrease in 
car bon flux in PPP and, consequently, an increase in yield to 
0.92. This is the highest yield (Bartek et al., 2011), which is 
only 8 % below the theoretical maximum of 1 mol of valine 
per 1 mol of glucose (Bartek et al., 2010).

Engineering the microaerobic process  
of valine production
Under oxygen deprivation, C. glutamicum cultures show very 
poor growth capacity but metabolize sugars to organic acids 
(Michel et al., 2015; Lange et al., 2018). When byproduct 
synthesis is suppressed, producer strains adapted to such con-
ditions show higher productivity than strains requiring aera-
tion (Okino et al., 2008; Jojima et al., 2010, 2015; Yamamoto 
et al., 2013). Valine biosynthesis under normal conditions is 
an aerobic process because it is carried out by growing cul-
tures actively generating NADPH. For efficient production of 
valine under oxygen deprivation, strains require a complex 
modification involving both valine biosynthesis enzymes and 
glycolysis enzymes. Such a modification was performed by 
S. Hasegawa and colleagues (2012, 2013). 

The C. glutamicum R strain with inactivated lactate dehyd-
rogenase (ΔldhA) and overexpression of the ilvBNCE genes 
encoding the enzymes of valine biosynthesis was used as the 
basis for creating strains producing valine under microaerobic 
conditions. This strain is incapable of producing valine under 
oxygen deficiency because it has an imbalance of cofactors: 

2 mol of NADPH are consumed while 2 mol of NADH are 
synthesized to produce 1 mole of valine. 

The appearance of valine production was achieved by 
using two approaches. The first approach was to change the 
specificity of AHAIR from NADPH to NADH by site-directed 
mutagenesis of the ilvC gene (constructing the ilvC™ gene). 
The second approach was to replace the NADPH-dependent 
transaminase BCAT with NAD-dependent leucine dehydro-
genase (LeuDH) from Lysinibacillus sphaericus (Hasegawa 
et al., 2012). The additional introduction of the ilvN gene en-
coding a mutant AHAS regulatory subunit (ilvN GE) resistant 
to BCAA inhibition has allowed to produce a C. glutami-
cum strain (pCRB-BN GEC™)(pDLD)/ΔLDH) that produced 
172.2 g/L of valine for 24 h under microaerobic conditions 
with periodic fermentation, which was more than 20-fold 
higher than baseline. The yield was 0.63 mol of valine per 
mol of glucose (Hasegawa et al., 2012). 

However, in addition to valine, the cells of this strain accu-
mulated significant amounts of alanine, acetate, and succinate 
as byproducts. To eliminate their formation and increase the 
valine yield, additional modifications were introduced into the 
strain (Hasegawa et al., 2013). Succinate formation via PEP 
and OA was suppressed by inactivation of the ppc gene, but 
this resulted in reduced valine synthesis and glucose uptake, 
as the intracellular NADH/NAD+ ratio increased markedly. 
To restore the ratio to a level favorable for valine production, 
three genes involved in acetate synthesis (pta, ackA, ctfA) 
were inactivated and the expression of five genes (gapA, pyk, 
pfkA, pgi, tpi) encoding glycolysis enzymes was increased. As 
a result, valine production increased 9-fold and glucose up-
take, 7.6- fold. Since valine biosynthesis became an NADH-
dependent process, increasing the activity of glycolytic en-
zymes turned out to be beneficial in terms of accumulating 
both pyruvate and reducing equivalents. 

Decrease in alanine formation was achieved by inactiva-
tion of the avtA gene. In addition, the ilvN GE and ilvC™ ge-
nes, which were previously expressed on the plasmid, were 
placed in the chromosome. The valine productivity of the new 
strain was 149.9 g/L in 24 h of cultivation. The yield reached 
0.88 mol of valine per mol of glucose, which was significantly 
higher than that obtained in the first step (Hasegawa et al., 
2013). 

It should be noted that in both works, valine synthesis under 
microaerobic conditions was studied using non-growing cells 
preconcentrated by centrifugation by a factor of 2 to 3. In this 
case, the measured valine concentration reached very high 
values, but the productivity per cell was comparable with that 
demonstrated in other studies. 

Replacement of enzyme specificity from NADPH to NADH 
to adapt the amino acid production process to microaerobic 
conditions has also been done in the development of E. coli-
based valine producer (Savrasova, Stoynova, 2019) and C. glu-
tamicum-based leucine and L-ornithine producers (Jiang et 
al., 2013; Wang et al., 2019b). In all cases, this resulted in an 
increased yield of the target product.

The engineering of valine transport
Microorganisms have multiple transport systems that ensure 
the uptake of desired environmental components by cells 
and release of metabolites, the excess of which can be toxic 
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Fig. 3. Organization of the brnFE operon in C. glutamicum and regulation of its expression (from the review (Wang et al., 2018)).

(Pérez-García, Wendisch, 2018). The activity of such systems 
depends on the concentration of the transported substances, so 
it has long been thought that producing strains’ own regulatory 
mechanisms are sufficient for excreting the target products 
effectively (Jones et al., 2015). Transport engineering is com-
plicated by the complexity of its quantification and the fact 
that specific transporters are not known for each biotechno-
logically relevant substance. In recent years, however, there 
have been a growing number of studies showing the effect of 
directional changes in export and import of the target product 
on strain productivity (Eggeling, 2016). Valine transporters 
in Corynebacteria have been detected and characterized, and 
thus are promising targets for modifications in the creation 
of producing strains.

Valine import. The uptake of valine, leucine, and isoleu-
cine in Corynebacteria occurs through a secondary Na+-de-
pendent symport carried out by the only known importer, 
BrnQ (Ebbighausen et al., 1989). BrnQ exhibits the highest 
affinity for isoleucine. For valine and leucine, the affinity is 
1.7 times lower (Ebbighausen et al., 1989; Tauch et al., 1998). 
Data on the regulation of BrnQ and the corresponding gene 
in corynebacteria are extremely scarce. It is known that BrnQ 
is activated when the intracellular concentration of BCAA 
is increased (Boles et al., 1993) and that inactivation of the 
brnQ gene increases isoleucine export from C. glutamicum 
cells and its production (Xie et al., 2012). It has been noted 
that a similar modification favors growth and productivity of 
the isoleucine-producing strain WM001 in the early stages 
of fermentation (Zhang et al., 2020). The importance of the 
importer for valine production is confirmed by transcriptome 
analysis of the industrial producer VWB-1, which showed 
that the transcription level of the brnQ gene in this strain is 
lower than that of the wild-type strain (Zhang H. et al., 2018).

Valine export. The BrnFE transport system is responsible 
for BCAA export from C. glutamicum cells (Eggeling, Sahm, 
2003). Amino acids are exported through a secondary H+-de-
pendent process controlled by membrane potential (Hermann, 
Kramer, 1996). The brnFE transport system is the only known 
exporter of valine, leucine, and isoleucine in C. glutamicum. 
It also transports methionine and homoserine, a precursor 
of methionine, isoleucine, and threonine (Kennerknecht et 
al., 2002; Trotschel et al., 2005; Yin et al., 2013; Qin et al., 
2015; Li et al., 2020a). The brnF and brnE genes encoding, 

respectively, the large and small subunits of the transport 
system, are organized into a single operon controlled by the 
transcriptional regulator Lrp (leucine responsive protein) 
(Kennerknecht et al., 2002; Lange et al., 2012). Homologues 
of Lrp, first discovered and characterized in E. coli, are pre-
sent in the genomes of various prokaryotes and regulate genes 
involved in amino acid metabolism (Brinkman et al., 2003). In 
C. glutamicum, the lrp gene is located divergently upstream of 
the brnFE operon. By binding to BCAA or methionine, Lrp 
becomes active and, in turn, activates the brnFE promoter 
(Kennerknecht et al., 2002; Lange et al., 2012) (Fig. 3). The 
effect of cellular amino acid concentration on Lrp activity de-
creases in the series leucine > methionine > isoleucine > va line 
(Lange et al., 2012). 

A study of industrial leucine and valine producers confirms 
that a high level of amino acid production either correlates with 
a high level of operon brnFE expression (Vogt et al., 2014; 
Zhang H. et al., 2018) or is associated with an increased lrp 
and brnFE gene copy number (Ma et al., 2018a). 

Analysis of the effect of operon brnFE on valine produc-
tion showed that its overexpression does not affect the growth 
of C. glutamicum cells and increases valine production by 
about 2–3 times (Chen et al., 2015). Overexpression of  brnFE 
has a similar effect on the production of isoleucine, methio-
nine, and homoserine (Qin et al., 2015; Li et al., 2020a; Zhang 
et al., 2021). The maximum effect on isoleucine production 
was obtained when lrp and brnFE expression were simultane-
ously enhanced (Yin et al., 2013).

However, it was found that, unlike brnFE, overexpression 
of the lrp gene suppresses cell growth (Chen et al., 2015), 
although it also significantly increases valine production. The 
negative effect was counterbalanced by the use of a weakened 
mutant form of this lrp1 gene found in the VWB-1 strain. 
Overexpression of lrp1 in the wild-type C. glutamicum strain 
resulted in a 16-fold increase in valine production, from 1.9 
to 30.2 mmol/L per 96 h of cultivation. The combination of lrp1 
and brnFE overexpression enhanced the effect. Isoleucine pro-
duction was not significantly affected by such manipulations, 
from which the authors concluded that isoleucine is a less 
suitable substrate for brnFE than valine (Chen et al., 2015). 
Simultaneous amplification of the expression of both genes, 
lrp and brnFE, combined with overexpression of the ilvBNC 
genes and inactivation of aceE, alaT, and ilvA, resulted in a 
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strain that produced 437 mM (51 g/L) valine when fermented 
with feeding (Chen et al., 2015). 

Thus, modifications of BCAA transport systems aimed at 
reducing the influx of amino acids into the cell and increas-
ing their secretion from the cell have a positive effect on the 
production of the amino acids (Xie et al., 2012).

Conclusion
In recent years, interest in the use of valine as a feed additive 
has increased significantly. In the Russian Federation alone, 
the consumption of valine has increased almost 10-fold over 
the past five years, reaching 5,000 tons per year. Modern 
industrial production of valine is based on microbiological 
synthesis using renewable plant raw materials and producing 
strains with a modified genetic program. The efficiency of 
amino acid production largely depends on the productivity 
of the producer strains, which are a key element of the entire 
process chain. Although significant progress has been made 
in the creation of producing strains (see Table), the creation 
of new strains with unique characteristics is still relevant. 

It is worth noting that the recently developed processes 
with reduced aeration have a higher potential compared to the 
traditional aerobic processes of valine production. However, 
it should be noted that such processes are biphasic: in the first 
phase, biomass is produced aerobically, while in the second 
phase, valine biosynthesis occurs under microaerobic condi-
tions. Currently, the two-phase processes show low efficiency, 
and more research in this area is required. 

Nowadays, the main approach to creating valine-producing 
strains, which has replaced random mutagenesis, is rational 
metabolic engineering aimed at enhancing the valine biosyn-
thesis process and minimizing the formation of byproducts. 
In recent years, this approach has been actively enriched by 
the application of systems engineering and synthetic biology 
methods. The combined analysis of “omics” data expands 
our knowledge of the metabolic and regulatory processes of 
C. glutamicum and allows us to develop new strategies for 
creating producers of valine and other amino acids. The recent 
emergence of rapid genome editing systems that speed up the 
process of obtaining new strains should help to implement 
these strategies. 

Further progress in the creation of producer strains will 
involve a shift from studying the properties of a cell popula-
tion to studying the properties of individual cells (Harst et al., 
2017; Hemmerich et al., 2018; Pérez-García et al., 2018), as 
well as extensive application of computer modeling (Koduru 
et al., 2018) and using new knowledge about gene expression 
regulation (Dostálová et al., 2017; Shi et al., 2018; Zhang S. 
et al., 2018; Xu N. et al., 2019). 

The approaches perfected in the creation and improvement 
of valine producers can be used to create producers of other 
BCAA and pantothenate, the substances that also have a sig-
nificant market potential.
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Abstract. Periodic processes of gene network functioning are described with good precision by periodic trajecto-
ries (limit cycles) of multidimensional systems of kinetic-type differential equations. In the literature, such systems 
are often called dynamical, they are composed according to schemes of positive and negative feedback between 
components of these networks. The variables in these equations describe concentrations of these components 
as functions of time. In the preparation of numerical experiments with such mathematical models, it is useful to 
start with studies of qualitative behavior of ensembles of trajectories of the corresponding dynamical systems, in 
particular, to estimate the highest likelihood domain of the initial data, to solve inverse problems of parameter 
identification, to list the equilibrium points and their characteristics, to localize cycles in the phase portraits, to 
construct stratification of the phase portraits to subdomains with different qualities of trajectory behavior, etc. 
Such an à priori geometric analysis of the dynamical systems is quite analogous to the basic section “Investigation 
of functions and plot of their graphs” of Calculus, where the methods of qualitative studies of shapes of curves de-
termined by equations are exposed. In the present paper, we construct ensembles of trajectories in phase portraits 
of some dynamical systems. These ensembles are 2-dimensional surfaces invariant with respect to shifts along the 
trajectories. This is analogous to classical construction in analytic mechanics, i. e. the level surfaces of motion inte-
grals (energy, kinetic moment, etc.). Such surfaces compose foliations in phase portraits of dynamical systems of 
Hamil tonian mechanics. In contrast with this classical mechanical case, the foliations considered in this paper have 
singularities: all their leaves have a non-empty intersection, they contain limit cycles on their boundaries. Descrip-
tion of the phase portraits of these systems at the level of their stratifications, and that of ensembles of trajectories 
allows one to construct more realistic gene network models on the basis of methods of statistical physics and the 
theory of stochastic differential equations.
Key words: oscillations; positive and negative feedbacks; gene network models; phase portraits; invariant domains 
and surfaces; invariant foliations; Poincaré map; Grobman–Hartman theorem; Frobenius–Perron theorem.
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Аннотация. Периодические процессы функционирования широкого класса генных сетей с хорошей точно-
стью описываются предельными циклами многомерных систем дифференциальных уравнений кинетиче-
ского типа. Такие системы, часто называемые в литературе динамическими, составляются по схемам положи-
тельных и отрицательных связей между компонентами моделируемых сетей. Искомые функции в уравнениях 
описывают зависимость от времени концентраций этих компонент. При планировании вычислительных 
экспериментов с подобными математическими моделями полезно предварительно описать качественное 
поведение ансамблей траекторий соответствующих динамических систем, в частности оценить области мак-
симального правдоподобия начальных данных, исследовать обратные задачи идентификации параметров, 
особые точки этих систем, локализовать в фазовых портретах положение циклов, в том числе предельных, 
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стратифицировать фазовые портреты на подобласти с качественно различным поведением траек торий и 
т. п. Такой априорный геометрический анализ рассматриваемых моделей генных сетей полностью аналоги-
чен хрестоматийному разделу начальных курсов математики «Исследование функций и построение графи-
ков», в котором описываются методы наглядного представления поведения кривых, определяемых уравне-
ниями. В настоящей  статье в фазовых портретах динамических систем, моделирующих функционирование 
кольцевых генных сетей, конструируются двумерные поверхности, инвариантные относительно сдвигов 
вдоль траекторий, – ансамбли траек торий. Просматривается естественная аналогия с классической кон-
струкцией аналитической механики  – с поверхностями уровня интегралов движения (энергия, импульс и 
др.). Такие поверхности образуют слоения в фазовых портретах динамических систем гамильтоновой меха-
ники. В отличие от задач механики, для рассматриваемых нами моделей генных сетей слоения, обра зуемые 
инвариантными поверхностями, имеют особенности, все их слои содержат на своих границах предельные 
циклы. Описание фазовых портретов динамических систем в терминах их стратификаций и ансамблей их 
траекторий позволит строить более реалистичные модели генных сетей с использова нием аппарата стати-
стической физики и теории стохастических дифференциальных уравнений.
Ключевые слова: осцилляции; положительные и отрицательные связи; модели генных сетей; фазовые 
 портреты; инвариантные  области и поверхности; инвариантные слоения; отображение Пуанкаре; теорема 
Гробмана–Хартмана; теорема Фробе ниуса–Перрона.

Introduction
At present time, investigation of questions of existence of 
periodic trajectories (cycles) in phase portraits of systems of 
non-linear differential equations simulating functioning of 
various natural processes is carried out in most fields of applied 
mathematics. Detection of such cycles, their localization in 
the phase portraits, description of their characteristics, such 
as stability, (non)uniqueness, etc. have a long history (Poin-
caré, 1892). These problems have generated a whole range of 
research directions in pure mathematics: qualitative theory of 
differential equations, theory of dynamics systems, etc., which 
in turn have a great impact on corresponding applied disci-
plines. At their junction, the famous 16-th Hilbert’s problem, 
and the “center-focus” problem, related to seemingly just a 
pictorial case of two differential equations with two unknown 
functions of one variable (time) have appeared. 

Here, in the present paper, we study systems of kinetic 
equations of higher dimensions, considered as functioning 
of circular gene networks models:
       dxj

dt  = fj(xj–1) – kj xj.
  

     (1)

It is assumed here and below that j = 1, 2, …, n; n ≥ 3, and 
that j – 1 = n, if  j = 1. In all these equations, non-negative 
functions xj (t) denote concentrations of species in the gene 
networks, and positive coefficients kj characterize the rates of 
their degradations (Likhoshvai et al., 2020). 

Consider the system (1) in the vector form dX
dt  = F(X ),

where the vector-function X(t) is defined by its coordinate 
functions xj(t). The divergence of this vector-field F(X ) is 
constant and negative: 

div F(X ) ≡ –k1 – k2 – … – kn < 0.

It is well-known (Arnold, 1989) that in this case, n-di-
mensional volume of any finite domain in the phase portrait 
decreases exponentially during the shifts of its points along 
trajectories of the system (1) as t grows. This does not mean 
that each such domain collapses to a point. For the dynamical 
systems considered here, these limit sets are two-dimensional 
invariant surfaces in their n-dimensional phase portraits. 

We call the dynamical system (1) block-linear if for all j 
each function  fj which describes the rate of synthesis of the  
j-th component of the gene network is a step-function (thresh-
old function) 

fj( y) ≡ Lj( y) = kj aj, if 0 ≤ y ≤ 1; Lj( y) ≡ 0, if y > 1;
or fj ( y) ≡ Γj ( y) ≡ 0, if 0 ≤ y ≤ 1; Γj ( y) ≡ kj aj, if y > 1.

Here, aj are some positive constants. Decreasing func-
tions Lj describe negative feedbacks in the gene network and 
increasing functions Γj correspond to positive feedbacks. 

For one particular case kj = 1 for all  j, investigation of cycles 
of similar block-linear systems was realized in (Glass, Paster-
nack, 1978; Akinshin et al., 2013; Ayupova, Golubyatnikov, 
2014; Golubyatnikov, Gradov, 2021). Under the same assump-
tions, questions of existence of cycles in smooth analogues of 
these systems were studied in (Elowitz, Leibler, 2000; Glyzin 
et al., 2016; Kolesov et al., 2016) in the cases when these 
systems are symmetric with respect to cyclic permutations 
of pairs of the variables xj.

In recent publications (Golubyatnikov, Ivanov, 2018; Go lu-
byatnikov, Minushkina, 2019, 2020; Likhoshvai et al., 2020; 
Ivanov, 2022), existence, uniqueness, and stability of the 
cycles of block-linear dynamical systems of some different 
dimensions with arbitrary positive coefficients kj were proved 
with the help of stratification of phase portraits to subdomains 
according to behavior of trajectories. It was shown there that 
these phase portraits contain cycles if and only if aj > 1 for  
all  j and that the parallelepiped Qn = [0, a1] × [0, a2] × … × [0, an] 
in the positive octant of the space ℝn is a positively  invariant 
domain of the dynamical system (1). This means that trajec-
tories of all points of the domain Qn do not leave it and that 
all cycles of the system (1) are contained in the interior of Qn. 
We consider below the dynamical systems of the type (1) in 
the case aj > 1 for all j only. Physical interpretation of this 
condition means that the maximal rate of synthesis of any 
component of the gene network exceeds that of its degra-  
dation. 

We decompose the domain Qn by the planes xj = 1 to 2n 

smaller parallelepipeds, which we call blocks and enumerate 
by binary multi-indices: {ε1 ε2 … εn}= I1(ε1) × I2(ε2) × … × In(εn).  
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Here, each index εj equals 0 or 1, and Ij(0) = [0, 1], Ij(1) = 
= (1, aj]. Let E be the common point of all these blocks (all its 
coordinates equal one). In each of these blocks, the equations 
of the system (1) take the simplest linear form

dxj
dt  = kj (xj – aj (1 – εj–1)),  

and solution to the Cauchy problem for this system has a 
simple representation 
         xj(t) = aj(1 – εj–1) + (xj(0) – aj(1 – εj–1)) exp(–kj t).    (2)

In the present paper, for some low dimensional block-linear 
dynamical systems considered as models of gene networks 
functioning, we study the behavior of ensembles of their 
trajectories and show the existence of families of two-dimen-
sional surfaces that are invariant with respect to shifts along 
trajectories of these systems and contain their cycles. This 
makes the qualitative analysis of trajectory behavior and in-
terpretation of numerical experiments with these models much  
simpler. 

Three-dimensional dynamical system 
In the papers (Golubyatnikov et al., 2018; Golubyatnikov, 
Ivanov, 2018), we considered a 3D block-linear dynamic  
system:
dx1
dt  = L1(x3) – k1x1; 

dx2
dt  = L2(x1) – k2x2; 

dx3
dt  = L3(x2) – k3x3.    (3)

Trajectories of all points of the block {001} pass through 
six blocks of decomposition of the domain Q3 from block 
to block according to arrows of the following diagram only:
                          …→{001}→{011}→{010}→
                       {110}→{100}→{101}→{001}…             (4)

Denote by W 3     1  a union of blocks listed in the diagram, this 
is a positive invariant domain of the system (3), its interior 
is homeomorphic to torus. Note that trajectories of points of 
two blocks, {000} and {111}, eventually leave them in the in-
variant domain W 3     1  and further stay there. Thus, cycles of the 
system (3) do not intersect these two blocks (Golubyatnikov 
et al., 2018). Stratification of phase portrait of the system (3) 
consists of two parts: the domain W 3     1  and the union of two 
blocks, {000}, {111}.

Consider a two-dimensional face F0 = {001}∩{011} which 
separates the blocks {001} and {011} as well as other faces  
Fm which separate incident blocks of the diagram (4): 

F1 = {011}∩{010}, F2 = {010}∩{110}, 
F3 = {110}∩{100},… F5 = {101}∩{001}.

After transition along all six arrows of this diagram, trajec-
tories of all points of the face F0 return to it, each trajectory 
with its own time. Composition Ψ: F0→F0 of all these six 
shifts from face Fm to face Fm+1, m = 0, 1, 2, 3, 4, and F5→F0 
is called the Poincaré map. 

On the face F0, let us introduce a coordinate system (w1; w2) 
with the origin at the point E3 = (1; 1; 1) such that coordinates  
w1, w2 of all points of this face are non-negative: w1 = 1 – x2; 
w2 = x3 – 1. Let the Poincaré map be written by equation 

Ψ(w1; w2) = (ψ1(w1; w2); ψ2(w1; w2)).

The main technical result of the papers (Golubyatnikov et al., 
2018; Golubyatnikov, Ivanov, 2018) is the following 

Lemma 1: а) the Poincaré map is monotonic: if for points  
A(v1; v2) and B(w1; w2) relations v1 < w1 and v2 < w2, are sa-
tisfied then ψ1(v1; v2) < ψ1(w1; w2) and ψ2(v1; v2) < ψ2(w1; w2). 
For this partial order relation, we use a notation: A  B, 
Ψ(A)  Ψ(B); 
b) if w1 and w2 are sufficiently small then w1 < ψ1(w1; w2) 
and w2 < ψ2(w1; w2), i. e., B  Ψ(B); 
c) at each point of the face F0, the first derivatives of the 
coordinate functions ψ1 and ψ2 are strictly positive and their 
second derivatives are strictly negative.
This implies that the Poincaré map Ψ:F0→F0 has two fixed 

points exactly; one of them is the point E3 which lies at the 
boundary of F0 and the other one, denoted by P* , is contained 
in the interior of the face F0 (Golubyatnikov, Ivanov, 2018). 
Trajectory of the point  P* returns to this point after transition 
through the blocks of the diagram (4) and, therefore, it is a 
cycle. Since the map Ψ has just one nontrivial fixed point P* , 
the system (3) does not have any other cycles. 

In the same paper, for the fixed points E3 and  P*  of the 
Poincaré map, Jacobian matrices J2(E3) and J2(P*) were cal-
culated and it was shown that the eigenvalues λ1(P*), λ2(P*) 
of the matrix J2(P*) are different, positive and do not exceed 
one, which means exponential stability of the cycle of the 
system (3). We denote this cycle discovered in (Golubyatni-
kov, Ivanov, 2018) by ℂ3. Lemma 1 also implies that both 
these Jacobian matrices are positive, so it is possible to use the 
Frobenius–Perron theorem (Gantmacher, 1959) in our studies.

Note that the determinant of Jacobian matrix J2(E3) is 
equal to one and for its eigenvalues λ1(E3), λ2(E3), relations  
λ1(E3) > 1 > λ2(E3) > 0 are true. So, for the map Ψ, hypothesis of 
Grobman–Hartman theorem (Hartman, 1964) is fulfilled. This 
implies that in a sufficiently small neighborhood U(E3) ⸦ F0 
of the point E3, the Poincaré map is linearized by some con-
tinuous (in general terms, non-smooth) change of variables 
(w1; w2)  (u1; u2). In such a coordinate system, Ψ(u1; u2) = 
= (λ1(E3) · u1; λ2(E3) · u2).

For sufficiently small ε > 0, we denote by T 2   ε  ⸦ U(E3) 
a triangle 0 ≤ u1 + u2 < ε with one vertex at the point E3 and 
let F0 be a truncated face F0\T 2   ε . 

Choose two segments [0, α1] and [0, α0] ⸦ [0, α1] in 
this neighborhood so that α1 = λ1(E3) · α0. Let N1 and N0, 
respectively, be the right endpoints of these segments, then  
Ψ([0, α0]) = [0, α1] and Ψ(N0) = N1; in the original coordinate 
system (w1; w2), the segments [0, α0] and [0, α1] are represented 
by arcs D0 ⸦ D1 with a common endpoint E3. Consider action 
of iterations of the Poincaré map to these arcs: 

Ψ(D0) = D1 ⸦ D2 := Ψ(D1) ⸦ D3 := Ψ(D2) ⸦ D4 …   

The union D* of infinite sequence of mutually embedded 
arcs Dk is a continuous monotonic arc connecting the points  
E3 and P* ; after transition along arrows of the diagram (4), 
trajectories of points of D* return to this arc: the semi-interval  
D1\D0 passes to semi-interval D2\D1 which passes in turn to  
D3\D2, etc. Thus, trajectories of points of the arc D* generate 
an invariant (non-smooth) surface Σ2 bounded by the cycle ℂ3 
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in the invariant domain W 3     1 ⸦ Q3. By the construction, this 
surface contains the point E3. 

Starting such constructions of small segments [N0, N1] in 
a neighborhood U(E3) with points N0 which do not lie on 
the axis E3u1 and considering the images of these segments 
under iterations of the Poincaré map Ψ, we obtain a family 
of continuous monotonic arcs which leave the neighbor-
hood U(E3) and do not contain the point E3. For each pair of 
points N0, N1 ⸦ U(E3)\ E3u1 such that Ψ(N0) = N1, the sequence 
Nk = Ψ(Nk–1) tends monotonically to the fixed point P*  of the 
Poincaré map Ψ (Golubyatnikov et al., 2018). Here, each 
segment [N0, N1] generates, as above, a monotonic arc D* (N0)  
being invariant with respect to the Poincaré map. Trajectories 
of points of such an arc, in their turn, form an invariant 2D 
surface Σ2(N0) which intersects the surface Σ2 by the cycle  
ℂ3 exactly. 

In a similar way, one can construct invariant surfaces which 
do not intersect the neighborhood U(E3) in the domain W 3     1. 
Let U(P* ) ⸦ F0 be a neighborhood of the nontrivial fixed point 
P* , where the map Ψ can be linearized. We save the notations 
(u1; u2) for these linearized coordinates. For sufficiently small 
ε > 0, the Poincaré map transforms the ellipsis S 1   1 ⸦ U(P* ) 
with equation λ1(P*)u 2   1  + λ2(P*)u 2   2  = ε2 to the circle S 1   0 with 
the equation u 2   1  + u 2   2  = ε2. Let I1(M0) be a segment which 
joins the point M1  S 1   1 with its image M0 = Ψ(M1)  S 1   0 . All 
such segments are contained in U(P* ) in the ring between S 1   0   
and S 1   1  . Each of these segments generates a sequence of con-
tinuous arcs Dk(M0), they are invariant with respect to the 
Poincaré map, and Ψ(Dk(M0)) = Dk–1(M0). For each of these 
arcs, trajectories of its points generate in W 3     1 an invariant 
surface bounded by the cycle ℂ3. 

Theorem 1. There exists two-dimensional invariant folia-
tion in the invariant domain W 3     1 of the dynamical system (3); 
its leaves fill W 3     1 and contain the cycle ℂ3 on their bounda-
ries. One of these leaves contains the point E3.

Four-dimensional dynamical system  
Recently, in the papers (Ayupova, Golubyatnikov, 2019; 
Golubyatnikov, Minushkina, 2021), we considered a four-
dimensional block-linear system

       
dx1
dt  = L1(x4) – k1x1; 

dxr
dt  = Гr (xr–1) – kr xr; r = 2, 3, 4.     (5)

In particular case, when kj = 1 for all j, questions of exis-
tence, uniqueness, and stability of cycles of such systems 
were studied in (Glass, Pasternack, 1978). Smooth analogues 
of similar systems were considered in (Hastings et al., 1977; 
Mallet-Paret, Smith, 1990). 

An invariant domain Q4 of the system (5) is decomposed 
by hyperplanes xj = 1 to 16 blocks {ε1 ε2 ε3 ε4}. Blocks of this 
decomposition listed in the following diagram form an inva-
riant subdomain W 4     1 in the phase portrait of (5) 

…→{1111}→{0111}→{0011}→{0001}→
       {0000}→{1000}→{1100}→{1110}→{1111}→…  (6)

The arrows of this diagram show the only possible direc-
tion of trajectory transition from one block to another. The 
subdomain W 4     1 is one of two parts of stratification of the phase 

portrait of the system (5). For each block not listed here, 
 trajectories of its points can pass to three adjacent blocks, two 
of them are contained in W 4     1, and one is in Q4\W 4     1 (this is the 
second part of the stratification mentioned above). Algorithms 
of construction of such diagrams for the systems of arbitrary 
dimensions, both smooth and blocks-linear, are described in 
(Kazantsev, 2015; Kirillova, Minushkina, 2019). 

As in previous sections, let us denote by 0 an intersection 
of two adjacent blocks {1111}∩{0111} in the diagram (6). 
After eight steps according to its arrows under shifts along 
trajectories, all points of this three-dimensional face return 
to 0. Let Ψ4: 0 → 0 be a corresponding Poincaré map,  
T 3   ε ⸦ U(E4) be a pyramid 0 ≤ u1 + u2 + u3 < ε with the vertex at 
the point E4 = (1; 1; 1; 1), and 0  be a truncated face 0\ T 3   ε . 

In the paper (Golubyatnikov, Minushkina, 2021), it was 
shown that all statements of  Lemma 1 are true for the map Ψ4, 
thus, this map has two fixed points exactly: E4 and the point П* 
which is contained in the interior of the face 0. This means 
that the invariant domain W 4     1 of the system (5) contains one 
cycle exactly, let us denote it by ℂ4. The following results 
were also established there. 

Lemma 2: a) the Jacobi matrices J3(E4) and J3(П*) and 
their determinants are positive; 
b) det J3(E4) = λ1(E4) · λ2(E4) · λ3(E4) = 1;
c) magnitudes of eigenvalues of the matrix J3(П*) are less 
than one. 
This implies the exponential stability of the cycle ℂ4 and 

possibility of linearization of the Poincaré map Ψ4 in some 
small neighborhood U(П*) of its fixed point П*. According to 
the Frobenius–Perron theorem, one of the eigenvalues of the 
matrix J3(П*) is positive and greater than the magnitudes of 
the remaining eigenvalues. The same applies to the eigenval-
ues of the matrix J3(E4). Let us enumerate the eigenvalues of 
Jacobi matrices in order of decreasing of their absolute values:  
λ1 > |λ2| ≥ |λ3|. Let (u1; u2; u3) be the coordinates where Ψ4 
is linear 

Φ(u1; u2; u3) = (λ1(Π*) · u1; λ2(Π*) · u2; λ3(Π*) · u3).
As in the case of the system (3), for a sufficiently small  

ε > 0, the Poincaré map translates the ellipsoid S 2   1 with the 
equation λ1(Π*)u 2   1  + |λ2(Π*)|u 2   2  + |λ3(Π*)|u 2   3  = ε2 to the  
sphere S 2   0 with the equation u 2   1  + u 2   2  + u 2   3  = ε2.

Theorem 2. If aj > 1 for all j = 1, 2, 3, 4, and the Jacobi 
 matrix J3(E4) of the Poincaré map does not have eigen-
values with unit module then there exists an invariant folia-
tion in the domain W 4     1; its leaves fill this invariant domain 
and contain the cycle ℂ4. One of these leaves contains the 
point E4.

Dynamical systems of higher dimensions 
In the papers (Gaidov, Golubyatnikov, 2014; Ayupova, Golu-
byatnikov, 2021), we considered a five-dimensional block 
linear dynamical system 

1 = L1(x5) – k1x1; 2 = L2(x1) – k2x2; … 5 = L5(x4) – k5x5,   (7)

for which, as in previous sections, an invariant domain Q5 = 
= [0, a1] × [0, a2] × … × [0, a5] and its decomposition to blocks 
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by the hyperplanes xj = 1 were constructed. Ten blocks of this 
decomposition form a stratum  W 5     1  ⸦ Q5 which is invariant 
with respect to shifts along trajectories of the system (7) 
 passing through the blocks according to arrows of a cyclic dia-
gram, similar to (4) and (6):

…→{10101}→{00101}→{01101}→{01001}→ 
{01011}→{01010}→{11010}→{10010}→ 

{10110}→{10100}→{10101}→…   
Points of the four-dimensional face F 4   0  = {10101}∩{00101} 

under shifts along their trajectories after ten steps along the 
arrows of the diagram return to the face F 4   0 . 

For such a Poincaré map Ψ5:F 4   0 →F 4   0 , an analogue of 
Lemma 1 implies that the face F 4   0  contains two fixed points 
of this map exactly: the point E5 = (1; 1; 1; 1; 1) and a  
point П5

    * in the interior of this face. The domain W 5     1 contains 
one cycle exactly. Let us denote it by ℂ5. This cycle is stable 
and passes through the point П5

    * (Ayupova, Golubyatnikov, 
2021).

As in previous sections, an analogue of Lemma 2 holds: 
Jacobi matrices J4(E5), J4(П5

    *) and their determinants are 
positive, det J4(E5) = 1. 

The magnitudes of eigenvalues of the matrix J4(П5
    *) do 

not exceed one. In the case when these Jacobi matrices do 
not have any eigenvalues modulo equal to 1, construction of 
the invariant surface Σ2 ⸦ W 5     1  with the boundary ℂ5 and an 
invariant foliation in the domain W 5     1  is carried out exactly in 
the same way as above. 

In the paper (Golubyatnikov, Gradov, 2021), conditions under 
which a non-invariant stratum Q5 \ (W 5     1 {00000} {11111}) 
of the phase portrait of the five-dimensional system (7) con-
tains one more of its cycle were established. 

Similar constructions can be done for a block-linear ana-
logue of the six-dimensional Elowitz–Leibler system (Elowitz, 
Leibler, 2000) studied in (Minushkina, 2021; Golubyatnikov, 
Minushkina, 2022) 

1 = L1( p3) – k1m1; 1 = Г1 (m1) – l1 p1; 2 = L2( p1) – k2m2; 

2 = Г2 (m2) – l2 p2; 3 = L3( p2) – k3m3; 3 = Г3 (m3) – l3 p3.   (8)

Here, the variables mj and pj and denote concentrations of 
three mRNAs and proteins TetR, Lacl and λcl, corresponding 
to them (Elowitz, Leibler, 2000; Kolesov et al., 2016). 

An invariant domain Q6 = Π 3     j =1[0, aj] × [0, bj], where bj 
are the maximum values of step functions Гj divided by the 
coefficients lj,  j = 1, 2, 3, is decomposed by six hyperplanes 
mj = 1,  pj = 1,  j = 1, 2, 3, to 64 blocks which form a strati-
fication of Q6 to three subdomains, W 6     1 , W 6     3 , and W 6     5 , with 
different qualitative trajectory behavior. 

The domain W 6     5  consists of 12 blocks, from which tra-
jectories can transit to 5 adjacent blocks. In the symmetric 
case when kj = lj = 1, there are no cycles in this subdomain. 
However, W 6     5  contains a two-dimensional invariant surface 
consisting of piecewise linear trajectories attracting by the 
point E6 = (1; 1; 1; 1; 1; 1) in a spiral way. 

In the domain W 6     1  formed by 12 blocks, from which tra-
jectories can enter one adjacent block only, the Poincaré map 
contains a unique non-trivial fixed point  П6

    *, the trajectory of 

which is a stable limit cycle for all trajectories in this domain 
(Golubyatnikov, Minushkina, 2022).

In the domain W 6     3  which consists of 40 blocks, state tran-
sition diagram has a more complicated combinatorial struc-
ture. At present time, transitions of trajectories from one 
block to another in this subdomain have not been studied 
completely yet.

For smooth analogues of the dynamical system (8), the 
uniqueness of equilibrium point was established in (Ayupova 
et al., 2017). As in the case of block linear systems, hyper-
planes passing through the equilibrium point and being parallel 
to coordinate ones decompose the invariant domain Q6 to 64 
blocks. If a linearization matrix of such smooth system in its 
equilibrium point has eigenvalues with positive and negative 
real parts and does not have any imaginary eigenvalues then 
the invariant domain W 6     1  contains a cycle ℂ6 of this sytem 
(Ayupova et al., 2017). In the paper (Kirillova, 2020), con-
ditions of existence of an invariant surface bounded by the 
cycle ℂ6 in the domain W 6     1  were obtained. 

Results of numerical experiments 
The lefthand part of Figure shows 100 trajectories of the 
dynamical system (3). Each of these trajectories is contained 
in a corresponding leaf of the foliation in W 3     1  near the invari-
ant surface Σ2. The values of parameters of this system are: 
k1 = 0.4; k2 = 0.3; k3 = 0.6; a1 = 1.3; a2 = 1.4; a3 = 1.7. The ini-  
tial data are chosen in a random way in a rectangular neigh-
borhood of the point E3. The righthand part of this Figure 
shows results of similar experiments with a smooth analogue 
of the system (3):

dx
dt  = 10

1+ z3 – x; 
dy
dt  = 10

1+ x3  – y; 
dz
dt  = 10

1+ y3  – z.

Here, one can clearly see its invariant surface. 
It was shown in (Golubyatnikov et al., 2018; Ayupova, 

Golubyatnikov, 2021; Golubyatnikov, Minushkina, 2021; 
Minushkina, 2021) that trajectories of block-linear dynamical 
systems (3), (5), (7), (8) are piecewise smooth, the disconti-
nuities of their derivatives are located on the planes xj = 1, 
this is clearly seen on the left part of Figure.

In order to perform numerical simulations of trajectories 
of (3), we have developed a software project using the R pro-
gramming language (https://www.r-project.org/) and the Shiny 
package (https://shiny.rstudio.com/). The source code is avail-
able on GitHub: https://github.com/AndreyAkinshin/pwLLL.

The simulations are performed in the cloud; the results are 
described at https://aakinshin.net/posts/dscs2/. The library 
ggplot (https://ggplot2.tidyverse.org/) is used here, as well 
as the package deSolve (http://desolve.r-forge.r-project.org/) 
that contains integration routines previously used to simulate 
other systems of gene networks. The user interface allows one 
to specify all parameters of the system (3).

Conclusion
In this paper, we have described a construction of invariant fo-
liations, i. e. the families of invariant two-dimensional surfaces 
in phase portraits of low-dimensional block-linear models 
of circular gene networks. It was shown that on each leaf of 

https://www.r-project.org
https://shiny.rstudio.com/
https://github.com/AndreyAkinshin/pwLLL
https://aakinshin.net/posts/dscs2/
https://ggplot2.tidyverse.org/
http://desolve.r-forge.r-project.org/
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these foliations, trajectories of all its points are repelled by 
the boundary of the central part of the phase portrait and they 
are attracted by the limit cycle which describes an oscillating 
functioning of the corresponding gene network. Theorem 1 
is illustrated by numerical experiments. 

For the kinetic dynamical systems under consideration, the 
leaves of invariant foliations in the phase portraits play the role 
of level surfaces of collections of motion integrals studied in 
classical mechanics (Poincaré, 1892; Arnold, 1989). Reduction 
of dimensions of invariant subsets in the phase portraits allows 
us to give a digestible description of trajectories behavior and, 
in particular, simplifies considerably numerical experiments 
with such gene networks models (Likhoshvai et al., 2020). 
Construction of the foliations mentioned above and investiga-
tion of their geometric properties can be useful in studies of 
dynamical characteristics of more complicated models of gene 
networks functioning when a description of a big system is 
given on the basis of known results on its subsystems which 
have a simpler structure. 
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Validation of a face image assessment technology  
to study the dynamics of human functional states  
in the EEG resting-state paradigm
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Abstract. The article presents the results of a study aimed at finding covariates to account for the activity of implicit 
cognitive processes in conditions of functional rest of the subjects and during them being presented their own or 
someone else’s face in a joint analysis of EEG experiment data. The proposed approach is based on the analysis of the 
dynamics of the facial muscles of the subject recorded on video. The pilot study involved 18 healthy volunteers. In the 
experiment, the subjects were sitting in front of a computer screen and performed the following task: sequentially 
closed their eyes (three trials of 2 minutes each) and opened them (three trials of the same duration between periods 
of closed eyes) when the screen was either empty or when it was showing a video recording of their own face or the 
face of an unfamiliar person of the same gender as the participant. EEG, ECG and a video of the face were recorded for 
all subjects. In the work a separate subtask of the study was also addressed: validating a technique for assessing the 
dynamics of the subjects’ facial muscle activity using the recorded videos of the “eyes open” trials to obtain covariates 
that can be included in subsequent processing along with EEG correlates in neurocognitive experiments with a para-
digm that does not involve the performance of active cognitive tasks (“resting-state conditions”). It was shown that 
the subject’s gender, stimulus type (screen empty or showing own/other face), trial number are accompanied by diffe-
rences in facial activity and can be used as study-specific covariates. It was concluded that the analysis of the dynamics 
of facial activity based on video recording of “eyes open” trials can be used as an additional method in neurocognitive 
research to study implicit cognitive processes associated with the perception of oneself and other, in the functional 
rest paradigm.
Key words: neurocognitive studies; own and other face; EEG correlates; covariates; implicit cognitive processes; self-
perception.

For citation: Savostyanov A.N., Vergunov E.G., Saprygin A.E., Lebedkin D.A. Validation of a face image assessment tech-
nology to study the dynamics of human functional states in the EEG resting-state paradigm. Vavilovskii Zhurnal Gene tiki 
i  Selektsii = Vavilov Journal of Genetics and Breeding. 2022;26(8):765-772. DOI 10.18699/VJGB-22-92

Апробация технологии оценки мимики лиц для изучения 
динамики функциональных состояний человека  
в ЭЭГ-парадигме покоя
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Аннотация. В статье представлены результаты исследования, направленного на поиск ковариат для учета 
дея тельности имплицитных когнитивных процессов в условиях функционального покоя испытуемых и при де-
монстрации им собственного или чужого лица в совместном анализе данных ЭЭГ-эксперимента. Предлагаемый 
подход основан на анализе динамики мышц лица испытуемого по видео. В пилотном исследовании приняли 
участие 18 здоровых добровольцев. В эксперименте испытуемые, сидя перед экраном, последовательно за-
крывали глаза (три пробы по 2 минуты) и открывали их (также три пробы между периодами закрытых глаз) 
либо перед пустым экраном, либо перед экраном с демонстрацией видеозаписи их собственного лица или лица 
незнакомого им человека такого же пола, что и участник. У всех испытуемых регистрировали ЭЭГ, ЭКГ и вели за-
пись видео лица. В работе решали отдельную подзадачу эксперимента: апробацию методики оценки динамики 
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Technology for assessing  
facial expression

активности мышц лица испытуемых по их видео с открытыми глазами для получения ковариат, которые можно 
включать в последующую обработку совместно с ЭЭГ-коррелятами в нейрокогнитивных экспериментах с пара-
дигмой, не предполагающей выполнение активных когнитивных заданий (resting-state conditions). Показано, 
что пол испытуемого, статус экрана (пустой, собственное/чужое лицо), номер пробы связаны с различиями в 
мимической активности лица и могут выступать искомыми ковариатами. Сделан вывод, что анализ динамики 
мимической активности по видео с открытыми глазами может быть дополнительным методом в нейрокогни-
тивных исследованиях для изучения имплицитных когнитивных процессов, связанных с восприятием изобра-
жения себя и другого, в парадигме функционального покоя.
Ключевые слова: нейрокогнитивные исследования; свое и чужое лицо; ЭЭГ-корреляты; ковариаты; имплицит-
ные когнитивные процессы; самовосприятие.

Introduction
Technologies of neurocognitive studies are most often based 
on the use of various approaches to recording the brain acti­
vity of experiment participants using techniques such as EEG 
or fMRI (Bringas­Vega et al., 2022). In the last two decades 
(Biswal, 2012; Snyder, Raichle, 2012) the researchers’ interest 
has been focused on the functional states of the brain observed 
in the absence of exogenous cognitive or emotional load, that 
is, in the experimental paradigm of “resting­state conditions”.

In a series of studies, it was shown that the functional states 
of the brain at rest reflect the individual characteristics of the 
subjects, including their gender (Volf et al., 2015), age (Pri­
vodnova et al., 2020; Engemann et al., 2022), genetic features 
(Proshina et al., 2018), sociocultural affiliation (Knyazev et al., 
2012), climatic and geographical living conditions (Milakhina 
et al., 2020), psychological personality traits (Kabbara et 
al., 2020) and predisposition to affective disorders (Greicius 
et al., 2007). However, the problem of using neuroimaging 
techniques consists in the high variability of resting­state brain 
activity characteristics in healthy subjects (Li et al., 2022). 
A comparative study by M. Li and colleagues, performed on 
a sample of more than 1500 participants in nine countries, 
showed that the resting­state EEG characteristics of a healthy 
person vary greatly depending both on the characteristics 
of the subjects and on the conditions in which imaging ses­
sions take place which are not specified in the experimental 
paradigm (Li et al., 2022). At the same time, formally the 
same EEG recording conditions (closed eyes without external 
mental load) can give different results depending on the part of 
the world and the period of the year the EEG was recorded in.

One of the factors that significantly changes the functional 
states of the brain at rest is the presence or absence of the per­
son’s thoughts about themselves during the period of registra­
tion of their brain activity. In the work (Knyazev et al., 2012) 
it was shown that thinking about oneself induces increased 
activity of the default mode brain network. At the same time, 
the functional organization of the default system under these 
conditions demonstrated significant intercultural differences 
when comparing subjects from Novosibirsk and Taiwan.

In the case of fMRI, an additional factor is the person’s 
response to the very situation of placing them in the scanner. 
The fMRI recording is done while the person is lying in a 
confined tube with sound-induced noise and limited mobility, 
and sometimes contrast agent injection is required. Obviously, 
some people react to such conditions as a stressor, while other 
people perceive these conditions differently, which causes a 

wide spread in the assessments’ results of the subjects’ func­
tional state. Hence, the task arises: on the basis of additional 
methods, to find such correlates (or covariates) that, during 
subsequent analysis, together with the results of EEG or fMRI 
examinations, will allow to more precisely account for the 
psychophysiological state of the subject.

In the case of an experimental paradigm using stimuli to 
induce the desired state of the participants, the assessment of 
such a state is done by analyzing behavioral indicators (for 
example, the accuracy/speed of response to external stimuli), 
but in the case of the resting­state studies, this is not possible.

Another method consists in the usage of psychological 
questionnaires that the participant is asked to complete before 
or after the experiment session. Questionnaire indicators are 
used as variables to assess the subjective states of a person 
under experimental conditions or their personality traits. 
However, this method is limited by the sincerity of the test 
subject and their ability for adequate self­assessment, which 
can be pronounced in the case of neuropsychiatric diseases.

In our pilot study, we propose an approach using covari­
ates that can be obtained from the dynamics of facial muscle 
activity recorded on video and are associated with the psycho­
physiological state of the participants in the EEG experiment. 
The analysis of facial muscle activity in psychophysiology has 
been tested (Nikolaeva, Vergunov, 2021), but has not been 
used for joint analysis with EEG data.

We test the hypothesis that the subjects’ facial activity 
dynamics and the duration of the eyes screen fixation in 
resting­state activity sessions with the absence of explicit 
experimental tasks differ depending on the factors such as 
the subject’s gender, the demonstration of a blank screen or 
a screen with a video of their own face or a face of another 
person of the same gender, the order of experiment stages 
(“blank screen”, “own face”, “other face”).

The participants were subjected to complex psychological 
testing to assess their personality traits with co­registration of 
EEG, ECG and video recording of facial activity. However, 
within the framework of this study, we will not present the 
results of EEG, ECG, and psychometry, leaving them for fu­
ture joint analysis with the identified covariates at subsequent 
stages of the experiment.

Materials and methods
Sample description. The experiments involved 18 volun­
teers (8 men and 10 women, mean age 19.5 ± 1.3 years), all 
students of Novosibirsk State University. Before the survey, 
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all participants signed an informed consent form. In addition, 
all subjects completed a questionnaire for the presence of 
psychiatric or neurological diseases, a questionnaire for well­
being before the examination, and for the use of alcohol or 
psychoactive substances. The exclusion criteria were:
– certain established medical diagnoses;
– use of drugs or psychotropic medications;
– a state of alcoholic intoxication or severe psychological 

stress;
– violation of the instructions during the experiment session 

(covering part of the face with a hand, sudden movements, 
changing the posture so that part of the face goes out of the 
camera frame, etc.).
Experiment session procedure. During the experiment 

session, the subjects sat in a chair in a soundproof chamber 
with subdued lighting. An EEG helmet was placed on the 
participant’s head, and electrodes were attached to the left 
arm and both legs for ECG recording. The subjects were 
informed that in the process of recording EEG and ECG, a 
video recording of their face was being made. The protocol of 
the experiment was approved by the ethical committee of the 
Scientific Research Institute of Neurosciences and Medicine 
in accordance with the ethical standards of the Declaration of 
Helsinki for biomedical research.

Participants were instructed to minimize movement of their 
arms, legs, and head. During the EEG recording session they 
had to, on command given by the computer, open or close their 
eyes. Participants were not specifically required to focus their 
eyes on the screen, but they were not prohibited from doing so. 
Each participant was tested in three different conditions:
a) background recording with alternating eye closing/opening 

(3 trials of each type for 2 minutes), in which there were 
no images on the computer screen;

b) recording with opening and closing of the eyes, in which a 
video recording of the participant’s own face, made earlier 
during condition (a), was shown on the screen (3 trials of 
each type for 2 minutes);

c) recording with opening and closing of the eyes, in which 
the participant was shown a video recording of the face of 
a person he did not know, but of the same gender as the 
participant (3 trials of each type for 2 minutes).
All participants were examined in all three conditions. 

The first condition has always been the (a) condition, i. e., 
recording without additional external stimulation, for half of 
the participants the second condition was (b) (own face), and 
the third was (c) (another face), and for the other half of the 
participants, on the contrary, the second was the condition (c), 
and the third was (b). 

In between these recordings, participants performed ac­
tive experimental tasks – solving linguistic tests for finding 
syntactic errors in sentences between the first and second 
examinations (approximately 25 minutes) and performing 
motor tests in the stop­signal paradigm (approximately 12 
minutes) between the second and third examinations. 

Before the first experimental condition, all participants 
filled out the Russian version of the C. Spielberger question­
naire to assess the level of situational anxiety (Khanin, 1976). 

After completion of the first condition, the C. Spielberger 
ques tionnaire was filled out again to assess whether participa­
tion in the survey affects the level of situational anxiety. In 
addition, after completing each of the experimental conditions, 
the participants filled out a G.G. Knyazev questionnaire on 
well-being during the EEG recording (Knyazev et al., 2012). 
Thus, each participant filled out the C. Spielberger question­
naire twice (before and after the first experimental condi­
tion), and G.G. Knyazev three times (after each experimental  
condition).

Our proposed study design allows to control the factors 
that may accompany implicit cognitive processes taking 
place during presentation of faces (one’s own and other’s) or 
a blank screen:
– features of the motor units activity for the face muscles 

(AU) according to Facial Action Coding System (FACS);
– features of time distribution in the test in relation to the 

subject’s gaze fixation on the screen;
– features of perception for subjects of different genders;
– features of perception for the first and subsequent condi­

tions;
– individual specificity of implicit cognitive processes as­

sociated with the personality traits of the subjects, such as 
the level of anxiety.
Note that the analysis of the last factor (individual specifi-

city) is not included in the objectives of this study. Later, a 
joint analysis of the results of psychological questionnaires 
with the results of clustering statistics for this factor will be 
used for psychophysiological profiling of the subjects.

Method for assessing the expression of facial muscles. 
Specialized software tools, including those in open access, 
are being widely developed to assess the expression of facial 
muscles of the subject from video. The OpenFace framework 
was used in this study – an open access solution that allows 
to highlight a person’s face from an image, from a sequence 
of images or from a video stream (Saprygin et al., 2022). 
A video stream was recorded on a regular computer video 
camera (webcam) when the subjects performed tasks, then, 
based on the regression model, facial motor units (AU) were 
identified using the FACS system (facial action coding sys­
tem) and the dynamics of their activity during tests with open 
eyes were analyzed (Fig. 1). Empirically, it was found that 
the dynamics of AU during a period of about two minutes of 
immobile sitting of the subject is best characterized not by the 
average value or standard deviation (a large number of small 
random changes create “noise”), but by the range of values. 
Therefore, exactly the range of expression values for each AU 
was included into the analysis.

The OpenFace framework is based on the CLM (con­
strained local model) approach. The pilot software developed 
by the  authors based on OpenFace_GUI allows real­time 
visualization of a set of features provided by 3D models of 
the OpenFace framework (coordinates of key points of the 
face, position and angles of the head in space, direction of 
gaze). The OpenFace framework consists of three main parts: 
1) C++ code in which the main analytical flow is implemented; 
2) files of pre-trained models for face detection, detection and 
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Fig. 1. A screenshot of the program for the processing of facial expressions of the participant’s face from the video with added complex analysis-wise 
elements (dark glasses, beard, mustache, cap with electrodes for EEG recording).
FPS – processing speed, number of frames per second; confidence – the level of reliability (green indicates an acceptable level); appearance features – features 
of facial expressions recognized by the program after bringing the face to a vertical position; geometry features – 3D geometry of the position and orientation of 
the face; action units is the activity of motor units for facial muscles (AU according to FACS); classification – AU values obtained by the classification method (not 
used in this study); regression – AU values obtained by the regression method (see the Table); orientation – angular 3D indicators of face orientation; turn – face 
rotation (left+, right–); up/down – tilt of the face (up+, down–); tilt – tilt of the face to the shoulder (left+, right–); pose – linear indicators of the position of the face; 
X, Y, Z – coordinates of the center of the face (in mm); non rigid parameters – soft parameters; pause, stop, reset, >>1, >>5 – frame/video player control buttons.

tracking of key points of the face, calculation of motor units; 
3) Matlab code to create your own model files.

Model files are created using a wide variety of training 
datasets. The OpenFace framework code is open source and 
available under the GNU license: https://github.com/Tadas­
Baltrusaitis/OpenFace.

Mathematical foundations of the model. PLS­analysis 
is a method of obtaining projections on latent structures, the 
original name of which is “partial least squares method”. An 
effective tool for PLS analysis is 2B-PLS models (2B- PLS, 
two­block PLS) (Rohlf, Corti, 2000). 2B­PLS models being 
applied to the study of implicit cognitive processes reveal 
deep independent (orthogonal) “latent structures” (psycho­
physiological mechanisms) simultaneously for two different 
blocks (matrices B1 and B2) of multidimensional indicators 
(Kovaleva et al., 2019).

When constructing 2B­PLS models, the data series are 
centered, both blocks are scaled and rotated to obtain the 
maximum covariance between the score matrices (B1­ and 
B2­score), which are projections of the matrices B1 and B2 
onto the desired latent structures. This is the main difference 
between 2B­PLS and PCA (principal component analysis, the 
method of principal components), which allows you to build 
models only of a “single­component” type. For example, 

one block can contain feature variables (consisting only of 
“0” and “1”, the variance is minimal), and the other­rows of 
instrumental data (in which the variance is much larger than 
that of the features).

The latent structures obtained in the 2B­PLS model are de­
scribed using orthogonal load matrices (B1­ and B2­loadings). 
Rows in matrices B1 and B2 are objects’ data, columns are 
the indicators. Thus, indicators act as initial coordinate axes 
(including those correlated with each other), and can be con­
sidered as “explicit structures”, each of which determines a 
certain (usually small) amount of total variance. The purpose 
of the 2B-PLS model is to find a system of pairs of axes for 
both blocks at once, which express the maximum cova riance 
pattern (Polunin et al., 2019). At the same time, the load ma­
trices are the transition matrices from the original “explicit 
structures” to the newfound “latent structures”.

As a result of applying a 2B­PLS model, we get the num­
ber of latent structures (new coordinate axes), which is equal 
to the minimum number of variables from the two blocks 
of initial data. Note that the ratios for raw data structures 
in blocks remain the same after any number (and order) 
of application of operations such as centering, scaling and 
rotation, which are applied in PLS models or PCA models. 
Thus, the structure of the raw data is completely preserved, 
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Blocks of variables for the 2B-PLS model

Variable Block

AU01 – frontalis pars medialis, inner brow raiser No. 1

AU02 – frontalis pars lateralis, outer brow raiser No. 1

AU04 – depressor glabellae, brow lowerer No. 1

AU06 – orbicularis oculi pars orbitalis, cheek raiser No. 1

AU09 – levator labii superioris alaeque nasi, nose wrinkler No. 1

AU10 – levator labii superioris, upper lip raiser No. 1

AU12 – zygomaticus major, lip corner puller No. 1

AU14 – buccinator, dimpler No. 1

AU15 – triangularis, lip corner depressor No. 1

AU17 – mentalis, chin raiser No. 1

AU20 – risorius with platysma, lip stretcher No. 1

AU25 – depressor labii inferioris, lips part No. 1

t – the time proportion (from the whole duration of the presentation) of the subjects’ eyes fixation on the screen upon 
presentation of stimuli

No. 1

n1–n3 – indicator for stimulus presentation order number No. 2

f – indicator for female sex No. 2

m – indicator for male sex No. 2

fn – stimulus indicator (screen without a face) No. 2

tf – stimulus indicator (screen with other face of the same gender) No. 2

wf – stimulus indicator (screen with own face) No. 2

s6–s49 – indicators of individual specificity (subject codes) No. 2

Notе. AU classification is according to Facial Action Coding System (FACS).

while the tools of the least squares method (ordinary least  
squares, OLS) in some cases can lead to alteration of the 
original structure.

As a result of building a 2B­PLS PLS model, all informa­
tion from the initial data series (the number of which can be 
hundreds or more) is collected into the first few independent 
latent structures. 2B­PLS model allows for a situation where 
the number of variables is greater than the number of objects, 
as well as for the cross­correlation of the initial data. More­
over, the data series can be linear combinations of each other 
(Ränner et al., 1994).

Results and discussion
A 2B­PLS model was built, the blocks of which included the 
following variables, which are series of instrumental data 
(13 variables, block No. 1) and series of features (26 variables, 
block No. 2) (see the Table). Accordingly, 13 latent structures 
were obtained.

As follows from the “scree” plot for latent structures of the 
constructed 2B-PLS model (Fig. 2), the first inflection of the 
graph falls on structure No. 2. Thus, structure No. 1 (before 

the first inflection) will reflect the general features of implicit 
cognitive processes (as it is confirmed by the proportion of 
observed total variance caused by it).

The second inflection of the graph falls on structure No. 4. 
Thus, for structures No. 2 and 3, the particular specificity of 
implicit cognitive processes will be defining. In the subsequent 
structures, the noise component grows simultaneously with a 
decrease in the share of the described total variance, however, 
we will also consider structure No. 4 – it causes more than 
5 % of the total variance.

Later, the analysis of the results of psychological question­
naires, together with the results of clustering for the structures 
we obtained, can be used for the purposes of psychophysio­
logical profiling of the subjects. Hence the conclusion that for 
subsequent profiling in the EEG experiment, it is necessary to 
assess the influence of individual differences of the subjects in 
their implicit cognitive processes when being presented with 
their own or someone else’s face.

The first four latent structures describe 85.4 % of the total 
variance and the defining features are gender, stimulus type, 
and trial order.
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Fig. 2. Scree plot for latent structures of the constructed 2B-PLS model.
X-axis is the numbers of latent structures; Y-axis is the share of the observed 
total variance described by them.

Fig. 3. Loads (correlation coefficients) of variables for latent structure 
No. 1 (X-axis; 53.8 % of total variance) and structure No. 2 (Y-axis; 14.9 % 
of total variance) in 2B-PLS model.
Here and in Fig. 4: black color – instrumental variables, blue color – feature 
variables (see the Table); inside the rectangle (red dotted line) the significance 
of the values of the correlation coefficients p > 0.05; markings of individual 
specificity are omitted to improve the readability of the graph.

Fig. 4. Load (correlation coefficients) of variables for latent structure No. 3 
(X-axis; 10.1 % of total variance) and structure No. 4 (Y-axis; 6.6 % of total 
variance) in 2B-PLS model.
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According to Fig. 3, the first structure describes 53.8 % of 
the total variance and is determined by the proportion of the 
time the subject’s gaze is fixed on the screen, the activity of 
the buccinator and risorius muscles, gender characteristics, 
and the perception of all first trials. Hence, the perception of 
all the first samples is accompanied by an increase in activity 
of the buccinator and risorius muscles and a decrease in the 
proportion of the time of the gaze fixation on the screen in 
girls, and in boys – by a decrease in activity of said muscles 
and an increase in the proportion of the time of screen-fixed  
gaze.

The second structure describes 14.9 % of the total variance 
and is determined by the proportion of time the subject’s 
gaze is fixed on the screen, the activity of the cheek raiser 
muscle, and signs of the type of stimuli (see Fig. 3). Hence, 
the perception by all subjects of their own face on the screen 
is accompanied by an increase in activity of the cheek raiser 
and an increase in the proportion of time the gaze is fixed on 
the screen, while the perception of an empty screen – by a 
decrease in activity of the said muscle and a decrease in the 
proportion of time the gaze is fixed on the screen.

It can be noted that in the space of the first two latent 
structures, the perception of other face in all subjects is ac­
companied by an increase in the activity of the upper lip and 
chin raiser and the lip corner depressor.

According to Fig. 4, the third structure describes 10.1 % 
of the total variance and is determined by the activity of the 
nose wrinkler, chin raiser, gender and first trial features. 
Hence it follows that the perception of all the first samples is 
accompanied by an increase in activity of nose wrinkle and 
a decrease in activity of chin raiser in girls, and in boys – by 
a decrease in activity of nose wrinkle and an increase in ac­
ti vity of chin raiser.

The fourth structure describes 6.6 % of the total variance 
and is determined by the sign of the last trials, the activity of 

the inner brow raiser, the depressor glabellae muscles, the 
chin raiser, and parted lips (see Fig. 4). What can be inferred 
from this is that the reaction to all third trials in all subjects is 
accompanied by an increase in the activity of the chin raiser 
and the depressor glabellae muscles, a decrease in activity 
of the inner eyebrow raiser and the degree of relaxation of 
the chin muscle and the circular muscle of the mouth, and  
parted lips.

It can be noted that in the space of latent structures No. 3 
and 4, the perception of other face in all subjects is accompa­
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nied by an increase in the proportion of the time of fixing the 
gaze on the screen and an increase in the activity of the inner 
and outer brow raiser, relaxation of the chin muscle and the 
circular muscle of the mouth, and parted lips.

Thus, in an EEG/ECG experiment, it is recommended 
for joint processing to include (apart from the influence of 
individual differences in implicit cognitive processes) the 
following covariate variables: gender, order of trials, presence 
of one’s own face on the screen/blank screen.

Conclusions
Electroencephalogram is one of the most common methods 
for non­invasive study of the functional state of the human 
brain in healthy and clinical conditions. When analyzing the 
relationship between the EEG parameters and the behavioral 
activity of the subject, the motor (much less often verbal) 
responses of the subjects are usually chosen as behavioral 
metrics. This choice is primarily due to the fact that such re­
sponses are easy to mark in EEG recordings. We hypothesized 
that changes in the state of the facial muscles could serve as 
a behavioral phenotypic feature associated simultaneously 
with the personality characteristics of the survey participant, 
including their predisposition to mental disorders, and with 
endophenotypic parameters of brain rhythms. 

In the present article, we propose a methodological idea 
for recording and processing facial video together with EEG 
recording. A pilot study was conducted aiming to find statisti­
cally significant covariates for facial expression to take into 
account in the analysis of EEG in the resting­state paradigm 
of functional rest and also when the subjects are being demon­
strated a video recording of their own or someone else’s face. 
This approach is based on the face muscles dynamics analysis 
of the subject on video, which is recorded simultaneously with 
the registration of EEG and ECG.

It was shown that the dynamics of facial muscle activity 
reflect controlled conditions that are not usually used in the 
analysis of EEG correlates of cognitive processes, but which, 
as follows from the results, may accompany certain implicit 
cognitive processes. Taking into account such covariates as 
the subject’s gender, screen status (blank, own/other face) and 
sample number will increase the reliability of the assessment 
of the cognitive state of the subjects and provide additional 
information for interpreting the EEG/ECG results. The clus­
tering of subjects by the factors of individual specificity of 
implicit cognitive processes will form a basis for effective 
profiling.

In the present study, we did not analyze EEG/ECG and 
psychometric data, as this is a pilot study with limited objec­
tives. In the future, it is planned to increase the size of the 
experimental sample and conduct a more detailed comparison 
of the results of the analysis of the activity of the facial muscles 
with the results of other neurocognitive methods. For these 
promising tasks, we have worked out data obtaining methodo­
logy for profiling subjects according to the latent structures 
described by the authors, which allows to use the results of 
the generated model as additional variables for second­level 
summary models (including EEG, ECG data, etc.).
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Abstract. These days, the ability to predict the result of the development of the system is the guarantee of the successful 
functioning of the system. Improving the quality and volume of information, complicating its presentation, the need to 
detect hidden connections makes it ineffective, and most often impossible, to use classical statistical forecasting methods. 
Among the various forecasting methods, methods based on the use of artificial neural networks occupy a special place. The 
main objective of our work is to create a neural network that predicts the risk of depression in a person using data obtained 
using a motor control performance testing system. The stop-signal paradigm (SSP) is an experimental technique to assess 
a person’s ability to activate deliberate movements or inhibit movements that have become inadequate to external condi-
tions. In modern medicine, the SSP is most commonly used to diagnose movement disorders such as Parkinson’s disease or 
the effects of stroke. We hypothesized that SSP could serve as a basis for detecting the risk of affective diseases, including 
depression. The neural network we are developing is supposed to combine such behavioral indicators as: the amount of 
missed responses, amount of correct responses, average time, the amount of correct inhibition of movements after stop-
signal onset. Such a combination of indicators will provide increased accuracy in predicting the presence of depression in 
a person. The artificial neural network implemented in the work allows diagnosing the risk of depression on the basis of 
the data obtained in the stop-signal task. An architecture was developed and a system was implemented for testing mo-
tor control indicators in humans, then it was tested in real experiments. A comparison of neural network technologies and 
methods of mathematical statistics was carried out. A neural network was implemented to diagnose the risk of depression 
using stop-signal paradigm data. The efficiency of the neural network (in terms of accuracy) was demonstrated on data 
with an expert assessment for the presence of depression and data from the motor control testing system.
Key words: stop signal paradigm; artificial neural network; system for depression risk assessment; machine learning.
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Аннотация. В настоящее время возможность спрогнозировать результат развития системы – залог успешного функ-
ционирования системы. Повышение качества и объема информации, усложнение ее представления, необходимость 
обнаруживать скрытые связи делают неэффективным, а чаще всего невозможным, применение классических ста-
тистических методов прогнозирования. Среди разнообразных методов прогнозирования особое место занимают 
методы, основанные на использовании искусственных нейронных сетей. Задачей нашей работы является создание 
нейронной сети, прогнозирующей риск возникновения депрессии у человека, с помощью данных, полученных при 
использовании системы тестирования показателей моторного контроля. Стоп-сигнал парадигма (ССП) – это экспе-
риментальный метод, позволяющий оценить способность человека активировать целенаправленные движения или 
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подавлять движения, ставшие неадекватными внешним условиям. В современной медицине ССП чаще всего при-
меняется для диагностики двигательных нарушений, таких как болезнь Паркинсона или последствия инсульта. Мы 
предположили, что ССП может служить основой для выявления риска развития аффективных заболеваний, вклю-
чая депрессию. В разрабатываемой нами нейронной сети предполагается комбинирование таких поведенческих 
показателей, как количество пропущенных ответов, количество правильных ответов, среднее время, количество 
верных торможений после появления стоп-сигнала. Такой набор показателей обеспечит повышенную точность про-
гнозирования наличия депрессии у человека. Реализованная в работе искусственная нейронная сеть позволяет по 
данным, полученным с помощью фиксации реакции на стимулы со стоп-сигналом, диагностировать риск возникно-
вения депрессии. Разработана архитектура и реализована система тестирования показателей моторного контроля 
у человека, затем протестирована в реальных экспериментах. Проведено сравнение нейросетевых технологий и 
методов математической статистики. Реализована нейронная сеть для диагностирования риска возникновения де-
прессии по данным ССП. На примере данных с экспертной оценкой на наличие депрессии и результатов, получен-
ных при использовании системы тестирования показателей моторного контроля, продемонстрирована эффектив-
ность нейронной сети (с точки зрения точности).
Ключевые слова: стоп-сигнал парадигма; искусственная нейронная сеть; система тестирования; риск возникнове-
ния депрессии; машинное обучение.

Introduction
The ability to predict the result of the development of the 
system is the key to the successful functioning of the system. 
Improving the quality and volume of information, complicat-
ing its presentation, and the need to detect hidden connec-
tions makes it ineffective, and most often impossible, to use 
classical statistical forecasting methods. Among the various 
forecasting methods, methods based on the use of artificial 
neural networks occupy a special place. 

The main objective of our work is to create a neural network 
that predicts the risk of depression in a person using data 
obtained using the motor control indicators testing system 
(Haykin, 2006). All data are taken from the open database of 
the Institute of Cytology and Genetics of the Siberian Branch 
of the Russian Academy of Sciences (ICBrainDB dataset 
https://icbraindb.cytogen.ru/api-v2). 

A group of patients with depression was examined at the 
clinic of the Scientific Research Institute of Neurosciences 
and Medicine. The presence of major depressive disorder 
was diagnosed by a psychiatrist during a closed interview 
based on The International Statistical Classification of Di­
seases and Related Health Problems, 10th revision (ICD-10) 
criteria. As a control group of healthy people, participants 
who had never been treated in psychiatric clinics and had not 
turned to psychiatrists for medical help were invited. All par-
ticipants in the control group denied having any neurological 
or psychiatric diseases at the time of the examination or for 
five years before the examination. In addition, all the survey 
participants, both patients and control participants, denied the 
presence of alcohol or drug addiction and the usage of other 
psychoactive substances. 

The main differences between artificial neural networks 
and methods of mathematical statistics are parallel process-
ing of information and the ability to learn without a teacher, 
in other words, to self-study (https://wiki.loginom.ru/articles/
normalization.html). Below, in the form of a table (Table 1), 
the results of comparing neural networks and methods of 
mathematical statistics according to the selected criteria are 
presented.

Resistance to noise is an important indicator when work-
ing with a large number of parameters and at the absence of 
explicit dependencies that we get from the data of the stop 
signal paradigm. Self-study makes it possible to perform tasks 

without outside interference, which contributes to the search 
for patterns between parameters.

The use of mathematical statistics methods in the search 
for dependencies between the stop signal paradigm and the 
risks of depression cannot fully detect their presence due to 
the sensitivity of the methods to superfluous data, and even 
more so they cannot further predict the risk of depression in 
a person. Noise resistance and self­learning make usage of 
neural networks not simply preferable, compared to mathe-
matical statistics, but necessary.

The neural network should accept a dataset consisting of 
data obtained using the stop signal paradigm as input and 
output the diagnostic result for the risk of depression.

The stop signal paradigm (SSP) is an experimental method 
that allows us to evaluate a person’s ability to activate deli-
berate movements or suppress movements that have become 
inadequate to external conditions. In modern medicine, SSP 
is most often used to diagnose motor disorders, such as Par-
kinson’s disease or the consequences of a stroke. We sug-
gested that SSP can serve as a basis for identifying the risk 
of developing affective diseases, including depression. The 
neural network we are developing assumes a combination of 
behavioral indicators such as: the number of missed answers, 
the number of correct answers, the average time, the number 
of correct stops. Such a set of indicators will provide increased 
accuracy in predicting the presence of depression in a person.

The purpose of this work is to develop a neural network for 
predicting the risk of depression according to the stop signal 
paradigm. The artificial neural network implemented in the 
work makes it possible to predict the risk of depression based 
on the data obtained by registering the reaction to stimuli with 
a stop signal.

Materials and methods
Implementation of a neural network. The following table 
shows the technologies used for implementation along with 
a rationale (Table 2).

The architecture of the model. To work with the model 
and layers, the Sequential and Dense classes of the Tensor-
Flow were used.

The Sequential class is a sequential neural network archi-
tecture, which is equivalent to sequential layer invocation 
(https://keras.io/api/layers/core_layers/dense/).
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Table 1. Comparison of neural networks and mathematical statistics

Criteria Neural networks Methods of mathematical statistics

Saturation level High saturation level Low saturation level

Computing power Require a lot of computing power Require less computing power  
than artificial neural networks

Progression of algorithms Continuous development of algorithms  
for building artificial neural networks

Development is slow

The absence of an unreasonable result Presence of unreasonable results Absence of unreasonable results

Time spent on development A lot of development time Less time and development costs

The amount of data to get the result Requires a large amount of data for training Needs less data than artificial neural networks

Resistance to noise Resistant to noise Not resistant to noise

An opportunity for self-learning Availability of self-learning opportunities Lack of self-learning opportunities

Table 2. Technology stack used

Technology Rationale

Programming language: Python At the moment, it allows easier and faster 
work with neural networks than other 
programming languages (e. g.: Java). 
Supports a wide range of libraries

Data Processing library: Pandas is an open-source library that provides tools for working with 
various data structures for the Python programming language (Vinogradova, 2012).The library 
was used for parsing experimental results and for further work with the dataset

Allows to process the data formats 
(comma- and tab-separated values)

Plotting library: matplotlib is a library for creating visualizations such as: histograms, bar charts, 
error bands, coherence graphs and much more (Ivanov et al., 2022). 
The library was used to plot the loss during training and validation of the neural network,  
the accuracy of training and validation

Selected for its capacity in constructing 
histograms

A library for interacting with artificial neural networks: Keras – a Python API  
for the TensorFlow (https://keras.io/about/) 

One of the most popular neural network 
APIs

Version control system – Github One of the most popular and easy to use 
version control systems

The Dense class implements the operation:
           output = activation(dot(input, kernel) + bias),         (1)
where activation is the element-by-element activation function 
passed as an argument, kernel – is the matrix of all weights 
created by the layer, bias – is the displacement vector created 
by the layer (https://keras.io/api/layers/activations/).

Two layers were highlighted: 
– layer x, that is, a layer for working with objects based on 

input data with the exception of the category of the test; 
– layer y, that is, a layer for working with answers based on 

the category of the test subject.
To work with layer x, the relu activation function was used. 

The relu function returns a number if it accepts a positive 
argument, in other cases it returns 0 (https://matplotlib.org/
stable/index.html). To work with layer y, the sigmoid activa-
tion function was used, which is necessary for probabilistic 
forecasting. Sigmoid activation function:

             sigmoid(x) = 1
(1 + exp(–x)).                       (2)

For small values, the function returns a value close to 0, and 
for large values, it returns close to 1, and the sigmoid always 
returns from 0 to 1 (https://www.probabilitycourse.com/ 
chapter9/9_1_5_mean_squared_error_MSE.php).

Data collection for training. In preparation for the deve-
lopment of the neural network, a balanced dataset was created 
based on data obtained during the examination of healthy 
people and patients with diagnosed depression.

The following inputs were highlighted: 
– Missed – the number of missed responses from the test 

subject;
– Right – the total number of correct answers from the test 

subject;
– Av_time – average reaction time for the test subject during 

the experiment;
– Stop – the number of correct ignores on the stop signal of 

the test subject;
– Practice – the number of correct answers in the block 

“Practice” at the test;
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Table 3. Selection of parameters on a balanced dataset

Trials Validation Training  
accuracy

Validation  
accuracy

Training  
losses

Validation  
losses

Conclusion

500 0.2 0.1–0.9 0.9–0 0.3–0 0.2–1 Does not satisfy

1000 0.2 1 0 0.2–0 0.3–1 Does not satisfy

200 0.2 0.1–0.9 0.9–0 0.3–0 0.2–0.8 Does not satisfy

100 0.2 1 0 0.13–0.3 0.45–0.8 Does not satisfy

1000 0.1 0.2–0.82 1–0 0.31–0 0.2–0.67 Does not satisfy

500 0.1 0.18–0.81 1–0 0.3–0 0.2–0.7 Does not satisfy

200 0.1 0.82 0 0.1–0 0.45–0.7 Does not satisfy

100 0.1 0.19–0.81 1–0 0.35–0 0.1–0.7 Does not satisfy

100 0.05 0.2–0.79 1–0 0.27–0.15 0.2–0.45 Does not satisfy

100 0.02 0.21–0.78 1–0 0.3–0.2 0.15–0.4 Does not satisfy

– Right_stop – the number of correct answers without taking 
into account the stop signal;

– Incor_stop – the number of incorrect reactions to the stop 
signal;

– Survive – the category of the test subject (healthy or diag-
nosed with depression).
Data preparation and normalization. Data normaliza-

tion is a procedure for preprocessing input data, in which the 
values of the features forming the input vector are reduced 
to a specified range. Normalization is necessary because the 
initial values can vary over a large range and the operation 
of a neural network with such data can lead to an incorrect 
result (https://keras.io/api/models/). Normalization of data 
to the range [0...1] is important for setting a single privilege 
of features, in other words, for setting the same significance 
for each feature, which will allow them to be compared with 
each other in equal conditions.

All dataset inputs were selected for normalization, with the 
exception of Survive, since this parameter is an estimate and 
takes only two values: 0 or 1.

Network topology selection. Choosing the topology of an 
artificial neural network is one of the most important stages 
when using neural network technologies to solve practical 
problems. The adequacy of neural network model training 
directly depends on this stage (https://keras.io/api/models/
model_training_apis/). Since we are faced with the task of 
classification and it is important to find any hidden connec-
tions, we need each artificial neuron to be connected to other 
neurons.

Based on the concepts of neural network types, a fully 
connected type was chosen, since, as mentioned earlier, each 
artificial neuron transmits its output to the rest of the neurons.

Experimental selection of training parameters. During 
this stage of neural network development, it is necessary to 
select optimal training parameters that will demonstrate the 
best accuracy and loss indicators. Selection is carried out by 
launching a neural network with possible parameters and a 
test dataset.

The following table (Table 3) shows the results of the ex-
perimental selection of training parameters, that is, the selec-
tion of the number of passes of the dataset from beginning to 
end (epochs) and the amount of data for validation (valida-
tion_split) on a balanced dataset (50 % healthy, 50 % with 
diagnosed depression, total 205).

Figure 1 demonstrates the accuracy of training and valida-
tion when training on a balanced dataset with a choice of 
epochs = 500 and validation_split = 0.2.

Thus, due to the lack of suitable parameters for further work, 
it was decided to use an unbalanced dataset (65 % of healthy, 
35 % with diagnosed depression, only 500).

The following table shows the results of experimental selec-
tion of training parameters on an unbalanced dataset (Table 4).

Figure 2 demonstrates the accuracy of training and valida-
tion when training on an unbalanced dataset with epochs = 
= 5000 and validation_split = 0.2.

Based on the results obtained, the number of passes from 
the beginning of the dataset to the end (epoch) = 4000 was 
selected, the amount of data for validation (validation_split) = 
= 0.2.

Neural network training. To ensure the correctness of 
the artificial neural network, the sample was divided into two 
parts: training data for training, verification data for checking 
the operation of the neural network.

The compile and fit methods were used for training. The 
arguments of the compile method are: optimizer, loss func-
tion, metrics, loss weights, list of metrics. In the fit method, 
the arguments are: input data, target data, number of samples, 
number of epochs, list of callbacks, amount of data for valida-
tion (https://pandas.pydata.org/pandas-docs/stable/).

Arguments used in the compile method:
• loss = “mse” – root-mean-square error:

                        E[(X – 
 
X )2] = E[(X – g(Y ))2],                     (3)

let 
 
X  = g(Y ) be an estimate of a random variable, given 

the observation of a random variable Y (https://www.
journaldev.com/45330/relu-function-in-python);
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Fig. 1. An example of a graph of training accuracy and validation accuracy 
when training on a balanced dataset.

Table 4. Selection of parameters on an unbalanced dataset

Trials Validation Training  
accuracy

Validation  
accuracy

Training   
losses

Validation  
losses

Conclusion

1000 0.1 0.6–0.68 0.9–0.85 0.22–0.2 0.16–0.15 Does not satisfy

1000 0.05 0.9 0 0 0.9 Does not satisfy

1000 0.2 0.13–0.72 0–0.82 0.37–0.2 0.45–0.2 Satisfies

3000 0.2 0.13–0.7 0–0.8 0.37–0.19 0.45–0.2 Satisfies

4000 0.2 0.12–0.73 0–0.84 0.37–0.18 0.45–0.2 Satisfies

Fig. 2. An example of a graph of training accuracy and validation accuracy 
when training on an unbalanced dataset.
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Table 5. Checking the adequacy of training

No. 1 2 3 4 5 6 7 8

Category 1 1 0 1 0 0 0 0

Result 0.767 0.824 0.24 0.927 0.316 0.293 0.276 0.367

Notе. 0 – with diagnosed depression, 1 – without depression.

• optimizer = “sgd” – gradient descent optimizer taking into 
account momentum (https://keras.io/api/optimizers/sgd/);

• metrics = [“accuracy”].
Arguments used in the fit method:

• x – input data;
• y – the target data, that is, the estimate;
• epochs = “4000” – the number of epochs;
• validation_split = “0.2” – the amount of validation data used 

in the training sample.
Checking the adequacy of training. Testing of the ade-

quacy of training is carried out on data that were not in the 
training samples, in other words, new data for the neural 
network are used.

The following table (Table 5) shows an example of a 
sequence of values (PSurvived) obtained from the neural 
network, taking into account the category of data. 

Results
Technical tests. For technical tests of the neural network, 
data from experiments on our system for testing human motor 
control indicators (without expert assessment for depression, 
that is, without clinical confirmation) were used, as well as 
previously unused data that did not participate in the training 
sample (with expert assessment).

The purpose of the technical tests is to study how the 
de veloped neural network will cope with the classification 
for the presence of risks of depression according to the stop 
signal paradigm.

Input data. The following input data were selected for the 
technical tests of the neural network:
• Unbalanced dataset (0.37 – with diagnosed depression, 

0.63 – without depression);
• The maximum number of missed responses is 85;

https://keras.io/api/optimizers/sgd/
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Computer neural network for the diagnosis of depression 
on the basis of the stop-signal paradigm

Table 6. The results of the neural network

No. Category of the subject The result  
of the neural 
network

Evaluation based on the neural network result

   1 Without an expert assessment for the presence of depression 0.8637 Healthy

   2 » 0.5195 Healthy

   3 » 0.6937 Healthy

   4 » 0.7821 Healthy

   5 » 0.7885 Healthy

   6 » 0.4915 Presumed risk of depression

   7 » 0.8123 Healthy

   8 » 0.2868 Presumed risk of depression

   9 Without an expert assessment for the presence of depression 0.7568 Healthy

10 Diagnosed with depression 0.1478 The risk of depression – corresponds to the category

11 Healthy 0.9487 Healthy – corresponds to the category

12 Diagnosed with depression 0.3227 The risk of depression – corresponds to the category

13 » 0.3114 The risk of depression – corresponds to the category

14 » 0.2721 The risk of depression – corresponds to the category

15 » 0.2993 The risk of depression – corresponds to the category

• The maximum total number of correct answers for the 
test – 92;

• The maximum average time per experiment for a test sub-
ject is 750.0;

• The maximum number of correct ignores for a stop signal 
from a test subject is 34;

• The maximum number of correct answers in the “Practice” 
block in the test – 31;

• The maximum number of correct answers without taking 
into account the stop signal is 65;

• The maximum number of incorrect reactions to the stop 
signal is 35;

• The amount of data for validation is 0.2, the number of 
epochs is 4000.
Test results. The following table describes the results of 

the neural network with an estimate of the values obtained 
(Table 6).

Thus, during the technical tests, the results of the neural 
network were obtained, which demonstrate which category 
(healthy/at risk of depression) the test subject belongs to. The 
obtained indicators fully correspond to the diagnoses.

Conclusion
Based on the experimental data obtained using the stop signal 
paradigm, a dataset was formed. The implementation of a 
neural network for diagnosing the risk of depression according 
to the stop signal paradigm has been developed and further 
tested. Using the example of data with an expert assessment 
for the presence of depression and data obtained using the 
motor control indicators testing system, the accuracy of the 

neural network classification was shown. The test results in 
the form of performance indicators of the neural network are 
described below:

Indicator Meaning
Training losses 0.1657
Training accuracy 0.7821
Validation losses 0.2415
Validation accuracy 0.6667

The stop signal paradigm is commonly used to diagnose 
motor disorders such as Parkinson’s disease, childhood hyper-
activity or post-traumatic disorders. Previously, the stop signal 
paradigm was not used by anyone to diagnose depression. We 
applied this technique in combination with neural network 
methods and showed that the results of SSP make it possible 
to efficiently classify people into patients with depression and 
people without depression. It should also be noted that we did 
not compare patients with depression with patients with other 
non-depression-related neurological diseases. Therefore, at the 
moment, it is not yet clear whether our method allows us to di-
vide patients with different disorders into different subclasses. 
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Abstract. Development of computer models imitating the work of the nervous systems of living organisms, taking into 
account their morphology and electrophysiology, is one of the important and promising branches of computational 
neurobiology. It is often sought to model not only the nervous system, but also the body, muscles, sensory systems, and 
a virtual three-dimensional physical environment in which the behavior of an organism can be observed and which 
provides its sensory systems with adequate data streams that change in response to the movement of the organism. 
For a system of hundreds or thousands of neurons, one can still hope to determine the necessary parameters and get 
the functioning of the nervous system more or less similar to that of a living organism – as, for example, in a recent work 
on the modeling of the Xenopus tadpole. However, of greatest interest, both practical and fundamental, are organisms 
that have vision, a more complex nervous system, and, accordingly, significantly more advanced cognitive abilities. 
Determining the structure and parameters of the nervous systems of such organisms is an extremely difficult task. 
Moreover, at the cellular level they change over time, these including changes under the influence of the streams of 
sensory signals they perceive and the life experience gained, including the consequences of their own actions under 
certain circumstances. Knowing the structure of the nervous system and the number of nerve cells forming it, at least 
approximately, one can try to optimize the initial parameters of the model through artificial evolution, during which 
virtual organisms will interact and survive, each under the control of its own version of the nervous system. In addition, 
in principle, the rules by which the brain changes during the life of the organism can also evolve. This work is devoted 
to the development of a neuroevolutionary simulator capable of performing simultaneous functioning of virtual or-
ganisms that have a visual system and are able to interact with each other. The amount of computational resources 
required for the operation of models of the physical body of an organism, the nervous system and the virtual environ-
ment was estimated, and the performance of the simulator on a modern desktop computing system was determined 
depending on the number of simultaneously simulated organisms.
Key words: nervous system; vision system; virtual organism; population; computational modeling; neuroevolution 
simulator.
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Программная система на основе 3D симулятора  
для моделирования эволюции в популяции организмов, 
обладающих зрительной системой
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Аннотация. Создание компьютерных моделей, имитирующих работу нервных систем живых организмов с уче-
том их морфологии и электрофизиологии, – один из важных и перспективных разделов вычислительной нейро-
биологии. При наличии возможности стремятся моделировать не только нервную систему, но и тело, мышцы, 
сенсорные системы и виртуальную трехмерную физическую среду, в которой можно наблюдать поведение орга-
низма и которая обеспечивает его сенсорные системы адекватными потоками данных, изменяющимися в ответ 
на движение организма. Для системы из сотен или тысяч нейронов еще можно надеяться задать необходимые 
параметры и получить функционирование нервной системы, более-менее сходное с таковым для живого орга-
низма, как, например, в недавней работе по моделированию головастика Xenopus. Однако наибольший инте-
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рес, как практический, так и фундаментальный, представляют организмы, обладающие зрением, более сложной 
нервной системой и, соответственно, значительно более развитыми когнитивными способностями. Определить 
структуру и параметры нервных систем таких организмов представляется исключительно сложной задачей. Бо-
лее того, они изменяются с течением времени, в том числе под воздействием воспринимаемых ими потоков 
сенсорных сигналов и полученного жизненного опыта, включая последствия собственных действий при тех или 
иных обстоятельствах. Зная структуру нервной системы и число образующих ее нервных клеток хотя бы прибли-
зительно, можно попытаться оптимизировать начальные параметры модели посредством искусственной эво-
люции, в процессе которой виртуальные организмы будут взаимодействовать и выживать – каждый под управ-
лением собственной версии нервной системы. Помимо этого, эволюционировать могут и правила, по которым 
мозг изменяется на протяжении жизни организма. Данная работа посвящена созданию нейроэволюционного 
симулятора, способного осуществлять одновременное функционирование виртуальных организмов, обладаю-
щих зрительной системой, которые взаимодействуют между собой. Приведены расчеты, показывающие, сколь-
ко вычислительных ресурсов требуется для работы моделей физического тела организма, нервной системы и 
виртуальной среды обитания, а также определена производительность симулятора на современной настольной 
вычислительной системе в зависимости от числа одновременно моделируемых организмов.
Ключевые слова: нервная система; зрительная система; виртуальный организм; популяция; компьютерное моде-
лирование; нейроэволюционный симулятор.

Introduction
Computational models imitating the functioning of living or-
ganisms’ nervous systems, based on their electrophysiological 
and morphological data, are powerful tools in neuroscience. 
With their help it is possible, on the basis of knowledge and 
ideas about the functioning of individual nerve cells and the 
mechanisms of interaction between them, to calculate the 
dynamics of the activity of networks of nerve cells. The model 
of the nervous system functioning in combination with the 
model of the body of an organism equipped with muscular 
and sensory systems, placed in a virtual three-dimensional 
physical environment, provides the researcher with signifi-
cant advantages. First, one can observe and register both the 
behavior of the body model of an organism and the activity 
of the nervous system, up to the activity of individual nerve 
cells, their processes and synapses. Secondly, the model of 
the nervous system receives a stream of signals from the 
virtual environment that change in response to the actions 
of the organism, driven by a muscular system controlled by 
its “brain”, i. e. there is a constant feedback between actions 
and their consequences, just like in reality. One of the goals 
of such modeling is to check the adequacy of neural network 
models by comparing the activity of nervous systems of a real 
organism and its virtual ‘twin’, as well as their behavior.

Probably the most well-known creature in this context is 
one of the most simple multicellular organisms, invertebrate 
Caenorhabditis elegans, whose nervous system is composed 
of just 302 neurons (Sarma et al., 2018). Also, sufficiently 
convincing similarity between the real organism and the model 
was achieved for the Xenopus frog tadpole at the two-day stage 
of development, whose nervous system model was represented 
by a neural network composed of approximately 2300 neurons 
(Ferrario et al., 2021). However, neither C. elegans, nor the 
two days old Xenopus tadpole has a visual system.

Attempts to model much more complex organisms such 
as a mouse (~70 million neurons (Herculano-Houzel et al., 
2006)) or a rat (~200 million neurons (Herculano-Houzel, 
Lent, 2005)), including their nervous systems, have also been 
made. However, to date, their virtual twins have not yet been 
created. The work aimed at reverse engineering and modeling 
the nervous system of the Drosophila fruit fly (~100 thousand 

neu rons (Scheffer et al., 2020)) is also in progress. Another ex-
tremely promising object of investigation and modeling is ants 
(~250 thousand neurons (Moffet et al., 2021)). These insects 
have immobile compound eyes, consisting of 100…3000 om-
matidia – structural and functional units of such eyes (their 
number depends on the type of ant and its specialization), 
providing color vision with a rather modest resolution (from 
10×10 to 55×55 “pixels”). Thus, for example, the eyes of 
Myrmica ruginodis usually have 109 to 169 ommatidia, and 
those of Camponotus crassus and Pseudomyrmex adustus, 
which are active during daylight hours – up to 700 and 930, 
correspondingly (Aksoy, Camlitepe, 2018), and the maximal 
known number of ant ommatidia per eye, near 3000, was 
registered in tropical species Gigantiops destructor (Macquart 
et al., 2006).

It is noteworthy that ants are the simplest organisms that 
successfully pass the mirror test, i. e. they are able to distin-
guish their own reflection in a mirror from another ant, which 
they can see through ordinary transparent, non-mirror glass of 
the same size (Cammaerts M.-C., Cammaerts R., 2015). The 
principle of conducting a mirror test is worth mentioning. In 
front of a mirror, ants clean themselves up or make unusual 
movements of their head and antennae, which is not observed 
when they see relatives behind the glass. If a small mark (e. g. 
blue) is applied on the front of an ant’s head, then when it 
sees itself in the mirror, it will try to get rid of it, try to clean 
it off with the help of its legs. And if the mark is the same 
color as the body of the ant, or if it is applied to the back of 
the head, not visible in the mirror, then the ant will not show 
concern and attempts to clean it off. Thus, the ants notice the 
mark on themselves and behave as if they understand that it 
is on themselves, and not on another ant, relying solely on 
visual signals.

Computational modeling of both a single ant, with or with-
out a mark, able to see itself in a mirror, as well as multiple ants 
that can see and interact with each other and with surrounding 
objects is of considerable scientific interest. Orientation on 
the terrain in ants is also carried out mainly through vision 
(Buehlmann et al., 2020).

What are the requirements for a software system and com-
puting hardware capable of performing computer simulation 
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Neuroevolutionary simulator of organisms 
endowed with a visual system

Fig. 1. Simple “ant” 3D body model, general view.
А – head, B – body, С – legs, D – a joint connecting body and legs. The head has 
a movable connection with the body.
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B D
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of a group of virtual organisms imitating ants (including body, 
muscle, sensory and nervous systems) and their habitat? It 
is assumed that organisms can interact with each other in 
the physical world and “see” each other, i. e. their nervous 
system receives a stream of video data corresponding to the 
first-person view as input. The problem of “digitizing” the 
structure of the nervous system, including 3D morphology of 
each neuron, its processes and synapses, is extremely labor- 
and time-consuming. However, this may not be essential, 
since the brain, even in ants, is quite plastic and undergoes 
noticeable structural changes during the life of the organism 
(Penick et al., 2021). At the same time, not much is known 
about the mechanisms underlying brain changes throughout 
life at the level of single neurons and connections between 
them. Therefore, it makes sense to pose the problem of mo-
deling an organism that has the body and sensory systems 
of an ant (at least visual and mechanosensory, as well as the 
simplest olfactory and taste receptors) and a nervous system 
with a similar number of neurons and synapses, but without 
a fixed connectome. How fast can such modeling be carried out 
and can one expect that virtual evolution in such a system will 
help artificial neural networks to achieve cognitive capabilities 
that will allow virtual organisms to effectively survive, solving 
more or less complex tasks related to finding food, avoiding 
hazards and performing other activities? 

Materials and methods
Software system. In accordance with the subject of the article, 
we are using computational modeling to deal with the prob-
lems to be solved – the research is carried out based on the 
software that we developed for conducting numerical experi-
ments in the field of neuroevolutionary modeling. It is based 
on a modern 3D physics engine named Unigine (unigine.com), 
which is used for developing games, virtual reality systems, 
interactive visualization software, educational systems in va-
rious areas, etc., supporting Windows and Linux platforms.

The physics simulation module supports collision detec-
tion, rigid body physics, various types of joints (hinged, ball, 
prismatic, cylindrical, etc.), dynamic destruction of objects, 
cloth, floating objects, force fields, time reversal, etc. (https://
developer.unigine.com/ru/docs/latest/principles/physics/). In 
Unigine it is possible to use mirrors, which may be useful in 
the future for conducting a “mirror test”. Also, it has built-in 
C++ programming language, which allows to develop and use 
one’s own program code – for example, to model networks of 
neurons that receive signals from virtual organisms sensory 
systems and control their movements.

An “ant” body model. The simple “ant” body model that 
we designed and used as a first prototype to evaluate the per-
formance of the simulator is shown in Figure 1. In the future, 
it is planned to develop and use a much more detailed and 
realistic version.

In the simplest test scene, food particles (shown in green) 
and several dozen virtual organisms are randomly placed on 
the plane (Fig. 2).

Visual system. Figure 3 shows examples of images per-
ceived by a “video camera” located on the body’s head, which 
is directed forward (at the moment only color mono-vision is 
implemented, although stereo is also planned for the future). 
The resolution of frames of ant’s video stream was chosen to 

be 30×30, which approximately corresponds to the average 
spatial resolution of visual systems of real ants considered 
earlier. Since the images themselves are quite small, for the 
convenience of perception in the figure they are proportion-
ally enlarged by 5 times (one color square of 5×5 pixels cor-
responds to one real “receptor” pixel).

An image can be represented as three matrices, each of 
which represents a separate color channel (red – R, green – G 
and blue – B). Each matrix has a size of 30×30, forming an 
array of data, Input, consisting of 2700 elements, organized 
in the following way:

Input (r) = R(i, j),   r = i · 30 + j,
Input (g) = G(i, j),   g = i · 30 + j + 900,
Input (b) = B(i, j),   b = i · 30 + j + 1800,

where 0 ≤ i < 30,   0 ≤ j < 30.
The simulation has a certain frame refresh rate, depending 

on the computational performance of the hardware, the com-
plexity of the simulated scene and the number of “ants”. With 
a certain frequency, each individual forms such an array, the 
content of which enters the “nervous system” of the organism.

Nervous system. Visual signals enter “nervous systems” of 
virtual organisms, which at the very beginning of the simula-
tion, for the first generation of “ants”, are randomly gene rated 
networks of artificial neurons, similar to those used in per-
ceptrons (Rosenblatt, 1962) for recognition of letters, digits 
and geometrical figures. In our case, the number of neurons in 
each network was about 3000. Within the lifetime of one indi-
vidual, networks have a static topology. Perceptron consists of 
S-elements (sensory), one or more layers of А-elements (as-
sociative) and R-elements (reacting). А-elements are defined 
by a set of weight matrices А1, А2, …, Аn and bias vectors 
b1, b2, …, bn. The array Input, mentioned above, is processed 
in the following way:

resulti = Ai · resulti – 1 + bi ,

where result0 is a layer of sensory elements, containing an  
array of visual data perceived by an “ant”, and i = 1,…, n. And 
acti vation of R-elements as a result of visual data process-
ing leads to the corresponding actions performed by the ant 
(change of speed, turn to the left or to the right).

https://developer.unigine.com/ru/docs/latest/principles/physics/
https://developer.unigine.com/ru/docs/latest/principles/physics/
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Fig. 2. General view of the simulation – test scene with a few dozens of virtual organisms.

Fig. 3. A few examples of the “first-person view”.
In the first one (on the left), one can distinguish another individual (top, in brown tones) and the shadow of the virtual organism perceiving 
this image (dark gray).

Simulation of evolution. Some variants of weights ma-
trices of perceptrons described above provide more efficient 
survival, i. e. the ability to perceive “first-person view” visual 
signals, analyze them and control the movement of the body 
in such a way that an organism regularly reaches food par-
ticles and maintains the necessary “energy level” in the body 
(satiated state). Organisms that remain hungry for too long 
die out and the “long-livers” have the opportunity to generate 
offsprings that inherit the structure of their neural networks. 
Currently, offspring is generated by only one parent (in nature 
such a reproduction mechanism, called parthenogenesis, also 
exists – in many types of arthropods, including 8 species of 
ants, as well as in about 70 species of vertebrates).

In the simulator, the current “energy level” of the organism 
is indicated as Satiety (t), with which the following quantities 
are associated: 

MaxSatiety – maximum organism satiety (15 by default);
BirthSatiety = MaxSatiety · 0.7  – the satiety of the orga­

nism, upon reaching which it gives birth to a descendant. When 
it happens, half of the available resources remains with the 
organism, and half passes to the descendant.

Each organism is initialized with Satiety (0) = 8. Each 
time after a certain period, it loses one satiety unit (because 
organism functioning “consumes energy”). At Satiety (t) = 0 
the organism dies. When eating food, the organism gains a 
satiety point until MaxSatiety is reached. 
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The child inherits the parent’s neural network with changes 
that are carried out according to the following rules:

ε, δ – random values which are distributed uniformly;
ε  [a, b] – probability of changes in neuron parameters 

(“mutation”), 0 ≤ a ≤ b ≤ 1;
δ   [c, d ] – the amount of weight change in the matrix ele-

ment as a result of mutation, c ≤ d. Parameters a, b, c  and d 
can be changed by user. 

Every element of weight matrices and bias vectors, Ak (i, j ) 
and bk (l ) (k = 1, …, n) changes by +δ or –δ with probability ε.

Results
At the current stage of the work, the main achieved result 
is the development of the simulator prototype (including 
a three-dimensional physical world, a model of the physical 
body of an ant, a model of the visual system and a model of 
the nervous system), as well as measurements of its perfor-
mance on various computing systems, depending on their 
characteristics and on the number of neurons in the nervous 
system of virtual organisms. The source code of the simulator 
is available in the following repository (https://github.com/
NotNa19/AntPrototype). Perspectives of further development 
of this project depend on the ability to perform neuroevolu-
tionary modeling for at least one, but preferably for more 
virtual organisms, whose “nervous systems” are comparable 
to those of real ants in terms of the number of nerve cells.

Table 1 contains the characteristics of the computational 
hardware used in the testing and the maximum number of 
virtual organisms modelled simultaneously for which the 
simulation still remains stable. In this case, “stable work” 
means the correct functioning of organisms and their physi-
cal bodies. The fact is that in the current version of Unigine, 
at a low frame rate, delays between the movement of vari-
ous components of the organism may occur, the processing 
of collisions between the objects, including “organisms” 
and “food”, may not always work correctly, and some other 
problems of this kind may happen as well. It is possible to fix 
these problems and it is planned for the future, but it requires 
a deeper knowledge about the mechanisms of the 3D engine. 
With a screen resolution of 1920×1080 pixels and its refresh 
rate (frames per second, FPS) of at least 30 per second, the 
simulator remains stable. However, the number of individuals 
simulated at the same time affects the performance. The fol-
lowing values were obtained on our computational hardware:

Table 1. The maximum size of the population  
of virtual organisms at which the simulator is stable,  
depending on the characteristics of the hardware used

Characteristics  
of the computing system

The maximum number  
of virtual organisms
at which the simulator  
is stable

CPU Intel Core i5-7300HQ 2.50 GHz
GPU GeForce GTX1050 Ti, 4 Gb

   50

CPU AMD Ryzen 7 2700X 3.70 GHz
GPU NVIDIA GeForce 1060, 6 Gb

   80

CPU AMD Ryzen 5 5600X 3.7/4.6 GHz
GPU MSI GeForce RTX 3060 Ti, 8 Gb

150

Detailing of the time spent on various stages of the simula-
tion showed that with a small size of nervous systems (thou-
sands to tens of thousands of neurons), the most significant 
factor limiting the speed of its operation is the process of 
obtaining “first-person view” video stream data for the ant 
population, even considering the fact that the multithreading 
of calculations is provided by the engine itself. Dependence 
of the maximum number of individuals in the simulation on 
the number of neurons in the “nervous system” of the virtual 
organism (all individuals have the same number) has also been 
investigated. The following values were obtained for GeForce 
RTX 3060 Ti + AMD Ryzen 5 5600X (Table 2).

Table 2. The maximum population size of virtual organisms  
at which the simulator is stable, depending on the number  
of neurons in their “nervous system”

The number of neurons The maximum number  
of virtual organisms  
at which the simulator is stable

3000 150

10 000    50

100 000    10

The costs of 3D scene visualization for an external ob-
server also have a noticeable impact on the performance 
of the system. Measurements performed at the computa-
tional system composed of AMD Ryzen 7 2700X 3.70 GHz 
CPU and NVIDIA GeForce 1060 6 Gb GPU revealed the  
following:
• When performing a simulation with an empty scene (with 

or without visualization for an external observer), stable 
9000 clock cycles in 60 seconds (an average of 150 clock 
cycles/sec) are obtained.

• When performing a simulation with 80 organisms, with 
visualization for an external observer, we get 5400 cycles in 
60 seconds (an average of 90 cycles/sec), and 7800 cycles 
in 60 seconds (an average of 130 cycles/sec) without vi-
sualization.

• With a higher load (100 individuals and more food), we 
obtained 1800 cycles in 60 seconds with visualization (on 
average 30 cycles/sec) and 4500 clock cycles in 60 seconds 
without visualization (an average of 75 clock cycles/sec).
Thus, visualization for an external observer (user) plays 

a fairly significant role in the overall performance of the sys-
tem and thus it makes sense to turn it on only when it is really 
necessary – for example, in cases of debugging or recording 
demo videos illustrating the functioning of the simulator.

The work of the genetic algorithm can be illustrated by the 
dependence of the individuals’ lifetime, which increases as the 
number of generations grows. The curves shown in  Figure 4 
were obtained based on 10 runs of the simulator with the 
same parameters.

It can be seen that over time there are individuals appearing 
in the population whose lifetime is many times longer than 
the lifetime of individuals with randomly generated neural 
network parameters that have not yet passed natural selec-
tion. At the behavior level and with visual observation, it is 
expressed in the fact that the most adapted virtual organisms 

https://github.com/NotNa19/AntPrototype
https://github.com/NotNa19/AntPrototype
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Fig. 4. The dependence of the maximum lifetime of an individual from 
the population for the entire period from the beginning to the pre sent 
moment (blue curve), at the moment (green curve), and during the 
 average lifetime of the population (red curve), indicating the root-mean-
square deviation.
The data is obtained from 10 simulation runs.

purposefully move towards the particles of  “food” and avoid 
moving away from the central area of space with the largest 
concentration of  “food”, i. e. they are successfully adapted to 
their living conditions.

Discussion
The current neural network architecture is quite simple and at 
this stage was used mainly for testing the system as a whole 
and for evaluating its performance at an early stage of deve-
lopment. Currently, the following much more advanced and 
modern neural network architecture, which is a combination 
of a convolutional neural network (LeCun, Bengio, 1995) (for 
working with incoming video data) and the NEAT algorithm 
(NEuroevolution of Augmenting Topologies) (Stanley, Miik-
kulainen, 2002) is being implemented. NEAT can change not 
only the weight parameters, but also the structure of the neural 
network during the lifetime of the organism. The convolu-
tional neural network will transform the details of the image 
to some abstractions, and the NEAT algorithm will handle 
the be havioral part of the virtual organism and work with the 
results of the functioning of this convolutional neural network.

In addition to this variant, self-organizing networks such as 
neocognitron (Kunihiko, 1980) are quite promising in terms 
of architecture as well. There are also neural networks that 
are much more realistic in terms of electrophysiology and 
neuromorphology. They are based on the Hodgkin–Huxley 
nervous cell model (Hodgkin, Huxley, 1952), in which it is 
represented in the form of compartments characterized by 
electrical capacitances and resistances, with calculations of 
membrane potentials and ion currents. The modern imple-
mentation of this model with support of parallel computing on 
GPUs has the following performance indicators. In the work 
(Stimberg et al., 2020), a neural network of 64 thousand neu-
rons required about 0.6 sec of working time on a Tesla V100 
GPU (with a performance of 14.1 TFLOPS in FP32 mode) 
to calculate 1 sec of simulation time (i. e. real time), and 
about 3 sec of calculations per 1 sec of simulation time – for 
neural networks of 256 thousand neurons. At the same time, 
numerical integration of the equations describing the system 
occurs with a time interval not exceeding 0.1 msec to ensure 
the accuracy of calculations and stability of the system, and 
each neuron on average has about 1000 connections (80 % of 
which are activating, and 20 % are inhibiting).

Recently, the research on new neural network architectures 
has been quite actively conducted, and many of obtained re-
sults have been successfully applied in practice. Particularly, 
in the field of neuroevolutionary methods, quite a wide range 
of promising variants has been considered, classified and 
compared in the dissertation (Khlopkova, 2016, Ch. 1) and 
in the review article (Ma, Xie, 2022). In the future we plan 
to implement the most suitable and promising of them in the 
presented simulator and explore the limits of their “cognitive 
capabilities” while controlling the virtual “ants”.

Conclusion
Modern GPUs, such as, for example, NVidia 3080 Ti, with 
10240 parallel CUDA computing cores, have a performance of 
34.1 TFLOPS, and the upcoming 4080 Ti is expected to have 
67.6 TFLOPS. Thus, the technological capability to simulate 

a single virtual organism with a biologically realistic neural 
network of  256 thousand neurons and 256 million connections 
between them, with a numerical integration time step equal 
to 0.1 msec, on a single GPU, has already been achieved. It 
is comparable to the neural network of the real ant’s nervous 
system, which includes about 250 thousand neurons.

Our calculations for virtual organisms with neural networks 
of several thousand elements have shown that the compu-
tational costs of neural networks and the virtual physical 
environment are relatively small, and the main limiting factor 
for the system performance is video data streams in the “first 
person view” mode, carrying visual information. However, in 
the case of neural networks consisting of hundreds of thou-
sands of neurons, the “nervous system” becomes the main 
consumer of computing resources. Thus, given the above, 
a modern desktop computing system with a powerful modern 
GPU has enough performance to provide a real time simulation 
of a virtual organism with a “nervous system” based on the 
Hodgkin–Huxley model, with a number of neurons compos-
ing its nervous system equivalent to that of a real ant. And if 
there are multiple GPUs in one workstation, the number of 
simultaneously simulated ants interacting with each other can 
be increased in proportion to the number of GPUs.

References
Aksoy V., Camlitepe Y. Spectral sensitivities of ants – a review. Anim. 

Biol. 2018;68(1):55-73. DOI 10.1163/15707563-17000119.
Buehlmann C., Wozniak B., Goulard R., Webb B., Graham P., Ni-

ven J.E. Mushroom bodies are required for learned visual naviga-
tion, but not for innate visual behavior, in ants. Curr. Biol. 2020; 
30(17):3438-3443.e2. DOI 10.1016/j.cub.2020.07.013.

Cammaerts M.-C., Cammaerts R. Are ants (Hymenoptera, Formicidae) 
capable of self recognition? J. Sci. 2015;5(7):521-532. 

Ferrario A., Palyanov A., Koutsikou S., Li W., Soffe S., Roberts A., 
Borisyuk R. From decision to action: detailed modelling of frog tad-
poles reveals neuronal mechanisms of decision-making and repro-



А.P. Devyaterikov 
А.Yu. Palyanov

786 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2022 • 26 • 8

Neuroevolutionary simulator of organisms 
endowed with a visual system

ORCID ID
А. Palyanov orcid.org/0000-0003-1108-1486

Acknowledgements. The study was performed according to the Russian Federation Government research assignment for A.P. Ershov Institute of Infor-
matics Systems SB RAS, project FWNU-2022-0006.
Conflict of interest. The authors declare no conflict of interest.
Received August 19, 2022. Revised November 1, 2022. Accepted November 8, 2022. 

duces unpredictable swimming movements in response to sensory 
signals. PLoS Comput. Biol. 2021;17(12):e1009654. DOI 10.1371/
journal.pcbi.1009654.

Herculano-Houzel S., Lent R. Isotropic fractionator: a simple, rapid 
method for the quantification of total cell and neuron numbers in the 
brain. J. Neurosci. 2005;25(10):2518-2521. DOI 10.1523/jneurosci. 
4526-04.2005.

Herculano-Houzel S., Mota B., Lent R. Cellular scaling rules for rodent 
brains. Proc. Natl. Acad. Sci. USA. 2006;103(32):12138-12143. DOI 
10.1073/pnas.0604911103.

Hodgkin A.L., Huxley A.F. A quantitative description of membrane 
current and its application to conduction and excitation in nerve. 
J. Physiol. 1952;117(4):500-544. DOI 10.1113/jphysiol.1952.sp00 
4764.

Khlopkova O.A. Methods and algorithms for the intellectualization of 
decision making under conditions of indeterminacy based on neural 
networks and evolutionary modeling. Ph.D. Thesis. Moscow, 2016. 
(in Russian)

Kunihiko F. Neocognitron: a self-organizing neural network model 
for a mechanism of pattern recognition unaffected by shift in posi-
tion. Biol. Cybernetics. 1980;36(4):193-202. DOI 10.1007/BF003 
44251.

LeCun Y., Bengio Y. Convolutional networks for images, speech, and 
time series. In: Arbib M.A. (Ed.) The Handbook of Brain Theory 
and Neural Networks. Cambridge; London: Bradford Book, The 
MIT press, 1995;276-278.

Ma Y., Xie Y. Evolutionary neural networks for deep learning: a re-
view. Int. J. Mach. Learn. Cyber. 2022;13:3001-3018. DOI 10.1007/
s13042-022-01578-8. 

Macquart D., Garnier L., Combe M., Beugnon G. Ant navigation 
en route to the goal: signature routes facilitate way-finding of Gi­
gantiops destructor. J. Comp. Physiol. A. Neuroethol. Sens. Neural. 

Behav. Physiol. 2006;192(3):221-234. DOI 10.1007/s00359-005-
0064-7. 

Moffett M.W., Garnier S., Eisenhardt K.M., Furr N.R., Warglien M., 
Sartoris C., Ocasio W., Knudsen T., Bach L.A., Offenberg J. Ant 
colonies: building complex organizations with minuscule brains and 
no leaders. J. Org. Design. 2021;10:55-74. DOI 10.1007/s41469-
021-00093-4. 

Penick C.A., Ghaninia M., Haight K.L., Opachaloemphan C., Yan H., 
Reinberg D., Liebig J. Reversible plasticity in brain size, behavior 
and physiology characterizes caste transitions in a socially  flexible 
ant (Harpegnathos saltator). Proc. R. Soc. B. Biol. Sci. 2021; 
288(1948):20210141. DOI 10.1098/rspb.2021.0141.

Rosenblatt F. Principles of Neurodynamics: Perceptrons and the Theory 
of Brain Mechanisms. Washington DC: Spartan Books, 1962.

Sarma G.P., Lee C.W., Portegys T., Ghayoomie V., Jacobs T., Alicea B., 
Cantarelli M., Currie M., Gerkin R.C., Gingell S., Gleeson P., Gor-
don R., Hasani R.M., Idili G., Khayrulin S., Lung D., Palyanov A., 
Watts M., Larson S.D. OpenWorm: overview and recent advances 
in integrative biological simulation of Caenorhabditis elegans. 
 Philos. Trans. R. Soc. B. Biol. Sci. 2018;373(1758):20170382. DOI 
10.1098/rstb.2017.0382.

Scheffer L.K., Xu C.S., Januszewski M., Lu Z., Takemura S.Y., Hay-
worth K.J., Huang G.B., … Meinertzhagen I.A., Rubin G.M., 
Hess H.F., Jain V., Plaza S.M. A connectome and analysis of the 
adult Drosophila central brain. eLife. 2020;9:e57443. DOI 10.7554/
eLife.57443. 

Stanley K.O., Miikkulainen R. Evolving neural networks through 
augmenting topologies. Evol. Comput. 2002;10(2):99-127. DOI 
10.1162/106365602320169811.

Stimberg M., Goodman D.F.M., Nowotny T. Brian2GeNN: accele-
rating spiking neural network simulations with graphics hardware. 
Sci. Rep. 2020;10(1):410. DOI 10.1038/s41598-019-54957-7.

https://doi.org/10.1007/s13042-022-01578-8
https://doi.org/10.1007/s13042-022-01578-8
https://pubmed.ncbi.nlm.nih.gov/?term=Beugnon+G&cauthor_id=16240146
https://doi.org/10.1007/s00359-005-0064-7
https://doi.org/10.1007/s00359-005-0064-7
https://pubmed.ncbi.nlm.nih.gov/?term=Meinertzhagen+IA&cauthor_id=32880371
https://pubmed.ncbi.nlm.nih.gov/?term=Rubin+GM&cauthor_id=32880371
https://pubmed.ncbi.nlm.nih.gov/?term=Hess+HF&cauthor_id=32880371
https://pubmed.ncbi.nlm.nih.gov/?term=Jain+V&cauthor_id=32880371
https://pubmed.ncbi.nlm.nih.gov/?term=Plaza+SM&cauthor_id=32880371


Human phospholipases A2:  
a functional and evolutionary analysis
I.I. Turnaev1, 3 , M.E. Bocharnikova2, 3, D.A. Afonnikov1, 2, 3

1 Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
3 Kurchatov Genomic Center of ICG SB RAS, Novosibirsk, Russia

  turn@bionet.nsc.ru

Abstract. Phospholipases A2 (PLA2) are capable of hydrolyzing the sn-2 position of glycerophospholipids to release 
fatty acids and lysophospholipids. The PLA2 superfamily enzymes are widespread and present in most mammalian 
cells and tissues, regulating metabolism, remodeling the membrane and maintaining its homeostasis, producing lipid 
mediators and activating inflammatory reactions, so disruption of PLA2-regulated lipid metabolism often leads to vari-
ous diseases. In this study, 29 PLA2 genes in the human genome were systematically collected and described based 
on literature and sequence analyses. Localization of the PLA2 genes in human genome showed they are placed on 
12 human chromosomes, some of them forming clusters. Their RVI scores estimating gene tolerance to the mutations 
that accumulate in the human population demonstrated that the G4-type PLA2 genes belonging to one of the two 
largest clusters (4 genes) were most tolerant. On the contrary, the genes encoding G6-type PLA2s (G6B, G6F, G6C, G6A) 
localized outside the clusters had a reduced tolerance to mutations. Analysis of the association between PLA2 genes 
and human diseases found in the literature showed 24 such genes were associated with 119 diseases belonging to 
18 groups, so in total 229 disease/PLA2 gene relationships were described to reveal that G4, G2 and G7-type PLA2 pro-
teins were involved in the largest number of diseases if compared to other PLA2 types. Three groups of diseases turned 
out to be associated with the greatest number of PLA2 types: neoplasms, circulatory and endocrine system diseases. 
Phylogenetic analysis showed that a common origin can be established only for secretory PLA2s (G1, G2, G3, G5, G10 
and G12). The remaining PLA2 types (G4, G6, G7, G8, G15 and G16) could be considered evolutionarily independent. 
Our study has found that the genes most tolerant to PLA2 mutations in humans (G4, G2, and G7 types) belong to the 
largest number of disease groups.
Key words: phospholipase A2; glycerophospholipids; human diseases.
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Аннотация. Фосфолипазы A2 (PLA2) способны гидролизовать sn-2 положение глицерофосфолипидов для вы-
свобождения жирных кислот и лизофосфолипидов. Ферменты семейства фосфолипазы A2 широко распростра-
нены и присутствуют в большинстве клеток и тканей млекопитающих, выполняя функции регулятора метаболиз-
ма, поддержания мембранного гомеостаза, производства липидных медиаторов, ремоделирования мембран, 
активации воспалительных реакций. Соответственно, нарушение PLA2-регулируемого липидного метаболизма 
часто приводит к различным заболеваниям. В настоящем исследовании были систематически собраны и описа-
ны 29 генов PLA2 в геноме человека на основе анализа литературных данных и изучения последовательностей. 
Анализ локализации генов PLA2 в геноме человека показал, что они расположены на 12 хромосомах человека 
и некоторые из них образуют кластеры. Оценка значений величины RVIS (оценка толерантности генов к мута-
циям, которые накапливаются в популяции человека) демонстрирует, что гены фосфолипаз A2 типа G4, входя-
щие в один из двух наиболее крупных кластеров (четыре гена), наиболее толерантны к мутациям. Напротив, 
пониженную толерантность к мутациям имеют локализованные вне кластеров гены, кодирующие фосфолипа-
зы A2 типа G6 (фосфолипазы A2 G6B, G6F, G6C, G6A). Мы проанализировали также связи между фосфолипаза-
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ми A2 и заболеваниями человека по литературным данным, в результате чего выявлены связи 24 генов PLA2 со 
119 заболеваниями, относящимися к 18 группам. Описано 229 связей «болезнь–ген» фосфолипазы A2. Показа-
но, что белки фосфолипаз A2 типов G4, G2 и G7 вовлечены в наибольшее число заболеваний по сравнению с 
другими типами PLA2. С наибольшим числом типов PLA2 были связаны три группы заболеваний: новообразо-
вания, болезни системы кровообращения и болезни эндокринной системы. Филогенетический анализ показал, 
что общее происхождение устанавливается только для секреторных PLA2 (G1, G2, G3, G5, G10 и G12). Остальные 
типы PLA2 (G4, G6, G7, G8, G15 и G16) можно считать эволюционно независимыми. В результате проведенного 
анализа установлено, что наиболее толерантные к мутациям фосфолипазы A2 у человека (типы G4, G2 и G7) во-
влечены в наибольшее количество групп заболеваний.
Ключевые слова: фосфолипаза А2; глицерофосфолипиды; заболевания человека.
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Fig. 1. Structural diagram of a phospholipid and the positions of the ester 
bonds hydrolyzed by different PL classes.
R1 and R2 are ((CH2)n ∙ CH3); X is various polar tail glycerophospholipid groups 
such as serine, choline, ethanolamine, glycerol or inositol; sn-1 and sn-2 are 
glycerophospholipid positions. Adapted from (Giresha, 2021).
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Introduction
Phospholipases (PLs, EC 3.1) are hydrolases, enzymes that 
use a water molecule to degrade phospholipids (Burke, Den­
nis, 2009; Aloulou et al., 2018), the main  component of the 
biological membranes of all living organisms (De Maria et 
al., 2007). There exist four classes of PLs (A, B, C, D), each 
of them being able to hydrolyze a specific bond in a phos­
pholipid, e. g., phospholipase A1 (PLA1, EC 3.1.1.32) and 
phospholipase A2 (PLA2, EC 3.1.1.4) are acyl esterases 
and hydrolyze the sn­1 and sn­2 positions of glycerophos­
pholipids, respectively; phospholipase B (PLB, EC 3.1.1.5) 
hydrolyzes both sn­1 and sn­2 positions of glycerophospho­
lipids; phospholipases C (PLC, EC 3.1.4.3) and D (PLD, 
EC 3.1.4.4) are phosphate esterases and are determined 
based on the hydrolysis of glycerol or the distal side of the 
phosphate group (Fig. 1) (Aloulou et al., 2018; Shayman, 
Tes mer, 2019).

The PLA2 family is one being most extensively studied, 
which reflects their biological importance. They hydrolyze 
the ester bond of membrane phospholipids from the sn­2 
position, and, under natural conditions, their sn­2 positions 
often contain polyunsaturated fatty acids, which, when re­
leased, can be metabolized to form various eicosanoids and 
their associated biologically active lipid mediators (Aloulou 
et al., 2018). 

At least sixteen PLA2 types are known to the date. Den­
nis et al. (2011) divided them into six groups based on their 
properties: secreted phospholipases A2 (sPLA2, types G1, 
G2, G3, G5, G9, G10, G11, G12, G13 and G14); cytosolic 
phospholipases A2 (cPLA2, type G4); calcium­independent 

phospholipases A2 (iPLA2, type G6); plasma platelet­acti­
vating factor acetylhydrolase (PAF­AH, types G7 and G8); 
lysosomal phospholipase A2 (LPLA2, type G15), and adi­
pocyte phospholipase A2 (AdPLA, type G16).

Assigning a PLA2 to a certain group (type) is based on the 
experimental determination of their catalytic mechanisms, 
cellular localization, evolutionary and structural features. 
Note that most of these lipolytic enzymes share no struc­
tural similarity and have different regulatory and catalytic 
mechanisms (Aloulou et al., 2018).

Each of the sixteen PLA2 types is involved in lipid me­
tabolism and disease development mechanisms of different 
kind, so PLA2s are believed to be promising therapeutic 
targets for a number of diseases (Aloulou et al., 2018). In 
this respect, there is a huge interest in the pharmaceutical 
industry for development of selective and effective inhibitors 
for each of these PLA2 types (Aloulou et al., 2018).

Describing protein functions is known to include, on the 
one hand, the molecular function, and, on the other, the 
function at the level of the vital activity of a cell or a whole 
organism (Karp, 2000). PLA2s have been fairly well studied 
in terms of their molecular functioning, however, their role 
in the vital processes of a cell and a whole organism remains 
poorly understood.

The objective of the present study was to analyze the cha­
racteristics of various human PLA2 types in the context of 
the available data on their association with various diseases. 
To do so, the PLA2s’ protein­sequence domain organization, 
gene distribution in the genome, mutability characteristics 
as well as their phylogenetic relationships with the PLs of 
other organisms were analyzed.

Materials and methods
Sampling of human and animal PLs. The human PLA2­
protein sequences were taken from Huang Q. et al. (2015), 
and since not all known human PLA2s were described in 
this paper (Dennis et al., 2011), the missing sequences were 
identified in the NCBI database by their names and identi­
fiers as per Dennis et al. (2011), using the GRCh38.p14 
human genome assembly.

The genome contained 29 PLA2 genes encoding twelve 
types of proteins (PLA2G1–8, 10, 12, 15, 16) (for sequences, 
see Suppl. Material 2)1. PL types A2 G1, G3, G5, G10, G15, 
1 Supplementary Materials 1–11 are available in the online version of the paper: 
http://vavilov.elpub.ru/jour/manager/files/Suppl_Turnaev_Engl_26_8.pdf

http:////vavilov.elpub.ru/jour/manager/files/Suppl_Turnaev_Engl_26_8.pdf
http:////vavilov.elpub.ru/jour/manager/files/Suppl_Turnaev_Engl_26_8.pdf
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G16 were represented by one gene; types G7 (G7A, G7B), 
G8 (G8A, G8B) and G12 (G12A, G12B) – by two genes; 
G2 – by five genes (G2A, G2C–F ) and the G6 type was 
represented by six genes (G6A–F ).

The primary structures of human PLA2s were characte­
rized by the presence of domains, active sites, and signal 
peptides using the published data. To search for the PLA2s’ 
homologues in animals, the BLASTP program (E-value ≤ 1) 
was employed with the human PLA2­protein sequences 
used as a query. The homologues were searched for among 
the protein sequences of the organisms representing various 
taxa, for their list see Suppl. Material 1.

Functional analysis of the PLA2s. To estimate the degree 
of the PLA2 genes’ evolutionary conservation, the Residual 
Variance Index Score (RVIS) (Petrovski et al., 2013) was 
applied. The scoring enables one to assess a gene’s tolerance 
to the mutations that accumulate in the human population, 
so the score is calculated based on the allele frequency 
information presented in the entire human exome sequence 
(data set NHLBI­ESP6500 from EVS v.0.0.14: https://evs.
gs.washington.edu/EVS/). The score allows ranking genes 
by the number of observed nucleotide variations, taking 
into account the relative proportion of neutral substitutions 
that are observed for a gene under study. If negative, its 
value indicates low gene variability (i. e., its sequence is 
less tolerant to the accumulated mutations found in genes 
with a more important function), and if positive, it shows 
a higher gene variability (i. e., its sequence is more tolerant 
to nucleotide substitutions).

The DAVID service (Huang D.W. et al., 2009) was em­
ployed to identify the biological processes involving PLA2s. 
The service allows one to identify the terms from the Gene 
Ontology, INTERPRO and KEGG Pathway databases, over­
represented in the annotations of the genes from an analyzed 
sample in comparison with the annotations of all genes in 
a human body. In our case, such a sample was a sample of 
human PLA2 genes.

Searching for PLA2/disease associations. The search 
for the articles describing the relationship between human 
diseases and PLA2­protein activity was carried out in the 
PubMed and Google Scholar databases using such queries as 
“disease/patients/pathology/name of a specific disease (e. g., 
lung cancer or schizophrenia) + PLA2/phospholipase A2/
name of a specific PLA2 (e. g., pla2g1b, pla2g2a)”. Informa­
tion was also taken from the reviews on PLA2 involvement 
in various diseases.

The found articles tracked information about the asso­
ciation of a person’s disease and the activity/expression of 
a specific PLA2. For example, such information included 
reports about the patients who had significantly reduced/
increased expression or activity of a certain PLA2 compared 
to healthy people; data that PLA2 gene mutation enhanced/
weakened the severity of a disease; data that the mechanism 
enabling a PLA2 to influence the course of the disease had 
been established. To classify diseases in this study, the In­
ternational Classification of Diseases (ICD-10 available at 

https://icd.who.int/browse10/2019/en; in Russian at https://
mkb­10.com) (Hirsch et al., 2016) was used.

Based on the information about the relationship between 
a disease and PLA2 involvement in it, a data table was 
formed, whose rows listed human disease types, and the 
columns – PLA2 types. If the table’s cell had a value of 1, 
it meant this PLA2 type was involved/associated with the 
disease. To build this table, a Python script had been written, 
linking the name of a disease to its ICD­10 code.

As the next step, a hierarchical clustering of the human 
PLA2 types was performed according to the degree they 
were associated with various diseases. To do so, for different 
types of phospholipases, the degrees of their participation in 
the diseases from the abovementioned table were compared 
for different PLA2 types, using the Euclidean distance as a 
measure of similarity and the unweighted pair group method 
with arithmetic mean (UPGMA) – for clustering. In the same 
way, the diseases were clustered based on the degree of their 
association with different PLA2 types.

Multiple sequence alignment and protein phylogeny 
reconstruction. Multiple alignment of homologous PLA2 
sequences was performed using the PROMALS (Pei, 
Grishin, 2007) and MAFFT (Katoh, Toh, 2010) software. 
The search for proteins for alignment and, accordingly, the 
alignment of protein sequences were carried out only in the 
PL domain. The phylogenetic tree was reconstructed using 
the maximum likelihood method and the IQ-TREE software 
(v.8.2.4, see (Nguyen, 2015)) with an optimal WAG + R6 
model chosen.

Results

Structural and functional characteristics  
of the human PLA2s
The features of the structural organization of the various 
types of the human PLA2s are shown in Figure 2. The 
proteins’ properties (substrates, activity, mass, catalytic 
residues, etc.) is given in Suppl. Material 3.

Secretory phospholipases A2 (sPLA2). The sPLA2s in­
cluded six types of PLA2s: G1, G2 (pla2g2(a, c–f )), G3, G5, 
G10, G12 (pla2g12(a, b)). The length of G1, G2, G5, G10 
proteins was 138–165 aa, and that of G12 type – 189–195 aa. 
The G3­type protein was much larger and its size comprised 
509 aa (see Fig. 2), which was due to the elongated C­ and 
N­terminal extensions.

Phospholipids served as substrates for sPLA2 enzymes. 
In all cases, these were either phosphatidylcholine (PC) or 
phosphatidylethanolamine (PE), except for pla2g12a, whose 
substrate was phosphatidylglycerol (PG) but not PC or PE. 
Some sPLA2s also had PG and phosphatidylserine (PS) as 
substrates. The human pla2g12b protein was catalytically 
inactive (see Suppl. Material 3 and caption to Fig. 2).

Cytosolic phospholipases A2 (cPLA2). The cPLA2s 
were represented by the G4 type of PLA2 that included six 
human proteins: pla2g4(a–f ). The mass of cPLA2 proteins 
varied from 541 aa (pla2g4с) to 1012 aa (pla2g4b) (see 
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Fig. 2. Human PLA2 protein structure.
The red rectangles mark the active sites, the blue one in the pla2g12b sequence denotes H (histidine) replaced by L (leucine) at position 115 of the protein 
that kills its catalytic activity (Guan et al., 2011). CBL is a Сa2+ binding loop. cNMP is a domain biding cyclic nucleotides (cAMP or cGMP). The pancreatic loop 
is sPLA2G1B of unique five-amino-acid extension. The Cap is a domain found in PLA2G4A that opens/closes an active site for PL substrate modeling. The 
drawing was adopted from (Kudo, Murakami, 2002; Dennis et al., 2011).
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Fig. 2). In the proteins, the catalytic domains were located in 
the C­terminus of the sequences and contained a conserva­
tive Ser/Asp catalytic dyad (see Suppl. Material 3; Fig. 2). 
As sPLA2s, cPLA2s are calcium­dependent PLA2, so they 
also had a calcium binding domain closer to the N­terminus 
(Dennis et al., 2011).

In the G4 type proteins (cPLA2/PLA2G4), as well as in 
sPLA2 proteins, PLA2 activity was observed if their sub­
strates were either PC or PE. The pla2g4a protein addition­
ally had phosphatidylinositol (PI) as a substrate, while the 
pla2g4c protein had PC, but its specificity for PE was not 
demonstrated (see Suppl. Material 3).

Calcium-independent phospholipases A2 (iPLA2). The 
iPLA2s included only G6­type PLA2s, their length varying 
from 253 to 1365 aa. In iPLA2 proteins, the catalytic do­
mains were located closer to the C­terminus in pla2g(a, c) 
and closer to the N­terminus in pla2g(d–f ) (see Fig. 2). As 
that of cPLA2s, the protein’s catalytic domain contained 
a conservative catalytic Ser/Asp dyad (see Suppl. Material 3; 
Fig. 2). As reflected in their name, iPLA2 catalytic activity 
was independent of Ca2+ presence, and, unlike the sPLA2s 
and cPLA2s, they did not have a Ca2+­binding domain. The 
pla2g6a protein had a region containing 7 ankyrin repeats 
closer to the N­terminus. This motif is involved in protein­
protein interactions, allowing intensive binding to membrane 
proteins (Filkin et al., 2020). In the pla2g6c protein, closer 
to the C­terminus were three cNMP sites (site­binding cyclic 
nucleotides) (see Fig. 2).

The g6(a–f ) proteins used PC as substrates for PLA2 
reactions; in the case of the pla2g6b protein, it could have 
PE in addition to PC. In addition to PLA2, these enzymes 
could also exhibit other activities such as TG­hydrolase, 
lysophospholipase, PLA1 (for pla2g6b) and other ones (see 
Suppl. Material 3).

Platelet activating factor acetyl hydrolase (PAF-AH or 
Lp-PLA2). The PAF­AHs included G7 and G8 PLA2s that 
modulated the activity of a platelet activating factor (PAF), 
a potent phospholipid inflammation mediator involved in 
inflammation, platelet aggregation and anaphylactic shock 
pathogenesis (Shimizu, 2009). The length of PAF­AH 
proteins was 441 and 392 aa for g7a and g7b, and 229 and 
231 aa – for g8a and g8b, respectively (see Fig. 2). In the 
proteins, the catalytic domain occupied almost the entire 
sequence and contained a conserved Ser/His/Asp catalytic 
triad (see Suppl. Material 3; Fig. 2). They were independent 
of Ca2+ and had no Ca2+ binding domain (see Fig. 2).

Proteins pla2g7(a, b) and pla2g8(a, b) were able to hy­
drolyze a phospholipid platelet activating factor (PAF) into 
a lysoPAF. At the same time, the pla2g7a protein possessed 
both PLA2 and PLA1 activities and could use as a substrate 
both PC and oxPC. The pla2g7b protein showed a PLA2 
activity (see Suppl. Material 3).

Lysosomal phospholipases A2 (LPLA2). The LPLA2s 
(G15­type PLA2s) were represented by a single pla2g15 
protein of 412 aa in length (see Fig. 2). The protein’s catalytic 
domain was located in the central region of the sequence 

and contained a conservative Ser/His/Asp catalytic triad (see 
Suppl. Material 3; Fig. 2). The lpla2 protein was independent 
of Ca2+ and had no Ca2+ binding domain.

The pla2g15/lpla2 protein of type G15 had PLA2 and 
PLA1 activities, whose substrates being PC, PE and PS. 
Also, pla2g15 was capable of acylceramide synthase activity 
through C1 ceramide (see Suppl. Material 3).

Adipocyte phospholipases A2 (AdPLA2). The AdPLA2s 
(G16­type PLA2s) were represented by a single pla2g16 pro­
tein of 193 aa in length (see Fig. 2). In pla2g16, the catalytic 
domain was located in the central region of the sequence 
and, like in LPLA2s contained a conservative Ser/His/Asp 
catalytic triad (see Suppl. Material 3; Fig. 2). The adpla2 
protein was independent of Ca2+ and, as iPLA2, PAF­AH, 
LPLA2, had no Ca2+ binding domain (see Fig. 2).

The protein had PLA2 and PLA1 activities through PC 
and PE substrates and a N­acyl­PE acyltransferase activity, 
through diacyl PE (see Suppl. Material 3).

PLA2-gene localization in human genome
The localization of the PLA2 genes in the human genome 
(version GRCh38.p14) is shown in Figure 3. The genes 
were absent on the 2, 3, 5, 8, 9, 13, 14, 17, 18, 20, 21st and 
Y chromosomes. The 4, 6, 7, 10, 12th and X chromosomes 
contained one PLA2 gene; chromosomes 11, 16 – two 
PLA2 genes; chromosomes 19, 22 – three PLA2 genes. In 
the 15th chromosome of the four genes (G4B, G4E, G4D, 
G4F ) formed a 0.3 Mb cluster at the 43 Mb position. On 
chromosome 1, in addition to a single G4A gene (at 188 Mb), 
at the 20 Mb position was a cluster of six genes (G2E, G2A, 
G5, G2D, G2F, G2C ) of 0.11 Mb in size. It is noteworthy 
that, excluding the genes of these two clusters, all other 
genes were isolated from one another at a distance of at least 
6 Mb. Moreover, while the G4­type PLA2 genes (G4B, G4E, 
G4D, G4F ) were located in the above­mentioned cluster on 
chromosome 15, the other two genes of this type (G4A and 
G4C) were isolated on chromosomes 1 and 19, respectively, 
so all PLA2 genes of type G2 (G2A, G2C, G2D, G2E, G2F ) 
were located in a cluster on chromosome 1, but, together with 
them, this cluster included the G5 gene. The G6­type PLA2 
genes were located: G6B – on chromosome 7, G6E – on 
chromosome 11, G6C – on chromosome 19, G6A and G6D – 
on chromosome 22, and G6F – on the X chromosome.

RVIS-based PLA2-gene mutation tolerance
Figure 4 displays RVI-score distribution for human PLA2s. 
On the left of the graph are PLA2s whose score is above 
zero, so these are genes that contain a relatively large num­
ber of mutations and are tolerant to them. To the right are 
PLA2s whose score is below zero, so they are less tolerant 
to mutations. The genes of G16, G1, G12 (PLA2G12B), G4 
(PLA2G4A), G5, G15, and G6 types had a negative RVI 
score (see Fig. 4). Of these PLA2s, three were secreted G1, 
G12 and G5 types as well as calcium­independent (type G6), 
cytosolic (G4), lysosomal (G15), and adipocyte (G16) PLA2 
genes. Interestingly, four of the six PLA2 genes of G6 type 
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Fig. 4. RVI-score distribution for the human PLA2 genes.
The Y-axis’s right part on corresponds to the proportion of genes in the human genome (in %) whose RVI score is less than that for a particular gene (bar). These 
percentile values are marked on the graph as orange lines. The columns of other colors mark PLA2s of different types: cPLA2 (dark blue), sPLA2 (green), iPLA2 
(pink), PAF-AH (red), adPLA2 (pla2g16; black), LPLA2 (pla2g15; blue). 

(iPLA2s), in particular PNPLA8, PNPLA4, PNPLA6 and 
PLA2G6 (encoding proteins pla2g6b, pla2g6f, pla2g6c, 
pla2g6a) had the lowest RVI score, i. e., they were least to-
lerant to mutations, and the remaining genes (PNPLA2 and 
PNPLA3, encoding proteins pla2g6e and pla2g6d) had the 
score indicating moderate or slightly increased tolerance.

The most tolerant to mutations were the cPLA2 genes of 
G4 type. Five out of the six genes of this kind had a positive 
RVI score and only one (PLA2G4A) – a score less than 0 
(RVIS = –0.25). The most mutation-tolerant genes in this 
group (PLA2G4(B, D–F )) clustered on chromosome 15, 
unlike the PLA2G4A gene placed separately from them, 
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hsa04014:Ras signaling pathway (1.67E–22)

hsa04270:Vascular smooth muscle contraction (7.86E–25)

KW-0496~Mitochondrion (1.72E–02)

hsa04750:Inflammatory mediator regulation of TRP channels (8.77E–07)

hsa04666:Fc gamma R-mediated phagocytosis (8.77E–07)
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Fig. 5. Signaling pathways and biological processes from the KEGG Pathway database that were detected by the DAVID service as 
significantly associated with the found PLA2 genes.
Along the Y-axis are terms describing the signaling pathways and biological processes. In brackets, after each term, the false discovery rate 
value (FDR or expected proportion of false rejections) is given. The X-axis plots the number of PLA2 genes associated with each term.

on chromosome 1. For five human PLA2s (PLA2G2C, 
PLA2G7B, PLA2G8A, PLA2G8B, PLA2G10), the EVS 
server did not contain any gene­variability data to calculate 
their RVI score (see Materials and methods section), so they 
were excluded from the graph (see Fig. 4).

Human PLA2 relationship to the biological processes  
and signaling pathways from the KEGG Pathway database
Figure 5 demonstrates the results of a functional analysis of 
the found PLA2 genes performed using the DAVID service. 
It turned out that the most significant (based on the number 
of PLA2 genes associated with it) was the Ras signaling 
pathway that was involved in carcinogenesis. Another most 
used term was the VEGF pathway associated with a vascular 
endothelial growth factor. The diseases associated with this 
pathway also tended to be associated with the development 
of such tumors as breast cancer, glioma, melanoma, etc. 
(Takahashi, Shibuya, 2005). Thus, the data have shown 
that PLA2s are significantly associated with carcinogenesis.

PLA2-associated diseases
A relationship between the activity of various PLA2s and 
human diseases was analyzed based on published papers; 
the results are given in Suppl. Material 4. The diseases are 
designated according to the International Classification of 
Diseases (ICD­10, available at www.mkb­10.com). The 
table reflects the relationship between a disease and PLA2 
in cases where the articles contain information on: (1) the 
association between the expression of a certain PLA2 and the 
course of the disease, or (2) the association between PLA2 
mutations and the course of the disease, or (3) the mecha­
nisms PLA2 affects the course of the disease. The table 

describes 229 disease­gene associations and demonstrates 
the associations between the 24 PLA2 genes belonging to 
12 PLA2 types, and 119 diseases (see Suppl. Material 4).

The PLA2s of various types were clustered based on their 
associations with human diseases. The results are shown in 
Figure 6. Eighteen disease groups, their names and ICD­10 
codes (in parentheses) are the rows of the clustering diagram. 
The bars in the diagram correspond to the 12 types of  human 
PLA2s. Most PLA2 groups were associated with neoplasms 
(ICD­10 code: C00–D48; 9 groups in 12); diseases of the 
circulatory system (I00–I99; 8 in 12); diseases of the endo­
crine system (E00–E90; 7 in 12); diseases of the eye and 
adnexa (H00–H59; 6 in 12). The smallest number of PLA2 
groups was associated with congenital anomalies (Q00–Q99; 
only one G7­type PLA2); symptoms, signs and abnormali­
ties (R00–R99; one G6-type PLA2); certain infectious and 
parasitic diseases (A00–B99; only G2 and G7­type PLA2s).

It is interesting to note that out of considered PLA2 types, 
the following had most associations with diseases: G7 was 
associated with 15 disease groups out of the 18 presented 
in Figure 6; G2 – with 13 groups; G4 – with 12 groups. The 
least represented in the disease groups were: G8 associated 
only with diseases of the genitourinary system (N00–N99); 
G15 – only with diseases of the circulatory system (I00–I99); 
G12 – only with mental and behavioral disorders (F00–F99) 
and with diseases of the eye and adnexa (H00–H59); G16 – 
only with neoplasms (C00–D48) and with diseases of the 
endocrine system (E00–E90).

The horizontal clustering of the PLA2s demonstrated their 
division into three clusters (see Fig. 6). The first contained 
the G4, G2, G7 types and the genes were involved in a large 
number of the human diseases analyzed. The second cluster 
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Fig. 6. PLA2 associations with various disease groups.
The cells are colored black when links between the genes of a PLA2 group and the diseases from the presented disease groups have been revealed. The white 
color marks the cases when no gene-disease links have been identified.
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included the G6, G5, G10 types being secreted PLA2s. They 
are involved in about a half of the analyzed diseases includ­
ing diseases of various systems: genitourinary (N00–N99), 
circulation (I00–I99), respiration (J00–J99); neoplasms 
(C00–D48), etc. The third cluster (G12, G16, G8, G3, G15) 
can be considered specific for individual diseases.

The diseases, on the other hand, can also be divided into 
two broad groups: those involving most PLA2 types (clus­
ter 1) and the diseases (cluster 2) involving PLA2s mainly 
belonging to the first PLA2 cluster (see Fig. 6).

It is noteworthy that of the twelve studied PLA2 genes 
of G4, G2, G7 types, eleven had a high level of mutation 
tolerance (RVIS) and only one, PLA2G4A, had a mode­
rately low level of mutation tolerance (RVIS = –0.25) (see 
Fig. 4), given that these types are involved in the greatest 
number of diseases (see Fig. 6). At the same time, of the 
seven studied PLA2 genes of types G6 and G15, five had the 
lowest level of tolerance to mutations (RVIS) and only one, 
PLA6G6D, had a relatively high level of tolerance to muta­
tions (RVIS = 0.85) (see Fig. 4), given that these types belong 
to the cluster associated with the least number of diseases 
(see Fig. 6). This suggests a possible positive relationship 
between the number of diseases in which a PLA2 is involved 
and the gene’s mutation tolerance (RVI score). However, 
calculating the correlation coefficient by the χ2 method did 
not reveal a significant correlation between these values, 
so, in this case, we can only speak of an unreliable trend.

At the same time, Petrovski et al. (2013) studying a 
sample of the genes associated with Mendelian (monogenic) 
diseases, demonstrated that they had a low tolerance (RVI 
score) compared to other human genes. The authors sug­
gested that a negative RVI score indicated the presence of 
purifying selection, and a positive one – either the absence 
of purifying selection, or even the presence of some form 
of balanced or positive selection.

The tendency towards an increased RVI score in the PLA2 
genes involved in a greater number of diseases, may be due 
to the fact that, when considering expression data, a signal 
from a set of identified differentially-expressed genes can 
be significantly contaminated by the noisy produced by 
random genes. The appearance of such random genes can 
be associated as with the features of an applied technique 
(Hatfield et al., 2003) as with the fact that any perturbation 
in the cell and organism (e. g., a disease) can induce nonspe­
cific effects on gene expression (e. g., stress response genes 
activation, apoptosis, necrosis, etc.) (Leuner et al., 2007; 
Turkmen, 2017). Therefore, when estimating the number 
of associations between a PLA2 and a disease, both large 
and small numbers of associations must be interpreted with 
some caution.

PLA2 evolution
Searching for homologous sequences in the protein databas­
es was employed to identify PLA2 sequences for 32 species 
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(see Suppl. Material 1), including 13 vertebrates and 19 in­
vertebrates (see the Materials and methods section). Their 
identifiers and sequences are given in Suppl. Material 5.

To illustrate the similarity of PLA2 functional regions, 
a homology analysis of the catalytic domains of the hu­
man PLA2s was performed, and such a similarity between 
PLA2 domains of different types was only found among 
secretory PLA2s (Suppl. Material 6), in particular between 
the catalytic domains of G1, G2, G5, G10 types the E­value 
varied from 2e–03 to 2e–38; and between G12­ type proteins 
(g12a and g12b) it was equal to 4e–48. At the same time, 
no similarity (E-value ≥ 1) was detected between G3-type 
PLA2s (plag3) and all other sPLA2 proteins.

For all other types of PLA2, except for those belonging 
to sPLA2s, no similarity of domains between PLA2s of 
different types was found. Within types, in particular, be­
tween cPLA2s (type G4) the E­value varied from 4e–27 to 

1e–177 (Suppl. Material 7). Whereas iPLA2s (type G6) fell 
into three subgroups in this respect: (1) pla2g6d, 6e, 6f with 
the E­value varying from 2e–42 to 4e–91; (2) pla2g6a, 6b 
whose similarity between their catalytic domains was 4e–12; 
(3) the pla2g6c catalytic domain that had no homological 
similarity with any other type­6 proteins (Suppl. Material 8). 
Respectively, there was no similarity between the human 
PLA2 domains of these three G6 subtypes. G7 (two proteins 
g7a and g7b) and G8 (two proteins g8a and g8b) types had 
similarities within these type of sequences: 7e–103 (G7) 
(Suppl. Material 9) and 3e–102 (G8) (Suppl. Material 10). 
For the remaining two types, no comparison was made, since 
in human, they included only one protein each.

To reconstruct the phylogeny of the PLA2 proteins, a 
homology and multiple sequence alignment analysis for 
the proteins of different PLA2 types had been initially per­
formed. It showed that the proteins of the secreted sPLA2 

Fig. 7. PLA2 phylogenetic tree: G1, G2, G3, G5, G10, G12 types.
The type names (clusters on the tree) are given in blue text that describes which taxa are represented in each cluster. The red texts and squares highlight human 
PLA2 proteins. Their two types of bootstrap support are shown next to the tree nodes separated by a slash: ultrafast bootstrap (UFBoot)/bootstrap SH-aLRT. 
A textual description of the tree is given in Suppl. Material 11.
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group (G1–3, G5, G10, G12 types) had high or moderate 
homology (E-value ≤ 1) and qualitative alignment within the 
group. In contrast, the proteins of other PLA2 types (G4, G6, 
G7, G8, G15, G16) had very low homology (E­value > 1) 
and poorly aligned as between themselves as with respect 
to the sPLA2 proteins. In this respect, sPLA2 phylogeny 
was reconstructed using the maximum likelihood method 
(Fig. 7).

The results of the phylogenetic analysis enabled us to 
assume that two successive divergences occurred in the 
common ancestors of multicellular invertebrates: first, the 
ancestral sPLA2 gene diverged into the G3/G12 and G1/
G2/G5/G10 ones, and then the G3/G12 gene diverged into 
the ancestral G3 and G12 genes.

In the common ancestors of  bony vertebrates, the ances­
tral G12 gene diverged into the G12A and G12B genes, while 
in the common ancestors of bony vertebrates, the ancestral 
G1/G2/G5/G10 gene diverged into the G10 and G1/G2/G5 
genes, and then the G1/G2/G5 gene diverged into the G1 and 
G2/G5 genes. Further, in the common ancestors of amniotes, 
the G2/G5 gene diverged into the G2E and G2A/G2C/G2D/
G2F/G5 genes, then the G2A/G2C/G2D/G2F/G5 gene – into 
the G2A and G2C/G2D/G2F/G5 genes, then the gene G2C/
G2D/G2F/G5 – to the G2C/G2F and G2D/G5 genes, and 
as a result, the G2C/G2F gene diverged into the G2C and 
G2F genes, and the G2D/G5 gene – into the G2D and G5 
genes. Thus, G2­type PLA2s appear to be paraphyletic, as 
it also includes a cluster of G5­type PLA2s, whereas all the 
other sPLA2 groups are monophyletic.

Conclusion
The paper presents the results of analysis of the PLA2 fa­
mily in human and describes the structure and functions of 
29 PLA2s belonging to 12 types: G1–8, G10, G12, G15, 
G16. Analysis of PLA2­gene localizations in the human 
genome has demonstrated they present on 12 chromosomes 
and some of them form clusters, the two largest of them in­
clude, first, all G2-type PLA2 genes (G2A, G2C–F ) and the 
G5 gene, and second – G4 type PLA2 genes (G4B, G4D–F ).

The association between the PLA2s and human diseases 
as they described in the literature have also been analyzed. 
In total, 229 disease–PLA2 gene links have been found, so 
associations between 24 PLA2 genes and 119 diseases have 
been demonstrated. The PLA2 proteins of types G4, G2 and 
G7 have turned out to be involved in the greatest number 
of diseases if compared to the other types, whereas three 
groups of diseases have turned out to be associated with the 
largest number of PLA2 types: neoplasms, circulatory­ and 
endocrine­system diseases.

RVI scoring of the genes’ tolerance/intolerance muta­
tions has showed that the majority of genes of the G4 
(G4B, G4C, G4D, G4E, G4F ) and G2 (G4D, G4E, G4F ) 
types, as well as the genes of the types represented by one 
G3 and G7 gene, were tolerant to mutations, whereas most 
genes of the G6 type (G6A–C, G6F ) as well as the types 
represented by a single gene (G5 and G15), turned out to be 

not  tolerant. Here it should be noted that all the PLA2 types 
with predominance of genes tolerant to mutations, except 
for G3, have also been associated with the greatest number 
of diseases: G4 (12 disease groups), G2 (13), G7 (15), while 
all the PLA2 types intolerant to mutations have been asso­
ciated with a smaller number of disease groups: G6 (9 di­
sease groups), G6 (7), G6 (1), which suggests that higher 
tolerance to mutations in a particular human PLA2 gene is 
associated with its involvement in more diseases or disease  
groups. 

Phylogenetic analysis has demonstrated that a common 
origin can only be established for sPLA2s (G1, G2, G3, 
G5, G10, G12), while the other investigated types (G4, 
G6, G7, G8, G15, G16) can be considered evolutionarily 
independent.
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Abstract. It is generally accepted that during the domestication of food plants, selection was focused on their pro­
ductivity, the ease of their technological processing into food, and resistance to pathogens and environmental stres­
sors. Besides, the palatability of plant foods and their health benefits could also be subjected to selection by humans 
in the past. Nonetheless, it is unclear whether in antiquity, aside from positive selection for beneficial properties of 
plants, humans simultaneously selected against such detrimental properties as allergenicity. This topic is becoming 
increasingly relevant as the allergization of the population grows, being a major challenge for modern medicine. 
That is why intensive research by breeders is already underway for creating hypoallergenic forms of food plants. Ac­
cordingly, in this paper, albumin, globulin, and β­amylase of common wheat Triticum aestivum L. (1753) are analyzed, 
which have been identified earlier as targets for attacks by human class E immunoglobulins. At the genomic level, we 
wanted to find signs of past negative selection against the allergenicity of these three proteins (albumin, globulin, 
and β­amylase) during the domestication of ancestral forms of modern food plants. We focused the search on the 
TATA­binding protein (TBP)­binding site because it is located within a narrow region (between positions –70 and –20 
relative to the corresponding transcription start sites), is the most conserved, necessary for primary transcription ini­
tiation, and is the best­studied regulatory genomic signal in eukaryotes. Our previous studies presented our publicly 
available Web service Plant_SNP_TATA_Z­tester, which makes it possible to estimate the equilibrium dissociation 
constant (KD) of TBP complexes with plant proximal promoters (as output data) using 90 bp of their DNA sequences 
(as input data). In this work, by means of this bioinformatics tool, 363 gene promoter DNA sequences representing 
43 plant species were analyzed. It was found that compared with non­food plants, food plants are characterized by 
significantly weaker affinity of TBP for proximal promoters of their genes homologous to the genes of common­
wheat globulin, albumin, and β­amylase (food allergens) (p < 0.01, Fisher’s Z­test). This evidence suggests that in the 
past humans carried out selective breeding to reduce the expression of food plant genes encoding these allergenic 
proteins.
Key words: food allergen; albumin; globulin; β­amylase; gene; promoter; common wheat Triticum aestivum L. (1753); 
plants; TATA­binding protein; TATA box; domestication; selection; in silico estimate.
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Аннотация. Принято считать, что при доместикации пищевых растений отбор шел на урожайность, техно­
логичность переработки в продукты питания, устойчивость к патогенам и стрессовым воздействиям окру­
жающей среды. При этом также могли оцениваться вкусовые качества продуктов питания растительно­
го происхождения и их ценность для здоровья. Однако неясно, проводил ли человек в прошлом наряду с 
положительным отбором на полезные свойства растений одновременно отбор против таких вредоносных 
свойств, как способность вызывать аллергические реакции. Этот вопрос становится все более актуальным 
по мере роста аллергизации населения как вызова современной медицине. В связи с этим селекционера­
ми уже ведутся интенсивные исследования по созданию гипоаллергенных форм пищевых растений. В этой 
работе рассмотрены альбумин, глобулин и β­амилаза мягкой пшеницы Triticum aestivum L. (1753), идентифи­
цированные ранее как мишени для атак иммуноглобулинов класса Е человека. Нашей целью было найти на 
геномном уровне следы отрицательного отбора в прошлом против гипераллергенности трех белков (альбу­
мин, глобулин и β­амилаза) при одомашнивании предковых форм современных пищевых растений. Для этого 
мы сфокусировали поиск на сайте связывания ТАТА­связывающего белка (ТВР) как локализованном в узком 
районе [–70; –20] относительно старта транскрипции, консервативном, необходимом для первичной инициа­
ции транскрипции и наиболее изученном регуляторном сигнале в геномах эукариот. Ранее нами был создан 
свободно доступный веб­сервис Plant_SNP_TATA_Z­tester для оценки величин равновесной константы диссо­
циации (KD) комплексов ТВР с проксимальными промоторами генов растений по их последовательностям ДНК 
длиной 90 п. о. В настоящей работе с его по мощью проанализированы 363 последовательности ДНК промо­
торов генов 43 видов растений. Обнаружено, что пищевые растения, в сравнении с непищевыми, характери­
зуются достоверно более низкой аффинностью ТBP к проксимальным промоторам их генов, гомологичных 
генам глобулина, альбумина и β­амилазы мягкой пшеницы как пищевых аллергенов ( p < 0.01, Z­критерий Фи­
шера). Это свидетельствует об отборе при доместикации пищевых растений в прошлом на снижение уровня 
данных аллергенных белков.
Ключевые слова: пищевые аллергены; альбумин; глобулин; β­амилаза; ген; промотор; мягкая пшеница Triticum 
aestivum L. (1753); растения; TATA­связывающий белок; TATA­бокс; доместикация; отбор; оценки in silico.

Introduction
Currently, the problem of food allergenicity is extremely 
relevant because the documented rapid growth of population 
allergization is becoming one of the key challenges for mo­
dern medicine (Prescott et al., 2022). In this regard, modern 
plant breeders are working in two directions: (1) creation of 
new hypoallergenic forms of agricultural food plants and (2) 
identification of new plant food allergens and of molecular 
mechanisms of their action (Hong et al., 2021; Cavazza et 
al., 2022).

The aim of our work was to search at the molecular genetic 
level for signs of negative selection against allergens during 
the domestication of ancestral forms of modern food plants. 
Three food allergens from common wheat Triticum aesti-
vum L. (1753) were studied: β-amylase, albumin, and globulin, 
previously identified as targets of allergic reactions mediated 
by human class E immunoglobulins (Wang et al., 2021). 

The current study was conducted using our previously 
developed freely available Web service Plant_SNP_TATA_Z­
tester, which is designed to estimate the equilibrium dissocia­
tion constant (KD) of a complex of Arabidopsis thaliana (L.) 
Heynh. (1842) TBP­1 (hereafter: “plant TBP”) with a proximal 
promoter of various plant genes (Rasskazov et al., 2022). 
This tool was utilized to analyze 363 nucleotide sequences of 
proximal promoters of relevant genes from 43 plant species. 
As a result, compared to non­food plants, food plants were 
found to have significantly weaker affinity of plant TBP toward 
promoters of genes homologous to common­wheat genes of 
β-amylase, albumin, and globulin (food allergens). These data 
indicate that in the past, selection was carried out by humans 
for reducing the expression of food plant genes encoding al­
lergenic proteins when such plants were domesticated.

Materials and methods
Nucleotide sequences of plant gene promoters analyzed 
in this work. Three allergenic proteins from common wheat 
T. aestivum were investigated: β-amylase, albumin, and globu­
lin, which have previously been experimentally identified 
as targets for human class E immunoglobulins (Wang et al., 
2021). From the GenBank database (Benson et al., 2015), nu­
cleotide sequences of 90 bp proximal promoters were retrieved 
that are located immediately upstream of transcription start 
sites of plant genes homologous to the genes of β-amylase, 
albumin, and globulin from common wheat T. aestivum. After 
the exclusion of promoter DNA sequences with unknown 
nucleotides w, s, r, y, k, m, b, d, h, v, and n (according to the 
nomenclature of (IUPAC­IUB…, 1970)), we had 363 promoter 
sequences  belonging to 43 plant species. Then, all 43 plant 
species were categorized into two nonoverlapping groups: 
group I, represented by 235 proximal promoters from 28 food 
plant species for which there was information about their 
centuries­old use by humans as foods (Table 1), and group II, 
represented by 128 proximal promoters from non­food plants 
(the other 15 species) (Table 2).

Nucleotide sequence analysis of proximal promoters 
of plants. Using Web service Plant_SNP_TATA_Z­tester 
(Rasskazov et al., 2022), which we have created earlier, we 
calculated KD (in moles per liter; M) for complexes of plant 
TBP with each promoter by means of the nucleotide sequence 
of each promoter (characterized in Tables 1 and 2). 

The calculations were performed in accordance with our 
previously formulated model of three­step binding of TBP to 
a promoter (i) TBP slides along the double helix of promo­
ter DNA (Coleman, Pugh, 1995) ↔ (ii) TBP stops at a po-
tential site of TBP binding (Berg, von Hippel, 1987; Bucher,  
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Table 1. Characteristics of 235 nucleotide sequences of proximal promoters of food plant genes homologous to the studied  
globulin (Glo), albumin (Alb), and β­amylase (Bmy) genes from common wheat T. aestivum 

Food plant species Number of promoters

No. Name  Glo  Alb  Bmy

   1 Buckwheat Fagopyrum esculentum Moench, 1794 1 – –

   2 Maidenhair tree Ginkgo biloba L., 1771 1 – –

   3 Yoshino cherry Prunus yedoensis var. nudiflora Koehne, 1912 1 – 2

   4 Maize Zea mays L., 1753 1 – –

   5 Oat Avena sativa L., 1753 2 – –

   6 Waxberry Morella rubra Siebold & Zucc. 2 2 1

   7 Quinoa Chenopodium quinoa Willd., 1798 2 – –

   8 Rice Oryza sativa L., 1753 3 – –

   9 Melon Cucumis melo L., 1753 4 2 6

10 Cardoon Cynara cardunculus L. 4 – –

11 Cork oak Quercus suber L. 4 – –

12 Wine grape Vitis vinifera L. 9 – 9

13 Congolese coffee Coffea canephora Pierre ex A. Froehner, 1897 1 – –

14 Pepper Capsicum annuum L., 1753 26 8 27

15 Sesame Sesamum indicum L. – 1 –

16 Kiwifruit nashi­kazura Actinidia rufa Franch. & Sav. – 1 –

17 Brazil nut Bertholletia excelsa Humb. & Bonpl. – 1 –

18 Soybean Glycine max (L.) Merr., 1917 – 2 –

19 Pea Pisum sativum L., 1753 – 4 –

20 Perilla Perilla frutescens var. hirtella (Nakai) Makino – 5 –

21 Almond Prunus dulcis (Mill.) D.A. Webb, 1967 – 8 4

22 Mandarin unshiu Citrus unshiu (Tanaka ex Swingle) Marcow., 1921 – 15 –

23 Tea Сamellia sinensis (L.) Kuntze, 1887 – – 1

24 Barley Hordeum vulgare L. (1753) – – 2

25 Hibiscus Hibiscus syriacus L. (1753) – – 2

26 Pineapple Ananas comosus (L.) Merr., 1917 – – 3

27 Olive Olea europaea L., 1753 – – 4

28 Sweet wormwood Artemisia annua L. 13 35 16

Total number of food plant species 15 12 12

1990) ↔ (iii) the TBP/promoter complex is stabilized by bend­
ing of the DNA double­helix axis at a right angle (Flatters, 
Lavery, 1998), as subsequently demonstrated experimentally 
in vitro (Delgadillo et al., 2009). 

Statistical analysis. In this work, using standard soft­
ware package Statistica (Statsoft™, USA), we averaged the 
Plant_SNP_TATA_Z­tester­generated (Rasskazov et al., 2022) 
estimates of KD – for complexes of plant TBP with promoters 
of β-amylase, albumin, and globulin genes – for food and non-
food plants separately. On the basis of these data, statistical 
significance of differences between food and non-food plants 
was evaluated by Fisher’s Z­test. 

Results

Globulin
Table 3 presents the in silico estimates of KD for complexes 
of plant TBP with 74 proximal promoters of globulin genes 
from 15 food plant species in comparison with 53 such pro­
moters from 12 non­food plant species, as determined using 
Plant_SNP_TATA_Z­tester (Rasskazov et al., 2022). One can 
see in this table that in the case of food plants, the estimates of 
KD for complexes of plant TBP with promoters of these genes 
varied from 1.67 ± 0.12 (mean ± SEM) to 6.75 ± 5.23 nM, with 
an average of 2.97 ± 0.21 nM, whereas for non­food plants, 
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Table 2. Characteristics of 128 nucleotide sequences of proximal promoters from non­food plant genes homologous to the studied 
globulin (Glo), albumin (Alb), and β­amylase (Bmy) genes from common wheat T. aestivum

Non­food plant species Number of promoters

No. Name  Glo  Alb  Bmy

   1 Five­seeded plume­poppy Macleaya cordata (Willd.) R. Br. 1 – –

   2 Witchweed Striga asiatica (L.) Kuntze 1 1 1

   3 Genlisea Genlisea aurea A.St. Hil. (1833) 1 – 2

   4 Florida teosinte Zea luxurians (Durieu & Asch.) R.M. Bird, 1978 1 – –

   5 Noccidium Microthlaspi erraticum (Jord.) T. Ali & Thines, 2016 2 1 2

   6 Gama grass Tripsacum dactyloides (L.) L., 1759 2 – –

   7 Balsas teosinte Zea mays subsp. parviglumis Iltis & Doebley, 1980 3 – –

   8 Thale cress Arabidopsis thaliana (L.) Heynh., 1842 4 5 3

   9 Panic grass Dichanthelium oligosanthes (Schult.) Gould 6 – 6

10 Water lily Nymphaea thermarum Eb. Fisch., 1988 8 1 9

11 Rue­anemone Thalictrum thalictroides (L.) A.J. Eames & B. Boivin 9 15 6

12 Chile tomato Solanum chilense (Dunal) Reiche 15 13 6

13 Purple witchweed, Striga hermonthica (Delile) Benth. – 1 –

14 Gerardia Phtheirospermum japonicum (Thunb.) Kanitz – – 1

15 Chinese rose Rosa chinensis Jacq., 1768 – – 2

Total number of food plant species 12 7 10

Fig. 1. The statistically significant difference between the studied food 
plants and non­food plants in the in silico estimates of KD for comp lexes 
of plant TBP with 90 bp proximal promoters of their genes encoding glo­
bulins. 

Here and in Fig. 2: *** statistical significance p < 0.001 according to Fisher’s 
Z­test.
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these values varied from 1.25 ± 0.06 to 3.33 ± 0.23 nM, with 
an average of 2.15 ± 0.08 nM. 

In Fig. 1, arithmetic mean estimates of KD for complexes of 
plant TBP with globulin­coding gene promoters are compared 
between two groups (food and non­food plants) by Fisher’s 
Z-test. The difference between the groups was significant, 
with Z = 3.59 and p < 0.001.

Albumin
Table 4 shows data obtained by Web service Plant_SNP_
TATA_Z­tester (Rasskazov et al., 2022) regarding estimates of 
KD for complexes of plant TBP with 84 albumin gene promo­
ters from 12 food plant species and with 37 promoters from 
7 non­food plant species. As readers can see in this table, in 
the case of food plants, the estimates of KD of TBP­promoter 
complexes for these genes ranged between 1.65 ± 0.12 and 
4.49 ± 1.39 nM (average: 3.10 ± 0.22 nM), whereas for non­
food plants, they ranged from 1.65 ± 0.05 to 2.70 ± 0.22 nM 
(average: 2.18 ± 0.10 nM).

A comparison of the two groups (food and non­food plants) 
by Fisher’s Z­test is displayed in Fig. 2. Here one can see a 
significant difference between food plants and non-food plants 
(Z = 3.85, p < 0.001).

β-Amylase
Table 5 lists estimated KD values of complexes of plant TBP 
with 77 proximal promoters of β-amylase genes from 12 food 

plant species and with 38 promoters from 10 non­food plant 
species, as calculated by Web service Plant_SNP_TATA_ 
Z­tester (Rasskazov et al., 2022). For food plants, this table 
presents the range of KD from 1.30 ± 0.09 to 8.77 ± 7.36 nM, 
with an arithmetic mean of 2.85 ± 0.21 nM, whereas for non­
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Table 3. Arithmetic mean estimates (M0) of the equilibrium  
dissociation constant (KD) of complexes between plant TBP  
and 90 bp proximal promoters of the plant globulin genes 
analyzed in this work

No. Plant species N KD , M0 ± Δ, nM

Food plants

   1 Congolese coffee 1 2.17 ± 0.13

   2 Buckwheat 1 2.04 ± 0.14

   3 Maidenhair tree 1 1.67 ± 0.12

   4 Yoshino cherry 1 1.76 ± 0.12

   5 Maize 1 2.30 ± 0.16

   6 Oat 2 2.57 ± 0.15

   7 Waxberry 2 6.75 ± 5.23

   8 Quinoa 2 2.47 ± 0.12

   9 Rice 3 2.84 ± 0.38

10 Melon 4 2.66 ± 0.30

11 Cardoon 4 3.22 ± 0.37

12 Cork oak 4 4.84 ± 1.41

13 Wine grape 9 2.67 ± 0.35

14 Sweet wormwood 13 2.51 ± 0.25

15 Pepper 26 3.01 ± 0.37

Total 74 2.97 ± 0.21

Non­food plants

   1 Five­seeded plume­poppy 1 1.25 ± 0.06

   2 Witchweed 1 3.33 ± 0.23

   3 Genlisea 1 2.70 ± 0.19

   4 Florida teosinte 1 1.96 ± 0.14

   5 Noccidium 2 2.25 ± 0.83

   6 Gama grass 2 2.19 ± 0.07

   7 Balsas teosinte 3 2.12 ± 0.11

   8 Thale cress 4 1.90 ± 0.13

   9 Panic grass 6 2.27 ± 0.15

10 Water lily 8 2.60 ± 0.39

11 Rue­anemone 9 2.01 ± 0.16

12 Chile tomato 15 1.97 ± 0.11

Total 53 2.15 ± 0.08

Notе. Here and in Tables 4 and 5: N – total number of the promoter studied; 
M0 – arithmetic mean score; Δ – standard error of the mean (SEM).

Table 4. Arithmetic mean estimates (M0) of the equilibrium  
dissociation constant (KD) for complexes between plant TBP  
and 90 bp proximal promoters of the plant albumin genes  
investigated in this work

No. Plant species N KD , M0 ± Δ, nM

Food plants

1 Sesame 1 2.28 ± 0.16

2 Kiwifruit nashi­kazura 1 1.77 ± 0.12

3 Brazil nut 1 3.04 ± 0.15

4 Waxberry 2 1.96 ± 0.14

5 Melon 2 2.04 ± 0.14

6 Soybean 2 1.65 ± 0.12

7 Pea 4 4.49 ± 1.39

8 Perilla 5 1.98 ± 0.40

9 Almond 8 3.74 ± 0.66

10 Pepper 8 3.00 ± 0.59

11 Mandarin unshiu 15 3.51 ± 0.61

12 Sweet wormwood 35 3.07 ± 0.35

Total 84 3.10 ± 0.22

Non­food plants

1 Water lily 1 2.70 ± 0.22

2 Noccidium 1 2.00 ± 0.14

3 Purple witchweed 1 1.65 ± 0.12

4 Witchweed 1 2.19 ± 0.15

5 Thale cress 5 2.03 ± 0.21

6 Chile tomato 13 2.33 ± 0.20

7 Rue­anemone 15 2.11 ± 0.16

Total 37 2.18 ± 0.10

4

3

2

1

0
Non­food Food

***

Fig. 2. The statistically significant difference between the studied food 
plants and non­food plants in the in silico estimates of KD for the com­
plexes of plant TBP with 90 bp proximal promoters of their genes encod­
ing albumins. 
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Significance, p < 0.001

food plants, the range of KD was found to be 1.66 ± 0.32 to 
6.75 ± 5.23 nM, with an average of 3.89 ± 0.32 nM. Fig. 3 
presents a comparison between the analyzed food and non­
food plants by Fisher’s Z­test, according to which these 
groups are statistically significantly different at Z = 2.74 and  
p < 0.01. 
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Non­food Food

Table 5. Arithmetic mean estimates (M0) of the equilibrium  
dissociation constant (KD) of complexes between plant TBP  
and 90 bp proximal promoters of the plant β­amylase genes 
examined in this work

No. Plant species N KD , M0 ± Δ, nM

Food plants

1 Tea 1 4.59 ± 0.28

2 Waxberry 1 2.21 ± 0.13

3 Barley 2 1.30 ± 0.09

4 Hibiscus 2 3.58 ± 1.86

5 Yoshino cherry 2 3.19 ± 1.68

6 Pineapple 3 8.77 ± 7.36

7 Almond 4 6.56 ± 1.63

8 Olive 4 5.24 ± 0.93

9 Melon 6 4.79 ± 0.96

10 Wine grape 9 3.97 ± 0.73

11 Sweet wormwood 16 4.29 ± 0.77

12 Pepper 27 2.59 ± 0.23

Total 77 3.89 ± 0.32

Non­food plants

1 Witchweed 1 3.50 ± 0.25

2 Gerardia 1 3.43 ± 0.21

3 Genlisea 2 1.38 ± 0.82

4 Noccidium 2 1.93 ± 0.37

5 Chinese rose 2 1.79 ± 0.23

6 Thale cress 3 1.66 ± 0.32

7 Panic grass 6 3.26 ± 0.43

8 Rue­anemone 6 2.91 ± 0.43

9 Chile tomato 6 2.89 ± 0.47

10 Water lily 9 3.30 ± 0.62

Total 38 2.85 ± 0.21

Fig. 3. The statistically significant difference between the studied food 
plants and non­food plants in the in silico estimates of KD for the com­
plexes of plant TBP with 90 bp proximal promoters of their genes encod­
ing β­amylases. 
** Statistical significance p < 0.01 according to Fisher’s Z­test.
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Discussion
It is well known that in the process of spontaneous domestica­
tion of ancestral forms of modern food plants, the selection 
was primarily based on their economically valuable traits, such 
as productivity, resistance to pathogens and to environmental 
stressors, and the ease of technological processing into final 
food products. Additionally, during the plant domestication, 
humans assessed the palatability of food products and their 
benefits for health.

It remains unclear whether in addition to the positive selec­
tion for the beneficial properties of agricultural plants, there 
was also simultaneous selection against their detrimental 
properties, which include allergenicity of the dishes prepared 
from these plants. To answer this question, we concentrated on 
the search for molecular genetic selection markers related to 
structural and functional organization of proximal promoters 
of plant genes.

Accordingly, plant genes were analyzed that are homolo­
gous to three T. aestivum genes encoding food allergens 
β-amylase, albumin, and globulin, earlier identified as targets 
for human IgE (Wang et al., 2021). Thus, 363 homologous 
genes were investigated belonging to 28 and 15 species of food 
plants and non­food plants, respectively. With the help of Web 
service Plant_SNP_TATA_Z­tester (Rasskazov et al., 2022), 
for each homologous gene, KD of the complex of plant TBP 
with this gene’s proximal promoter was computed. 

Interest in the TBP protein and its binding site in the proxi­
mal promoter (canonical form: the TATA box) is due to the 
fact that they play a key role in the initiation of eukaryotic 
gene transcription. It has been experimentally established 
(Coleman, Pugh, 1995) that TBP slides along the DNA double 
helix owing to nonspecific affinity between them: KD ~ 10–5 M 
(Hahn et al., 1989). TBP then stops at a site of TBP binding 
because of their mutual molecular recognition (Berg, von 
Hippel, 1987; Bucher, 1990) mediated by stronger (specific) 
affinity of TBP for this site: KD ~ 10–9 M (Hahn et al., 1989). 
Next, under the action of TBP, the DNA double helix melts 
at the site of TBP binding, and kinking of the DNA axis at 
a right angle takes place, which stabilizes the TBP­promoter 
complex (Flatters, Lavery, 1998). The resultant TBP­promoter 
complex is considered an obligatory DNA anchor, which is 
required for the binding of RNA polymerase II (Muller et al., 
2001; Martianov et al., 2002; Choukrallah et al., 2012; Rhee, 
Pugh, 2012) as a key step in the assembly of the transcription 
preinitiation complex (Auble, 2009) responsible for basal 
transcription (Fire et al., 1984). Due to the key importance of 
TATA boxes, mutations located in proximal promoters have a 
well-pronounced effect on the magnitude of gene expression 
(Savinkova et al., 2009).

The molecular mechanism underlying the binding of TBP 
to a promoter of various eukaryotic genes via the three suc­
cessive steps was first proposed by P. Ponomarenko et al. 
(2008) and later confirmed experimentally (Delgadillo et al., 
2009). Based on this mechanism, a bioinformatic model was 
devised previously for calculating a change in KD (of a com­
plex between TBP and a proximal promoter of a eukaryotic 
gene) for a polymorphism of the TBP­binding site(s) in the 
promoter as compared to the wild type (Ponomarenko et al., 
2009). Results of computations based on this model have been 
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confirmed by independent ex vivo experiments on cell cultures 
transfected with the pGL4.10 plasmid (Promega, USA) carry­
ing a wild­type or mutant promoter inserted before a luciferase 
reporter gene (Ponomarenko et al., 2017) as well as in vitro 
in real time (Arkova et al., 2017) by means of stopped-flow 
spectrometer SX.20 (Applied Photophysics, UK) under equi­
librium conditions (Savinkova et al., 2013) and under non­
equilibrium conditions (Drachkova et al., 2014) with the help 
of an electrophoretic mobility shift assay. As a result of such 
comprehensive verification of this bioinformatic model, on its 
basis, the Web service Plant_SNP_TATA_Z­tester (Rasskazov 
et al., 2022) was created, which was employed in the current 
project for estimating KD of complexes of plant TBP with 
proximal promoters of genes from food and non­food plants.

Our analysis revealed that in comparison with non­food 
plants, food plants are characterized by significantly weaker 
affinity of TBP for promoters of genes homologous to 
common-wheat β-amylase, albumin, and globulin (food al­
lergens) ( p < 0.01, as estimated by the above software and 
Fisher’s Z­test). When interpreting the obtained results, let 
us take into account the experimentally proven fact that the 
level of expression of eukaryotic genes increases with en­
hancement of the affinity of TBP for the promoters of these 
genes (Mogno et al., 2010). This observation allows us to 
interpret the food plants’ weaker TBP affinity – for promoters 
of genes homologous to genes of food allergens (common­
wheat β-amylase, albumin, and globulin) in comparison with 
non­food plants – as evidence of selection by humans for low 
amounts of these allergenic proteins in food plants in the past, 
during the domestication of the plants.

Conclusion
In this work, DNA sequences of proximal promoters of genes 
homologous to genes of food allergens (Wang et al., 2021) 
were consistently analyzed in silico for the first time for food 
compared to non­food plants. As a result, weaker in silico af­
finity of TBP was observed for promoters of the investigated 
food plant genes as compared to genes of non­food plants. 
This finding is suggestive of artificial selection – in antiquity, 
for the purpose of reducing the expression of food plant genes 
encoding allergenic proteins – carried out by humans in the 
course of domestication of plants as food products. 
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Abstract. The development of next generation sequencing (NGS) methods has created the need for detailed analysis 
and control of each protocol step. NGS library preparation protocols may include steps with incorporation of various 
service sequences, such as sequencing adapters, primers, sample-, cell-, and molecule-specific barcodes. Despite a 
fairly high level of current knowledge, during the protocol development process researches often have to deal with 
various kinds of unexpected experiment outcomes, which result either from lack of information, lack of knowledge, or 
defects in reagent manufacturing. Detection and analysis of service sequences, their distribution and linkage may pro-
vide important information for protocol optimization. Here we introduce FastContext, a tool designed to analyze NGS 
read structure, based on sequence features found in reads, and their relative position in the read. The algorithm is able 
to create human readable read structures with user-specified patterns, to calculate counts and percentage of every 
read structure. Despite the simplicity of the algorithm, FastContext may be useful in read structure analysis and, as a re-
sult, can help better understand molecular processes that take place at different stages of NGS library preparation. The 
project is open-source software, distributed under GNU GPL v3, entirely written in the programming language Python, 
and based on well-maintained packages and commonly used data formats. Thus, it is cross-platform, may be patched 
or upgraded by the user if necessary. The FastContext package is available at the Python Package Index (https://pypi.
org/project/FastContext), the source code is available at GitHub (https://github.com/regnveig/FastContext).
Key words: next generation sequencing; NGS; adapters; patterns search; read analysis.
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Аннотация. Бурное развитие методов секвенирования нового поколения (next generation sequencing, NGS) 
породило потребность в детальном анализе и контроле качества на каждом этапе протокола приготовления 
геномных библиотек. Протоколы могут включать в себя этапы с внедрением различного рода служебных после-
довательностей, таких как адаптеры, праймеры, а также баркоды, специфичные для каждого образца, клетки 
или молекулы ДНК. Несмотря на достаточно высокий уровень современных знаний в молекулярной биологии, 
в процессе разработки протоколов NGS исследователи часто сталкиваются с неожиданными эксперименталь-
ными данными, которые могут быть результатом недостатка информации о молекулярных процессах, сопро-
вождающих приготовление геномных библиотек, или, в отдельных случаях, дефектом производства реактивов. 
Обнаружение и анализ распределения служебных последовательностей в полученных молекулах ДНК могут 
быть важным источником информации, необходимой для оптимизации протокола приготовления геномных 
биб лиотек. В настоящей статье представлена утилита FastContext, с помощью которой возможен анализ струк-
туры прочтений с точки зрения присутствия определенных последовательностей и их взаимного расположения 
в прочтении. Алгоритм принимает на вход необработанные данные секвенирования в формате FastQ, а затем 
генерирует удобные для интерпретации представления структуры прочтений на основе заданных пользовате-
лем паттернов, высчитывает количество подобных структур и их долю от общего числа прочтений. Несмотря 
на простоту алгоритма, FastContext может быть полезен при анализе структуры прочтений, он помогает лучше 
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понять молекулярные процессы, происходящие на разных стадиях приготовления геномных библиотек и, как 
следствие, открывает возможности для усовершенствования протокола. FastContext – это проект с открытым 
исходным кодом, распространяемый под свободной лицензией GNU General Public License v3, полностью на-
писанный на языке программирования Python и основанный на широко используемых программных пакетах 
и форматах данных. Таким образом, он может быть легко использован под любой операционной системой, ис-
правлен и дополнен при необходимости. FastContext доступен в виде пакета в Python Package Index (https://
pypi.org/project/FastContext), исходный код хранится на GitHub (https://github.com/regnveig/FastContext).
Ключевые слова: секвенирование нового поколения; NGS; адаптеры; поиск паттернов; анализ прочтений.

Introduction
Since the advent of next generation sequencing (NGS) me­
thods 20 years ago, those methods have been actively evolving 
and are currently applied to various areas of biology. Due to 
the increasing capacity of sequencers, it is now possible to 
obtain billions of short molecule sequences in a single NGS 
run. In order to utilize such a high throughoutput of modern 
sequencers, there is a practice of sample pooling. This method 
requires incorporation of sample-specific service sequences 
(barcodes), which allow to distinguish individual samples in 
raw sequencing data. 

Other types of service sequences could be incorporated into 
the target molecules, such as sequencing adapters and primers, 
biotin­labeled oligonucleotides for target molecules enrich­
ment (Gridina et al., 2021), molecule- and cell-specific bar­
codes, which are designed to identify a molecule (Smirnov et 
al., 2020) and/or a cell of origin (Aldridge, Teichmann, 2020).

There are many strategies in molecular genetics that are 
used for service sequences incorporation: direct ligation 
of DNA or RNA molecules, template­switching activity of 
reverse transcriptases, and incorporation of synthetic DNA 
transposons. During the whole process of new NGS methods 
development it is crutial to control each protocol step. In light 
of that, detection and analysis of service sequences distribu­
tion may provide important information for protocol opti­ 
mization.

Here we introduce the FastContext tool, which is designed 
to analyze and compute statistics on NGS read structures. Fast­
Context allows to search for user-specified sequences in NGS 
reads, gather data on their linkage, frequency of occurence, 
and present statistics in a user­friendly manner.

Materials and methods
The script is completely written in the programming language 
Python (version 3.8). It is packaged as a part of the Python 
Package Index (https://pypi.org/project/FastContext) and 
can be installed via pip. Therefore, it works out of the box on 
every operating system.

We used the following Python libraries:
1. bioPython, version 1.79 (Cock et al., 2009): FastQ files 

parsing and sequences manipulation;
2. python­Levenshtein1, version 0.12.2: calculating sequences 

Levenshtein distance;
3. pandas, version 1.2.5 (The Pandas Development Team, 

2020): tables creation;
4. tqdm, version 4.61.2 (Costa­Luis et al., 2022): visualization.

All libraries listed above, except python­Levenshtein, are 
widely used and well maintained.

FastContext supports multi­processing.

1 Available at: https://github.com/ztane/python-Levenshtein.

Results
We developed an algorithm which parses raw sequencing 
dataset, searches each read or read pair for user specified pat­
terns, and then generates a human­readable representation of 
the search results, which we call “read structure”. Algorithm 
scheme is represented in the Fig.1.

Input
Input files are provided in FastQ2 format. The user can provide 
one (in the single­end mode) or two (in the paired­end mode) 
FastQ files. Files may be uncompressed or compressed with 
gzip or bz2 algorithms.

Output
Output results are provided as an HTML page (further: 
“sum mary file”), containing run options and tables with read 
structures, their counts, and percentages (Fig. 2). The se­
quence strand (forward F, or reverse R) is displayed after a 
colon (e. g., {oligb:F}).

The user can manually set minimal rate value (rate floor) 
to be displayed. Also, the user can save the read structure 
for each read or read pair, with the read name, the sequence, 
and Phred qualities, as a gzip­compressed JavaScript Object 
Notation (JSON)3 object (further: “detailed statistics file”).
2 Full specification of FastQ format is available at http://maq.sourceforge.net/
fastq.shtml.
3 Full specification of JSON format could be found at JSON official website: 
https://www.json.org.

Fig. 1. FastContext algorithm scheme. 
Two different example patterns colored as red and yellow.

https://github.com/ztane/python-Levenshtein
http://maq.sourceforge.net/fastq.shtml
http://maq.sourceforge.net/fastq.shtml
https://www.json.org
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FastContext: A tool for identification of adapters  
and other sequence patterns in NGS data

Patterns
Pattern names and sequences are provided as a plain JSON 
object, e. g.:
{ foo": "CTGTCTCTTATACAC", "bar": "CCGAAAACACG", 
"baz": "TCGTCGGG"}.

It should be noted that pattern sequences are searched in 
the order they are provided by the user, forward strand (the 
sequence itself) first, reverse strand (a reverse complement of 
the sequence) after. Therefore, the patterns order matters in 
search and should be carefully considered before running the 
program. FastContext expects patterns to be sorted from long 
to short, which is the best option for overlapping or nested 
sequences, and otherwise gives you a warning.

K-mers
FastContext performs the search based on full match, and 
a pattern sequence with one single sequencing error will be 
skipped as an unrecognized sequence (alias {unknown}). This 
is especially important for long patterns, which are under­
represented due to higher cumulative frequency of sequencing 
errors. In addition, oligonucleotide synthesis errors and some 
enzymatic steps of  NGS library preparation, such as A­tailing, 
may produce molecules one base pair shorter or longer than 
expected. In order to simplify identification of such extended 
or truncated sequences, we have implemented the ability to 
mark short unrecognized sequences (K­mers) of certain length 
(e. g., {kmer:14bp}). If a K-mer identified in the read is one 
base longer or shorter than a pattern sequence, we can suppose 
this K­mer is the pattern sequence, and test the hypothesis in 
a more detailed analysis of reads.

Levenshtein distances analysis
Additional features implemeted to account for sequencing 
errors include analysis of Levenshtein distances between 
different pattern sequences (pattern analysis), and between 
pattern sequences and read sequence. Pattern analysis is shown 
in the summary file, data on every single read can be found in 
the detailed statistics file.

Analysis of distances between pattern sequences can pre­
vent pattern match or nesting, when sequences are confused 
with each other because of a few sequencing errors. Also, 
FastContext warns the user about palindromes and sequences 
that can become palindromic because of sequencing errors. 
This kind of sequence may affect statistics of forward-reverse 
orientation.

Analysis of distances between pattern and read sequences 
can show similarity of an unrecognized sequence and a pattern 

sequence, so the user could suggest the real read structure even 
if FastContext fails to do that. All these data may be found in a 
detailed statistics file, with Levenshtein read analysis enabled 
(disabled by default).

System requirements and performance
By design, FastContext stores FASTQ reads in random access 
memory (RAM), therefore, the only system limitation is the 
RAM size. Tests we have performed show that 8 Gb RAM is 
enough for processing 10,000 reads, which is a high enough 
sample size for practical application of the tool.

There are two stages that determine the time taken for 
completing a task. Reading data from a physical storage 
(HDD, SSD, etc.) depends on the storage characteristics. Read 
analysis is parallelized and depends on the core number. We 
estimated FastContext performance characteristics on the 
laboratory computing server with 16 cores and 50 Gb RAM. 
The dependence of processing speed on process count matches 
the expected values. 10,000 of paired­end reads are processing 
for 2 seconds with 4 cores used, saving JSON increases that 
time to 6 seconds. With Levenshtein statistics, the same data 
are processing for 11 seconds, and 80 seconds are required 
to save JSON.

Code access
FastContext source code is available at GitHub (https://github.
com/regnveig/FastContext) and is distributed under GNU 
General Public License v3.

Discussion 
Despite the simplicity of the algorithm, FastContext may be 
useful in read structure analysis. It has an appealing combina­
tion of cutadapt (Martin, 2011) and FastQC (Andrews, 2010) 
features.

Recently, A. Bravo et al. (2021) presented a tool named 
2FAST2Q, which has features similar to FastContext, includ­
ing extracting and counting feature occurrences in FastQ 
files. Unlike FastContext, 2FAST2Q can search for frequent 
unknown sequences (so called extract and count mode), can 
handle sequence mismatches, takes into account base Phred 
qualities, and therefore provides more accurate statistics on 
feature counts. The qualitative difference of FastContext is that 
the tool can collect statistics on relative position of features 
in the read and features linkage.

There remains the problem of sequencing errors. The pos­
sibility of errors is directly dependent on sequence length. 
FastContext performs the search based on full match, there­

Count Percentage Read structure

5,197 48.80 {unknown}

3,297 30.96 {unknown}--{oligme:F}--{oligb:F}--{701:F}--{unknown}

114 1.07 {unknown}--{oligb:F}--{701:F}--{unknown}

71 0.66 {unknown}--{oligme:F}--{unknown}

69 0.64 {unknown}--{oligme:F}--{unknown}--{701:F}--{unknown}

60 0.56 {unknown}--{oligme:F}--{oligb:F}--{701:F}--{kmer:14bp}

Fig. 2. Example of statistics table. 
Every fragment of read structure, except palindromic or unrecognized sequences, has a strand suffix. Short unrecognized sequences (K-mers) have a length suffix.

https://github.com/regnveig/FastContext
https://github.com/regnveig/FastContext
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fore, under equal conditions, pattern sequences of greater 
length have a lower chance to be found, which may impact 
resulting statistics.

Similarity based on Levenshtein distance is a crude approxi­
mation to probability of presence of a particular sequence. 
It fails to take account of in vitro processes during library 
preparation and sequencing. This problem may be solved in 
future versions. As for now, the user can find Phred quality 
scores for each read in a detailed statistics file, and estimate 
analysis quality manually.

Another possible feature that can be discussed is wildcards 
(symbols which denote more than one canonical nucleobase). 
This feature may be implemented in future versions.

Conclusion
From all of the above, we can conclude that FastContext is 
effective as a tool for NGS data analysis, and could be a very 
useful source of information in the development of new mo­
lecular biology methods.
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Abstract. Many plants and animals have symbiotic relationships with microorganisms, including bacteria. The inter-
actions between bacteria and their hosts result in different outcomes for the host organism. The outcome can be neu-
tral, harmful or have beneficial effects for participants. Remarkably, these relationships are not static, as they change 
throughout an organism’s lifetime and on an evolutionary scale. One of the structures responsible for relationships in 
bacteria is O-antigen. Depending on the characteristics of its components, the bacteria can avoid the host’s immune 
response or establish a mutualistic relationship with it. O-antigen is a key component in Gram-negative bacteria’s 
outer membrane. This component facilitates interaction between the bacteria and host immune system or phages. 
The variability of the physical structure is caused by the genomic variability of genes encoding O-antigen synthe-
sis components. The genes and pathways of O-polysaccharide (OPS) synthesis were intensively investigated mostly 
for Enterobacteriaceae species. Considering high genetic and molecular diversity of this structure even between 
strains, these findings may not have caught the entire variety possibly presented in non-model species. The current 
study presents a comparative analysis of genes associated with O-antigen synthesis in bacteria of the Oxalobactera-
ceae family. In contrast to existing studies based on PCR methods, we use a bioinformatics approach and compare 
O- anti gens at the level of clusters rather than individual genes. We found that the O-antigen genes of these bacte-
ria are represented by several clusters located at a distance from each other. The greatest similarity of the clusters 
is observed within individual bacterial genera, which is explained by the high variability of O-antigens. The study 
describes similarities of OPS genes inherent to the family as a whole and also considers individual unique cases of 
O-antigen genetic variability inherent to individual bacteria.
Key words: O-antigen gene clusters; lipopolysaccharide genes; comparative analysis; O-antigen; Oxalobacteraceae; 
Massilia; Collimonas; Janthinobacterium; saccharide gene cluster.

For citation: Afonnikova S.D., Komissarov A.S., Kuchur P.D. Unique or not unique? Comparative genetic analysis 
of bacterial O-antigens from the Oxalobacteraceae family. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of   
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Сравнительный генетический анализ О-антигенов бактерий 
семейства Oxalobacteraceae: уникальность или тривиальность?
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Аннотация. Многие растения и животные способны устанавливать симбиотические взаимоотношения с 
микроорганизмами, в том числе с бактериями. Специфика этих взаимодействий может приводить к разным 
последствиям для организма-хозяина. Взаимоотношения могут быть нейтральными, негативными либо вы-
годными для одной или обеих сторон. Примечательно, что взаимоотношения бактерия-хозяин не являются 
статичными: они могут изменяться в течение жизни организмов и в ходе их эволюции. Одной из структур, 
определяющих направление изменчивости, является О-антиген. В зависимости от особенностей его компо-
нентов бактерия может избегать иммунного ответа со стороны организма-хозяина, становясь патогеном, либо 
устанавливать с хозяином мутуалистические отношения. О-антиген – это ключевой компонент наружной мем-
браны грамотрицательных бактерий. Этот компонент обеспечивает взаимодействие между бактериями и им-
мунной системой хозяина или фагами. Вариабельность структуры О-антигенов тесно связана с изменчивостью 
генов, кодирующих компоненты его синтеза. Гены и пути синтеза О-антигенов наиболее детально изучены у 
бактерий из семейства Enterobacteriaceae. С учетом высокого генетического и молекулярного разнообразия 
этой структуры даже между штаммами эти результаты могут не отражать все разнообразие О-антигенов, пред-
ставленное у немодельных видов. В настоящей работе проведен сравнительный анализ генов, участвующих в 
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синтезе О-антигена, для бактерий из семейства Oxalobacteraceae. В отличиe от существующих исследований, 
преимущественно основанных на методе ПЦР, в нашей работе использован биоинформатический подход, а 
сравнение проведено не на уровне одиночных генов, а на уровне кластеров. Мы обнаружили, что в случае 
Oxalobacteraceae генетическая организация О-антигена представлена несколькими кластерами, находящими-
ся на значительном удалении друг от друга в геноме бактерий. Наибольшее сходство кластеров наблюдалось 
внутри отдельных родов бактерий, что объясняется высокой изменчивостью О-антигенов. В работе описано 
сходство генов О-антигенов, присущее семейству в целом, а также рассмотрены отдельные уникальные слу-
чаи изменчивости их генетической структуры у отдельных бактерий.
Ключевые слова: кластеры генов О-антигена; гены липополисахарида; сравнительный анализ; О-антиген; 
Oxalo bacteraceae; Massilia; Collimonas; Janthinobacterium; кластеры генов сахаридов.

Introduction
The Oxalobacteraceae family belongs to the Burkholderiales 
order of Proteobacteria. According to the Integrated Taxo-
nomic Information System (www.itis.gov) this family includes 
55 verified species of 12 genera. Members of the Oxalobacte-
raceae family are stained negatively by Gram and presented in 
a wide range of habitats (outlined in Supplementary Materials, 
Table S1)1. Species were found in soils, including grassland, 
volcanic and heavy metal polluted soils, in water and glaciers 
(Baldani et al., 2014). Some of them are free-living, others 
may form various relationships with plants. Symbiotic spe-
cies (Massilia, Herbaspirillum) are known to exhibit plant 
growth-promoting features, and can be beneficial in agricul-
ture (Ofek et al., 2012; Peta et al., 2019; Grillo-Puertas et al., 
2021). Occasionally, these relationships lead to plant diseases, 
for example, red stripe and mottle stripe diseases (Tuleski et 
al., 2020). The negative effect depends on the environment 
conditions. Examples of opportunistic features are described 
for Janthinobacterium and Herbaspirillum genera. Some spe-
cies can be found in clinical samples and act as opportunistic 
pathogens for humans (Dhital et al., 2020).

Beneficial effects from Oxalobacteraceae bacteria are re-
lated to agriculture and medicine. Farming industry utilizes 
these bacteria to improve plant growth. Mutualistic bacteria 
facilitate nitrogen assimilation to increase crops productivity. 
In medicine, bacterial lipopolysaccharides (LPS) can be used 
for vaccine development. This modern medicine develop-
ment is called glycoconjugate vaccines. The methodology is 
already verified on the members of Enterobacteraceae family 
(Bazhenova et al., 2021) and can be scaled to other bacteria. 
Beyond vaccines, information related to LPS lies in biosen-
sor systems. Systems are able to identify bacteria in samples 
based on their LPS composition, in particular O-antigens 
(Sannigrahi et al., 2020).

O-antigen became a convenient feature for serotyping due 
to its variability. Diversity of the oligopolysaccharide units 
and the selection of the host immune system directed at them 
highly contribute to the variability of O-antigens. In addition to 
this selection, there is the bacteriophage effect on the bacterial 
cell (Xi et al., 2019). All these factors explain the emergence 
of different serotypes within the same bacterial species.

O-antigen is one part of bacterial LPS. Lipopolysacchari-
des are a specific structures (plural form) binding to the outer 
mem brane of Gram-negative bacteria. It consists of three parts 
that are linked to each other in a particular order: phospholipid 
anchored to the membrane (lipid A or endotoxin), core region 
and O-antigen repeats. Lipid A is the hydrophobic domain an-
1 Supplementary Materials 1–6 are available in the online version of the paper: 
https://doi.org/10.5281/zenodo.7410337.

choring LPS in the membrane. In chemical structure, lipid A is 
a phospholipid based on glucosamine. It forms the monolayer 
of the outer membrane. Lipid A is responsible for the toxicity 
of Gram-negative bacteria. The second component of LPS is 
the core part. The first and the second LPS components are 
synthesized on the cytoplasmic side of the inner membrane 
of the bacterial cell, after which they are transported by ABC 
transporters into the periplasmic space (Valvano, 2015). The 
third component of LPS is O-antigen, which is synthesized 
separately from the previous parts. In a periplasmic space, all 
parts of LPS are combined together, then the fully synthesized 
LPS is transported to the outer leaflet of the cell membrane 
(Doerrler, 2006).

The composition of LPS and its parts varies between dif-
ferent species and between strains (Caroff, Karibian, 2003). 
In some strains O-antigen can be absent, thus referred to as 
“rough” LPS, others containing it are “smooth” (Erridge et 
al., 2002). The O-antigen consists of a series of repeating 
oligosaccharide units. The length and composition of the 
monomers vary quite widely among strains (Perepelov et al., 
2009). Repeats can be homodimers or heterodimers. In ad-
dition, units can be linked linearly or can create a branched 
structure (Liu et al., 2020). 

Sugar nucleotides are basic molecules that form an O-anti-
gen backbone. The most common can be divided into several 
groups: 
• dTDP-sugars (rfb/rml genes); 
• CDP-sugars (ddh genes); 
• GDP-sugars (man genes, gmd, col ); 
• UDP-glucoses (ugd, gla, galE ); 
• UDP-N-acetylglucosamines (gne, gna, fnl and mna genes). 

Other nucleotide sugar genes include nna genes (N-acetyl-
neuraminic acid synthesis), hdd genes and gmh (LD-manno-
heptose and DD-manno-heptose) and dmh genes of 6-deoxy-
D-manno-heptose synthesis pathway (Samuel, Reeves, 2003). 
The O-antigen chain is assembled via glycosyltransferases, 
which are responsible for combinations of sugar nucleotides. 

The mechanisms of generating O-antigen and flipping 
are described in two variants: Wzy-dependent pathway and 
ABC-transporter pathway. The former is predominant among 
better-characterized O-antigens. A third variant is the synthase-
dependent pathway. Unfortunately, it is poorly described and 
has been observed rarely, for instance, in Salmonella species 
(Kalynych et al., 2014).

The initiation of all O-antigen synthesis pathways is a trans-
fer of a sugar monophosphate to the undecaprenyl phosphate 
(Und-P) molecule, resulting in sugar-pyrophosphate-undecap-
renyl (sugar-Und-PP). Sugar-Und-PP is able to accept further 
glycosylation reactions (Kalynych et al., 2014).

http://www.itis.gov
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Uniquely to the Wzy-dependent pathway, Und-P-linked 
units are polymerized by Wzy (wzy gene) and subsequently 
flipped via Wzx (wzx gene). The chain length is controlled 
by Wzz protein (wzz). The completed structure is ligated to 
the outer core region via WaaL O-antigen ligase encoded by 
waaL (rfaL) gene (Han et al., 2012). 

On the contrary, the ABC-transporter pathway needs only 
a single initiation reaction per O-antigen chain. Moreover, 
the entire polymerization process via glycosyltransferases is 
carried out in the cytoplasm. Then the completely generated 
O-antigen-Und-PP molecule is flipped to the periplasmic space 
by an ABC transporter, which is encoded by wzt and wzm 
genes. Similarly to the previously characterized pathway, the 
O-antigen ligase protein WaaL connects it to the core-lipid A 
(Samuel, Reeves, 2003).

In view of the above described, O-antigen becomes a highly 
variable structure. This feature makes the O-antigen attractive 
to a wide range of researchers. Nevertheless, there are rather 
few studies on comparative analysis of O-antigens and their 
genetic structure between bacteria at the family level. Most 
publications are devoted to single pathogenic or potentially 
pathogenic bacteria and avoid features of free-living or mu-
tualistic species. 

Detection and study of O-antigens have been made pos-
sible by the emergence of several methods involving both 
experimental and bioinformatics analysis of bacterial data. 
One of the traditional methods belonging to the first group is 
the bacterial glycotyping method based on the somatic antigen. 
In 2020, E.T. Sumrall et al. (2020) proposed a new method 
for quantitative separation of O-antigens. It is based on the 
use of a set of recombinant proteins that can interact with 
bacterial envelope receptors and domains. Bacterial O- anti-
gens can also be detected by serological and agglutination 
test methods using sera specific to somatic antigens (Thakur 
et al., 2018). Another way to study O-antigen composition is 
the polymerase chain reaction method, which is widely used 
to compare O-antigens in several bacteria.

The emergence and subsequent decrease in the cost of se-
quencing opened new ways of O-antigen studying. In silico 
analysis methods have significantly reduced the time required 
for data processing, and many routine processes have been 
automated. Extensive databases have appeared that lead to the 
O- antigens analysis of several bacteria at once. In compari-
son to traditional methods of O-antigen detection, in silico 
methods are able to revise taxonomy misunderstandings, 
identify more genes related to O-antigen biosynthesis and 
evaluate their environment in a short time. Predicted features 
can be then verified by traditional laboratory methods. On the 
example of an Oxalobacteraceae member called Janthino­
bacterium sp. SLB01 (Belikov et al., 2021), the taxonomy 
was revised by this combined approach.

Here we present comparative analysis of O-antigens for 20 
genomes from the Oxalobacteraceae family. According to the 
query in UniprotKB “(protein_name: O-antigen) AND (taxo-
nomy_id:75682)” there are only 456 genes whose proteins 
are annotated as O-antigen biosynthesis genes for this family. 
Our bioinformatics approach based on homologues search 
eliminates difficulties in gene annotation. We also shift from 
describing single genes to comparing O- antigens at the level 

of their candidate gene clusters to broad information about 
the gene content of Oxalobactera ceae O-antigens. 

Materials and methods
Data. Initial data was derived from NCBI databases and in-
cluded 20 genomes. The main criterion of assembly selection 
was a rather high quality, that is, no more than ten contigs. The 
reason for such a criterion was to decrease the possibi lity of 
gene clusters being disrupted by unresolved sequences. Over-
all, we selected two Collimonas species (C. arenae and C. fun­
givorans), one species of genera Herminiimonas (H. arseni­
toxidans), Oxalobacter (O. formigenes), and Undibacterium 
(U. parvum), four Janthinobacterium (J. agaricidamnosum, 
J. lividum, J. svalbardensis, J. tructae), two Oxalicibacterium 
(O. faegigallinarum and O. flavum) species and nine Massilia 
(M. albidiflava, M. armeniaca, M. flava, M. oculi, M. plicata, 
M. putida, M. timonae, M. umbonata, M. violaceinigra). Their 
RefSeq assembly accessions are presented in Supplementary 
Materials, Table S2. 

Quality control and annotation. All 20 assemblies were 
additionally analyzed using QUAST tool, version 5.0.2 (Gu-
revich et al., 2013). The acceptable threshold number of 
con tigs and scaffolds was eleven, only genomes with a lower 
number were selected. To obtain the most precise annota-
tion, we used two annotation tools, Prokka version 1.14.6 
(Seemann, 2014) and eggNOG version 2.1.6 (Huerta-Cepas 
et al., 2019). 

Putative O-antigen genes search. Searching for genes 
coding components for O-antigen synthesis and processing 
based on their names was unproductive because of the abun-
dance of various synonymous tags. Therefore, we used an 
approach based on orthology. All O-antigen related genes for 
Escherichia coli strains described in the paper (Iguchi et al., 
2015) were obtained with their amino acid sequences and used 
as reference. We also added genes from the KEGG database, 
a pathway of O-antigen synthesis for E. coli https://www.
genome.jp/pathway/ecoi00541. We additionally analyzed the 
O-antigen ligase gene rfaL (waaL), because it was shown that 
O-antigen may be absent in some bacteria (Kime et al., 2016). 
As waaL is essential for final stages of O-antigen processing 
for the majority of bacteria, its absence may be associated with 
a lack of OPS on the cell wall (Wang et al., 2010). This data 
consisted of gene sets for each serogroup and approximately 
420 unique genes in total (Supplementary Materials, Table S3). 

In order to find unique genes among this data, sequences 
were clustered using UCLUST (Edgar, 2010) algorithm with 
the usearch32 tool, with threshold identity > 0.4. The reason 
for the rather low threshold was the excessive amount of 
clusters at higher numbers, mainly because of high gene varia-
tion. For the next step, we chose centroids of each cluster as 
representative sequences.

To reveal genes that correspond to the processed O-antigen 
genes of E. coli, we used the tool Orthofinder (Emms, Kelly, 
2019) (version 2.5.4), which is able to find orthogroups and 
orthologs. Centroids data was taken as a reference. We assign 
functions of E. coli reference genes to all the Oxalobacteraceae 
sequences that fall into the same orthologous group.

The gene cluster is defined as a set of genes involved in a 
common metabolic pathway located within the genomic region 

https://www.genome.jp/pathway/ecoi00541
https://www.genome.jp/pathway/ecoi00541
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of 27,000 bp in length (Cimermancic et al., 2014). However, 
another important parameter for our definition is genes on 
borders. Thus, for an array of three genes, if genes on the 
borders of the set coincide, we also define this set as a cluster. 
A more detailed investigation of the obtained gene clusters 
with respect to their structure, function and sequence similarity 
was conducted using eggNOG and BLAST (v.2.5.0+) tools.

Verification of the identified candidate genes was performed 
via functional Pfam domains search (Supplementary Mate-
rials, Table S4). Lists of domains were obtained manually, 
from (Iguchi et al., 2015; Pereira et al., 2015). The  HMMER 
software hmmer.org version 3.3.2 allowed the detection of 
those domains in FASTA amino acid sequences of all ge-
nomes. Some genes were checked manually using online 
Pfam sequence search https://pfam.xfam.org (Mistry et al., 
2021). Characterization of genes shown to be uninvolved in 
O-antigen biosynthesis processes was performed using KEGG 
databases (Kanehisa, 2000).

Phylogenetic tree reconstruction. Phylogenetic tree was 
constructed to explore evolutionary relationships between 
the chosen Oxalobacteraceae taxa. Several species of the 
Bur kholderaceae family were selected to create an outgroup 
(Burkholderia sordidicola, B. unamae, B. symbiotica, Ral­
stonia pickettii, Cupriavidus necator). 16S rRNA sequences 
for 13 Oxalobacteraceae species were derived from published 
papers (Lim et al., 2003; Caballero-Mellado et al., 2004; 
Zhang et al., 2006; Sheu et al., 2012; Baldani et al., 2014; Koh 
et al., 2017; Daniel et al., 2021; Jung et al., 2021). Barrnap 
version 0.9 (RRID:SCR_015995) was used for seven other 
genomes (C. arenae, C. fungivorans, J. agaricidamnosum, 
J. lividum, J. svalbardensis, M. timonae, O. flavum) to derive 
16S rRNA sequences (Supplementary Materials, Table S5). 

16S rRNA sequences were aligned using R-coffee, the 
T-coffee web-server RNA sequences alignment tool (Notre-
dame et al., 2000). This tool takes into consideration the RNA 
secondary structure. Default multiple alignment options were 
chosen. The resulting alignment was used for constructing a 
phylogenetic tree using IQ-TREE web server (Nguyen et al., 
2015). DNA was selected for sequence type, other options 
remained default. The best-fit model was TN+F+I+G4, the tree 
constructed with the Maximum likelihood method. Consensus 
tree was constructed from 1000 bootstrap trees and branch 
lengths were optimized by Maximum likelihood on original 
alignment. The results were visualized using Archaeopteryx 
0.9928 (Han, Zmasek, 2009).

Gene clusters visualization. To visualize the found clus ters 
we developed a Python script based on the DnaFeaturesViewer 
library (https://edinburgh-genome-foundry.github.io/DnaFea-
turesViewer/index.html#more-biology-software). The code 
is available on this page https://github.com/svetaafonnikova/ 
O-antigen-project/blob/main/draw_cluster.py. All steps of the 
data analysis algorithm are schematically depicted in Fig. 1. 

Results

Assembly quality characterization
Out of all 20 assemblies, 15 were at the level of complete 
genomes. M. timonae assembly consisted of a single contig 
with N50 equal to the length of this contig. Two assemblies 
contained plasmid sequences (M. putida and M. violacei­

nigra). Another pair, O. faecigallinarum and O. flavum, con-
tained ten and nine contigs, respectively. 

Using IGV (v. 2.11.1) (Robinson et al., 2011) we con-
firmed that the identified O-antigen gene clusters were not 
located on plasmid fragments in case of plasmid containing 
genome assemblies. Secondly, O-antigen gene clusters were 
not si tuated on the borders of contigs, thus any breaks inside 
clusters were excluded.

Description of gene clusters 
In general, almost all of the analyzed species contained more 
than two O-antigen gene clusters. These clusters are scattered 
around the genome and include not only O-polysaccharide 
genes, but genes of other functions. The visualization for all 
20 species can be found in Supplementary Materials, Fig. S1. 
In the text below, we will describe these clusters for each 
genus used in the study.

Collimonas. In both C. arenae and C. fungivorans we 
detected O-antigen ligase gene rfaL (or waaL) immediately 
adjacent to galE gene involved in nucleotide sugar synthe-
sis. In addition, both genomes contain wzm and wzt genes. 
Furthermore, they share the same cluster with manB and 
wfaK on borders. All genes and their order coincide except 
one glycosyltransferase gene wbaS, absent in C. fungivorans.

Regarding other differences, the former species consists of 
three clusters, the latter consists of four. One of C. fungivorans 
clusters contains O-antigen unit synthesis (rmd, gmd, manC), 
processing genes (wzm, wzt) and a triplet of glycosyltransfe-
rase gene wbaX. Remarkably, in C. arenae these processing 
and unit synthesis genes are included in a single cluster with 
rfbABCD and manB genes on the borders.

Herminiimonas. According to our analysis, H. arsenitoxi­
dans genome possesses three O-antigen gene clusters, with 
rfaL gene located outside all of them without any OPS genes 
beside. Regarding genes involved in processing, only wzx was 
observed. There are duplication instances for L-Rhamnose 
biosynthesis gene rfbD, sugar transferase genes wbaT and 
wbaS. One cluster contains a rather small number of genes 
we are interested in compared to not O-antigen ones. These 
unnecessary for OPS production genes partake in phosphate 
metabolism.

Janthinobacterium. J. lividum carries two clusters and 
J. agaricidamnosum comprises three gene clusters involved 

Fig. 1. Schematic representation of the data analysis algorithm used 
in the current study.

http://hmmer.org
https://pfam.xfam.org/search#tabview=tab0
https://edinburgh-genome-foundry.github.io/DnaFeaturesViewer/index.html#more-biology-software
https://edinburgh-genome-foundry.github.io/DnaFeaturesViewer/index.html#more-biology-software
https://github.com/svetaafonnikova/O-antigen-project/blob/main/draw_cluster.py
https://github.com/svetaafonnikova/O-antigen-project/blob/main/draw_cluster.py
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in O-antigen synthesis, whereas J. svalbardensis and J. truc­
tae include four. The latter two share identical clusters with 
UDP-N-acetylglucosamine pathway, wbqA and wbqB on the 
one end and glycosyltransferase gene wbdH on the other. 
All but J. agaricidamnosum have duplications of rfbABCD 
genes. All four genes are duplicated in J. lividum and J. sval­
bardensis, J. tructae possesses three copies of rfbA and rfbB. 
Furthermore, the J. tructae cluster with rfbBA and fnlA borders 
is almost similar to a part of another larger O-antigen gene 
cluster. In J. lividum and J. svalbardensis we found a common 
OPS related gene cluster flanked by wbqB and wbhQ. This 
gene set includes dTDP-glucose pathway genes rfbABCD and 
vioA. Still, the latter species has glycosyltransferase wbaS 

next to wbqB, which J. lividum lacks in this position. To add, 
wzx gene was located after vioA in J. lividum, however, we 
didn’t observe any significant domains for J. svalbardensis in 
that position. The O-antigen ligase was observed in all genus 
members. It lies far from any depicted cluster. 

Considering genes not included in our initial gene list, there 
are genes involved in LPS core synthesis (waaD), polysac-
charide transport gene (wza), genes characteristic to O-antigen 
production in other bacteria species (rfbG, rfbF).

Massilia. According to our analysis, Massilia is the genus 
with the highest number of O-antigen gene clusters. M. oculi 
has six clusters, M. flava, M. umbonata and M. violaceinigra 
possess only four and others contain five clusters (Fig. 2).

Fig. 2. The O-antigen gene clusters from M. albidiflava and O. formigenes. Unannotated genes are designated as “–”. 
Сolors code for biosynthetic pathways. Orange genes are involved in Wzx/Wzy pathway, violet are involved in Wzm/Wzt pathway, rose 
genes partake in dTDP-sugar pathway, dark green, in UDP-sugar pathway, brown, in GDP-sugar pathway, rfaL gene is coded in red. 
UDP-N-Acetylglucosamine genes are blue, and transferase genes are light green. Genes involved in other pathways are white. The 
complete graphical visualization of OPS gene clusters for other analyzed species can be found in Supplementary Materials, Fig. S1. 
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We observed some patterns in gene clusters between spe-
cies. All Massilia species carry the gmd_rmd_wbaX_wbaY 
(in exact order) cluster. Only in M. oculi and M. timonae  
rfbBDAC genes (order in cluster) are presented as an in-
dependent cluster. In other genomes, these genes are sur-
rounded by various O-antigen related genes. The same cluster 
with rfbBACD (order in cluster) genes and manB occurs in 
M. violaceinigra, M. plicata, M. flava, M. armeniaca and 
M. albidiflava. A single gene unrelated to O-antigen produc-
tion is DNA-binding protein gene hns. 

To add more similarity between M. oculi and M. timonae, 
they possess identical clusters consisting of wbrW, wbdH, 
wbqB, ugd on the one end and wzx on the other end. Genes 
located among them partake in infection initiation (espH), 
amino acid biosynthesis (asnB1), acyl-CoA and fatty acids 
biosynthesis (  fadD).

In all assemblies, we observed wzm and wzt genes. Most 
of the species contain these genes in the order wzm, wzt, 
unannotated gene and wbaX. The group with such a set 
includes M. albidiflava, M. armeniaca, M. oculi, M. putida, 
M. plicata, and M. timonae. Another gene context is larger, 
the cluster is flanked by wzm/wzt and vioA. Between them are 
two glycosyltransferase genes wbaX with different lengths, 
unannotated genes and gtrB. The latter is a viral gene, and 
it can actually modify O-antigen structure. However, it was 
not described for the E. coli OPS gene cluster. Finally, in 
M. violaceinigra we found a unique set (not O-antigen bio-
synthesis gene cluster by our definition) of OPS processing 
genes and wbaX. There are three unannotated genes and 
two wzt. For the one beside wzm we didn’t verify a specific 
domain, it was indicated as a gene not involved in O-antigen 
synthesis. The domain structure for wzt laying further from  
wzt was proved.

One of M. armeniaca clusters contains a full cluster de-
scribed for M. plicata. It starts with mnaA, proceeds with wbrW 
and three copies of wbdH. In the former species, wzx with 
unannotated genes is added after the third wbdH. M. umbonata 
shares the most part of this cluster with M. armeniaca, except 
it lacks mnaA at the beginning. All genomes except M. plicata 
include the galE, hddC and manC part in the exact order in 
one cluster per genome. 

Considering O-antigen ligase gene rfaL, in M. albidiflava, 
M. oculi, M. plicata, M. timonae and M. violaceinigra this 
gene is located next to wbaS. The rest of the species contain 
rfaL outside O-antigen clusters.

It can be noticed that some genes, for instance, wbaS, rfbA 
and rfbB, mnaA, wbdH, are presented in two or more copies 
in genomes.

Oxalicibacterium. Three clusters were identified for each 
species of the Oxalicibacterium genus. They share a cluster 
flanked by wfaK and manC. Their content slightly diverges 
from each other. O. flavum has more genes, including an ad-
ditional O-antigen related gene ugd. The OPS ligase gene rfaL 
was identified in both assemblies, however, they are located 
in different contexts. 

Oppositely to O. flavum, O. faecigallinarum carries UDP-
N-Acetylglucosamine pathway genes (  fnlA, fnlB, mnaA, gne, 
wbqB). On top of it, in the O. faecigallinarum we could locate 
duplications of the rfbABCD part, lying in discrete clusters 
and ordered in a different manner. However, rfbD gene in the 

bigger cluster is rather dubious, the smaller length compared 
to other rfbD instances adds more uncertainty. We did not find 
this gene using Orthofinder analysis, although there is a Pfam 
domain corresponding to typical rfbD (RmlD_sub_bind) and 
it was annotated as rfbD by EggNOG.

We could detect wzt/wzm genes only in O. flavum assem-
bly. The second species probably either does not carry these 
genes or they can be located outside clusters in unread spaces 
between contigs. 

Oxalobacter. For O. formigenes we identified a single 
OPS cluster carrying dTDP-sugar pathway genes rfbABCD 
and vioA and UDP-glucose synthesis gene galE. The rest of 
the genes in the cluster are involved in nucleotide metabo-
lism and cofactor synthesis. Also, any O-antigen processing 
genes were undiscovered. We couldn’t detect rfaL gene in 
the given assembly. Moreover, even NCBI databases don’t 
have any information considering this gene or protein in the 
Oxalobacter genus.

Undibacterium. For U. parvum two clusters were identified, 
wzt and wzm genes, were located outside them. Interestingly, 
wzt gene is smaller in comparison to this gene’s length in other 
Oxalobacteraceae species. Typical of them, wzt is longer than 
wzm by approximately 400 bp. In contrast, U. parvum’s wzt is 
almost the same size as wzm. Using Pfam service, the gene’s 
domain (ABC_tran) was verified. 

Both clusters possess transferase and nucleotide sugar 
genes. Most spaces between OPS synthesis genes are unanno-
tated genes, except dyp (peroxidase) and ansA (asparaginase) 
genes. The cluster carrying rfbABCD genes has a copy of 
manC gene and two wbaX genes, which have different sizes.

Phylogenetic tree
The phylogenetic dendrogram based on 16S rRNA showed 
that the chosen species clustered together considering their 
genera (Fig. 3). There had been no study including all species 
and their exact strains used in the current work. Therefore, 
we could compare only some clades of the tree. Similar to 
other studies, the first species to branch off is Oxalobacter 
species. Contrary to literature reports, our tree has a distinct 
Oxalicibacterium group and Collimonas with the rest of the 
species of the Oxalobacteraceae family (Baldani et al., 2014). 
However, the bootstrap support is rather small at this node. 
The Janthinobacterium group formation coincided with other 
papers (Jung et al., 2021). Some Massilia species clustered 
according to literature (Feng et al., 2016; Ren et al., 2018). 
Also, we obtained an unresolved node between M. armeniaca 
and M. plicata. The gene lengths used in the analysis varied 
between 1400 and 1500 bp for most cases (see Supplementary 
Materials, Table S5). 

Discussion
In this work, we determined candidate genes involved in 
O- antigen biosynthesis in bacteria from the Oxalobacteraceae 
family. In comparison to well-studied E. coli O-antigen genes, 
they are presented in the form of several clusters. A similar 
situation has already been described for non-model bacteria 
(Hug et al., 2010). These clusters are dispersed across the 
genome. Clusters include O-antigen genes together with ad-
ditional genes, which are necessary for LPS biosynthesis (for 
example, for core part synthesis and LPS parts binding) or 
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partake in other processes. The E. coli O-antigen gene cluster 
was studied by traditional laboratory methods, in particular, 
by PCR (DebRoy et al., 2011; Iguchi et al., 2015). These me-
thods aim to detect specific genes, whereas in silico methods 
take into account the gene environment. In other words, they 
allow structures to be studied at the cluster level. Thus, our 
approach helps to expand understanding of the O-antigen 
genetic composition in bacterial genomes.

During OPS genetic structure comparison, we identified 
common features presented in all species inside the Oxalobac-
teraceae family. In particular, the group of rfbABCD genes was 
detected in each bacterium. The order of these genes varies, 
however, they are always placed together in one cluster. No 
one gene has deletions, nonsense mutations and other sequence 
abnormalities. According to the results, the studied bacteria 
should have a correct dTDP-rhamnose synthesis.

More similarities were found within each genus. These 
similarities relate mainly to individual genes or pairs of genes. 
A possible explanation lies in the high level of variability of 
O-antigens and the rate of bacterial mutations. O-antigens 
undergo changes so frequently that most of the similarities 
occur at the species or lower levels rather than at the genus 
or family level (Liu et al., 2008).

In 13 bacteria species, wzm and wzt genes were detected. 
We consider the Wzm-Wzt transporters pathway as the main 
path of O-antigen biosynthesis in this case (Wang et al., 2010). 
Wzx-Wzy pathway was not confirmed due to the absence of 
wzy genes.

Another interesting finding concerns gene duplication. The 
most repetitive genes were identified in Massilia species (see 

Fig. 2). Its O-antigens clusters may contain up to three copies 
of the same gene. We suggest two possible explanations. The 
first one is related to the biological features of LPS. The same 
gene can provide the synthesis of several parts of LPS. The 
appearance of additional gene copies can increase the amount 
of protein in the cell or maintain its level in case one of the 
gene copies is broken. The second explanation is linked with 
an algorithm of O-antigen genes search. In our approach, 
genes are detected according to the principle of homology, 
so similar genes can be assigned the same name.

Symbiotic bacteria Oxalobacter formigenes lacks O-antigen 
ligase gene (waaL) in O-antigen clusters, which may indicate 
the absence of O-antigen. The lack of the mentioned structure 
was discussed by J.K. Kim et al. (2016) for Burkholderia 
bacteria species. With our results, we confirm the possibility 
of loss of O-antigen genes in symbiotic bacterial species.

Conclusion
Overall, the findings of this study indicate differences of non-
model bacteria from the model one by the example of the 
Oxalobacteraceae family. We suggest that the characterized 
OPS gene cluster composition is atypical. So far, most papers, 
which explored these genes for other bacteria, described only 
a single gene cluster. The O-antigen genetics of non-model 
bacteria is highly diverse, which is proved by the bioinfor-
matic approach. The search for homologous sequences allows 
us to expand and deepen our understanding of gene clusters 
involved in O-antigen biosynthesis. Further investigation of 
the Oxalobacteraceae O-antigen genetic composition can be 
confirmed by laboratory methods.
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Fig. 3. Phylogenetic reconstruction of Oxalobacterceae family members selected for the study based on 16S rRNA and created using Maximum 
likelihood method. 
The consensus tree was obtained from 1000 bootstrap trees. The sequence data is described in Supplementary Materials, Table S3.
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Abstract. MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression at the post-transcrip-
tional level in the cytoplasm and play an important role in a wide range of biological processes. Recent studies 
have found that the miRNA sequences are presented not only in the cytoplasm, but also in the mitochondria. 
These miRNAs (the so-called mitomiRs) may be the sequences of nuclear or mitochondrial origin; some of them 
are involved in regulation of the mitochondrial gene functions, while the role of others is still unknown. The iden-
tification of nucleotide signals, which are unique to mitomiRs, may help to determine this role. We formed a data-
set that combined the experimentally discovered mitomiRs in human, rat and mouse. To isolate signals that may 
be responsible for the mitomiRs’ functions or for their translocation from or into mitochondria a context analysis 
was carried out for the sequences.  For three species in the group mitomiRs/non-mitomiRs and the group of all 
miRNAs from the miRBase database statistically overrepresented 8-letter motifs were identified (p-value < 0.01 
with Bonferroni correction for multiple comparisons), for these motifs the patterns of the localization in func-
tionally important regions for different types of miRNAs were found. Also, for the group mitomiRs/non-mitomiRs 
we found the statistically significant features of the miRNA nucleotide context near the Dicer and Drosha cleavage 
sites (Pearson’s χ2 test of independence for the first three positions of the miRNA, p-value < 0.05). The observed 
nucleotide frequencies may indicate a more homogeneous pri-miRNA cleavage by the Drosha complex during 
the formation of the 5’ end of mitomiRs. The obtained results can help to determine the role of the nucleotide 
signals in the origin, processing, and functions of the mitomiRs.
Key words: miRNA; pre-miRNA; mitomiR; mitochondrion.
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Контекстные сигналы  
в митохондриальных микроРНК млекопитающих
О.В. Вишневский1, П.С. Ворожейкин2 , И.И. Титов1, 2, 3
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Аннотация. МикроРНК – это малые некодирующие РНК, которые регулируют экспрессию генов на пост-
транскрипционном уровне в цитоплазме, и, таким образом, играют важную роль в большом числе биоло-
гических процессов. Последние исследования обнаружили присутствие последовательностей микроРНК 
не только в цитоплазме, но и внутри митохондрий. Такие микроРНК (так называемые митомиры, mitomiRs) 
могут иметь ядерное или митохондриальное происхождение, при этом для некоторых из них установлена 
роль в регулировании функций митохондриальных генов, а для большинства она пока неизвестна. Выявле-
ние нуклеотидных сигналов, уникальных для митомиров, может помочь определить эту роль. В нашей ра-
боте составлена выборка экспериментально обнаруженных митомиров человека, мыши и крысы. С целью 
выделения сигналов, которые могут быть ответственны за функционирование митомиров и за их транс-
портировку в митохондрии или из них, осуществлен контекстный анализ для полученных последователь-
ностей митомиров. Для трех видов в группе данных митомиры/не-митомиры и в группе всех микроРНК 
из базы miRBase выявлены статистически перепредставленные 8-буквенные мотивы (уровень значимости 
p < 0.01 с учетом поправки Бонферрони на мно жественность сравнения). Для этих мотивов обнаружены за-
кономерности их локализации в функционально значимых участках для разных типов микроРНК. Для рас-
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сматриваемой группы митомиры/не-митомиры также обнаружены статистически значимые особенности 
нуклеотидного состава последовательностей микроРНК возле границ разрезания комплексами Drosha/
Dicer (критерий независимости χ2 Пирсона для первых трех позиций микроРНК с уровнем значимости 
p < 0.05). Наблюдаемые частоты нуклеотидов, предположительно, могут указывать на наличие у митоми-
ров (в сравнении с не-митомирами) более однородного разрезания прай-миРНК комплексом Drosha при 
формировании 5’-конца последовательностей. Результаты работы могут быть полезными для выявления 
сигналов, принимающих участие в возникновении, процессинге и функциях митомиров.
Ключевые слова: микроРНК; пре-миРНК; митомир; митохондрия.

Introduction
The main pathways of miRNA biogenesis, starting at a cell’s 
nucleus and ending in the cytoplasm, have been studied quite 
well to date (Bartel, 2018). Studying the nucleotide context 
of microRNAs and their precursors (pri-/pre-miRNAs) es-
tablished the presence of signals that can affect the functions 
of miRNAs as well as their maturation at different stages of 
biogenesis. The nucleotide sequence of a miRNA can both 
directly determine its functions and affect the 5′-end cleav-
age accuracy by Drosha/Dicer complexes, thus forming site-
specifically modified miRNAs having a shift in the so-called 
“seed region”, a region from 2 to 7 miRNA nucleotides re-
sponsible for its addressing (Starega-Roslan et al., 2015a, b; 
Rolle et al., 2016). 

The presence of motifs in the single-stranded ends (UG; 
CNNC) and in the basal stem of the pri-miRNAs (CUC/
GHG) or in the terminal loop (GU) of the pre-miRNA 
hairpin can lead to blocking or, conversely, to facilitating 
miRNA processing (Auyeung et al., 2013; Fang, Bartel, 
2015; Nguyen et al., 2015; Starega-Roslan et al., 2015a, b; 
Rolle et al., 2016; Vorozheykin, Titov, 2020). Apart from 
the nucleus and cytoplasm, these small RNA sequences, as 
well as the proteins of their processing complexes, are found 
in organelles, for example, in mitochondria (Kren et al., 2009; 
Bandiera et al., 2011; Wang et al., 2015). These observations 
show there are possibly new pathways for miRNA biogenesis 
inside a mitochondrion as well as ways for transportation of 
mature miRNAs between the cytoplasm and mitochondria 
by yet unknown transport complexes. The existence of such 
mitochondrial miRNAs (so-called mitomiRs) raises questions 
about their evolutionary origin and their functions inside 
and outside organelles and whether they have the structural 
features enabling their functions and transportation inside 
or outside mitochondria. 

This paper is a review of published materials devoted to 
experimentally observed miRNAs in a mitochondria. For 
selected mitomiRs, their sequences’ contextual features 
have been evaluated to investigate the possible influence of 
nucleotide signals on the origin, processing, and functions of 
the mitomiRs.

Materials and methods
For our review, miRNA sequences of Homo sapiens, Mus 
musculus, Rattus norvegicus from the miRBase database 
(http://miRBase.org, edition 22.1) (Kozomara et al., 2019) 
were selected. The total number of the included sequences 
comprised 5398. 

The information about mitomiRs was obtained from the 
articles, whose authors experimentally investigated, applying 

the RT-qPCR, microarray, qRT-PCR methods, microRNA 
localization inside and outside the mitochondria of different 
organisms and tissues (Kren et al., 2009; Bian et al., 2010; 
Bandiera et al., 2011; Barrey et al., 2011; Mercer et al., 2011; 
Das et al., 2012; Sripada et al., 2012; Wang et al., 2015). Based 
on these publications, two sets of sequences were formed for 
human, mouse, and rat: mitomiRs (652 miRNA sequences 
observed in mitochondria) and all other miRNAs from the 
miRBase database (4766 sequences) hereinafter called non-
mitomiRs).

To study the features of the sequences of these two groups, 
a search for statistically overrepresented ( p-value < 0.01 
with Bonferroni correction for multiple comparisons) oligo-
nucleotide motifs was carried out using the ARGO software 
(Vishnevsky, Kolchanov, 2005) to perform a de novo search for 
motifs in the 15-letter code for mitomiRs/non-mitomiRs sample 
pairs and for all miRNAs from the miRBase database. When 
searching for motifs in the microRNAs from the miRBase 
database, the software estimated the expected proportion of 
random sequences with a mononucleotide frequency composi-
tion similar to that of an analyzed sample containing a motif 
for random reasons. 

For the obtained motifs, an assessment to estimate their 
similarity within each of the considered groups and between 
the two groups was performed. For every pair of motifs, the  

Jaccard similarity coefficient was calculated as Nsimil
Ntotal

, where 

Nsimil is the number of all 4-letter nucleotide sequences cor-
responding to both motifs. The coefficient takes a value from 
0 to 1, where 0 indicates a complete difference between the 
two motifs, and 1 – a complete match. 

To estimate the probability of obtaining the Jaccard coef-
ficient for random reasons, the method proposed in (Real, 
Vargas, 1996) was applied where the random value of the 
Jaccard coefficient is assumed to be distributed according 
to the binomial law (up to normalization). For the identified 
motifs (found in 616 mitomiRs and 4043 non-mitomiRs), 
an analysis of their localization in miRNA sequence and an 
analysis of the nucleotide context were performed to identify 
the heterogeneity of miRNA cleavage from a precursor by the 
Drosha and Dicer complexes. The localization analysis of all 
microRNAs from the miRBase database involved the random 
positions selected within the sequences of an analyzed sample 
and used as a “contrast” sample.

Results and discussion
In the reviewed publications, 652 unique miRNA identifiers 
were mentioned. 272 sequences from the found mitomiRs can 
be characterized as highly reliable, since they were either ad-
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Table 1. Motifs that have a statistically significant difference in occurrence between the mitomiRs/non-mitomiRs groups  

No. Motif % of mitomiRs % of non-
mitomiRs

Significance 
level, p

No. Motif % of mitomiRs % of non-
mitomiRs

Significance 
level, p

   1 CAKTSHAN    8.44    0.87 3.8 × 10–26 21 MWCMBAVH    9.82 2.86 9.7 × 10–8

   2 KTGCANDK    8.90    1.26 5.6 × 10–21 22 RKTGYWBH 11.81 3.98 1.2 × 10–7

   3 HASHWSBD 28.53 11.89 5.8 × 10–21 23 GYHSHBDG 18.10 7.97 1.7 × 10–7

   4 WMAGKGCD    6.29    0.54 1.8 × 10–20 24 YWMCMTBT    5.21 0.85 3.8 × 10–7

   5 MNTVCANK 13.96    3.40 3.6 × 10–20 25 KKVAACMH    5.98 1.17 8.9 × 10–7

   6 HRVRNTSH 34.97 17.14 1.4 × 10–18 26 CTNVRBTS    9.66 3.13 2.1 × 10–5

   7 KBAGGTWG    5.21    0.41 8.5 × 10–17 27 CTRKNBVW 14.88 6.34 2.4 × 10–5

   8 AGSAVCWY    5.21    0.41 8.7 × 10–17 28 RCABCMHH    6.13 1.40 5.7 × 10–5

   9 RHASHWSB 20.86    7.93 9.1 × 10–16 29 YCMYWMMM    6.29 1.48 7.5 × 10–5

10 RCADTSDH    9.97    2.13 7.9 × 10–15 30 SAGVAMHN    8.13 2.45 2.0 × 10–4

11 RSTRRDTT    8.13    1.44 4.5 × 10–14 31 WKMYCMKA    5.21 1.06 2.1 × 10–4

12 WMDWSCWB 15.49    5.08 1.2 × 10–13 32 NMYASDGS 10.43 3.79 3.5 × 10–4

13 HSVYDGDN 44.02 26.58 1.9 × 10–12 33 KGARNMCY    5.52 1.22 4.0 × 10–4

14 WRMACWTB    6.13    0.85 3.5 × 10–12 34 TSRGWSDG    5.98 1.46 9.8 × 10–4

15 CCHKBWGD    9.36    2.20 2.3 × 10–11 35 WCCHBTHS    6.60 1.77 1.3 × 10–3

16 GBYWVYWG 12.12    3.63 6.5 × 10–11 36 SAVWSSCW    6.13 1.59 2.9 × 10–3

17 KGYWNASW 10.74    3.03 4.8 × 10–10 37 STRHDGTT    5.06 1.11 3.5 × 10–3

18 CADKGNTD    8.13    1.79 5.8 × 10–10 38 NGGCWMDS    7.06 2.07 4.1 × 10–3

19 GWGSTNVY    9.66    2.60 4.2 × 10–9 39 HCYBRRCT    5.37 1.26 5.3 × 10–3

20 WSCAKSWR    6.44    1.24 3.5 × 10–8 40 YSTSRSTS    5.98 1.55 5.8 × 10–3

Notе. % of mitomiRs is a proportion of mitomiR sequences containing the motif; % of non-mitomiRs is a proportion of non-mitomiR sequences containing 
the motif. 
Here and in the Table 2: The table includes only those motifs whose significance level was p < 0.01 with Bonferroni correction for multiple comparisons.

ditionally verified by RT-qPCR/qRT-PCR methods, or in the 
data of microarray experiments, they were observed in greater 
numbers inside mitochondria than outside them. 

It is worth mentioning seven mitomiRs, whose sequences 
fully present in the human mitochondrial genome: hsa- miR-
1974, hsa-miR-1977, hsa-miR-1978, hsa-miR-4461, hsa- miR-
4463, hsa-miR-4484, hsa-miR-4485-3p, and that can serve 
as an additional confirmation of their validity. At the same 
time, due to miRNA sequence and mitochondrial tRNA im-
position, references to the following miRNAs such as hsa-
miR-1974, hsa-miR-1977, hsa-miR-1978 were removed from 
the miRBase database. The hsa-miR-4461 microRNA was 
also removed from the database since the experimental data 
obtained for it did not meet the miRNA-annotation require-
ments. Hence, the sequences that did not correspond to the 
currently known miRNA biogenesis pathways but could be 
formed through unknown non-canonical pathways had been 
excluded from the miRBase database.

For further investigation and comparison of mitomiR 
characteristics, a sample of non-mitomiRs of a total of 4766 
sequences was also used in the study. It includes all human, 

mouse, and rat miRNAs from the considered miRBase data-
base, excluding the selected mitomiRs. 

Using the ARGO software (Vishnevsky, Kolchanov, 2005), 
all the two miRNAs groups (mitomiRs/non-mitomiRs group, 
and all the miRNAs included in the miRBase database) were 
analyzed. For each of the groups, 40 (Table 1) and 44 (Table 2) 
8-nucleotide IUPAC motifs were selected, each having a statis-
tically significant difference in occurrence in miRNA samples 
in each of the groups ( p < 0.01 with Bonferroni correction 
for multiple comparisons). For the motifs within each of the 
groups, as well as for the motifs from different groups, the 
Jaccard similarity coefficient average value (averaged over 
motif pairs excluding zero values) for all three calculations 
did not exceed 0.02. 

For two motifs, KTGCANDK from the mitomiRs/non-
mitomiRs group and KTGYABDD from the group of all 
microRNAs, a maximum Jaccard coefficient of (0.3) and a 
minimum probability to observe it for random reasons of 
(0.81) were obtained. These motifs were found in 193 se-
quences from the mitomiRs/non-mitomiRs group and in 315 
sequences in the group of all miRNAs from the miRBase 
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Table 2. Motifs having a statistically significant difference in occurrence between the group of all miRBase base miRNAs  
and random sequences of similar mononucleotide composition as analyzed miRNAs 

No. Motif % of miRBase % of random 
sequences

Significance 
level, p

No. Motif % of miRBase % of random 
sequences

Significance 
level, p

   1 YNCKBYCB 12.09    5.36 1.1 × 10–71 23 HRHABYRC 5.63 2.99 2.8 × 10–15

   2 BYNCYKYC 11.26    4.94 2.0 × 10–67 24 GCKSVKBK 6.28 3.46 3.1 × 10–15

   3 AWRYRHWY    6.33    2.10 1.3 × 10–59 25 KTGYABDD 5.63 3.01 1.0 × 10–14

   4 RHARHRHW 11.79    5.90 1.0 × 10–50 26 GTWDWHYV 5.15 2.76 9.9 × 10–13

   5 NCKKYCBB 11.09    5.45 1.2 × 10–49 27 RHBTKTGH 5.94 3.36 1.8 × 10–12

   6 WDYAYDKW    9.21    4.16 2.1 × 10–49 28 HWYVYAYR 6.11 3.49 3.0 × 10–12

   7 RHAWWYRY    5.06    1.63 4.2 × 10–48 29 NRRMRSSA 8.40 5.29 4.4 × 10–12

   8 VGGMDVNG 11.92    6.10 4.8 × 10–48 30 RVKGGMRV 7.88 4.88 5.0 × 10–12

   9 YRTANANV    5.04    1.86 3.9 × 10–37 31 CBKCYCNV 5.76 3.33 2.2 × 10–10

10 NHYYVCAG    9.47    4.81 8.4 × 10–37 32 KCCNBBKC 5.89 3.48 2.0 × 10–9

11 BTBYCYKY    9.21    4.66 5.7 × 10–36 33 HATHNYWY 5.70 3.35 3.1 × 10–9

12 YKHCTYYH    7.97    3.89 2.5 × 10–33 34 NKGWTDTH 5.06 2.89 9.3 × 10–9

13 ANBGHWDH 16.11 10.11 4.4 × 10–33 35 ASDHAVWW 5.37 3.15 2.6 × 10–8

14 CDGKVNNN 38.28 30.07 7.4 × 10–29 36 BCDGTKHY 5.30 3.11 5.5 × 10–8

15 RRMDGNAR    9.63    5.33 5.0 × 10–28 37 WGDRMHKG 8.99 6.10 1.0 × 10–7

16 GRGRHDGD    9.10    4.94 6.7 × 10–28 38 WWWTYRBD 5.41 3.27 7.6 × 10–7

17 DYAYDGTN    6.02    2.82 6.2 × 10–26 39 TBTMMYHY 5.30 3.30 5.1 × 10–5

18 WHAYAHNS    6.24    3.07 2.0 × 10–23 40 KSRGNBAG 6.31 4.12 6.0 × 10–5

19 NSDTNTHT    9.10    5.32 1.5 × 10–20 41 HMCMKYCH 5.44 3.50 6.9 × 10–4

20 TVYNYVCA    6.39    3.38 1.3 × 10–18 42 GWSGVDMN 7.88 5.54 1.9 × 10–3

21 DRYBTKTG    5.35    2.72 1.0 × 10–16 43 GWGHKBAB 5.08 3.26 4.1 × 10–3

22 TGBRRWKW    5.70    2.98 1.3 × 10–16 44 TWVTDWRH 5.19 3.37 9.7 × 10–3

Notе. % of miRBase is a proportion of miRBase sequences containing the motif; % of random sequences is an expected by ARGO a proportion of random 
sequences with a mononucleotide frequency composition similar to analyzed sample containing a motif for random reasons.

database. Apart these two motifs, the Jaccard coefficient for 
all other considered pairs did not exceed 0.13 with the prob-
ability of observing corresponding coefficients for random 
reasons being less than 0.001, so the observed data showed 
a low degree of motif coincidence both within each of the 
groups and between the two groups. 

The observed differences in the nucleotide composition be-
tween the samples of mitomiRs and non-mitomiRs can act as 
specific signals for mitomiR processing, e. g., for recognition 
and transportation of sequences to/from mitochondria by trans-
port complexes or for the implementation of mitomiR specific 
functions through direct binding to targets in mitochondrial 
or cellular DNAs. At the same time, the motifs found in the 
group of all miRNAs may correspond to the signals common 
for the processing and functioning of miRNAs, regardless of 
their localization.

For both considered groups the first motif position tended 
to be located at the beginning of a miRNA (Fig. 1), so the 

maximum proportion of sequences was observed for the motifs 
with their start being at positions 1–3. For the obtained obser-
vations, a statistically significant dependence of a miRNA-
sequence type on the positions of a motif start (Pearson’s χ2 
test of independence, p-values 4.46 × 10–2 and 6.58 × 10–5 for 
the mitomiRs/non-mitomiRs group and the miRbase miRNAs/
random positions in miRNAs group, respectively). At the same 
time, for the mitomiRs, in contrast to the other samples, a 
significant reduction in the number of miRNAs whose motif 
start was located at positions 8–10 of a microRNA was ob-
served. A possible reason for that was that the so-called seed 
region of all miRNAs (both mitomiRs and non-mitomiRs) is 
the most conservative and significant region in terms of its 
functionality, and therefore the considered 8-letter conserva-
tive motifs often take this region. 

In contrast to this, the motifs starting from 8 to 10 position in 
a miRNA are often localized in the region of the so-called ad-
ditional seed (~13–16), which is supposedly less conservative 
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Fig. 1. MiRNAs proportion depending on the motif-start positions found in the sequences of mitomiRs and non-mitomiRs (a) and in the miRNAs  
from the miRBase database (b). 
For each miRNA with a motif, its position starting from the 5’ end of the sequence was determined. If one motif occurred several times in a microRNA or several 
motifs occurred once in a microRNA, each occurrence was considered independently and generated a data structure (microRNA, motif position). The graph was 
normalized for the total number of structures obtained for all motifs. The decrease in observations in the positions whose numbers were greater than 15 was due 
to the variability in the lengths of miRNA sequences changing from 15 to 28 nucleotides.
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in mitomiRs and less often participates in microRNA binding 
to the target if compared to non-mitomiRs (see Fig. 1, a). 
However, since the sample of all miRNAs mostly consisted 
of non-mitomiRs, its observation results approximately co-
incided with those obtained for non-mitomiRs.

For the detected motifs, different localization patterns 
within a miRNA sequence were observed. One motif could 
be observed as in several different miRNAs with different 
localizations within the sequences (e. g., the KTGCANDK 
motif with a significance level of p = 5.6 × 10–21 started at 
position 14 from the 5′ end of the hsa-miR-92a-1-5p mitomiR, 
and at position 2 from the 5′ end of the mmu-miR-19b-3p 
mitomiR) as within one miRNA, including cases that did not 
intersect each other (e. g., in the hsa-miR-33a-5p mitomiR, 
the KTGCANDK motif occurs twice, starting from position 1 
and from position 12 from the 5′ end). 

Hence, the variability of motif localization in a miRNAs 
may indicate both the functional importance of these nucleo-
tide signals for these miRNAs and the possible involvement 
of the signals in microRNA processing, in particular, in the 
selection and transportation of mitomiR sequences between 
a mitochondrion and cytoplasm.

For the considered miRNA groups, an increase in the pro-
portion of the sequences where motifs began in positions 1–3 
was observed (see Fig. 1), so sequence analysis of this region, 
but only for those mitomiR and non-mitomiR sequences in 
which motifs has previously been found, was performed. For 
the first three positions of the 5′ end of 5p- and 3p-miRNAs, 
the positional frequencies of nucleotide occurrence were 
calculated (Fig. 2).

In the mitomiRs from a pre-miRNA’s 5p-branch, U was 
predominantly observed in the first position and G was very 
rarely found, while A or G were mainly detected in the sec-
ond position (see Fig. 2, a). In non-mitomiRs, an increase in 

the first position of the number of G and A nucleotides and 
a decrease in the number of U were observed (see Fig. 2, 
b). For the Drosha cleavage site, an inversion in 2–3 posi-
tions between G in non-mitomiRs and A in mitomiRs was 
detected. For each of the three positions, the nucleotide fre-
quencies showed dependence on a miRNA type (Pearson’s 
χ2 test of independence, p-values 2.89 × 10–31, 1.03 × 10–28, 
and 1.79 × 10–42 for the 1, 2 and 3 positions, respectively), 
while the third position demonstrated the most significant 
difference in frequencies between miRNA types, in contrast 
to the first and second ones.

Comparing the observed nucleotide context of the 5′ ends 
for mitomiRs/non-mitomiRs with the results of a study that 
investigated pre-miRNA cleavage accuracy by Drosha and 
Dicer complexes (Starega-Roslan et al., 2015b), it can be 
assumed that the Drosha cleavage was more accurate for the 
mitomiRs from the 5p-branch of pre-miRNAs than for non-
mitomiRs, in other words, a more homogeneous 5′ end and a 
corresponding seed region were formed for mitomiRs, which 
may be the evidence of greater conservatism of mitomiR 
functions in comparison to those of non-mitomiRs. The de-
tected signals of mitomiR cleavage homogeneity could be an 
indication either of the possible existence of a more accurate 
Drosha-like complex for miRNA processing in mitochondria 
or of the possible compensation of inaccurate cleavage by the 
nucleotide composition of the pri-miRNA sequences selected 
for processing by the Drosha complex. 

For the 5p-non-mitomiRs, the context shifted towards he-
terogeneous cleavage, i. e., more active site-specific miRNA 
modification, and in this case, the non-mitomiRs could act as 
a functional-variability factor. It can be assumed that mito-
chondria do not “tolerate” the variability of “their” miRNAs 
and eliminated regulatory-sequence isoforms in the course of 
evolution, so the observed mitomiRs may be the remaining 
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Fig. 2. Nucleotide occurrence frequency for the first three positions starting from the 5’ end of the microRNA from 5p- and 
3p-branches of pre-miRNA for mitomiRs (a, c) and non-mitomiRs (b, d ) samples in the sequences where motifs were found. 
The sizes of the letters are proportional to the frequencies. The X-axis displays the position numbers in microRNA, starting from the 
5’ end. The arrows show the Dicer or Drosha cleavage sites. For positions 1–3 in a 5p-miRNA and for positions 1–2 in a 3p-miRNA 
presented a statistically significant dependence of miRNA sequence type on nucleotide occurrence frequency for a considered 
position (Pearson’s χ2 test of independence, p-value  2.89 × 10–31, 1.03 × 10–28, 1.79 × 10–42, 1.17 × 10–9, 3.23 × 10–10 for respective 
positions).
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conservative sequences that originated in the times mitochon-
drial ancestors were domesticated.

For mitomiRs and non-mitomiRs from the 3p branch of 
pre-miRNA, no noticeable differences in the nucleotide 
context were observed, except for the inversion in the first 
position of the second and third most popular nucleotides (see 
Fig. 2, c and d ). Statistically significant dependence of posi-
tional nucleotide frequencies on a miRNA type was demon-
strated only at the first and second positions (Pearson’s χ2 test 
of independence, p-values: 1.17 × 1.17 × 10–9 and 3.23 × 10–10, 
respectively). Comparison of the observed nucleotide frequen-
cies against the results obtained by (Starega-Roslan et al., 
2015b) did not allow us to make unambiguous conclusions 
about the cleavage quality of the 5′ end of the 3p-miRNA by 
the Dicer complex.

Conclusion
In the present study, a sample of experimentally confirmed 
mitomiRs was formed and a nucleotide analysis of their 
sequences was performed. For the mitomiRs/non-mitomiRs 
group and the group of all microRNAs from the miRbase 
database, statistically overrepresented 8-letter IUPAC mo-
tifs within miRNA sequences were found. These motifs 
demonstrated that mitomiR sequences may represent a new, 
non-canonical class of miRNAs. While the motifs for the 
mitomiRs/non-mitomiRs group could act as signals for mito-
miR processing, e. g., participating in mitomiR transportation  
to/from mitochondria or for mitomiR function implementation 
through binding to targets in mitochondrial or cellular DNAs, 
the motifs of the group of all microRNAs could correspond 
to the signals common for the processing and functions of 
miRNAs, regardless of their localization in the cell. 

The nucleotide context of the mitomiRs (if compared to 
that of the non-mitomiRs) near the 5′ end formed by Drosha/
Dicer cleavage could presumably indicate a more uniform 
formation of the 5′ end of mitomiR sequences and, thus, a 
more conserved functionality of these sequences.
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Abstract. Many scientific articles became available in the digital form which allows for querying articles data, 
and specifically the automated metadata gathering, which includes the affiliation data. This in turn can be used 
in the quantitative characterization of the scientific field, such as organizations identification, and analysis of the 
co-authorship graph of those organizations to extract the underlying structure of science. In our work, we focus 
on the miRNA science field, building the organization co-authorship network to provide the higher-level analysis 
of scientific community evolution rather than analyzing author-level characteristics. To tackle the problem of the 
institution name writing variability, we proposed the k-mer/n-gram boolean feature vector sorting algorithm, 
KOFER in short. This approach utilizes the fact that the contents of the affiliation are rather consistent for the 
same organization, and to account for writing errors and other organization name variations within the affiliation 
metadata field, it converts the organization mention within the affiliation to the K-Mer (n-gram) Boolean presence 
vector. Those vectors for all affiliations in the dataset are further lexicographically sorted, forming groups of 
organization mentions. With that approach, we clustered the miRNA field affiliation dataset and extracted unique 
organization names, which allowed us to build the co-authorship graph on the organization level. Using this graph, 
we show that the growth of the miRNA field is governed by the small-world architecture of the scientific institution 
network and experiences power-law growth with exponent 2.64 ± 0.23 for organization number, in accordance 
with network diameter, proposing the growth model for emerging scientific fields. The first miRNA publication rate 
of an organization interacting with already publishing organization is estimated as 0.184 ± 0.002 year–1.
Key words: k-mer; n-gram; miRNA; digital library; organization co-authorship; small world.
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Аннотация. Многие научные статьи стали доступны в цифровом виде, что позволяет запрашивать данные 
статей и, в частности, автоматически собирать метаданные, включая данные об аффилиации. Это, в свою 
очередь, можно использовать для количественных оценок научной области, например для идентификации 
организаций и анализа графа соавторства этих организаций для извлечения базовой структуры науки. В на-
стоящей работе рассмотрена область исследования микроРНК, а именно граф соавторства организаций и 
анализ его эволюции. Чтобы решить проблему вариативности написания названия организаций, был пред-
ложен алгоритм сортировки логических векторов признаков k-mer/n-gram. В нем используется тот факт, 
что содержание аффилиации довольно консистентно для одной и той же организации. Для учета ошибок 
написания и других артефактов названия организации в поле метаданных аффилиации наш подход преоб-
разует упоминание организации внутри аффилиации в K-Mer (n-gram) булевый вектор присутствия. Далее 

© Firsov A.B., Titov I.I., 2022

This work is licensed under a Creative Commons Attribution 4.0 License

КОМПЬЮТЕРНАЯ ГЕНОМИКА
Оригинальное исследование / Original article

Вавиловский журнал генетики и селекции. 2022;26(8):826-829
DOI 10.18699/VJGB-22-100

Original Russian text  https://sites.icgbio.ru/vogis/

https://sites.icgbio.ru/vogis/


Свойства малого мира научных организаций определяют 
динамику публикационной активности в области миРНК

А.Б. Фирсов 
И.И. Титов

2022
26 • 8

827КОМПЬЮТЕРНАЯ ГЕНОМИКА / COMPUTATIONAL GENOMICS

векторы всех аффилиаций из набора данных лексикографически сортируются, образуя группы упомина-
ний организаций. Таким подходом был кластеризован набор данных аффилиаций в области исследования 
микроРНК и определены названия уникальных организаций, что позволило построить граф соавторства на 
уровне научных организаций. С помощью этого графа показано, что рост области исследования микроРНК 
контролируется архитектурой малого мира сети научных организаций и испытывает степенной рост с по-
казателем степени 2.64 ± 0.23 для числа организаций в соответствии с диаметром сети, предлагая модель 
роста новых научных направлений. Скорость публикации первой статьи по микроРНК у организации при 
ее взаимодействии с другой организацией, уже публиковавшейся в этой области, аппроксимируется как 
0.184 ± 0.002 год–1.
Ключевые слова: k-mer; n-gram; миРНК; электронная библиотека; соавторство организаций; малый мир.

Introduction
Scientific structures stimulate the productivity of scientific 
work by providing researchers with material and technical 
conditions and a scientific environment. One of the factors 
for the effectiveness of scientific work is the interaction of 
researchers in the form of an exchange of ideas or joint work 
and is manifested in the form of scientific publications co-
authorship. Analysis of the co-authorship of research institu-
tions, rather than characteristics at the authors level, makes 
it possible to provide a higher-level analysis of the evolution 
of the scientific community, in particular the organization of 
“invisible colleges” or the development of international co-
operation on a global scale (Leydesdorff et al., 2013). Such 
studies are aimed at finding the reasons for competition and 
cooperation in specific areas of research (Wagner, Leydes-
dorff, 2005), as well as identifying patterns of international 
publication activity (Ribeiro et al., 2017). In general, in order 
to understand the structure of the scientific community and 
the process of knowledge spreading in the field of science, 
analysis should be carried out both at the author level and at 
the organization level.

A graph is a small world if L  log(N ), where L is the aver-
age shortest distance of the graph, N is the number of graph 
vertices. In other words, any two vertices are reachable from 
the other through a small number of hops through other ver-
tices, but the probability that they are adjacent is small.

This type of networks are found in many real-world phe-
nomena, such as the spread of the infection (Liu et al., 2015), 
neural connections (Muldoon et al., 2016), etc. The analysis of 
the effect of the small world in the knowledge spreading (Shi, 
Guan, 2016) is of particular interest, and therefore our study 
aims to check whether the interaction graph of organizations 
in the miRNA research field is a small world.

Since in a small world the vertices are reachable between 
each other via a small number of hops, processes such as the 
spread of the infection or knowledge must occur differently 
than in a regular graph.

To determine that a graph is a small world, various criteria 
have been proposed in several works (Watts, Strogatz, 1998; 
Newman et al., 2000). In our work, we chose a categorical 
criterion to identify the small world effect in a network of 
 microRNA organizations co-authorship, following (Hum ph-
ries, Gurney, 2008), where the authors introduced a measure 
of the “small-world-ness”:

S = CCG
CCrand

 LG
Lrand

 .

In the equation above, CCG is the clustering coefficient of 
graph G, LG is the average length of the shortest paths of 
graph G, CCrand and Lrand are the parameters of a random 
graph with random uniform edge placement with the same 
number of nodes and edges as graph G.

The knowledge spreading process can be interpreted as a 
process of “information contagion” where, through an inter-
mediate host (scientific publications), organizations can be 
inspired by a particular area of research and start publishing 
articles themselves. Such a process can be modeled using the 
Susceptible, Infectious, Recovered (SIR) model (Goffman, 
Newill, 1964). Within the framework of this model, a system 
of differential equations is compiled that simulates the dyna-
mics of infection and recovery of subjects. In the simplest case 
of a homogeneous environment, the solution to these equa-
tions at short times is the exponential growth in the number 
of infected subjects.

In (Vazquez, 2006), the author models the incidence rate 
using the SIR model for problems where transmission graphs 
are known and have the small world property (Muldoon et 
al., 2016). The author adapts the SIR propagation model to 
a spanning tree (AST) representation of the original graph 
and obtains the exact normalized incidence rate for the AST, 
ρ(t), which approximates this rate for the original graph. Thus, 
given that the graph has the small world property, there is an 
exact solution to the normalized infection rate for the AST, 
which is the approximation for the original graph:

ρ(t) = λ (λt)D – 1

(D – 1)! e
 –(λ + μ) t 1+ O t0

t    ,

where λ and μ are, respectively, the rates of infection and 
recovery within the framework of the SIR model, D is the 
average shortest distance of the graph, t0 is the transition 
time between modes. The graph, in addition to having the 
characteristics of a small world, must satisfy one of the con-
ditions for γ (the exponent of the power law distribution of 
degrees of vertices) and υ (the Pearson correlation coefficient 
of the degree between pairs of connected nodes) (Vazquez,  
2006):

γ > 3,   υ > 0,
2 ≤ γ ≤ 3,   υ > –1,   3 – γ + υ > 0.

Methods and materials
The PubMed digital library was used to collect the miRNA 
reseacrh area affiliation dataset. From these affiliations, men-
tions of the organizations were extracted. To do this, a key-
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An example of organizations identification

# Mention 2-Mer Boolean vector Dice metric

1 institute 1111111100000000 0.2

2 insitute 1111100100001000 0.429

3 institue 1111011000010000 0.834

4 center 0000100011100100 0.4

5 centre 0000000011100011

Notе. The threshold value is 0.8, K = 2. The distance between elements 3, 4 exceeds the threshold value, which leads to the division 
of elements into clusters. 2-Mer examples – in, ns, st, ti, it, tu, …
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Annual number of organizations that published an article in the field of the microRNA research as a function of time in double 
logarithmic coordinates.

word-based approach was used to identify which part of the 
affiliation contains what information about the mention of the 
organization (organization name, country, city, etc.).

An example of splitting an affiliation into mentions  
of organizations with a country identification  
for an article with PubMed ID 19996210

(1) Authors’ Affiliations: Cancer Genetics, 
Kolling Institute of Medical Research; 
Department of Endocrinology; Department 
of Anatomical Pathology, Royal North 
Shore Hospital, St. Leonards, New South 
Wales, Australia; Department of Surgery, 
Bankstown Hospital, Bankstown, New 
South Wales, Australia; South Western 
Sydney Clinical School, University of 
New South Wales; Endocrine Surgical 
Unit, University of Sydney; Department of 
Surgery, Liverpool Hospital, Sydney, New 
South Wales, Australia; Endocrine Surgical 
Unit, University of California Los Angeles; 
and Division of Hematology and Oncology, 
Department of Medicine, University of 
California Los Angeles School of Medicine, 
Los Angeles, California.

1. kolling institute of  
medical research,  
Australia

2. royal north shore hospital, 
Australia

3. bankstown hospital, 
Australia

4. university of new south 
wales, Australia

5. university of sydney, 
Australia

6. liverpool hospital,  
Australia

7. university of california  
los angeles, UNKNOWN

8. university of california  
los angeles, school of 
medicine, UNKNOWN

Then, for all these mentions, a dictionary of unique K-Mers 
(n-grams) was built, where K = 2, and for each mention, 
a Boolean vector of the presence of a certain K-Mer in this 
mention was formed. Next, these mention vectors were sorted 

lexicographically to obtain a list of vectors, in which similar 
mentions are grouped by design. After that, for each adjacent 
pair of mentions, the distance according to the Dice metric 
was calculated, and if it exceeded the specified threshold, this 
was the evidence that the mentions belong to different clusters, 
which gives us a grouping of mentions (see the Table).

These grouped mentions contain references to the same 
organization; so, in the next step, we can build an organiza-
tion co-authorship graph by identifying which organizations 
published the same article together.

Results
The analysis of the structural characteristics of the graph of 
scientific organizations in the miRNA research field shows 
that this graph satisfies the criteria of a small world (Mul-
doon et al., 2016) with the exponent of the degree of power 
distribution γ = 2.01 and the assortativity coefficient of the 
degrees of graph vertices υ = –0.03. Therefore, for the num-
ber of scientific organizations with publications in the field, 
one can expect a power-law growth according to the model 
(Vazquez, 2006). The model (Vazquez, 2006) states that the 
initial growth in the number of vertices has a power-law depen-
dence with the exponent D – 1, where D is the average length 
of the shortest paths in the graph. For the graph of scientific 
organizations of the microRNA research field D = 3.46, and 
the approximated power parameter D – 1 = 2.64 ± 0.23 (see 
the Figure), which gives a deviation of about 7 % from what 
is predicted by the model.
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Approximation of the “information contagion” rate gives 
the rate λ = 0.184 ± 0.002 year–1, which characterizes the rate 
of the first microRNA publication by an organization in co-
authorship with another organization that already published 
in this field.

Analysis of the subgraph of Russian scientific institutions 
in the miRNA research field shows that the activity of Russian 
organizations is inferior to the average activity of organiza-
tions in the field (the average number of publications per 
organization is 0.92 in Russia against 21.5 on average in the 
field). At the same time, the Russian community turns out to 
be denser: the clustering coefficient of the subgraph of Rus-
sian organizations exceeds the average for the field with the 
value of 0.708 for Russian organizations compared to the 
0.361 for the microRNA field average. The US is Russia’s 
most active partner in international cooperation with 50 joint 
publications. However, US-Russian cooperation is unstable 
and decentralized, and the leaders in active cooperation with 
Russian organizations are the German Center for Cancer Re-
search, Harbin Medical University, and Karolinska Institute 
(6 joint publications each).

Discussion
Understanding the productivity factors of research organi-
zations and the dynamics of their publication activity is im-
portant for science management. In addition to algorithms 
for automatic identification of organizations, projects such as 
ror.org are actively developing, and are aimed at identifying 
scientific institutions by assigning unique identifiers to them 
(similar to orcid.org for authors). These projects simplify the 
identification of organizations but require the acceptance of 
the use of such projects by the authors of publications, since 
in order to be able to fully identify each organization, it is 
necessary to indicate the ror.org identifier for each affiliation 
from the publication, which cannot currently be guaranteed. 
Therefore, in the near future, automatic identification algo-
rithms for organizations will stay relevant.

In our work, the data presented was gathered as of 2019, 
and at the current moment the structure of the graph could 
change. In addition, the data in the PubMed library can be 
updated retrospectively. Nevertheless, data from publications 
as of January 23, 2022 show that the picture of the evolution 
of the miRNA field has not fundamentally changed (data not 
shown). The new geopolitical reality will inevitably affect the 
structure of interaction and co-authorship in scientific fields. 
However, due to the time delay in the visible results of co-
operation, a change in scientific cooperation will not appear 
in the databases until 2024.

Conclusion
One of the models of  the development of new knowledge areas 
is the “information contagion” model, in which new ideas are 
randomly distributed among researchers, infecting more and 
more of them (Goffman, Newill, 1964). The distribution law 
can be determined by the structure of the environment. In this 
work, it was shown that the organization co-authorship graph 
in the microRNA research field is a small world and, as a result, 
the publication activity of the area demonstrates a power-law 
growth according to the model (Vazquez, 2006). The slower 
than exponential growth occurs due to the “self-avoidance” 
of propagation paths in compact networks of the small world: 
when the next node of the small world is “infected” with 
in formation, there is a high probability that this node has al-
ready been “infected” by an alternative path. The co-author-
ship graph for our analysis was built using the organization 
mention clustering algorithm based on sorting K-Mer boolean  
feature vectors (KOFER).
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