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OT PEOAKTOPA / FROM THE EDITOR

BaBunnoBcKnin )KypHan reHeTukn n cenekumm. 2022;26(8):719-720
DOI 10.18699/VJGB-22-87

H.A. Komuanos I0.I'. Marymkux

nocienHue 15 Jer B TeHeTHkKe npo-

HCXOJHUT MH(POPMALMOHHBIN B3PHIB,

00yCIIOBICHHBIH TOSBICHUEM d(-
(PEeKTHBHBIX METOAOB PaCIIN(pPOBKH Te-
HOMOB H, KaK CJIeZICTBHE, CHIDKEHUEM 00-
JIee YeM Ha YeThIpe MOpsijIKa CTOUMOCTH
TeHOMHOT'0 CeKBeHUpOBaHus. B pesynbra-
TE 3TOTO HAYKH O JKU3HU CTAJIU IJIABHBIM
WCTOYHUKOM OOJIBIINX JaHHBIX, 00OTHAB
T10 TEMITaM POCTa He TOJIBKO JPYTrHe Hayd-
HBIE HAIPaBJICHUS, HO Ja)Ke COIMaIbHbIE
cet. OTHOBPEMEHHO COBEPIICHCTBO-
BaJINCh DKCIEPUMEHTAIbHBIE METOJIBI
TPaHCKPUITOMHOTO, IPOTEOMHOTO, METa-
0OJIOMHOTO M IPYT'MX BHOB HMCCIIEIOBA-
Hui. Bee 9T0 co3nano rpaHuo3HbIN BbI-
30B [uIsi OMOMH(OPMATHKN M CHCTEMHOM
KOMITBIOTEPHON OMOJIOTHH, OCKOJIBKY
TEMITbl TeHEepalul TeHOMHBIX M JPYTHX
THUIIOB JJAaHHBIX HAMHOTO OIIEPEKAIOT BO3-
MOKHOCTH HX IITyOOKOTO KOMITBIOTEPHOTO
aHaJm3a.

OO0beM U CII0KHOCTB ITHX JIAHHBIX Ha-
CTOJILKO BEJIMKH, YTO X IOHUMaHHUE, HH-
TepIpeTaLys 1, TeM 0oJiee, IPaKTHIECKOoe
NPUMEHEHHE HEBO3MOXKHBI 0€3 HCII0JIb30-
BaHMS HOBBIX MWH(OPMAIMOHHBIX TEXHO-
Jorui, 3(p(EeKTUBHBIX METOIOB aHAJIN3a
JAHHBIX ¥ KOMIBIOTEPHOTO MOJIEJINPO-
BaHMsI KMBBIX cucTeM. Ha Hammx riazax
BO3HHMKAeT HOBas OMOJIOTHS, KIIOYEBOH
0COOCHHOCTBIO KOTOPOH SIBIISIETCS TECHAs
MHTErpanus SKCIIePUMECHTAIBHBIX H KOM-
MIBIOTEPHBIX MOAX00B. OHA BKJIIOYALT:

HaKOIUIeHHE OOJBIINX 00BEMOB 3KCIEPUMEHTAIBHBIX
JTAaHHBIX O CTPYKTYPHOH 1 (PyHKIIMOHAIBHON OpraHu3annu
JKUBBIX CHCTEM, MIPOLIECCOB M CTPYKTYP;
KPYITHOMACIITA0HBIH aHAJIN3 MOJTy4aeMOH IKCIIEpUMEH-
TaJIbHOW MH(OpPMALMK B KOHTEKCTE HAKOIICHHBIX paHee
GONBIINX JAaHHBIX (MOJEKYISIPHO-OMOIOTHYECKHX, TCHE-
TUYECKHX, ONOXUMHUIECKHX, (DU3NOIOTHUECKUX U JIp.);
KOMIIBIOTEPHOE MOJICINPOBAaHUE M3yYaeMbIX CHCTEM,
MIPOIIECCOB M CTPYKTYP Ha Pa3IMYHBIX HEPAPXUUECKHUX
YPOBHSIX UX OpraHU3allNy;

Npe/ICKa3aHne HOBBIX CBOMCTB M M3Y4aeMbIX >KUBBIX CH-

CTeM Ha OCHOBE PE3yJbTAaTOB aHAJIM3a U MOJICIHPOBAHUS;

TUTAHUPOBAHNE HOBBIX HKCIIEPUMEHTOB IS TTOATBEPIKIC-

HUSI PE3yJIbTaTOB Npe/ICKa3aHuil M IPOTHO30B M, HAKOHEI],

MIPOBECHUE HOBBIX SKCIIEPUMEHTOB U IOJIY4YE€HHE HOBBIX

JTAaHHBIX U 3HAaHHH.

U BOT TakuM 00pa3oM CTPEMHUTENILHO Pa3BUBAETCS HOBAs

Omonorus, ABWKYIIEH CUIION KOTOPOH ABISETCS MHTETPalys

9KCTIEPUMEHTAIBHBIX U KOMIIBIOTEPHBIX MOIX0A0B. B 3T0i

MHTETPALNH BaKHEHIITYIO POJIb UTPAIOT:

a) bnonH(popMaTrka, odecrednBaronas XxpaHeHue, 0opador-
Ky 1 aHayiu3 OOJIBIIMX JaHHBIX, TOJYYaeMbIX C TOMOIIBIO
METOZ0B T€HOMHKH, TPAHCKPUIITOMHUKH, MPOTEOMHKH,
MeTabOIOMHUKH U IPYTHX BHICOKOIIPOU3BOAMTEIBHBIX IKC-
TIEPUMEHTAIIBHBIX TEXHOJIOTHH, a TAKXKe

0) crcTeMHAasI KOMITBIOTEPHAS OMOIOTHS, K YHCITY KITFOUEBBIX

337124 KOTOPOH OTHOCSITCSI PEKOHCTPYKIIHSI, KOMIBIOTEPHBII
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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.
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MoeKky/asipHble MeXaH3MbI JeTepMIUHAaIINI KIeTOK
COCVIVICTOM cucTeMbl KOpHS Arabidopsis thaliana L.

A.A. Cupopenkol 2, H.A. Omeabsnuyx!, E.B. 3emasuckas’ 2@

T DepepanbHbIii ccnenoBaTeNbCKMI LEHTP VIHCTUTYT UMTONOTUN 1 reHeTukn CUBUPCKOTO oTAeNeHNsA POCCUICKOI akaieMin Hayk,
Hosocnbupck, Poccua

2 HoBOCMBUPCKIII HALMOHANBHBIN CCNIEA0BATENBCKII FOCYAaPCTBEHHDIN yHUBEpCUTET, HOBOCMBUPCK, Poccns

® ezemlyanskaya@bionet.nsc.ru

AHHoTayua. Cocyancran cuctema ABMAETCA pe3ynbTaToM apoMopdo3a, KOTOPbIN MO3BOSIM PAaCTEHUAM YCMELHO
OCBOWTb CyLLy. 3a CYET Hee OCYLLECTBAAETCA MPOBEAEHVE BOAbl, MUHEPATbHBIX 1 OpraHNYeCcKrX coefMHeHnIn, obec-
neunBaeTcs 3¢pdeKTMBHOE COOOLEeHE MEXAY OpraHamu, @ TakXKe BbIMOMHAETCA GYHKUMSA MeXaHUYeCKoW onopbl.
Mpouecc dbopmrpoBaHUA COCYAUCTON CUCTEMbI — OOLLENPUHATDI 06bEKT GyHAAMEHTaNbHBIX CCNefoBaHUiA B 06na-
CTn 6ronoruy pasBuUTMA pacTeHuid. B 4acTHOCTW, paHHKe 3Tanbl Pa3BUTWSA COCYAUCTOMN CUCTEMbI KOPHA MOLENBbHOTO
pacTeHua Arabidopsis thaliana npepctaBnaoT cobol APKUIA NPUMepP CamoopraHn3aumMm GUCMMMETPUYHOTO (MMeto-
LLlero fiBe N0CKOCTY CUMMETPWM) NaTTepPHa pacnpefeneHns GUTOropMOHOB, KOTOPbIN HanpaBAseT 4eTEPMUHALNIO
KNeTOK COCYANCTON cucTeMbl. B npouecce dopmrpoBaH/a COCYANCTON CUCTEMbI KOPHA MOXHO BbIAENUTbL YeTbipe
sTana: 1) getepmuHauumio (cneundrkaLmio) KNeTok-npealecTBeHHNKOB NPOBACKYNAPHON MepUCTEMbl Ha PaHHKX
CTagmax aMOpUoreHesa; 2) pocT 1 pa3MeTKy NPOBaCKyISPHON MepUCTEMbI 3apOAbILLa; 3) NOCTIMOPUOHaNbHOE NoA-
JepXaHue uHMLUmManen (CTBONOBbIX KJIETOK) COCYAMCTON CUCTEMbl B anuKanbHOM MepUCTEME KOPHS; 4) KOHeUHYio
cneyunanusaumio (andPepeHUNpPOBKY) KX JOUEPHUX KNeToK. AHaTOMUYEeCKIe ieTanun PasBUTHSA COCYANCTON CUCTEMDI
A. thaliana paBHO V3BEeCTHbI 1 NOAPOOHO OMUCAHbI, OOHAKO HaLV 3HAHWUA O MOJIEKYIIPHO-FEHETUYECKNX MEXaHN3-
Max 3TOro npoLecca BCe elle orpaHuyeHbl. B nocnenHue roabl cienaHo HECKOSIbKO BaXKHbIX OTKPbITWIA, MponnBato-
LMX CBET Ha PErynsALMIo CamblX PaHHUX COBbITUIA, NpealwecTyoWmx AnddepeHUNPOBKe KNETOK COCYANCTON CU-
cTembl. B HacToswem 0630pe Mbl 0606LIaeM aHHble O MONEKYNIIPHO-TEHETUUECKMX MEXaH3MaXx, onpeaensiomx
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Molecular mechanisms of vascular tissue patterning
in Arabidopsis thaliana L. roots

HanpasneHne KNeTouHon anddepeHLMPOBKIM B 3NEMEHTbI COCYANCTON CMCTEMbI KOPHA Y A. thaliana. MepBas yacTb
0630pa MocBALEeHa ONMCAHNI0 TMCTOreHesa CoCYAMCTON CMCTeMbI KOPHS. [lafiee Mbl PEKOHCTPYVPYeM nociefoBa-
TeNbHOCTb PerynaTopPHbIX COObITUIA, KOTOPbIE IeXKaT B OCHOBE 3TOrO MMCTOreHe3a 1 06yC/IoBMBAIOT Pa3BUTHE Npes-
LIECTBEHHVIKOB VHMLMANeR COCYANCTON CMCTEMbI Y 3apPOfblLia 1 OPraHM3aLMio MHMLMANen coCyamncTon CUCTEMbI B

KOpHe NpopocTKa.

KnioueBble cnioBa: mepuctema; Kcunema; ¢nosma; (Mpo)kambuin; GUTOropMoHbl; ayKCUH; LMTOKUHWH; Arabidopsis

thaliana.

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-
transportation 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
ofthe 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; Ruzicka 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, vacuole,
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

Columella
Lateral root cap
Epidermis

Quiescent center

EROON
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Periclinal plane

Cortex/endodermis initials
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D Cortex

D Endodermis

- Pericycle
- Stele

Fig. 1. Arabidopsis thaliana root apical meristem.
The vertical line is the root central axis.
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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 development 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 Agusti, Blazquez, 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 4. 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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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.
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Early  Transition
globule stage

Octant Dermatogen Heart stage Torpedo stage Mature embryo

D Vascular system precursor cells * Provascular initials
D Suspensor
Hypophysis
Embryonic cells whose identity matches the following tissues:
- Metaxylem - Protophloem
- Protoxylem D Metaphloem
D Procambium - Companion-like cells
D Pericycle

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.

Organization of the primary vascular tissue Organization of the secondary vascular tissue

Initials:

D Producing metaxylem

I:l Producing sieve elements and some procambial cells
- Producing pericycle

D Stem cell niche - Companion-like cells

- Metaxylem D Pericycle

- Protoxylem - Sieve element precursor cells
I:l Procambium - Secondary xylem

- Protophloem - Cambium

I:l Metaphloem - Secondary phloem

Fig. 3. Primary and secondary vascular tissues in postembryonic A. thaliana root.

The root-tip stele (g, 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.

724 BaBunoBcKuii XXypHan reHeTtukm u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 8




A.[l. CupopeHko, H.A. OmenbaHuyk
E.B. 3emnaHckas

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
(Ruzicka 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 4. 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)
(Méhonen 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
etal., 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 (Mahonen 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 (Ridzicka 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
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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, ¢) (Baum et al., 2002; Nieminen et al., 2015;
Ruzicka 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, ¢).
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
etal., 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, Jiirgens, 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; Moller, 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.

a, 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; ¢, 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, @) (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 (Moller 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 morphology 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 (TMOS5) and TMOS-LIKE1 (T5L1)
(Schlereth et al., 2010; De Rybel et al., 2013, 2014b), which,
forming heterodimers with the auxin-independent LONE-
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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 pm.

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, ¢). Simultaneously, auxin blocks
cytokinin signal transduction, increasing the expression of
gene ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER
PROTEIN 6 (AHP6) encoding a cytokinin signaling pathway
inhibitor (Mahonen 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 (Marhavy 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 (Mahonen 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

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

is expressed starting from a 64-cell embryo stage (Ren et
al., 2019). Cytokinin-independent expression of PEARI 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 TMOS5/
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 TMOS5/
LHW-dependent activation of not only cytokinin biosynthesis
genes LOG3 and LOG4 but also of the BGLU44 gene encod-
ing a B-glucosidase enzyme (Fig. 6). Cytokinin response in
xylem is blocked by auxin through 4HP6 gene expression
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Fig. 6. Maintaining the bisymmetric pattern of auxin/cytokinin distribu-
tion in A. thaliana root tip stele during the postembryonic period.

The star marks a physical interaction between proteins to form a dimer. The
dashed arrow indicates mobile regulator movement.

induction (Bishopp et al., 2011a) as well as through limiting
the activity of TMOS/LHW by activating the ACAULIS 5
(ACLS5)-SUPPRESSOR OF ACAULISS5 LIKE3 (SACL3)
regulatory module blocking the formation of the TMOS5/LHW
heterodimer by competing with TMOS 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 TMOS/LHW-
dependent activation of CYTOKININ OXIDASE 3 (CKX3).
The activation is mediated by the mobile SHORT ROOT
(SHR) TF, encoded by TMOS/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).

TMOS/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; Smetetal., 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
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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 Il 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 Il family TF mRNA form the concentration gradient towards the center
and limit HD-ZIP IlI 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.

the central part of the stele (see below) limit the activity of the
PEAR TFs (see Fig. 6), and PEARI activates the transcrip-
tion of the genes belonging to the HD-ZIP I1I family, forming
a negative feedback loop.

Proto- and metaxylem predetermination

As in embryogenesis, auxin is necessary for xylem cells
predetermination 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 111
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 CLE2S,
CLE26, and CLE4S5 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
(MAKRY5) (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
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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., TMOS, T5L1) and phloem (e.g., PEAR1, TMOG6,
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.
Aberrant 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, SOCST, P53) was suppressed, while the expression of others (RASF1, RUNX3, WIFT,
DAPKT) 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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AHHoTayua. Bupyc renatuta C (BIC) cuntaetcs GpakTopom prcka Ans BO3HUKHOBEHMUSA remnaToLenstoNAapHON Kapum-
Hombl (TLIK). M3BecTHO, uTO GOMblUyl0 POSb B MOMEKYNAPHO-TEHETUYECKUX MEXaHU3MaxX BUPYC-UHAYLMPOBAHHOIO
OHKOreHesa WrpatoT anureHeTuYeckmne nsmeHeHnsa. AbeppaHtHoe metunvpoBanune JHK cnyxnt meanatopom snure-
HeTNYECKNX M3MEHEHWII, KOTopble TeCHO CBA3aHbl ¢ natoreHesom LK, 1 npr3HaHo 6MoMapKepom ANA ero paHHei
anarHoctmku. C nomotbio ANDSystem npoBefieHbl PeKOHCTPYKLUMA U OLeHKa CTaTUCTUYECKOW 3HaUYMMOCTU nyTen
NnoTeHUManbHoM perynaumm BupycHoimm 6enkamu BIC 32 reHoB yenoBeka, runepmetuanpoBaHHbix npu FUK. Cpean
nccnefoBaHHbIX FeHOB BblIN Kak OHKOCYNPeCccopbl, Tak 1 NPOOMNyXoNieBble reHbl, MAEHTUOULMPOBAHHbBIX MO AaHHbIM
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NOMIHOreHOMHOro aHanm3a meTunmpoaHua [IHK. PekoHCTpynpoBaHbl perynaTopHble NyTu, BKAOYatowme 6enok-6en-
KOBble B3aUMOAENCTBISA, PerynaLmio SKCNPeCccum reHoB, PerynaLmio akTMBHOCTY, CTabUIBHOCTYW 1 TpaHCNopTa 6enkoB.
Cpepn CTaTUCTUYECKM 3HAUMMbIX OKa3anucb MyTW perynaumm skcnpeccum. NokasaHo, UTo Bocemb 13 AecATn 6enkos
BI'C aBnAoTcA yyacTHKaMu faHHbIx nyTeld. benok BIC NS3 6bii1 BoBneuyeH B HanbonbLuee YNCIO PerynaTopHbIX NyTeN.
NS3 cBA3aH ¢ perynaymen NATU reHOB-OHKOCYNPECCOPOB, YTO MOXKET CBMAETENIbCTBOBATb O €ro LieHTpanbHON ponu B
natoreHese LK. AHann3 peKOHCTPYMPOBaHHbIX MyTel noKasan, YTo NPu UHIMOMPOBAHUM TPAHCKPUMLUMNOHHbIX dakK-
TOPOB B pe3ynbTaTe CBA3bIBaHWA C BUPYCHbIMU Gefikamu, SKCnpeccnsa paga oHkocynpeccopos (WT1, MGMT, SOCST,
P53) nopaBnanacb, Torga Kak akcnpeccus gpyrux (RASF1, RUNX3, WIF1, DAPKT) akTuBmpoBanach. Takum ob6pasom, ¢
NMOMOLLbIO PEKOHCTPYKLIMMN FeHHbIX CeTell MOoKa3aHo, YTo BUPYCHble 6enku renatuta C cnocobHbl BAMATL HE TONBKO Ha
CTaTyC METUNNPOBAHMNA FEHOB-OHKOCYNPECCOPOB, HO 1 Ha UX TPAHCKPUMUMOHHYIO perynaumio. MonyyeHHble pesynb-
TaTbl MOTYT 6bITb MCMONIb30BaHbI MPU NoKCKe GapMaKoNorMyecknx MULLEeHel ana pa3paboTKy HOBbIX CPeLCTB MPOTUB

MUK, nipyumnposaHHom BI'C.

KnioueBble cnoBa: renaToue/uiinJIApHaa KapunHOMa; BUpycC renatmnta G perynauma skcnpeccumn; rmnepmMmeTmnnpoBaHmne;

PerynaTopHble NyTu; reHHble CeTH; BUonHPOpPMaTUKa.

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 Il 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
etal., 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 (Fernandez-Barrena et al., 2020) that
can serve as a biomarker for early HCC diagnosis (Zhang C.
etal., 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 Network
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
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(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, SOCS! and TP53) that could be negatively
regulated and one apoptosis suppressor gene (7ERT) 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
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KomnbtoTepHbIll aHann3 ocobeHHoCTeln perynauum
rMNepmMeTUIMPOBaHHbIX MapKepHbIx reHoB LK 6enkamm BI'C

Gene Encoded protein Source
APCAdenomatouspo|yp05,sco|, ...................................................................... Z hangceta|2016 ...................................................
COUA] ...................... C O”agen a|pha1 (V||)Cha| n ......................................................................... 5 Chu |Ze eta| 2015 .....................................................
COL16A7 .................... C 0||agen a|pha1 (XV| )c ha , n ........................................................................ 5 Chu |Ze eta| 2015 .....................................................
DAPK1 ........................ D eathasso c,a tedpmtel n . k , n ase 1 ............................................................. Z han g C eta| 2016 ...................................................
DSE ............................ D ermata n Su|fate ep ,mera Se ...................................................................... C hen g eta| 20 18 .......................................................
FAM55C ..................... N XPEfam||ymember3 ................................................................................ C hengeta|2018 .......................................................
FAT4 ........................... P romcadherm Fat 4 ..................................................................................... S Chu |Ze eta| 2015 .....................................................
GANTZ Polypeptide N-acetylgalactosaminyltransferase 3 Chengetal,2018
G_g-,-p7 ......................... G |utath, o ne Stransferase P ........................................................................ Z han g Ceta| 2016 ...................................................
GRS insulin-like growth-factor-binding protein,acid labile subunit ~ Neumannetal,2012
kA3 Potassium voltage-gated channel subfamily Amember3 | HemandezMezaetal, 2021
oM Llactate dehydrogenase Bchain | HemandezMezaetal, 2021
MGMT O6-methylguanine DNA methyltransferase | ZhangC.etal,2016
NEBL .......................... N eb u|ette ...................................................................................................... C hen g eta| 20 18 .......................................................
NE,:H .......................... N euromamemheavypo|ypept,de ............................................................. R ev,||eta|2013 .........................................................
opcML Opioid binding protein/cell adhesion molecule-ike ZhangC.etal,2016
TP53 ........................... C e||u|artumorant,genp53 ......................................................................... Z hangceta|2016 ...................................................
PER3 ........................... P er,odc,rcad,anprotemhomo|og3 .......................................................... N eumanneta|2012 .................................................
PRDM2 ....................... P Rdomam contammgz .............................................................................. Z han g Ceta| 2016 ...................................................
PROZVltammKdependentpmtemz ................................................................. N eumanneta|2012 .................................................
RARB .......................... R etmo ,cac,d rece ptor beta ......................................................................... Z han g Ceta| 2016 ...................................................
RASSFIA | Ras association domain-containing protein 1 ZhangC.etal,2016
RUNX3 ........................ R untrelate d t,.a n Scr,pt,on factor3 ............................................................. Z han g C eta| 2016 ...................................................
SFRp, ......................... S e Creted fnzz|e dre | a tedpr Ote, n . 1 ............................................................. Z han g Ceta| 2016 ...................................................
SMPD3 ....................... 5 phmgomyehnphosphod,esterase_:, ........................................................ R ev,||eta|2013 .........................................................
50C51 ........................ S uppressor Ofth e . C ytOkmESIgna”mg . 1 ..................................................... Z han g C eta| 2016 ...................................................
STz Serine peptidase inhibitor, Kunitztype,2 Zhang C. et al., 2016; Hernandez-Meza et a,, 2021
TERTTelomerasereversetransmptase ............................................................... Z hangHeta|2015 ...................................................
TSPYLS  TestisspecificY-encodedlikeproteins HemandezMezaetal,2021
TTC36Te”amcopeptlderepeatpmtem36 ngeta|2022 ...........................................................
WIF,WNTmthItoryfactOH ................................................................................ Z hangc9t3|2016 ...................................................
WT1W,|mstum0r1 .............................................................................................. Z hangceta|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

CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

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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from publications
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N

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

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

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 (W71 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
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Table 2. Patterns to search for the regulatory pathways
describing viral — protein modulation of HCC marker genes

Pattern # Pattern scheme

P1 Vp—2» Tp

P2 Vp—F— Hp —F» Tp

P3 Vp PPI > Hp ACt/Stab/Pr/PPM/TE Tp

P4 Vp PP, Hp EXpreg= Tg Exp > Tp

P5 Vp—2> Hp—=27%s Hg —22 s Hp =2 1g 225 T
P6 Vp PRI, Hp Expreg Hg Exp HpAct/Srab/Pr/PPM/Tr= To

by Vp PP, Hp Expreg Hg Bp Hp PPI > Tp

Note. 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; PPl — 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.

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

Regulatory Number P-val FDR
pathway of participating

pattern gene-markers

P1 .......................... 0 ............................................ _ ................... _ .................
P215 .......................................... 052 .............. 062 ............
P3 ......................... 5 ............................................ 017 .............. 034 ............
P4 ......................... 9 ............................................ 00054 ......... 0032 ..........
P5 ......................... 21 .......................................... 0047 ............ 014 ............
P610 .......................................... 039 .............. 058 ............
P7 ......................... 23 .......................................... 083 .............. 083 ............

significance accounting for multiple comparisons as per the false discovery
rate (expected proportion of false rejections).

(DAPK1, SOCS1, MGMT, RASSF1, RUNX3, TP53, WIF1,
WTI, 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
WTI regulation. Six of them (NS4A, Core, p23, gp32, NSI,
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 requlatory 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
transducer 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
NR4A transcription factor. Indeed, NR4A1 directly interacts
with the RUNX3 and WTI promoters, suppressing RUNX3
activity and activating that of W71 (Nowyhed et al., 2015;
Zongetal., 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 W71 gene is observed, which is
due to hypermethylation of its promoter and correlates with
a poor prognosis (Sera et al., 2008; Mzik et al., 2016). These
data suggest that the role WT1 plays in HCC progression is
associated with blocked apoptosis.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

Experiments have demonstrated that HCV core protein
inhibits at least the NR4A41 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, El, 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 etal., 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
etal., 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,
El, p23, NSI1, 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
etal., 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 EI proteins on the
activity of c-Jun/AP-1 (de Chassey et al., 2008), and the latter
can affect the expression of the WIF'I 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 WIFI gene suppression
are initiated in HCV-infected hepatocarcinoma cells remains
unknown.

p70/STAT3/MGMT, DAPK1, SOCSI1. This regulatory
pathway is initiated by NS3 (p70) affecting the activity of the
MGMT, SOCS, and DAPKI 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 DAPK] 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 7P53 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 7P53 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.
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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
HCYV 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, RASSF 14, and WIF1 genes — with
apoptosis and cell proliferation (He et al., 2005; Sarin et al.,
2005; Choi etal., 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 SMY D3 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 RASFI,
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, SOCSI and TP53 are
activated by the corresponding factors (Phan et al., 2004;
Kohsaka 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 WTI genes that can be at-
tributed to those with protumor activity, suppression of the
WTI 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

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 8



E.A. AHTponoBa, T.M. Xne6opapoga, M.C. leMeHKOB. .. KomnbloTepHbIl aHann3 ocobeHHOCTen perynaunm 2022
MN.M. PeBBa, V.H. JlTaBpuk, B.A. iBaHnceHKo rMnepMeTUINPOBaHHbIX MapKepHbIx reHoB LK 6enkamu BI'C 268
- — HCVinfections
Apoptosis Cell proliferation (oI
A A A AR > 4 < A
QATL RUNXS _ps3 S0CS1 DAPK1 MOMT JERL. MIEL. BASSEIA
Hypermethylated
X T T \ /- / /7 R\T .Y genes in HCC

—

\ g
\
A\
p8
p21 p68
123 NSt

~

N

7

R WE RPN
/ = /.
\\\ \\ 7 /// // /

~ / /

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 attributed
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.

For citation: Sheremetieva M.E., Anufriev K.E., Khlebodarova T.M., Kolchanov N.A., Yanenko A.S. Rational metabolic en-
gineering of Corynebacterium glutamicum to create a producer of L-valine. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov
Journal of Genetics and Breeding. 2022;26(8):743-757. DOI 10.18699/VJGB-22-90

PalnmoHasibHast MeTabonnmdyeckasi MH>XeHepus
Corynebacterium glutamicum pjist nponyKiuuy L-BaanHa
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AHHoTauuA. L-BanvH — ogHa 13 [eBATM aMVHOKUCIIOT, KOTOpble He MOTYT OblTb CUHTE3VPOBaHbI de NOoVO BbICLIMMU
OpraH1M3MamMm 1 AOMKHbI MOCTYNAaTh C NMLLEN. 9Ta aMUHOKUCIOTA He TONbKO CITYXKUT CTPOUTENbHBIM MaTepuanom ans
6efkoB, HO TaKXe perynnpyeT 6enKoBbIii U SHepreTUYecknii OBMeH 1 yyacTBYeT B HellpoTpaHcMuccun. L-BanvH uc-
nonb3yeTca B NuLeBoi 1 GapmMaLeBTUYECKON NPOMbILAEHHOCTU, MeAULMNHE Y KOCMETHKE, HO B MepByto ouepefb B
KayecTBe KOpMOBOW [00aBKM ANA XKMBOTHbIX. [lobaBneHne L-BanMHa B KOPM OTAENBbHO WY B CMECU C APYrMMM He3a-
MEHVIMbIMA aMUHOKMCIIOTaMM NMO3BOIAET NCMOJIb30BaTb KOPMa C MEHbLUVIM COAEPKAHMEM CbipOro 6enka, NoBbllaeT
KauyecTBO 1 KONIMYECTBO MACA CBMHEN U LbINAAT-0pONepoB, a TakxKe yydlaeT penpoayKTuBHbIe QYHKLUN CENbCKOXO-
3ANCTBEHHbIX >KMBOTHbIX. HECMOTpPA Ha TO YTO PLIHOK L-BannHa NOCTOAHHO pacTeT, B Hallen CTpaHe 3Ta aMUHOKMC/oTa
noka He NPOM3BOANUTCA. B cOBpeMeHHbIX yCNoBUAX CO3AaHMNe LWUTaMMOB-NPOAYLIEHTOB 1 OpraHu3aLma Npou3BoACTBa
L-BanuHa ana Poccrm ocobeHHo akTyanbHbl. OfWH 13 Hanbosee YacTo NCMosib3yeMblx 6a30BbIX MUKPOOPraH3MOB Ans
CO3AaHMA NPOAYLEHTOB aMUHOKNCIOT HapAady ¢ Escherichia coli - nouseHHasa 6aktepua Corynebacterium glutamicum.
0630p NOCBALLEH aHaNM3y OCHOBHbIX CTpaTernii pa3paboTkn npoayLeHToB L-BanvHa Ha 6a3e C. glutamicum. Paccmort-
peHbl pa3nnyHble acnekTbl GUOCKMHTE3a L-BannHa y KOprHebaKTepuii: GoXummns, CTEXMOMETPUA 1N perynauma npoec-
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ca, bepMeHTbl 1 COOTBETCTBYIOLLNE UM FeHbl, CUCTEMbI SKCMOPTa Y MMMOPTA, CBA3b OMOCKHTe3a L-BannHa C LeHTpanb-
HbIM METabONN3MOM KNETKN. BbiBNEHbI K/TIOUEBbIE FTEHETUYECKUE SNIEMEHTbI /1A CO3faHNA WTaMMOB-MPOLYLIEHTOB Ha
ocHoBe C. glutamicum. ONncaHo NCNONb30BaHNE MeTaboNMUECKOW MHXKXEHepUX AN YCUNEHNA peakumin brocrHTesa
L-BanuHa 1 ymeHbLUeHnsA 06pa3oBaHNA NOOOUHbIX NPOAYKTOB. [oKa3aHbl MEPCNEeKTUBbI YCOBEPLIEHCTBOBAHUA LWTaM-
MOB C TOYKM 3PEHNA NOBbILEHUA UX MPOAYKTUBHOCTY W YNyYLLEHNA TEXHONOMMYECKMX XapaKTepucTuk. Mupopmaums,
npencTaBneHHasa B 063ope, MOXeT ObiTb MCNONb30BaHa NPV MNosTlyYeHUN NPOAYLIEHTOB APYTMX aMUHOKMCIIOT C pa3BeT-
BJIEHHOW GOKOBOW Lienbio — L-nenuuHa v L-nsonenumHa, a Takke D-naHToTeHaTa.

Kntouesble cnosa: Corynebacterium glutamicum; L-Banux; meTabonunueckasn MHXeHepus; LTaMM-NPOAYLIEHT.

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 balance 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
etal., 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 (Holecek,
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
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raw material resources and to produce biologically active
L-enantiomers 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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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).

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,
BmFE (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

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

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 i/vB and ilvN genes, respectively. Together
with the ilvC gene encoding the acetolactate reductoisomerase
AHAIR, these two genes form the operon i/vBNC 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 i/lvBNC 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
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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)).

concentrations of BCAA (see Fig. 2). The regulatory region
is upstream of the i/lvB 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 i/lvBNC 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 (K; = 0.9 mM)
as well as leucine (K; = 6.0 mM) and isoleucine (K;=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; Elisakova 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 % (EliSdkova et
al., 2005).

It should be noted that AHAS has lower substrate specifi-
city towards pyruvate (K, = 8.3 mM) (Leyval et al., 2003)
than towards 2-ketobutyrate (K, = 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 i/vC 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,
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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 product of the avt4 gene) is involved in valine biosynthesis.
Alanine/valintransaminase uses L-alanine (hereafter referred
to as alanine) or a-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
model in C. glutamicum strain ATCC 13032 ApanBC AilvA
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 i/lvBNC 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 i/vN gene, which
eliminates retroinhibition of the enzyme. A number of muta-
tions in the sequence of the i/vN 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 /IvN regulatory subunit
(Elisakova 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 //vB 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 i/vB 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 i[vBN genes
or the entire i//vBNC 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 i/vBNC operon

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

2022
268

PaunoHanbHaa meTabonunyeckas NHXxeHepua
Corynebacterium glutamicum pna npogyKkuuu L-BanmHa

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 (Pfuf’) genes and a synthetic construct
based on #rp and lac operon promoters (Pfac) (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 (i/lvD
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 i/lv4 gene (Cordes et al., 1992). The
threonine dehydratase is negatively allosterically regulated
by isoleucine and positively regulated by valine (Mdckel et
al., 1992).

The most common modification of this gene in the creation
of valine-producing strains is its inactivation by deletion
(AilvA). 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-producing
strains, instead of complete inactivation of the i/lvA 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
(Holatko et al., 2009; Hou et al., 2012a).
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Valine-producing strains engineered from C. glutamicum

Strain L-Valine, Yield, References

AilvA ApanBC (pJC1-ilvBNCD) 92 NA 10.7 - Radmacher et al., 2002

AVIA DpanBCIVNMI3 (PECKA-NBNG 52 - Bisskovaetal, 2005
DpanBibNMI3 (P-IVAMICG P-VDM7 P-ivEMS) 59 - Holatkoetal, 2000
daceE (piCadlBNCE u6 060 | Blombachetal, 2007
daceEdpgo(piCA-bENCE) 64 052 Blombachetal,2008
AaceEquoApg,(pJC4,IvBNCE)482 ........................... 0 75 .............................. ) ) ...........................................................
AaceEquoApg, Apyc (pJC4,,V3NCE) ............................................... 2 8 1 ........................... 0 86 ............................. \ ) ...........................................................
daceEdpgo(piCaivBNCE us 023 Blombachetal, 2000
AaceE quOAsu gR (pJC4, /vBNCE) ..................................................... 3 5 2 ........................... 0 20 ............................. ) ) ...........................................................
DaceEDpqo (pICA-INBNCE) (pBB1pntAB) 6 092 Barteketal, 2011
(PANAMICG) AaviA pDXW-B-WEBNOC w2 o7 Houetal, 20122
VA BpanBINMI3 (GECKAGIWBNG s - Deninaetal, 2010
A,/VA Apa nBA,e, ,IVNM 13(pECKA,,vBNQ ........................................ ”5 ........................... _ ................................... ) ) ...........................................................
MIADpanBCBaviA (pICA-NENCE 88 - Marienhagen, Eqgeling, 2008
aceEM16 Dpqo Mppc (pICA-IBNCE) 865 0% Buchholzetal, 2013
Dppcdpycicd R picaiveNG) 80 020 Schwentneretal,2018
AppcApyCchGly4O7Ser (pJC4IIVBNCE) ................................................. 8 9 ............................. O 22 .............................. ) ) ...........................................................
dponAdiNAPIESTA 56 - Ryabchenkoetal, 2021

AldhA Appc Apta AackA ActfA AavtA ilvNCEC™ + 149.9%%% 0.88 Hasegawa et al., 2013
gapA+pyk+pfkA+pgi+tpi (pCRB-BN®EC™) (pCRB-DLD)

pDXW-8-ilvEBN(r) 38.1 0.24 Houetal, 2012b
o e e — e
i e — e —
* Aalr Bace BilvA DleuA (PN WA-IVB S8 a iNCE) %9 040 .
............................................................................................................ i
v (pDXWEESNK) e 02 Houetal, 2012
............................................................................................................ JUo T R
S e — e

* 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 leud, 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. Holatko and colleagues (2009) by reducing the expres-
sion of the leud 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 ilvA4 gene is weakened.

The synthesis of pantothenate (amide of f-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
inactivation 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; Holatko 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
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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 Ipd genes, respectively (Eikmanns, Blombach,
2014). Inactivation of the aceE gene by deletion (AaceE) 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
aceFE 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, ptsl, 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 (Vasicova
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 1536) has
been used for the same purposes. This has led to a threefold
decrease in aceF 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 pgo gene), the
inactivation of which (Apgo) 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 pgo 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 /dhA 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 aresult 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 avt4
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 a/r 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
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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 NADH 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 AaceE Apqo Apgi (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 Apgi does accumulate
NADPH (Goldbeck et al., 2018).

The growth deterioration observed in Apgi-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. etal., 2019).

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 8



M.E. lWepemeTbeBa, K.5. AHydpres
T.M. Xne6ogapoga, H.A. KonuaHos, A.C. ilHeHkO

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 pnt4B 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 AaceE
Apgo (pJC4ilvBNCE) resulted in a significant decrease in
carbon 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 (AldhA) and overexpression of the i/vBNCE 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:
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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 i/vC 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 i//vN gene en-
coding a mutant AHAS regulatory subunit (i/vN F) resistant
to BCAA inhibition has allowed to produce a C. glutami-
cum strain (pCRB-BNSEC™)(pDLD)/ALDH) 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 avtd gene. In addition, the ilvNOF 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-Garcia, 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 WMOO1 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 brnF'E 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 Irp 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 > valine
(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 /rp
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 23 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 /rp and brnFE expression were simultane-
ously enhanced (Yin et al., 2013).

However, it was found that, unlike brnFE, overexpression
of the /rp 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 /rp, gene found in the VWB-1 strain.
Overexpression of /rp, 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 /rp,
and brnF'E 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,
Irp and brnFE, combined with overexpression of the ilvBNC
genes and inactivation of aceF, 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-Garcia et al., 2018), as
well as extensive application of computer modeling (Koduru
etal.,2018) and using new knowledge about gene expression
regulation (Dostalova et al., 2017; Shi et al., 2018; Zhang S.
etal., 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 a 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
Hamiltonian 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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CrpatuduKalum 1 CIOEHUS
B (pa30BbIX OPTPETAX MOJe/ieli TeHHbIX ceTell

B.IT. FOAY6HTHMKOB1’ 3@, A.A. Akunpmmn2, H.B. Aronosal 3, A.C. MMHymKI/IHa3

T NHcTuTyT Matematyikn um. CJ1. Cobonesa CUGUPCKOro oTaeneHms Poccuiickoi akaaeMum Hayk, HoBocubnpck, Poccua
2 Poccuiickuii nccnepoBatenibCknin UHCTUTYT Huawei, CaHkT-TeTepbypr, Poccnsa

3 HoBOCMBUPCKIIT HALMOHANBHBIN CCIEA0BATENBCKII FOCYAAPCTBEHHDIN yHNBEpCUTET, HOBOCHBUPCK, Poccns

& golubyatn@yandex.ru

AHHoTayus. MNeproanyeckre npoueccsl GyHKLNOHUPOBAHUSA LUMPOKOTO KNlacca reHHbIX CETEN C XOPOLLEN TOYHO-
CTblO OMUCHIBAIOTCA MPEAENbHBIMY LMKNaM/A MHOFOMEPHbBIX cucTemM AnddepeHLmanbHbIX YpaBHEHNUI KMHETMYE-
cKoro Tuna. Takve cucTembl, YacTo Ha3blBaeMble B IUTEPAType AMHAMMNYECKUMY, COCTABAAIOTCA MO CXeMaM MOSTOXKN-
TeNIbHbIX M OTPULATENbHBIX CBA3EN MEX Y KOMMOHEHTaMn Modenunpyemblx ceTel. ickomble GyHKLUY B ypaBHEHMAX
ONMCHIBAIOT 3aBUCMMOCTb OT BPEMEHWN KOHLEHTPALMIA STUX KOMMOHEHT. [py NNaHMpOBaHNUN BbIUNCIUTENbHbBIX
JKCMEePVIMEHTOB C MOAOOHBIMI MaTeMaTUYECKUMM MOLENAMYM MONEe3HO NpeABapuTeNbHO OnucaTb KauyecTBeHHoe
noBefieHne aHcaMbei TpaeKTopriA COOTBETCTBYIOLLMX AUHAMNYECKUX CUCTEM, B YaCTHOCTU OLEHUTb 06NIACTM MaK-
CMManbHOro NpaBaonofaobus HauyanbHbIX AaHHbIX, UCCefoBaTb obpaTHble 3aaaun naeHTUOUKaALMM NapamMeTpoB,
0Cobble TOUKM 3TUX CUCTEM, IOKanM30BaTb B $a30BbiX MOPTPETaX MNONOXKEHWE LMKIO0B, B TOM YMCe NPeAesbHbIX,
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CrpatndurKkaymmn n cnoeHms
B $a30BbIX NOPTPETax MoAenel reHHbIX ceTel

cTpaTndunLMpoBaTh Gpa3oBble MOPTPETbI Ha MOAO6NACTY C KaueCTBEHHO Pa3/IMYHbIM MOBefeHNeM TPaeKTopuiA 1
T.N. Tako anpuopHbI FeOMETPUYECKINI aHann3 pacCMaTp1BaeMblX MOfeNell FeHHbIX CeTell MOMHOCTbIO aHanoru-
YeH XpecToMaTUNHOMY pasfieNly HauyanbHbIX KypcoB MaTeMaTukm «MccnefoBaHune GyHKUMI 1 NOCTpoeHUe rpadu-
KOB», B KOTOPOM OMMWCbIBAIOTCA METOAbI HAarfMALHOIO NpeACTaBeHNA NOBeAEHNA KPUBbIX, OnpefenaeMblX ypaBHe-
HuAMK. B HacToALlel cTaTbe B $pa30BbIX MOPTPETax AUHAMMUYECKMX CUCTEM, MOLENMPYIOLUX GYHKLMOHNPOBaHMe
KOMbLIEBbIX F€HHbIX CeTell, KOHCTPYMPYIOTCA [IByMepHble MOBEPXHOCTH, MHBapUaHTHble OTHOCUTENbHO CABUrOB
BAOJIb TPaeKTopuii, — aHcambnu TpaekTopuii. lMpocmaTpuBaeTca ecTeCTBeHHanA aHaNorma C KacCUYecKow KOH-
CTPyKLUMEN aHaNNTUYECKON MeXaHNKN — C MOBEPXHOCTAMU YPOBHA MHTErpasoB ABMKEHWUA (SHeprua, UMNynbe 1
Ap.). Takne noBepxXHOCTY 06pasyloT cnoeHNs B Gpa3oBbIxX MOPTPETax ANHAMUYECKNX CUCTEM FaMUIBTOHOBOI MeXa-
HVKW. B 0TAIMYmMe OT 3apay MexaHvKK, AnA paccMaTprBaeMblX Hamy MOAesel reHHbIX ceTel cnoeHus, obpasyemble
VHBaPWaHTHbIMV MOBEPXHOCTAMMU, UMEIOT OCOOEHHOCTH, BCe VX CZION COAepPKaT Ha CBOUX rpaHuLax npegenbHble
umKnbl. OnuncaHre $pa3oBbix NOPTPETOB ANHAMNUYECKMX CUCTEM B TEPMUHAX UX CTpaTUdMKaLmin 1 aHcambnei nx
TPaeKTopuin MO3BONNT CTPOUTL GoNlee peanncTUUHbIe MOJENM FeHHbIX CeTell C MCNOMb30BaHNeM annapata cTaTu-
CTUYecKon GU3MKM 1 TEOPUN CTOXacTUYECKMX AnddepeHLmanbHbIX ypaBHEHUIA.

KnioueBble cnoBa: oCLMNNALMK; MONOXUTENbHbIE 1 OTPULATENbHbIE CBA3MW; MOAENM TeHHbIX ceTell; dasoBble
NopTpeTbl; MHBapUaHTHble 061acTV U NOBEPXHOCTY; MHBApUaHTHbIe ClIoeHNA; oTobpaxeHue lNyaHKape; Teopema
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[pobmaHa-XapTmaHa; Teopema OpobeHunyca-MNeppoHa.

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:

G50 0

It is assumed here and below thatj=1,2,...,n; n> 3, and
that j—1= n, if j =1. In all these equations, non-negative
functions x;(¢) denote concentrations of species in the gene

networks, and positive coefficients k; characterize the rates of
their degradations (Likhoshvai et al., 2020).

Consider the system (1) in the vector form Ccli_)t( = F(X),

where the vector-function X(¢) is defined by its coordinate
functions x;(7). The divergence of this vector-field F(X) is
constant and negative:

div F(X) =k, ~k,— ...~ k, <O0.

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 ¢ 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.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

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

SO =L)=ka, if0<y<1;L(y)=0,ify>1;
orf(»=T(»)=0,if0<y<L;T(y) =ka, ify>1.

Here, a; are some positive constants. Decreasing func-
tions L; describe negative feedbacks in the gene network and
increasing functions I’; correspond to positive feedbacks.

For one particular case ;=1 forall 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 x;.

In recent publications (Golubyatnikov, Ivanov, 2018; Golu-
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 k; 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 a;>1 for
all j and that the parallelepiped 0" =[0,a,]*[0,a,]*...x[0,a,]
in the positive octant of the space R” is a positively invariant
domain of the dynamical system (1). This means that trajec-
tories of all points of the domain 0" do not leave it and that
all cycles of the system (1) are contained in the interior of Q.
We consider below the dynamical systems of the type (1) in
the case @;>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 Q" by the planes x;=1 to 2"
smaller parallelepipeds, which we call blocks and enumerate
by binary multi-indices: {€,¢,...€,}=1,(g,) X L,(g,) % ... X1 (€,).
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Here, each index ¢; equals 0 or 1, and /,(0) = [0, 1], I(1) =
=(l,q)]. 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

B - a1 =5,
and solution to the Cauchy problem for this system has a
simple representation

xj(t) = aj(l - gj;]) + ()CJ(O) - aj(l - 8]-71)) exp(—kjt). (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:
dx dx dx
Ttl =L,(xy)—kyx,; th =Ly(x)—kyxy; 7; =Ly(x)—kyxs. (3)

Trajectories of all points of the block {001} pass through
six blocks of decomposition of the domain Q° from block
to block according to arrows of the following diagram only:

...—{001}—{011}—>{010}—
{110} — {100} —{101}— {001} ... 4)

Denote by W13 aunion 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 W13 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 W13 and the union of two
blocks, {000}, {I111}.

Consider a two-dimensional face £;= {001} N {011} which
separates the blocks {001} and {011} as well as other faces
F, which separate incident blocks of the diagram (4):

F, = {011}N{010}, F, = {010} N{110},
Fy={110}N{100},... F5={101}N{001}.

After transition along all six arrows of this diagram, trajec-
tories of all points of the face F; return to it, each trajectory
with its own time. Composition ¥: F,—F|, of all these six
shifts from face F, to face F,,,, m=0,1,2,3,4, and F's—F|,
is called the Poincaré map.

On the face F, let us introduce a coordinate system (w,; w,)
with the origin at the point £ = (1; 1; 1) such that coordinates
wy, w, of all points of this face are non-negative: w, = 1—x,;
w, = x;—1. Let the Poincaré map be written by equation

W(W1§W2) = (\V1(W1§W2)§ \Vz(W1§W2))~
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The main technical result of the papers (Golubyatnikov et al.,
2018; Golubyatnikov, Ivanov, 2018) is the following

Lemma 1: a) the Poincaré map is monotonic: if for points

A(vy;v,) and B(w;w,) relations v| <w, and v, <w,, are sa-

tisfied then \y,(v,;v,) <y, (wysw,) and yy(vy;v,) <y, (wy; w,).

For this partial order relation, we use a notation: A < B,

Y(4) <¥(B);

b) if w, and w, are sufficiently small then w,< y,(w,;w,)

and wy< \y,(w;;w,), i.e., B<Y(B);

c) at each point of the face F\, the first derivatives of the

coordinate functions | and \y, are strictly positive and their

second derivatives are strictly negative.

This implies that the Poincaré map ¥:F)—F has two fixed
points exactly; one of them is the point £; which lies at the
boundary of /, and the other one, denoted by P, is contained
in the interior of the face F, (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 ¥ has just one nontrivial fixed point Pk,
the system (3) does not have any other cycles.

In the same paper, for the fixed points £; and Px of the
Poincaré map, Jacobian matrices J,(E5) and J,(Px) were cal-
culated and it was shown that the eigenvalues A, (Px), A,(Px)
of the matrix J,(Ps) 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 C;. 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 J,(E;) is
equal to one and for its eigenvalues A,(E5), A,(£;), relations
A (E;)>1>M(E;)> 0 are true. So, for the map ‘P, hypothesis of
Grobman—Hartman theorem (Hartman, 1964) is fulfilled. This
implies that in a sufficiently small neighborhood U(E;)C F,
of the point £, the Poincaré map is linearized by some con-
tinuous (in general terms, non-smooth) change of variables
(wy;w,) = (uy;u,). In such a coordinate system, W(u,;u,) =
= (M(ES) - uy; M(ES) - uy).

For sufficiently small € > 0, we denote by 72 < U(ES)
a triangle 0 < u, +u, < € with one vertex at the point £, and
let ﬁ; be a truncated face F,\T7.

Choose two segments [0, o,] and [0, a,] < [0, o,] in
this neighborhood so that o, = A,(E;) - 0. Let N; and N,
respectively, be the right endpoints of these segments, then
([0, a,]) =[0, a,] and ¥(N,) = N,; in the original coordinate
system (w,;w,), the segments [0, a,,] and [0, o, ] are represented
by arcs Dy < D, with a common endpoint £;. Consider action
of iterations of the Poincaré map to these arcs:

YD, =D, cD,=¥YD)cD,=¥YD,)cD, ...

The union Dx of infinite sequence of mutually embedded
arcs Dy is a continuous monotonic arc connecting the points
E; and Px; after transition along arrows of the diagram (4),
trajectories of points of D return to this arc: the semi-interval
D\D, passes to semi-interval D,\D, which passes in turn to
D;\D,, etc. Thus, trajectories of points of the arc D generate
an invariant (non-smooth) surface 2 bounded by the cycle C,
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in the invariant domain Wf — 0. By the construction, this
surface contains the point £,

Starting such constructions of small segments [N, N,] in
a neighborhood U(E;) with points N, which do not lie on
the axis E;u, and considering the images of these segments
under iterations of the Poincaré map ¥, we obtain a family
of continuous monotonic arcs which leave the neighbor-
hood U(E;) and do not contain the point £. For each pair of
points N, N, < U(E;)\ Equ, such that (V) = V,, the sequence
N,="Y(N,_,) tends monotonically to the fixed point Px of the
Poincaré map ¥ (Golubyatnikov et al., 2018). Here, each
segment [N, NV, ] generates, as above, a monotonic arc Dx(N,)
being invariant with respect to the Poincaré map. Trajectories
of points of such an arc, in their turn, form an invariant 2D
surface £2(N,) which intersects the surface 2 by the cycle
C, exactly.

In a similar way, one can construct invariant surfaces which
do not 1ntersect the neighborhood U(E;) in the domain W3
Let U(Px) cF be aneighborhood of the nontrivial fixed pomt
P., where the map ¥ can be linearized. We save the notations
(u,;u,) for these linearized coordinates. For sufficiently small
€ > 0, the Poincaré map transforms the ellipsis 51 cU(Py)
with equation A (P*)u + 7»2(P,,<)u2 = g2 to the 01rcle So ! with
the equation ulz + u2 = g2 Let [,(M,) be a segment Wthh
joins the point M, e §! with its image My="Y¥(M,)€S;. All
such segments are contained in U(Ps) in the ring between Sé
and Sll. Each of these segments generates a sequence of con-
tinuous arcs D, (M,), they are invariant with respect to the
Poincaré map, and V(D (M,))) = D,_,(M,). For each of these
arcs, trajectories of its points generate in Wl3 an invariant
surface bounded by the cycle C;.

Theorem 1. There exists two-dimensional invariant folia-

tion in the invariant domain Wl3 of the dynamical system (3);

its leaves fill Wl3 and contain the cycle C, on their bounda-

ries. One of these leaves contains the point E;.

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

dimensional block-linear system

il

dx,
L (x,)—kx;; dt =T (x, )-kx;r=2,3,4. (5

In partlcular case, when k; = 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 Q" of the system (5) is decomposed
by hyperplanes x; = 1 to 16 blocks {¢, €,¢&,¢,}. Blocks of this
decomposition listed in the following diagram form an inva-
riant subdomain Wf 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;‘ is one of two parts of stratification of the phase
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2022
268

CrpatndurKkaymmn n cnoeHms
B $a30BbIX NOPTPETax MoAenel reHHbIX ceTel

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 7}, and one is in Q*\’} (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 J, an intersection
of two adjacent blocks {1111}N{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 F,. Let ¥,: F, —F, be a corresponding Poincaré map,
T, c UE,) be apyramid 0 <u, +u,+u; <& with the vertex at
the point £, = (1; 1; 1; 1), and TO be a truncated face )\ T3,

In the paper (Golubyatnlkov Minushkina, 2021), it was
shown that all statements of Lemma 1 are true for the map 'V,
thus, this map has two fixed points exactly: £, and the point I1.
which is contained in the interior of the face F,. This means
that the invariant domain Wf of the system (5) contains one
cycle exactly, let us denote it by C,. The following results
were also established there.

Lemma 2: a) the Jacobi matrices J(E,) and J;(I1«) and

their determinants are positive;

b) det J5(E,) = M(E,) - M(E) - M(Ep) =1

c) magnitudes of eigenvalues of the matrix J;(Il«) are less

than one.

This implies the exponential stability of the cycle C, and
possibility of linearization of the Poincaré map ‘¥, in some
small neighborhood U(I1) of its fixed point IT«. According to
the Frobenius—Perron theorem, one of the eigenvalues of the
matrix J;(I1.) is positive and greater than the magnitudes of
the remaining eigenvalues. The same applies to the eigenval-
ues of the matrix J;(£,). Let us enumerate the eigenvalues of
Jacobi matrices in order of decreasing of their absolute values:
Ay > [Ay| = |As]. Let (uy; uy; us) be the coordinates where ¥,
is linear

D(uy; uys uy) = (AT - 1045 A(TTe) - 1055 Ay(TLe) - 115).

As in the case of the system (3), for a sufficiently small
€>0, the Poincaré map translates the ellipsoid Sf with the
equation A, (IT«)uf + |A,(I1« )|u§ + A (H*)|u3 =¢2 to the
sphere S2 w1th the equation uf + u3 + u3 = €2.

Theorem 2. lfa;> 1 forallj =1,2,3,4, and the Jacobi

matrix Jy(E,) of the Poincaré map does not have eigen-

values with unit module then there exists an invariant folia-
tion in the domain Wf; its leaves fill this invariant domain
and contain the cycle C,. One of these leaves contains the

point E,.

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

linear dynamical system
X, =L, (xs)—kx,; Xy = Ly(x))—kyxy; ... X5 = Ly(x,)—kgxs, (7)

for which, as in previous sections, an invariant domain Q° =
=[0,a,1x[0, a,] ... %[0, as] and its decomposition to blocks
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by the hyperplanes x; = 1 were constructed. Ten blocks of this
decomposition form a stratum J¥? < O3 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 F04 ={10101}N {00101}
under shifts along their trajectories after ten steps along the
arrows of the diagram return to the face F04.

For such a Poincaré map lI—‘S:FO“—>F04, an analogue of
Lemma 1 implies that the face FO4 contains two fixed points
of this map exactly: the point £5 = (1; 1; 1; 1; 1) and a
point [T} in the interior of this face. The domain W15 contains
one cycle exactly. Let us denote it by Cs. This cycle is stable
and passes through the point I} (Ayupova, Golubyatnikov,
2021).

As in previous sections, an analogue of Lemma 2 holds:
Jacobi matrices J,(E5), J,(IT3) and their determinants are
positive, detJ,(£5) = 1.

The magnitudes of eigenvalues of the matrix J,(I13) 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 2 W15 with the boundary C; and an
invariant foliation in the domain 15 is carried out exactly in
the same way as above.

In the paper (Golubyatnikov, Gradov, 2021), conditions under
which a non-invariant stratum Q3 \(Wl5 U{00000}U{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)
ity = Ly(py)—kymy; py = Ty (m)=Lypy; iy = Ly(py)—=kymy;

Py =y(my) =Ly 1y = Ly(py) —kymy; py = T5(my)—Lips. (8)

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

An invariant domain Q° = Hjil[O, a]*[0, bj], where b,
are the maximum values of step functions [ divided by the
coefficients /, j =1, 2, 3, is decomposed by six hyperplanes
m; = 1, p;= 1, j=1, 2,3, to 64 blocks which form a strati-
fication of 0 to three subdomains, W, W, and W, with
different qualitative trajectory behavior.

The domain W56 consists of 12 blocks, from which tra-
jectories can transit to 5 adjacent blocks. In the symmetric
case when k; = [;= 1, there are no cycles in this subdomain.
However, W56 contains a two-dimensional invariant surface
consisting of piecewise linear trajectories attracting by the
point £, = (1; 1; 1; 1; 1; 1) in a spiral way.

In the domain Wf’ formed by 12 blocks, from which tra-
jectories can enter one adjacent block only, the Poincaré map
contains a unique non-trivial fixed point 1%, the trajectory of
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which is a stable limit cycle for all trajectories in this domain
(Golubyatnikov, Minushkina, 2022).

In the domain W36 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 Q° 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 Wf contains a cycle C; of this sytem
(Ayupova et al., 2017). In the paper (Kirillova, 2020), con-
ditions of existence of an invariant surface bounded by the
cycle Cg in the domain ¢ 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 near the invari-
ant surface 2. The values of parameters of this system are:
k,=04; k,=0.3;k;=0.6;a,=1.3; a,= 1.4; a,= 1.7. The ini-
tial data are chosen in a random way in a rectangular neigh-
borhood of the point £;. The righthand part of this Figure
shows results of similar experiments with a smooth analogue
of the system (3):

dc 10 _dy 10 dz 10

G TD A Tee Yl T
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 x; = 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
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Results of numerical experiments with trajectories of the 3D systems.

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.
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AHHOTauuA. B cTaTbe npefcTaBneHbl pesynbTaThl NCCNEAOBaHMWA, HaMPaBNEHHOro Ha NMOWCK KoBapwaT AnAa ydyeTa
LeATeNbHOCTY UMIMINLUTHBIX KOFHUTUBHBIX MPOLLECCOB B YCI0BUAX GYHKLMOHAIbHOMO MOKOA UCMbITYEeMbIX 1 NPY fe-
MOHCTPaLN UM COOCTBEHHOTO UV YY>KOTO NLLA B COBMECTHOM aHasu3e faHHbIx I3-3KkcnepumenTa. MNpeanaraembiii
NoAXo OCHOBAH Ha aHanm3e AUHAMMKM MbILL, JIKLA UCNbITYeMOro no Bmaeo. B nnnoTHom nccnefoBaHuy NpUHANY
y4yactue 18 300poBbIxX LOOPOBONbLEB. B 3KCNepuMeHTe NCMNbITyeMble, CUAA Nepes SKpaHOM, MOC/IeA0BATENIbHO 3a-
KpblBanu rnasa (Tpy npobbl N0 2 MUHYTLI) U OTKPbIBaNW KX (TakxKe TpU NPo6bl Mexay neprofamMu 3aKpbITbiX Fas)
nnbo nepep nycTbiM 3KpaHOM, TM60 Nepep SKPaHOM C AeMOHCTPaLMeln BULe03annucy X CO6CTBEHHOrO LA MK nua
HEe3HaKOMOro UM YenoBeKa Takoro Xe rnona, YTo 1 y4acTHUK. Y Bcex UcnbiTyembix peructpuposanm 331, Kl n Benu 3a-
nuncb BUAeo nuua. B paboTte pelwanu otaenbHyio noA3agayy sKkCneprMeHTa: anpobaLnio MeTogMKM OLeHKN AUHAMUKIA
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AKTMBHOCTM MbILUL, INLA UCTbITYEMbIX MO UX BUAEO C OTKPLITBIMU Fa3amMu AN NonyyeHna KoBapmaT, KOTopble MOXXHO
BKJ/IOYATb B NocneayoLlyo 06paboTKy COBMECTHO € DII-KoppeniaTaMmn B HEMPOKOTHUTUBHbBIX SKCMEPUMEHTaX C Napa-
OVTMOW, He NpeanonaratoLleid BbINOSHEHNE aKTVBHbIX KOTHUTMBHbIX 3afaHuii (resting-state conditions). MokasaHo,
YTO NOM UCMbITYEMOro, CTaTyC 3KpaHa (MycToi, CobCTBEHHOE/UyKoe NnLo), HoMep NPOobbl CBA3aHbI C Pa3nnuUAMMN B
MUMUNYECKOW aKTUBHOCTM ILia 1 MOTYT BbICTYNaTb MCKOMbIMU KoBapuaTamu. CaenaH BblBOf, YTO aHanu3 AvHaMUKM
MUMMYECKOWN aKTVBHOCTM MO BMAEO C OTKPLITbIMU r1a3aMn MOXET ObITb AOMONHUTENIbHBIM METOAOM B HENPOKOTHM-
TUBHbIX NCCNeAOBaHNAX A1A N3YYeHUA UMIMIMLUTHBIX KOTHUTUBHbBIX NMPOLIECCOB, CBA3AHHbIX C BOCNpUATMEM 1306pa-
XeHusa ceba n gpyroro, B napaanrme GyHKLMOHANbHOO NMOKOS.

KntoueBble cnoBa: HEMPOKOTHUTVBHbIE UCCN@A0BAHUA; CBOE 1 Uy»Koe Nnuo; III-KoppenaTbl; KOBapuaTbl; UMMINLUT-

Hbleé KOFTHUTUBHbIE NPOoLeCChbl; CaMOBOCNpUATHE.

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 (Bringas-Vega 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 “resting-state 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 resting-state 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 resting-state 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
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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 resting-state 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 self-assessment, 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
resting-state 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 co-registration 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);

¢) 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 stop-signal 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).
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After completion of the first condition, the C. Spielberger

questionnaire 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 real-time
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

767



A.N. Savostyanov, E.G. Vergunov
A.E. Saprygin, D.A. Lebedkin

Appearance features

Technology for assessing
facial expression

Action Units
sification

 Geometry features
Regression

AUO1 - Inner Brow raiser
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AUO2 - Quter Brow raiser
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Turn: 2 X -1Tmm AUOA - Brow lowerer
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AUO2 - Nose wrinkler

- Lip comer depres

AU10 - Upper lip raiser

AU12 - Lip comer puller (

- Lip tightener

AU14 - Dimpler

AU1S - Lip comer depres

- Lip suck

AU17 - Chin Raiser
Non rigid parameters
AU20 - Lip Stretcher

- Blink

AU2S - Lips part

‘PausetStop|Reset| >> 1|> > 5

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. PLS-analysis
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,
two-block PLS) (Rohlf, Corti, 2000). 2B-PLS 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 2B-PLS models, the data series are
centered, both blocks are scaled and rotated to obtain the
maximum covariance between the score matrices (B1- and
B2-score), which are projections of the matrices B1 and B2
onto the desired latent structures. This is the main difference
between 2B-PLS and PCA (principal component analysis, the
method of principal components), which allows you to build
models only of a “single-component” type. For example,
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one block can contain feature variables (consisting only of
“0” and “1”, the variance is minimal), and the other-rows of
instrumental data (in which the variance is much larger than
that of the features).

The latent structures obtained in the 2B-PLS model are de-
scribed using orthogonal load matrices (B1- and B2-loadings).
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 covariance
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 2B-PLS 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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. f_ mdl catorfor fema| esex ............................................................................................................................................................................ NO 2 .............
m_mdlcatorforma|esex ............................................................................................................................................................................. Noz .............
fn_stlmu |us I n dlcator (SC reen Wlth OUta fac e) ............................................................................................................................................ No 2 .............
- stimulus indicator (screen with other face of the same gender) No2
. Wf - Stlm u | u S m dlcator ( Scre e n Wlth OW n face) ........................................................................................................................................... No 2 .............
56 _ 549 _md Icator Sof I n deu a |Spec Iﬂc I ty (Su bJeCtCOdes) ...................................................................................................................... NO 2 .............

Note. 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 2B-PLS 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. 2B-PLS model allows for a situation where
the number of variables is greater than the number of objects,
as well as for the cross-correlation of the initial data. More-
over, the data series can be linear combinations of each other
(Rénner et al., 1994).

Results and discussion
A 2B-PLS 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

CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

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.

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-
tivity 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

770

Technology for assessing
facial expression

t
*)
+061
wf
] ) AU06
+04 AUT0 @
E--"--""“""""""""" -""""0 ------------ AUil.-zs AU‘I4
I § tf AU0SQ™ o
+0.2 : :
i r].3 Aury AUOT |AU20
: o Q9 ¢
0 3" ; AUi5g
; n2 AU25
nt: 9 AUO4 [+
—02F " AUO2g:
—04f
fn
—06} o
04 ~0.2 0 +0.2 +0.4

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.
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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.

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 non-invasive 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 resting-state 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 second-level
summary models (including EEG, ECG data, etc.).
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Development of a neural network for diagnosing
the risk of depression according to the experimental data
of the stop signal paradigm
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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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Computer neural network for the diagnosis of depression
on the basis of the stop-signal paradigm

NoAaBnATb [ABVKEHUA, CTaBLUMe HeaAeKBaTHbIMM BHELLHMM ycnoBuAM. B coBpemeHHomn meauumHe CCI vale Bcero npu-
MeHAeTCA A1 AUAarHOCTUKIM ABUraTe/bHbIX HAPYLIEHNIA, TaKNX Kak 6one3Hb MapKnHCOHa nnv NocneacTBrsa nHcynbta. Ml
npegnonoxunu, yto CCIN MOXeT CNy»K1Tb OCHOBOW AN BbiSBAEHNA pUcKa pa3Butua apdeKTrBHbIX 3ab60neBaHniA, BKO-
Yana genpeccuio. B paspabatbiBaemMol Hamy HEMPOHHOW CETV MPeAMnoNnaraeTcd KOMOMHUPOBaHME TakUX NMOBEAEHUYECKNX
nokasatesei, Kak KoIM4yecTBO MPOMyLLEeHHbIX OTBETOB, KONMYECTBO NPaBWibHbIX OTBETOB, CpefHee BPeMsA, KONMYecTBO
BEPHbIX TOPMOXKEHUI NOC/e NOABNEHNA CToM-cMrHana. Takoi Habop nokasaTenen obecneynT NOBbILWEHHY TOYHOCTb NPO-
rHO3MPOBAHUA HaIMYMA Aenpeccun y yenoseka. PeannsosaHHasa B paboTe NCKYCCTBEHHAA HeMPOHHaA CeTb NO3BOMIAET MO
[aHHbIM, NONYYEHHbIM C MOMOLLbIO PUKCALMM PeaKLMM Ha CTUMYJIbl CO CTOM-CUTHANOM, AMArHOCTUPOBATb PUCK BO3HUKHO-
BeHMA flenpeccmu. PaspaboTaHa apxmnTeKTypa 1 peanmsoBaHa cMcTeMa TeCTUPOBaHMWA NoKasaTesell MOTOPHOrO KOHTPONA
Y UesioBeKa, 3aTeM NPOTeCTNPOBaHa B peasbHbIX dKCnepumeHTax. [poBefeHO CpaBHeHME HEPOCETEBbIX TEXHOMOIMIA 1
MeTOL0B MaTeMaTUUYECKON CTaTUCTUKN. Peann3oBaHa HeipoHHaA ceTb ANA AMAarHOCTMPOBAHMA PUCKa BOSHUKHOBEHMSA fe-
npeccum no AaxHHbiM CCM. Ha nprMepe AaHHbIX C SKCMEePTHOW OLIEHKOWN Ha Hanuyme fenpeccumn 1 pe3ynbTaTos, NoJyYeH-
HbIX NMPY NCMONb30BaHUN CUCTEMbI TECTUPOBAHWA NOKasaTesiell MOTOPHOTO KOHTPOSIA, MPOAEMOHCTPUPOBaHa d3bdeKTMB-
HOCTb HEMPOHHO CeTH (C TOUKM 3PEHNA TOYHOCTH).

KnioueBble cioBa: CTOM-CUrHaN Napagnrma; UCKyCCTBEHHaA HeMPOHHaA ceTb; cMCTeMa TeCTUPOBAHUA; PUCK BO3HMKHOBE-

HUA agenpeccnin; MallMHHoe o6yqu|/|e.

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
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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 self-learning 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
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Criteria Neural networks

Continuous development of algorithms

Methods of mathematical statistics

Require less computing power
than artificial neural networks

for building artificial neural networks

Table 2. Technology stack used

Technology

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

Rationale

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

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

was used for parsing experimental results and for further work with the dataset

Plotting library: matplotlib is a library for creating visualizations such as: histograms, bar charts, Selected for its capacity in constructing

error bands, coherence graphs and much more (lvanov et al., 2022).

histograms

The library was used to plot the loss during training and validation of the neural network,

the accuracy of training and validation

A library for interacting with artificial neural networks: Keras — a Python API

for the TensorFlow (https://keras.io/about/)

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) = m. )

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

One of the most popular neural network
APIs

One of the most popular and easy to use
version control systems

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

Computer neural network for the diagnosis of depression
on the basis of the stop-signal paradigm

Trials Validation Training Validation
accuracy accuracy
500 .......................... 02 .............................. 01_09 ....................... 09_0 ..........
1000 ........................ 02] .................................. 0 .................
200 .......................... 02 .............................. 01_09 ....................... 09_0 ..........
100 .......................... 021 .................................. 0 .................
1000 ........................ 01 ............................... 02_0821_0 .............
500 .......................... 01 ............................... 018_0811_0 .............
200 .......................... 0] ............................... 082 ............................ 0 .................
100 .......................... 01 ............................... 019_0811_0 .............
100 .......................... 005 ............................ 02_0791_0 .............
100 .......................... 002 ............................ 021_0781_0 .............

— 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.
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losses losses
................ 03_002_1D0e5n0tsatlsfy
................ 02_003_1D0esn0tsatlsfy
................ 03_002_08Doesn0tsatlsfy
................ 013_03045_08Doesnmsatlsfy
................ 031_002_067D0esn0t5at|5fy
................ 03_002_07D0e5n0t5at|5fy
................ 01_0045_07D0e5not5at|5fy
................ 035_001_07Doesn0tsatlsfy
................ 027_01502_045Doesnmsatlsfy
................ 03_02015_04D0esn0t5at|5fy

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)] = E[(X - g(V))’], )

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
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Fig. 2. An example of a graph of training accuracy and validation accuracy
when training on an unbalanced dataset.

Trials Validation Training Validation
accuracy accuracy
1000 ....................... 01 ............................... 06_068 ..................... 09_085 .....

1000 ....................... 005 ............................ 09 .............................. 0 .................

1000 ....................... 02 .............................. 013_072 ................... 0_082 ........

3000 ....................... 02 .............................. 013_07 ..................... 0_08 ..........

4000 ....................... 02 .............................. 012_073 ................... 0_084 ........

Training Validation Conclusion

losses losses
"""""""" 02202 016015 Doesnotsatisfy
................ OogDoesnOtsatlsfy
................ 037_02045_0253t|5ﬁes
................ 037_019045_0253t|5ﬁes
................ 037_018045_0253“5ﬁe5

Note. 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.

CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

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
developed 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;
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Table 6. The results of the neural network

Computer neural network for the diagnosis of depression
on the basis of the stop-signal paradigm

No. Category of the subject The result Evaluation based on the neural network result

of the neural

network
"1 Without an expert assessment for the presence of depression 08637 Healhy
2» ........................................................................................................... 05195 .................. Hea|thy ................................................................................
3» ........................................................................................................... 06937 .................. Healthy ................................................................................
4» ........................................................................................................... 07821 .................. Healthy ................................................................................
5» ........................................................................................................... 07885 .................. Healthy ................................................................................
6» ........................................................................................................... 04915 .................. Presumedmkofdepress'on .............................................
7» ........................................................................................................... 08123 .................. Hea|thy ................................................................................
8» ........................................................................................................... 02868 .................. PresumEd”SkofdepreSSIon .............................................
9 Without an expert assessment for the presence of depression 07568 Heahy
10 Diagnosed withdepression o8 The risk of depression - corresponds to the category
11 ..... Healthy ................................................................................................ 09487 .................. Heahhy_correspondstothecategory ............................
12 Diagnosedwithdepression 03227 The sk of depression - corresponds to the category
13» ........................................................................................................... 03”4 .................. The”Skofdepressmn_CorrespondStOthecategory
14» ........................................................................................................... 02721 .................. The”SkofdepreSSKm_correspondstothecategory
15» ........................................................................................................... 02993 .................. The“Skofdepresswn_correspondStOthecategory

¢ The maximum total number of correct answers for the

test — 92;

* The maximum average time per experiment for a test sub-

jectis 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;

e 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

778

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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A software system for modeling evolution
in a population of organisms with vision,
interacting with each other in 3D simulator
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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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ITporpaMMHas cuucteMa Ha OCHOBe 3D cumMynsaTopa
IIJISI MOOEeIVPOBAHNS SBOJIOLN B IMOMY/ISINN OPTaHN3MOB,
06amaIX 3pUTEIbHON CUCTEMOI

A.TL. Aesarepukosl 2, A IO. [Taabsuos! @
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AHHoTayus. Co3aaHne KOMMbIOTEPHbIX MOZENEN, UMUTUPYIOLNX PABOTy HEPBHBIX CUCTEM MIMBbIX OPraHM3MOB C yue-
TOM 1X MOPGONIOrK 1 3NEKTPOGU3NONOTN, — OOUH U3 BaXKHBIX 11 MEPCNEeKTUBHbIX Pa3AesioB BblUNCIIUTENbHOWM HENpO-
6vionorvn. Mpy HanUUMU BO3MOXHOCTY CTPEMATCA MOAENMPOBATb HE TONIbKO HEPBHYIO CUCTEMY, HO 1 TENIO, MbILLLibI,
CEHCOpPHbIe CUCTEMbI 1 BUPTYasbHYI0 TPEXMEPHYI0 Gr3nUecKyto cpefly, B KOTOPOI MOXHO HabsioaaTh NoBefeHvie opra-
HK3Ma 1 KoTopas obecneumBaeT ero CEHCOPHbIe CUCTEMbI aAeKBaTHbIMY NOTOKAMM JaHHbIX, U3MEHSIOLMMANCA B OTBET
Ha ABVKeHre opraHuama. [Insa cuctembl U3 COTEH WK TbICAY HEMIPOHOB ellie MOXXHO HaAeATbCA 3aAaTb HeOOXoANMble
napameTpbl ¥ MONY4YnTb GYHKLMOHNPOBAHNE HEPBHOW CMCTEMbI, HoMee-MeHee CXOHOE C TaKOBbIM /1A XMBOTrO opra-
HM3Ma, Kak, Hanpumep, B HeflaBHel paboTe Mo MOAENMPOBaHMIO rofioBacTka Xenopus. OgHaKo HanGONbLINA NHTe-
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Henpo3BONOLMOHHbIN CUMYNATOP OPraHN3MOB,
06/1apatoL X 3pUTeSIbHON CUCTeMON

pec, Kak NpaKTNYecKknii, Tak 1 GyHAaMeHTaNbHbIiA, NPefCTaBNAIT OpraHy3Mbl, obnafatoLne 3peHrem, 6oee ClIOXHON
HePBHOW CYCTEMOW 1, COOTBETCTBEHHO, 3HAUUTENBHO GOMee Pa3BUTLIMM KOTHUTVMBHBIMM CNIOCO6HOCTAMM. OnpeaenuTsb
CTPYKTYpPY 1 NapameTpbl HEPBHbIX CUCTEM TaK/X OPraH/W3MOB NPeACTaBAAETCA UCKITIOUNTENIbHO CIOXKHOI 3agadei. bo-
nee TOro, OHV U3MEHAIOTCS C TEYEHNEM BPEMEHM, B TOM Yucie Nof BO3AeNCTBMEM BOCMPUHMMAEMbIX MK MOTOKOB
CEHCOPHBIX CUTHANOB 1 NOJTYYEHHOTO »KN3HEHHOTO OMbITa, BKIIOUasA NOCNEACTBYA COOCTBEHHbIX AENCTBUI NPU TEX UK
MHbIX 06CTOATENbCTBAX. 3HAA CTPYKTYPY HEPBHOW CMCTEMBI 1 UMCIO 06Pa3yoLLMX ee HePBHbIX KNETOK XOTs 6bl Npn6nu-
3UTENbHO, MOXHO MOMbITAaTLCA ONTVMM3MPOBATb HayaslbHble NMapamMeTpbl MOAENN NOCPeCTBOM UCKYCCTBEHHOW 3BO-
ntouuK, B NpoLecce KOTOPOI BUPTYaslbHble OpraHui3mMbl 6yAyT B3aviMOLENCTBOBATb U BbIXKUBATb — KaXAblid Nof ynpas-
neHnem CO6CTBEHHOM BEPCMMN HEPBHOW cMcTeMbl. [TOMYMO 3TOrO, 3BOSTIOLMOHPOBATL MOTYT 1 MPaBUa, MO KOTOPbIM
MO3T M3MEHAETCA Ha MPOTAXKEHUN KU3HW opraHn3ma. [laHHasa paboTa NocBsALeHa CO34aHMI0 HeiPO3BOSIOLNOHHOTO
CUMYNATOPA, CNOCOGHOTO OCYLLECTBAT OAHOBPEMEHHOE GYHKLIMOHUPOBaHME BUPTYalbHbIX OPraH13MoB, obnaaato-
LLMX 3pUTENIbHON CUCTEMON, KOTOPbIE B3aUMOAENCTBYIOT Mexay co60i. [priBeaeHbl pacyeTbl, MOoKasblBatoLime, CKOJb-
KO BbIUMCIINTENBHBIX PECYPCOB TpebyeTca AnsA paboTbl Moaenein ¢r3n4eckoro Tena opraHn3ma, HepBHOW CUCTEMbI U
BUPTYasnbHOW Cpefbl 06MTaHMA, @ TAKXKe onpefieneHa Npon3BOANTENIbHOCTb CUMYTIAITOPA Ha COBPEMEHHOW HACTONbHOW
BbIUMCIINTENIbHON CUCTEME B 3aBUCMMOCTH OT YMCila OAHOBPEMEHHO MOLENVPYEMbIX OPTraHN3MOB.

KnioueBble crioBa: HepBHas CUCTEMA; 3pUTENbHAA CUCTEMA; BUPTYaslbHbI OPraHn3m; NONyALMSA; KOMMbIOTEPHOE Moe-
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NinpoBaHue; HelﬁpOBBOJ'IIOLlI/IOHHbIIZ CUMYNATOP.

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.,
20006)) 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
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neurons (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
10x10 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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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
afixed 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 amodern 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
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Fig. 1. Simple “ant” 3D body model, general view.

A -head, B-body, C-legs, D - ajoint connecting body and legs. The head has
a movable connection with the body.

be 3030, 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 5x5 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 30x30, forming an
array of data, /nput, consisting of 2700 elements, organized
in the following way:

Input(r)=R(, ), r=1i-30+j,
Input(g) = G(, j), g=1i-30+;+900,
Input(b) =B(i,j), b=1i-30+;+1800,
where 0<7 <30, 0<;<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 generated
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 A-elements (as-
sociative) and R-elements (reacting). A-elements are defined
by a set of weight matrices 4,, 4,, ..., 4, and bias vectors
by, b,, ..., b,. The array Input, mentioned above, is processed
in the following way:

result, = A, - result, |+b,,

where result, is a layer of sensory elements, containing an
array of visual data perceived by an “ant”, and i = 1,..., n. And
activation 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).
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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).

SBOJIIOLUMOHHAA KOMMbIOTEPHAA BUOJIOTUA / EVOLUTIONARY COMPUTATIONAL BIOLOGY

In the simulator, the current “energy level” of the organism
is indicated as Satiety (), 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:

€, & — random values which are distributed uniformly;

€ € [a, b] — probability of changes in neuron parameters
(“mutation”), 0 <a<b<1;

d €[c, d]—the amount of weight change in the matrix ele-
ment as a result of mutation, ¢ < d. Parameters a, b, ¢ and d
can be changed by user.

Every element of weight matrices and bias vectors, 4, (i, )
and b, (1) (k=1, ..., n) changes by +6 or -0 with probability €.

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/
NotNal9/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 1920x1080 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

The maximum number
of virtual organisms
at which the simulator

Characteristics
of the computing system

is stable
CPU Intel Core i5-7300HQ 2.50 GHz 50
GPU GeForce GTX1050Ti, 4 Gb
CPU AMD Ryzen 7 2700X 3.70 GHz 80

GPU NVIDIA GeForce 1060, 6 Gb

CPU AMD Ryzen 5 5600X 3.7/4.6 GHz 150
GPU MSI GeForce RTX 3060 Ti, 8 Gb

Neuroevolutionary simulator of organisms
endowed with a visual system

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 maximum number
of virtual organisms
at which the simulator is stable

The number of neurons

3000 150
10000 50
100000 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
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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
ofa 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 behavioral 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
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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 present
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.

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,
amodern 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.
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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.
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AHHoTayus. Qocdonunassbl A2 (PLA2) cnocobHbl rMaponn3oBath sn-2 nosioxkeHve rmuuepodochonmnmaos Ans Bbl-
CBOOOXKAEHNA XMPHBIX KUCNOT 1 nnsodocdonmnmpos. DepmeHTbl cemencTBa pochonmnasbl A2 LUNPOKO pacnpocTpa-
HeHbl 1 NPUCYTCTBYIOT B OO/bLUMHCTBE KNETOK U TKaHE MIEKONUTAIOLWYX, BbINOMHAA GYHKLMM perynstopa MeTabonus-
Ma, NoAJAepKaHUA MeMOPaHHOrO roMeoCTasa, NPOV3BOACTBA IMMUAHBIX MeAMaTOPOB, PEMOLENNPOBAaHUA MeEMOPaH,
aKTMBaLMKM BOCNanuTesbHbIX peakunii. CooTBETCTBEHHO, HapyLueHre PLA2-perynupyemoro naMnugHoro metabonmsma
YacTo NPUBOANT K pas3nnyHbiM 3a6oneBaHnAM. B HacToAwwem nccneaoBaHum 6bInM cucTeMaTUYeCKn cobpaHbl 1 onurca-
Hbl 29 reHoB PLA2 B reHoMe YesioBeKka Ha OCHOBE aHanun3a IMTepaTypPHbIX JaHHbIX M U3yYeHUA NocefoBaTeIbHOCTEN.
AHanus nokanusaumm reHos PLA2 B reHoMe yenoBeka nokasas, YTo OHU PacrnosnioXxeHbl Ha 12 XpoMocomax YenoBeka
1 HEKOTOpPbIE 13 HUX 06pa3ytoT KnacTepbl. OLeHKa 3HaueHnn BenuunHbl RVIS (oueHKa TonepaHTHOCTA reHOB K MyTa-
LMAM, KOTOpble HaKanaMBalTCA B MONYALMM YeNIOBEKA) AEMOHCTPUPYET, YTo reHbl pocdonmnasz A2 Tuna G4, Bxoas-
e B OAMH U3 ABYX Hambornee KPYMHbIX KNacTepoB (YeTbipe reHa), Hambonee TonepaHTHbl K MyTauuam. Hanpotus,
MOHWKEHHYIO TONEPaHTHOCTb K MyTaLMAM UMEIOT TOKaIM30BaHHbIe BHE KNIacTepPOB reHbl, Kogupytowme pocponmna-
3bl A2 Trna G6 (pochonmnasbl A2 G6B, G6F, G6C, G6A). Mbl npoaHanv3npoBanu Takxe cBA3n Mexay docponunasa-
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M A2 1 3aboneBaHVAMMN YenoBeKa No NMTepaTypPHbIM JaHHbIM, B pe3ynibTaTe Yero BbifiBsieHbl ¢BA3K 24 reHoB PLA2 co
119 3aboneBaHVAMY, OTHOCAWMMICA K 18 rpynnam. OnucaHo 229 ceAzeit «6onesHb-reH» pocdonunasbl A2. Mokasa-
HO, uTO 6enkn docdponunas A2 Tunos G4, G2 n G7 BoBnieyeHbl B Hanbonbluee Yo 3ab6oseBaHNi No CPaBHEHMIO C
apyrummn namu PLA2. C Hambonbwmm ynciiom tinos PLA2 6binu cBA3aHbl TpU Fpynnbl 3a6oneBaHniA: HOBOobpa3o-
BaHUA, 6011e3HU cMcTeMbl KpOBOOOpaLLeHNA 1 601e3HN SHAOKPUHHON crcTeMbl. DunoreHeTMYeCKNin aHanms3 nokasan,
yTO ObLLEe NPONCXOXKAEHME yCTaHaBMBAETCA TONbKO AnA cekKpeTopHbix PLA2 (G1, G2, G3, G5, G10 1 G12). OcTanbHble
Tunbl PLA2 (G4, G6, G7, G8, G15 1 G16) MOXXHO cuUMTaTb 3BONOLMOHHO He3aBUCMbIMU. B pe3ynbTate npoBeeHHOro
aHasnM3a yCTaHOBJIEHO, UTO Hanbosee TonepaHTHbIE K MyTaumsam pocdonmnasbl A2 y yenoseka (Tvnbl G4, G2 n G7) Bo-
B/leyeHbl B Hanbosbluee KONMYeCTBO rpynn 3a6onesaHui.

KntoueBble cnoBa: dpocdhonunasa A2; rmuepodpochonmnuabl; 3aboneBaHuUs YenoBeka.

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 sn-1 and sn-2 positions of glycerophos-
pholipids, respectively; phospholipase B (PLB, EC 3.1.1.5)
hydrolyzes both sn-1 and sn-2 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,
Tesmer, 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 sn-2
position, and, under natural conditions, their sn-2 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
etal., 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); calcium-independent

PLA1, PLB

Fig. 1. Structural diagram of a phospholipid and the positions of the ester
bonds hydrolyzed by different PL classes.

R; and R, are ((CH,),,- 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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phospholipases A2 (iPLA2, type G6); plasma platelet-acti-
vating factor acetylhydrolase (PAF-AH, types G7 and G8);
lysosomal phospholipase A2 (LPLA2, type G15), and adi-
pocyte phospholipase A2 (AdPLA, type G16).

Assigning a PLA?2 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’ protein-sequence 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)!. PL types A2 G1, G3, G5, G10, G15,

T 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
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G16 were represented by one gene; types G7 (G74, G7B),
G8 (G84, G8B) and G12 (G124, GI2B) — by two genes;
G2 — by five genes (G24, 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 PLA2-protein 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
ofthe 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 NHLBI-ESP6500 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 PLA2-protein 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., pla2glb, 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
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https://icd.who.int/browse10/2019/en; in Russian at https://
mkb-10.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 ICD-10 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 sSPLA2s in-
cluded six types of PLA2s: G1, G2 (pla2g2(a, c-f)), G3, G5,
G10, G12 (pla2gl2(a, b)). The length of G1, G2, G5, G10
proteins was 138165 aa, and that of G12 type — 189—195 aa.
The G3-type protein was much larger and its size comprised
509 aa (see Fig. 2), which was due to the elongated C- and
N-terminal extensions.

Phospholipids served as substrates for sSPLA2 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 pla2gl2b 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 (pla2gdc) 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 Ca2* 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 C-terminus of the sequences and contained a conserva-
tive Ser/Asp catalytic dyad (see Suppl. Material 3; Fig. 2).
As sPLA2s, cPLA2s are calcium-dependent PLA2, so they
also had a calcium binding domain closer to the N-terminus
(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 G6-type PLAZ2s, their length varying
from 253 to 1365 aa. In iPLA2 proteins, the catalytic do-
mains were located closer to the C-terminus in pla2g(a, c)
and closer to the N-terminus in pla2g(d—f) (see Fig. 2). As
that of cPLAZ2s, 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 Ca2t presence, and, unlike the sSPLA2s
and cPLA2s, they did not have a Ca2*-binding domain. The
pla2g6a protein had a region containing 7 ankyrin repeats
closer to the N-terminus. 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 C-terminus were three cNMP sites (site-binding 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 TG-hydrolase,
lysophospholipase, PLA1 (for pla2g6b) and other ones (see
Suppl. Material 3).

Platelet activating factor acetyl hydrolase (PAF-AH or
Lp-PLA2). The PAF-AHs included G7 and G8 PLAZ2s 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 PAF-AH
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 Ca?* and had no Ca?* 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
(G15-type PLA2s) were represented by a single pla2gl5
protein of 412 aa in length (see Fig. 2). The protein’s catalytic
domain was located in the central region of the sequence
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and contained a conservative Ser/His/Asp catalytic triad (see
Suppl. Material 3; Fig. 2). The Ipla2 protein was independent
of Ca?* and had no Ca?* binding domain.

The pla2gl5/Ipla2 protein of type G15 had PLA2 and
PLATI 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 AAPLA2s
(G16-type 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 Ca?* and, as iPLA2, PAF-AH,
LPLA2, had no Ca?* binding domain (see Fig. 2).

The protein had PLA2 and PLA1 activities through PC
and PE substrates and a N-acyl-PE 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
PLAZ2 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 G4A4 gene (at 188 Mb),
at the 20 Mb position was a cluster of six genes (G2FE, G24,
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 G4-type PLA2 genes (G4B, G4E,
G4D, G4F) were located in the above-mentioned cluster on
chromosome 15, the other two genes of this type (G44 and
G4C) were isolated on chromosomes 1 and 19, respectively,
so all PLA2 genes of type G2 (G24, G2C, G2D, G2E, G2F)
were located in a cluster on chromosome 1, but, together with
them, this cluster included the G5 gene. The G6-type PLA2
genes were located: G6B — on chromosome 7, G6E — on
chromosome 11, G6C — on chromosome 19, G64 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 PLAZ2s.
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
(PLA2G44), G5, G15, and G6 types had a negative RVI
score (see Fig. 4). Of these PLAZ2s, three were secreted G1,
G12 and G5 types as well as calcium-independent (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), sSPLA2 (green), iPLA2

(pink), PAF-AH (red), adPLA2 (pla2g16; black), LPLA2 (pla2g15; blue).

(iPLA2s), in particular PNPLAS8, PNPLA4, PNPLA6 and
PLA2G6 (encoding proteins pla2g6b, pla2g6f, pla2géce,
pla2gb6a) 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.
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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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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, PLA2G8A4, PLA2G8B, PLA2G10), the EVS
server did not contain any gene-variability 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 (ICD-10, available at www.mkb-10.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

3BOJIIOLUMOHHAA KOMIMbIOTEPHAA BUOJIOTUA / EVOLUTIONARY COMPUTATIONAL BIOLOGY

describes 229 disease-gene 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 ICD-10
codes (in parentheses) are the rows of the clustering diagram.
The bars in the diagram correspond to the 12 types of human
PLAZ2s. Most PLA2 groups were associated with neoplasms
(ICD-10 code: C00-D48; 9 groups in 12); diseases of the
circulatory system (I00-199; 8 in 12); diseases of the endo-
crine system (E00-E90; 7 in 12); diseases of the eye and
adnexa (HO0-H59; 6 in 12). The smallest number of PLA2
groups was associated with congenital anomalies (Q00—-Q99;
only one G7-type PLA2); symptoms, signs and abnormali-
ties (RO0—R99; one G6-type PLA2); certain infectious and
parasitic diseases (A00—B99; only G2 and G7-type 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 (NO0—N99);
G15 — only with diseases of the circulatory system (I00-199);
G12 - only with mental and behavioral disorders (FO0-F99)
and with diseases of the eye and adnexa (HO0-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.
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- Diseases of the genitourinary system (N0O0-N99)

— Certain conditions originating in the perinatal period (P00-P96)

- Diseases of the eye and adnexa (HO0-H59)

— Neoplasms (C00-D48)

- Diseases of the endocrine system (E00-E90)

- - Diseases of the circulatory system (100-199)

- Diseases of the respiratory system (J0O0-J99)

- Diseases of the musculoskeletal system and connective tissue (M00-M99)
— Mental and behavioral disorders (FO0O-F99)

- Symptoms, signs and abnormal clinical and laboratory findings, not elsewhere classified (RO0-R99)

_ Diseases of the blood and blood-forming organs and certain disorders involving the immune
mechanism (D00-D59)
= Certain infectious and parasitic diseases (A00-B99)

- Congenital malformations, deformations and chromosomal abnormalities (Q00-Q99)
— Diseases of the nervous system (G00-G99)

— Diseases of the skin and subcutaneous tissue (L00-L99)

— Codes for special purposes (U00-U85)

- Diseases of the digestive system (K00-K93)

- Complications of pregnancy, childbirth and puerperium (000-099)

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.

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 (N0O0-N99),
circulation (I00-199), 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 2 method did
not reveal a significant correlation between these values,
so, in this case, we can only speak of an unreliable trend.
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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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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.

(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 E-value
varied from 2e—03 to 2e—38; and between G12- type proteins
(gl2a and gl2b) it was equal to 4e—48. At the same time,
no similarity (E-value > 1) was detected between G3-type
PLAZ2s (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 E-value varied from 4e-27 to
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le—177 (Suppl. Material 7). Whereas iPLA2s (type G6) fell
into three subgroups in this respect: (1) pla2g6d, 6e, 6f with
the E-value varying from 2e-42 to 4e-91; (2) pla2gb6a, 6b
whose similarity between their catalytic domains was 4e—12;
(3) the pla2g6c catalytic domain that had no homological
similarity with any other type-6 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 sSPLA2

795



I.I. Turnaev, M.E. Bocharnikova
D.A. Afonnikov

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 (E-value > 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/GI2 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 G124 and G12B genes, while
in the common ancestors of bony vertebrates, the ancestral
G1/G2/G5/G10 gene diverged into the G110 and G1/G2/G5
genes, and then the G//G2/G5 gene diverged into the G/ and
G2/G5 genes. Further, in the common ancestors of amniotes,
the G2/G5 gene diverged into the G2E and G24/G2C/G2D/
G2F/G5 genes, then the G24/G2C/G2D/G2F/G5 gene —into
the G24 and G2C/G2D/G2F/G5 genes, then the gene G2C/
G2D/G2F/GS5 — to the G2C/G2F and G2D/GS5 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, G2-type PLA2s appear to be paraphyletic, as
it also includes a cluster of G5-type PLA2s, whereas all the
other sSPLA2 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 PLAZ2s belonging to 12 types: G1-8, G10, G12, G15,
G16. Analysis of PLA2-gene 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 (G24, 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
endocrine-system 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 (G64—C, G6F) as well as the types
represented by a single gene (G5 and G15), turned out to be
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not tolerant. Here it should be noted that all the PLA?2 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,
Go6, G7, G8, G15, G16) can be considered evolutionarily
independent.
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Promoters of genes encoding p-amylase, albumin and globulin
in food plants have weaker affinity for TATA-binding protein
as compared to non-food plants: in silico analysis
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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 $-amylase of common wheat Triticum aestivum L. (1753) are analyzed,
which have been identified earlier as targets for attacks by human class Eimmunoglobulins. At the genomic level, we
wanted to find signs of past negative selection against the allergenicity of these three proteins (albumin, globulin,
and B-amylase) during the domestication of ancestral forms of modern food plants. We focused the search on the
TATA-binding 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 best-studied regulatory genomic signal in eukaryotes. Our previous studies presented our publicly
available Web service Plant_SNP_TATA_Z-tester, which makes it possible to estimate the equilibrium dissociation
constant (Kp) 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 non-food 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 B-amylase (food allergens) (p < 0.01, Fisher’s Z-test). 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; B-amylase; gene; promoter; common wheat Triticum aestivum L. (1753);
plants; TATA-binding protein; TATA box; domestication; selection; in silico estimate.
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In silico aHann3 NPOMOTOPOB reHoB anboymyHa,
rno6ynuHa 1 3-ammnasbl pacTeHuni

AHHoTauuA. MNPYHATO cuMTaTb, YTO NPW AOMECTMKALMM MULLEBbLIX PacTeHMIN OTOOP e Ha YPOXalHOCTb, TeXHO-
NOFMYHOCTb NepPepaboTKM B NPOAYKTbl MUTaHKA, YCTOMYMBOCTb K MAaTOreHam U CTPECCOBbIM BO3LENCTBMAM OKpY-
XKatowen cpefbl. [lpn 3TOM TakXKe MOIMM OLEHMBATbCA BKYCOBble KayecTBa MPOAYKTOB MUTaHWA pPacTUTENIbHO-
ro NPOUCXOXAEHNA N NX LLeHHOCTb AnA 380poBbA. OfHaKo HeACHO, MPOBOAWI NN YeIoBEK B MPOLLIOM HapAagy C
NMONOXMTENIbHBIM OTOOPOM Ha Mofie3Hble CBOWCTBA pacTeHWI OAHOBPEMEHHO OTOOP MPOTUB TaKMX BPEeLOHOCHBIX
CBOWCTB, KakK CMOCOOHOCTb BbI3blBaTb anfiepruyeckne peakuyum. IToT BONPOC CTaHOBUTCA BCe 6onee aKTyaslbHbIM
no Mepe pocTa anneprusaunm HacereHna Kak Bbl30Ba COBPEMEHHOWN MefuLuuHe. B ¢BA3M € 3TUM cenekymoHepa-
MU y>Ke BEAYTCA MHTEHCUBHbIE UCCIE[OBaHNA MO CO34aHUI0 rMMnoaniepreHHbIX Gopm NULLEBbIX pacTeHuiA. B aToin
paboTe paccMoTpeHbl anbOymuH, rMobynuH 1 B-amunasa MArkon nweHuupbl Triticum aestivum L. (1753), npeHtndu-
LMPOBaHHble paHee Kak MULLIEHW 1A aTak MMMYHOrNobynnHoB Knacca E yenoseka. Hawwen Lenbio 6b110 HanTu Ha
reHOMHOM YPOBHE Cliefibl OTPULIATENBHOIrO 0T60Pa B MPOLLIOM NPOTMB rMMepaniepreHHOCT! Tpex 6enkos (anbby-
MWH, Fo6YNuH 1 B-aMmunasa) Nnpy ofoMaLlLHMBaHUN NPEAKOBbIX GOPM COBPEMEHHbIX MULLEBbIX pacTeHui. [4ia 3Toro
Mbl chOKyCMpOBanm NoUcK Ha caite csa3biBaHMA TATA-cBA3biBatowero 6enka (TBP) Kak nokannm3oBaHHOM B y3KOM
patioHe [-70; —20] OTHOCWTENbHO CTapTa TPAHCKPUMLUK, KOHCEPBAaTUBHOM, HEOOXOAUMOM /1A NEPBUYHON NHULMA-
LY TPaHCKPUMNLMKU 1 Hanbornee 13yYyeHHOM PEeryiaTOPHOM CUrHase B reHoMax SyKapuoT. PaHee Hamu 6bin co3paH
cBO60OAHO AOCTYNHBbIV Be6-cepBuc Plant_SNP_TATA_Z-tester [is OLEHKM BEJIMUMH PAaBHOBECHOW KOHCTaHTbI ANCCO-
umaumm (Kp) komnnekcos TBP ¢ npokcMmanbHbIMM MPOMOTOPaMuM reHOB pacTeHUIA No X nocnefosatenbHocTaAm [HK
anunHor 90 n.o. B HacToAwen paboTe ¢ ero NoMoLLblo NpoaHann3npoBaHbl 363 nocnegosatenbHocTy AHK npomo-
TOpOB reHoB 43 BUAOB pacTeHnin. O6Hapy>KeHO, YTO MuLLeBble PAaCcTEHUSA, B CPaBHEHNM C HEMULLEBbIMY, XapaKTepu-
3y0TCA JOCTOBEPHO 6onee HM3KOoN adPprHHOCTLIO TBP K MpoKCMMasbHbIM MPOMOTOPaM MX FEHOB, FOMOOTMYHbIX
reHam rnobynuHa, anbbymuHa v -ammnasbl MAFKON NLIEeHWLbl KaK NULLEeBbIX annepreHoB (p < 0.01, Z-kputepuii Ou-
Lwepa). 9To cBMAETENbCTBYET 06 0TOOPE NPU AOMECTVKALMU NULLEBbIX PACTEHNI B MPOLLIIOM Ha CHUXEHWE YPOBHS
[aHHbIX annepreHHbIX 6eNKoB.

KnioueBble cfioBa: NuLLEBbIe annepreHbl; anboymuH; rnobynuH; B-amnnasa; reH; NpoMoTop; MArkas nweHuua Triticum
aestivum L. (1753); pacteHus; TATA-cBA3biBaoLwmin 6enok; TATA-60KC; aoMecTMKaums; oTOop; oueHKu 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: f-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 (Kp) of a complex of Arabidopsis thaliana (L.)
Heynh. (1842) TBP-1 (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 non-food plants, food plants were
found to have significantly weaker affinity of plant TBP toward
promoters of genes homologous to common-wheat genes of
-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.

3BOJIIOLUMOHHAA KOMIMbIOTEPHAA BUOJIOTUA / EVOLUTIONARY COMPUTATIONAL BIOLOGY

Materials and methods

Nucleotide sequences of plant gene promoters analyzed
in this work. Three allergenic proteins from common wheat
T. aestivum were investigated: f-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 f-amylase,
albumin, and globulin from common wheat 7. aestivum. After
the exclusion of promoter DNA sequences with unknown
nucleotides w, s, 1, y, k, m, b, d, h, v, and n (according to the
nomenclature of (IUPAC-IUB.. ., 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
centuries-old use by humans as foods (Table 1), and group 11,
represented by 128 proximal promoters from non-food plants
(the other 15 species) (Table 2).

Nucleotide sequence analysis of proximal promoters
of plants. Using Web service Plant SNP_TATA Z-tester
(Rasskazov et al., 2022), which we have created earlier, we
calculated K (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 three-step 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,

799



O.V.Vishnevsky, I.V. Chadaeva, E.B. Sharypova ...
L.K. Savinkova, E.V. Zemlyanskaya, M.P. Ponomarenko

In silico analysis of the plant albumin,
globulin and -amylase gene promoters

Table 1. Characteristics of 235 nucleotide sequences of proximal promoters of food plant genes homologous to the studied
globulin (Glo), albumin (Alb), and B-amylase (Bmy) genes from common wheat T. aestivum

Food plant species Number of promoters
NO ........... Name ...................................................................................................................................................... G/O ................ A /b ................. Bmy ............
1 ............ BuckwheatFagopy,umescu/entumMoench17941 .................... e [
2 ........... Ma,denha,rtreeG,nkgob,loba|_17711 .................... e R
3 Yoshino cherry Prunus yedoensis var. nudifiora Koehne, 1912 1 - 2
4 ........... Ma|zeZeamay5|_’|753‘| .................... e —
5 ........... oatAve,,asat,vaL1753 ....................................................................................................................... 2 .................... e R
6 ........... Wa X berry . M o,e//a rme S|ebo| d& Zuc C .............................................................................................. 2 .................... 2 .................... 1 .................
7 ........... QumoaChenopOdlumqumanI”d1798 ........................................................................................... 2 .................... R R
8 ........... R,ceo,yzasat,vaL1753 ....................................................................................................................... 3 .................... R R
9 ........... Me|onCucum,5me/oL1753 ................................................................................................................ 4 .................... 2 .................... 6 ................
10 ........... Ca rdoo n Cynamca,duncu/us |_ ............................................................................................................. 4 .................... e R
11 ............ CO,koakQuercussube,L ...................................................................................................................... 4 .................... e R
12 ........... Wm e grap e Vmswmfem |_ ..................................................................................................................... 9 .................... e 9 ................
13 Congolese coffee Coffeacanephora Pierre ex A. Froehner, 1897 1 - -
14 ........... pepperCaps,cumannuumL1753 ..................................................................................................... 26 .................... 3 .................. 27 ................
15 ........... sesamegesamum,nd,cumL ................................................................................................................. _1 .................... R
16 ........... K, W, frwt n aSh ,kazura Acn ,,,d,a rufaFra nCh& Sav ............................................................................. R 1 .................... R
17 ........... Braz, | n utBe,tho//et,aexce/m Humb& B onp| ..................................................................................... R 1 .................... R
18 ........... SoybeanGlycmemax(L)Merr1917 ................................................................................................... e 2 .................... R
19 ........... peap,sumsat,vumL 1753 .................................................................................................................... e 4 .................... R
20 ........... Pen”a : P e ””a f,utescens Var h,,te/ / a ( Naka,)Makmo ............................................................................ e 5 .................... R
21 ............ A|mon dp,unu sdu/C,s ( M,||) DAWEbb1967 ...................................................................................... e 8 .................... 4 ................
22 Mandarin unshiu Citrus unshiu (Tanaka ex Swingle) Marcow,, 1921 - s -
23 ........... Tea Came/ / ,as,nens, S(L) Kun tze 1 887 ................................................................................................. e e 1 .................
24 ........... Bar|eyHo,deumvu/gare|_(1753) .......................................................................................................... e e 2 ................
25 ........... H,b,scus H,b,sc us sy,,a C us |_ (1753) ....................................................................................................... e e 2 ................
26 ........... pmeapp|eAnanascomosus(|_)Merr1917 ......................................................................................... e R 3 ................
27 ........... o“ve o/ e aeuropaeaL 1 753 ................................................................................................................. e R 4 ................
28 ........... SweetWormwoodArtem,S,aannua|_13 .................. 35 .................. 16 ................
Tota|numberoffoodp|antspec,es1512 .................. 12 ................

1990) « (iii) the TBP/promoter complex is stabilized by bend-
ing of the DNA double-helix 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 Z-tester-generated (Rasskazov etal., 2022)
estimates of Kp —for complexes of plant TBP with promoters
of B-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 Z-test.
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Results

Globulin

Table 3 presents the in silico estimates of K 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 non-food plant species, as determined using
Plant SNP TATA Z-tester (Rasskazov etal., 2022). One can
see in this table that in the case of food plants, the estimates of
Ky, 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 non-food plants,
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Table 2. Characteristics of 128 nucleotide sequences of proximal promoters from non-food plant genes homologous to the studied
globulin (Glo), albumin (Alb), and B-amylase (Bmy) genes from common wheat T. aestivum

Non-food plant species Number of promoters

No ............. Name ....................................................................................................................................................... G,OA,b ............... Bmy ...........
1 Fiveseeded plume-poppy Macleaya cordata (Wild) R B, . . -
2 ............. W, tChweedsmg a as,atlca (L )Kuntze .................................................................................................... 1 ................... 1 1 ................
3 ............. Genhsea Genhse a . au ,ea Ast HI| (1833) ................................................................................................ 1 ................... _ .................. 2 ...............
4 Floridateosinte Zea luxurians (Durieu & Asch) RM. Bird, 1978 o . .
5 Noccidium Microthlaspieraticum (ord) T. Ali &Thines, 2016 2 o 2
6 ............. Gamagr a SSTnpsac um . dacty,O,des(L )L 1759 ..................................................................................... 2 .................. _ .................. _ ...............
7 Balsas teosinte Zeamays subsp. parviglumis its & Doebley, 1980 3 . .
8 ............. Tha| ecre SS Amb, dopS,Sthahana . ( L) . Heynh . 1 8 42 ................................................................................ 4 .................. 5 .................. 3 ...............
9 Panicgrass Dichanthelum oligosanthes (Schult) Goud 6 . 6
10 ............. Water“ly Nymphaea thermamm Eb FI SCh 1988 ................................................................................. 8 .................. 1 ................... 9 ...............
1 Rueanemone Thalictum thalictroides (L) AJ. Eames &B.Boivin o s 6
12 ............. Ch”etomatoso/anumch,lense(DunanRelche ................................................................................... 15 ................ 13 .................. 6 ...............
13 Puplewitchweed, Striga hermonthica (Delile) Benth. - .
4 Gerardia Phtheirospermum japonicum (Thunb) Kanitz . -
15 ............. Ch mese rose Rosa . Chme ns,s Jacq 1 768 ................................................................................................ _ .................. _ .................. 2 ...............
Tota|numberoffoodp|antspec|es ....................................................................................................................... 12 .................. 710 ...............

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 Ky, for complexes of
plant TBP with globulin-coding gene promoters are compared
between two groups (food and non-food 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_Z-tester (Rasskazov etal., 2022) regarding estimates of
Kpfor complexes of plant TBP with 84 albumin gene promo-
ters from 12 food plant species and with 37 promoters from
7 non-food plant species. As readers can see in this table, in
the case of food plants, the estimates of K of TBP-promoter
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 non-food plants)
by Fisher’s Z-test 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).

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

plant species and with 38 promoters from 10 non-food plant
species, as calculated by Web service Plant SNP TATA
Z-tester (Rasskazov et al., 2022). For food plants, this table
presents the range of Kp from 1.30+0.09 to 8.77+7.36 nM,
with an arithmetic mean of 2.85+0.21 nM, whereas for non-

Fisher’s score 3.59
Significance, p < 0.001

Kp, nM, dissociation constant
TBP-promoter, in silico
N

Non-food Food

Fig. 1. The statistically significant difference between the studied food
plants and non-food plants in the in silico estimates of K, for complexes
of plant TBP with 90 bp proximal promoters of their genes encoding glo-
bulins.

XK

Here and in Fig. 2:
Z-test.

statistical significance p < 0.001 according to Fisher’s

SBOJIIOLUMOHHAA KOMMbIOTEPHAA BUOJIOTNA / EVOLUTIONARY COMPUTATIONAL BIOLOGY 801



O.V.Vishnevsky, I.V. Chadaeva, E.B. Sharypova ...
L.K. Savinkova, E.V. Zemlyanskaya, M.P. Ponomarenko

Table 3. Arithmetic mean estimates (M,) of the equilibrium
dissociation constant (Kp) of complexes between plant TBP
and 90 bp proximal promoters of the plant globulin genes

analyzed in this work

In silico analysis of the plant albumin,
globulin and -amylase gene promoters

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

No. Plant species N Ko, Mg£A, nM
Food plants
1 Congolese coffee 1 2.17+0.13
2 .......... Bu c k W heat ......................................... 1 ............ 204 i 014 ..........
3 Maidenhairtee 1 e7x012
4 Yoshinochery 1 76012
5 .......... Malze .................................................. 1 ............ 230i016 ..........

6 .......... oat ...................................................... 2 ........... 257i015 ...........

7 .......... Wa Xberry ............................................ 2 ........... 6751, 523 ..........

8 .......... Qumoa ................................................ 2 ........... 2471012 ..........

9 .......... R, Ce ..................................................... 3 ........... 284 i 038 ..........

10 .......... Me |o n ................................................. 4 ........... 2 66 i 030 ..........

11 ........... Cardoon ............................................. 4 ........... 3 22i037 ..........

12 .......... Corkoak ............................................. 4 ........... 4 84 i 1 41 ...........

13 .......... Wm e grap e ........................................ 9 ........... 267i 035 ..........
14 Sweetwornwood 13 251025
15 .......... Pepper .............................................. 2 6 ........... 301 i 037 ..........
. Tota| ................................................................. 7 4 ........... 297 i 021 ...........
Non-food plants
1 Five-seeded plume-poppy 1 1.25+0.06
2 .......... W,tchweed ......................................... 1 ............ 333i 023 ..........
3 .......... Genhsea .............................................. 1 ............ 270i019 ..........
4 Fordateosinte 1 196+014
5 .......... Nocc,d,um .......................................... 2 ........... 2251 083 ..........
6 .......... Gamagrass ........................................ 2 ........... 219 i 007 ..........
7 Balsasteosinte 3 2ms0m
8 .......... Tha|ecress ......................................... 4 190i013 ..........
9 .......... Pamcgrass ......................................... 6 ........... 2 27i015 ...........
10 .......... Wa ter|,|y ............................................ 8 ........... 2 60 i 039 ..........
1 Rueanemone 9 201:016
12 Chietomato 15 197011
Tota| ................................................................. 5 3 ........... 215J_, 008 ..........

Note. Here and in Tables 4 and 5: N - total number of the promoter studied;
M - arithmetic mean score; A - standard error of the mean (SEM).

food plants, the range of K 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 Z-test, according to which these
groups are statistically significantly different at Z = 2.74 and
p<0.01.
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No. Plant species N Ko, Mg=A, nM
Food plants

1 Sesame 1 2.28+0.16
2 Kwifitnashikazura 1 a77zon2
3 Bmdlowt 1 304%015
4 Waxbery 2 196+014
5 ........... Me|o n ................................................. 2 .......... 2 O4i 0 14 ..........
6 ........... Soybean ............................................. 2 1651012 ..........
7 ........... Pea ...................................................... 4 .......... 4 491139 ..........
8 ........... b.;r.i.l.lg .................................................. 5 1981040 ..........
9 ........... A|mond .............................................. 8 .......... 3 74i066 ..........
10 ........... Pepper ................................................ 8 .......... 3 OOJ_,059 ..........
M Mandarinunshiv 15 351x061
12 Sweetwornwood 33 307035
Tota| ................................................................. 8 4 .......... 3101,022 ..........

Non-food plants

1 Water lily 1 2.70+£0.22

2 Noccdium 1 2004014

4 Witchweed 1 2.19+0.15
5 Thale cress 5 2.03+£0.21
6 Chile tomato 13 2.33+£0.20
7 Rue-anemone 15 2.11+0.16
Total 37 2.18+0.10
4r *X¥
Fisher's score 3.85
e Significance, p < 0.001
85 31
g S
S =
c &
(] fo
52 | s
|9
25
53
N
e
¥D 1
0
Non-food Food

Fig. 2. The statistically significant difference between the studied food
plants and non-food plants in the in silico estimates of Kp for the com-
plexes of plant TBP with 90 bp proximal promoters of their genes encod-
ing albumins.
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Table 5. Arithmetic mean estimates (M,) of the equilibrium
dissociation constant (Kp) of complexes between plant TBP
and 90 bp proximal promoters of the plant f-amylase genes
examined in this work

No. Plant species N Ko, My£A, nM
Food plants
1 Tea 1 4.59+0.28
2 ........... WaXberry ........................................... 1 .......... 2211013 .............
3 ........... Bar|ey ................................................. 2 1301009 ............
4 ........... H|b|5cu5 ............................................. 2 ......... 3 58i186 ............

5 ........... YOShmOCherry .................................. 2 ......... 3 191168 .............

6 ........... pmeapp|e .......................................... 3 ......... 8 77i736 ............

7 ........... A|mond .............................................. 4 ......... 6 56i]63 .............

8 ........... o|,ve .................................................. 4 ......... 5 241093 .............

9 ........... Me|on ................................................ 6 ......... 4 79i096 ............

10 ........... Wmegrape ........................................ 9 ......... 3 971073 .............

” ............ SweEtwormWOOd .......................... 16 ......... 4291077 .............

12 ........... Pepper ............................................. 2 7 ......... 2591023 .............
Tota| ................................................................ 77 ......... 3391032 .............
Non-food plants

1 Witchweed 1 3.50£0.25
2 ........... Gerard,a .............................................. 1 ......... 3 431021 .............
3 ........... Gen|,seaz1381082 .............
4 ........... Nocc.d|um2193io37 .............
5 ........... Chmeserose21791023 .............
6 ........... Tha|ecress31661032 .............
7 ........... pamcgrasse, ......... 326i043 .............
8 ........... RueanemonE6 ......... 2911043 .............
9 ........... Ch,|etomat06 ......... 2891047 .............
10 ........... Watermyg ......... 3301062 .............
Tota| ................................................................. 33 ........ 2351021 .............
*%
4ar :|: Fisher's score 2.74

E Significance, p < 0.01
S IR

c &

O -

£

85 °f

T

N3

0

Non-food Food

Fig. 3. The statistically significant difference between the studied food
plants and non-food plants in the in silico estimates of Kp for the com-
plexes of plant TBP with 90 bp proximal promoters of their genes encod-
ing B-amylases.

** Statistical significance p < 0.01 according to Fisher’s Z-test.
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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
B-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 non-food plants, respectively. With the help of Web
service Plant. SNP TATA Z-tester (Rasskazov et al., 2022),
for each homologous gene, K|, 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: K, ~ 105 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: K ~ 10 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 TBP-promoter
complex (Flatters, Lavery, 1998). The resultant TBP-promoter
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 K, (of a com-
plex between TBP and a proximal promoter of a eukaryotic
gene) for a polymorphism of the TBP-binding 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 wild-type 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 Z-tester (Rasskazov
et al., 2022) was created, which was employed in the current
project for estimating K|, of complexes of plant TBP with
proximal promoters of genes from food and non-food plants.

Our analysis revealed that in comparison with non-food
plants, food plants are characterized by significantly weaker
affinity of TBP for promoters of genes homologous to
common-wheat B-amylase, albumin, and globulin (food al-
lergens) (p < 0.01, as estimated by the above software and
Fisher’s Z-test). 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 3-amylase, albumin, and globulin) in comparison with
non-food 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 non-food 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 non-food 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).
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AHHoTauumA. bypHoe pa3BMTMe METOAOB CEKBEHMPOBAHMUA HOBOrO NMokosieHns (next generation sequencing, NGS)
nopoamno NoTpebHOCTb B AeTalbHOM aHanu3e 1 KOHTPOJie KayecTBa Ha KaXkAoM 3Tare MpoToKosa NpUroToBieHUA
reHOMHbIX 6165MoTeK. [MPOTOKObI MOFYT BKJIlOUaTb B ce6A 3Tarbl C BHeAPEHWEM Pa3fIMYHOro poAa ClyebHbIx nocne-
[oBaTeNlbHOCTEN, TakUX Kak ajanTtepsbl, nparimepsl, a Takxke 6apkogbl, cneunduyHble 4na Kaxkaoro obpasua, Knetku
nnu monekynbl HK. HecMoTpsa Ha BOCTaTOYHO BbICOKUI YPOBEHb COBPEMEHHbIX 3HAHUI B MONEKYNAPHOW Gruonoruu,
B npouecce pa3paboTku npotokonos NGS nccnefoBateny 4acTo CTalIKMBAKOTCA C HEOXKUAAHHBIMU SKCNeprIMeHTaslb-
HbIMM AaHHbIMM, KOTOPble MOTYT ObITb pe3ynbTaToM HefoCTaTKa MHPOPMaLM O MONEKYIAPHBIX NpoLeccax, Conpo-
BOXKAQIOLLVX NPUFOTOBMIEHNE FeHOMHbIX 61GIMOTEK, UNK, B OTAENbHbIX CyYasnx, AedeKToM NPON3BOACTBA PeaKTUBOB.
O6Hapy»eHune 1 aHann3 pacnpeneneHnsa cny»ebHbix nocnefoBaTesibHOCTEN B NONyYeHHbIX MonieKynax AHK moryT
6bITb BaXKHbIM MCTOYHMKOM MHOPMaLMK, HEOOXOAUMON ANA ONTUMM3aLMM MPOTOKONA MPUTrOTOBAEHNA FeHOMHbIX
6u1bnroTek. B HacToALe cTaTbe NpeacTaBneHa ytunuta FastContext, ¢ MOMOLLbIO KOTOPOI BO3MOXEH aHanu3 CTpykK-
TYPbl IPOUTEHNI C TOUKU 3PEHNA NPUCYTCTBMA ONPeAeNeHHbIX NoCefoBaTeIbHOCTEN U X B3aVIMHOTO PacronoXeHns
B MPOYTeHU. ANTOPUTM MPUHUMAET Ha BXOA HeobpaboTaHHbIe JaHHble ceKBEHVPOBaHUA B popmate FastQ, a 3aTem
reHepupyeT yaobHble ANA HTeprnpeTaumm npeacTaBneHnsa CTPYKTYPbl MPOYTEHMI Ha OCHOBE 3aflaHHbIX MOJib30BaTe-
nem NaTTepHOB, BbICYMNTLIBAET KONMYECTBO NOAJOOHbIX CTPYKTYP 1 X A0S0 OT 06Liero yncna npouteHunin. Hecmotps
Ha NpocToTy anroputma, FastContext MoOXeT ObITb MONIE3EeH NPV aHanM3e CTPYKTYPbl MPOYTEHUIA, OH MOMOraeT flyylue
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FastContext: MIHCTPYMEHT A KOHTEKCTHOro aHanm3a
nocnepoBatenbHocTeln B AaHHbIX NGS

MOHATb MOMNEKYJIAPHbIE MPOLLECChI, MPONCXOAALLME HA Pa3HbIX CTaANAX NMPUTOTOBNEHNA FTEHOMHbIX 61GIMOTEK 1, Kak
CnefCTBME, OTKPbIBAET BO3MOXKHOCTM A YCOBEPLUEHCTBOBaHMA NpoTokona. FastContext — 3T0 NPOEKT C OTKPbITbIM
MNCXOAHBIM KOLOM, pacnpocTpaHaemMbli nog ceobogHon nuueHsnen GNU General Public License v3, nonHOCTbIO Ha-
NMCaHHbIN Ha A3blKe NporpaMmMnpoBaHua Python 1 ocHOBaHHbBIN Ha LIMPOKO MCMOMb3yeMbIX MPOrpamMMHbIX NakeTax
1 dopmaTax AaHHbIX. TakKM 06Pa3om, OH MOXKET ObiTb IErKO MCMOJIb30BaH Mog /1to6oi onepaLoHHON CMCTEMON, NC-
NpaBJieH 1 OOMOJNHEH Mpu HeobxoanmocTh. FastContext gocTyneH B Brae naketa B Python Package Index (https://
pypi.org/project/FastContext), ncxopHbin Kof xpaHutca Ha GitHub (https://github.com/regnveig/FastContext).
KnioueBble cioBa: ceKBeHMpPOBaHVe HOBOro nokoneHus; NGS; agantepbl; MOVCK NaTTEPHOB; aHaNM3 NPOYTEHNIA.

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,
biotin-labeled 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, template-switching 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 user-friendly 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. python-Levenshtein!, 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 (Costa-Luis et al., 2022): visualization.
All libraries listed above, except python-Levenshtein, are
widely used and well maintained.
FastContext supports multi-processing.

T Available at: https://github.com/ztane/python-Levenshtein.
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TCCTG
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60 %
19%

-
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) 3
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Read strustures statistics

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

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 human-readable representation of
the search results, which we call “read structure”. Algorithm
scheme is represented in the Fig.1.

Input

Input files are provided in FastQ? format. The user can provide
one (in the single-end mode) or two (in the paired-end mode)
FastQ files. Files may be uncompressed or compressed with
gzip or bz2 algorithms.

Output

Output results are provided as an HTML page (further:
“summary 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 gzip-compressed JavaScript Object
Notation (JSON)? 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.
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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.

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 A-tailing,
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 (K-mers) 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 K-mer 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
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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 paired-end 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-
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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-antigens 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.
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AHHOTauua. MHOrMe pacTeHUA W >KUBOTHble CMOCOGHbI YCTaHABMMBaTb CMMOMOTMYECKME B3aVIMOOTHOLUEHMA C
MUKpPOOpraHu3Mamu, B ToM ymciie ¢ 6aktepramun. Cneyndurka STmx B3aMMOAENCTBUA MOXKET MPUBOAUTL K Pa3HbIM
nocnefCcTBMAM ANA OpraHn3Ma-xo3avHa. B3aumooTHoLweHnA MoryT 6biTb HENTPaNbHbIMY, HEraTUBHbIMK NGO Bbl-
rogHbIMN ANs OfHOW Uy 06erx CTOpoH. MNprMeyaTenbHO, YTO B3aMMOOTHOLLEHUA GaKTepuA-X03ANH He ABAAIOTCA
CTaTVYHbIMW: OHN MOTYT U3MEHATbCA B TEUYEHME XKM3HW OPraHn3MOoB 1 B XoAe ux 3sonouunn. OQHON 13 CTPYKTYP,
onpeensoLmMX HanpasieHne N3MEHUNBOCTY, ABNAeTcA O-aHTUreH. B 3aBUCMMOCTI OT 0COBEHHOCTEN ero Komro-
HeHTOB 6aKTepUA MOXeT n3beratb UMMYHHOMO OTBETa CO CTOPOHbI OPraHn3Ma-X03A1Ha, CTaHOBACH NaToreHom, 6o
yCTaHaBNMBaTb C XO3AUHOM MYTyannCTUYECKME OTHOLWEHNA. O-aHTUMEH — 3TO KJTI0UYEBOW KOMMOHEHT Hapy»KHON MeM-
6paHbl rpaMoTpurLaTesbHbIX 6aKTePUIA. DTOT KOMMOHEHT obecneyrBaeT B3aMOAeNCTBME MeXAY OaKTepruaMmn n um-
MYHHOW CUCTEMON X03ArHa nnv dparamu. BapnabenbHOCTb CTPYKTYpbl O-aHTUFEHOB TECHO CBA3aHa C U3MEHUMBOCTLIO
reHOB, KOAVPYIOLNX KOMMOHEHTbI ero cMHTe3a. [eHbl 1 NyTn cuHTe3a O-aHTUreHoB Hanbonee AeTasbHO M3yYeHbl Y
6akTepuin 13 cemeinctaa Enterobacteriaceae. C yyeToM BbICOKOrO reHETUYECKOrO 1 MOJIEKYSIIPHOIO pasHoobpasua
3TON CTPYKTYpPbl AaXKe MeXAY LTaMMaMu 3TV pe3ynbTaTbl MOTYT He OTpaXkaTb BCe pa3Hoobpasue O-aHTUreHOB, Npes-
CTaBNEeHHOE Y HEMOAENbHbIX BUAOB. B HacToAwwel paboTe npoBeeH CpaBHUTENbHbI aHaN3 FeHOB, YYaCTBYOLLMX B
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CpaBHUTENbHbIN reHETUYECKNIA aHanu3 O-aHTUreHoB 6akTepuin
cemelictBa Oxalobacteraceae: yHMKanbHOCTb MAN TPUBUANBHOCTbL?

cnHTe3e O-aHTWreHa, AnA 6akTepuii n3 cemeiictea Oxalobacteraceae. B oTnnume oT cyLiecTByOWMX NCCIEA0BAHNN,
NpenmyLLecTBeHHO OCHOBaHHbIX Ha MeTofe MNUP, B Hawel paboTe ncnonb3oBaH 6rorHdopMaTyecKuii Noaxoa, a
CpaBHEHVE NPOBEAEHO HE Ha YPOBHE OAUHOYHBIX FEHOB, @ Ha YPOBHE KinacTepoB. Mbl 06HapYXUnu, YTo B Cllyyae
Oxalobacteraceae reHeTnueckas opraHusauua O-aHTUreHa NpefCcTaBeHa HECKONbKMI KNacTepamu, HaxoaaLWmnumMmn-
€A Ha 3HAUMTENIbHOM YAaNIeHNM APYT OT Apyra B reHoMe 6akTepuid. Hanborbluee CXOACTBO KNlacTepoB Haboaanocb
BHYTPY OTAENbHbIX POAOB GaKTEPUIA, UTO OBBACHAETCA BbICOKOW N3MEHUYNBOCTbIO O-aHTUreHOB. B paboTe onncaHo
CXOACTBO reHoB O-aHTWIeHOB, MPUCYLLee CeMENCTBY B LIENIOM, @ TaKXKe PacCMOTPEHbI OTAENbHbIE YHUKaIbHbIe CITy-
Yan U3MEHUMBOCTU UX FEHETUYECKON CTPYKTYPbl Y OTAENbHbIX 6akTepuii.

KnioueBble cnoBa: Knactepbl reHoB O-aHTWreHa; reHbl NMNOMNONMCaxapuaa; CPAaBHUTENbHDBIN aHanms; O-aHTWreH;
Oxalobacteraceae; Massilia; Collimonas; Janthinobacterium; Knactepbl reHOB CaxapyaoB.

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
awide range of habitats (outlined in Supplementary Materials,
Table S1)!. 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 (Xietal., 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
membrane 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), 4dd 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).
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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 WaaLL O-antigen ligase encoded by
waalL (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. SLBO1 (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
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of their candidate gene clusters to broad information about
the gene content of Oxalobacteraceae 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 possibility 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
(0. 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
contigs 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 rfalL (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
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0f 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
Burkholderaceae 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 clusters
we developed a Python script based on the DnaFeaturesViewer
library (https://edinburgh-genome-foundry.github.io/DnaFea-
tures Viewer/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-
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Fig. 1. Schematic representation of the data analysis algorithm used
in the current study.

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 situated 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 ga/E 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 wbasS, 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 whaX. 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

KOMMbIOTEPHAA TEHOMUKA / COMPUTATIONAL GENOMICS 813


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

S.D. Afonnikova
A.S. Komissarov, P.D. Kuchur

Unique or not unique? Comparative genetic analysis
of bacterial O-antigens from the Oxalobacteraceae family

Massilia albidiflava
rmd
gmd { whaX > whbaY >
287,500 288,000 288,500 289,000 289,500 290,000 290,500 291,000
hns |
D S - N oy~ S T R D on 3
544,800 545,600 546,400 547,200 548,000 548,800 549,600 550,400 551,200
< S .
690,400 691,200 692,000 692,800 693,600 694,400 695,200 696,000 696,800
<
730,000 730,250 730,500 730,750 731,000 731,250 731,500 731,750 732,000
manC galE mnaA - K - whgA
5,015,500 5,017,000 5,018,500 5,020,000 5,021,500 5,023,000 5,024,500
| whdH |
6,688,000 6,689,500 6,691,000 6,692,500 6,694,000 6,695,500 6,697,000 6,698,500 6,700,000

Oxalobacter formigenes

‘ rfbA ‘

| | | | |
1,122,500 1,125,000 1,127,500 1,130,000 1,132,500

Fig. 2. The O-antigen gene clusters from M. albidiflava and O. formigenes. Unannotated genes are designated as
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Colors 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.

in O-antigen synthesis, whereas J. svalbardensis and J. truc-
tae include four. The latter two share identical clusters with
UDP-N-acetylglucosamine pathway, wbgA4 and whgB 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. /ividum and J. sval-
bardensis, J. tructae possesses three copies of 7fbA 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 wbgB and wbhQ. This
gene set includes dTDP-glucose pathway genes rfbABCD and
vioA. Still, the latter species has glycosyltransferase wbaS
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next to wbgB, which J. lividum lacks in this position. To add,
wzx gene was located after vioA4 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 (7/bG, 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).
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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 Ans.

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 vio4. Between them are
two glycosyltransferase genes wbaX with different lengths,
unannotated genes and g#B. 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 wz¢ 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 wbri
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 wbasS. The rest of the species contain
rfaL outside O-antigen clusters.

It can be noticed that some genes, for instance, wbasS, 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,
wbgB). 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, /bD gene in the

CpaBHUTENbHbIN reHETUYECKNIA aHanu3 O-aHTUreHoB 6akTepuin 2022
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bigger cluster is rather dubious, the smaller length compared
to other 7/bD instances adds more uncertainty. We did not find
this gene using Orthofinder analysis, although there is a Pfam
domain corresponding to typical 76D (RmID _sub_bind) and
it was annotated as 7fbD by EggNOG.

We could detect wz#/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 vio4 and UDP-glucose synthesis gene ga/E. 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 whaX 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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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.

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 /bABCD 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

816

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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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 32 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.
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KOHTeKCTHbIE CUTHAJIbI
B MUTOXOHApMaJIbHBIX MUKPOPHK Miekonuramouimnx
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1 DepepanbHblii NCCNEROBATENbCKUI LEeHTP UHCTUTYT ymutonorum u reHetrkn Cbrpckoro otaeneHns POCCMInCKol akaeMmnm Hayk,
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2 HoBocnbrpcKmii HaLMoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcUTeT, HoBOCM6MpCK, Poccna
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AnHoTauyma. MnkpoPHK — 310 manbie Hekopupytowme PHK, KoTopble perynmpytot sKCnpeccuio reHoB Ha noct-
TPaHCKPUMLNOHHOM YPOBHE B LIUTOMJIAa3Me, U, TaKM 06pa3oMm, UrpatoT BaXKHY0 posib B 6OMbLIOM yncsie 61ono-
rmyecknx npoueccos. MocnegHue nccnefoBaHNa 06HAPYKMAN NPUCYTCTBME NocnefoBaTenbHOCTEN MUKPOPHK
He TONbKO B LUTOMNAa3Me, HO 1 BHYTPU MUTOXOHAPUN. Takne MUKPoPHK (Tak Ha3biBaemMble MuTOMUPDI, MitomiRs)
MOTYT UMeTb AAEPHOE NN MUTOXOHAPWANbHOE MPONCXOXKAEHVE, NPU STOM AJ1A HEKOTOPbIX N3 HUX YCTaHOBJIeHa
ponb B perynmpoBaHnmn GyHKLMIN MUTOXOHAPUASTbHbIX FEHOB, a AnA O0NbLUMHCTBA OHa NOKa Hemn3BecTHa. Boiasne-
HUe HYKNeOTUAHbIX CUTHANOB, YHUKANbHbIX AN MUTOMMPOB, MOXET MOMOYb onpeaenvTb 3Ty ponb. B Hawen pa-
60Te cocTaBeHa BblbopKa IKCNEePMEHTaNIbHO OOHAPYKEHHbIX MUTOMMPOB YeNI0BEKA, MbILLK 1 Kpbicbl. C Lienbo
Bbl€NIEHNA CUrHANIOB, KOTOPble MOTYT ObITb OTBETCTBEHHDBI 3a GYHKLMOHMPOBAHNE MUTOMUPOB 1 3a UX TPaHC-
NOPTUPOBKY B MUTOXOHAPUMN UAN U3 HUX, OCYLLECTBNEH KOHTEKCTHbIN aHann3 AnA NonyyYeHHbIX nocnefoBaTenb-
HOCTe MUTOMMPOB. 1nA Tpex BUAOB B rpynne AaHHbIX MUTOMUPbI/He-MUTOMUPDI 1 B rpynne Bcex MUKpoPHK
13 6a3bl MiRBase BbIfiBNIEHbI CTAaTUCTUYECKM NepenpefcTaBieHHble 8-0yKBeHHble MOTHBbI (YPOBEHb 3HAaUMMOCTU
p<0.01 c yyueTom nonpasku BoHPpeppPOHU Ha MHOXECTBEHHOCTb CPaBHEHNSA). 1A 3TVIX MOTUBOB OOHapPY»KeHbl 3a-
KOHOMEPHOCTU UX JIoKanm3auum B GyHKLMOHaNbHO 3HAUMMBbIX yyacTKax Ans pasHbiX Tunos MukpoPHK. Ana pac-
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CMaTpriBaeMol rpynnbl MUTOMUPbI/HEe-MUTOMUPDI Tak»Ke 0OHapy»eHbl CTaTUCTUYECKN 3HAaUYMMble OCOBEHHOCTM
HYK1eoTUAHOro cocTaBa nocnefoBatesibHocTe MUKPOPHK Bo3ne rpanuy paspesaHuna komnnekcamu Drosha/
Dicer (kpuTepuin HesaBucumocTu x2 MupcoHa ana nepsbix Tpex no3uumii MUKPoPHK ¢ ypoBHEM 3HauumocTu
p<0.05). Habntogaemble 4acToOTbl HYKNEOTUZAOB, NPEAMNONOXKNTENBHO, MOTYT YKa3biBaTb Ha HanMumne y MAUTOMU-
poB (B CpaBHEHUM C He-MUTOMMpPamMK) 6oniee O4HOPOAHOrO pa3pesaHus npan-MuPHK komnnekcom Drosha npu
dopmmpoBaHMK 5'-KoHUa nocnepoBaTtenbHocTel. PeynbTaTtbl paboTbl MOryT ObiTb NMOME3HbIMK ANA BbIABEHUA
CUrHANOB, MPUHMMAIOLLMX YYacTUe B BOSHVKHOBEHWM, NPOLECCUHIe U GYHKLIMAX MUTOMUPOB.

Kniouesble cnosa: MMKpoPHK; npe-MuPHK; mutomup; mutoxoHapus.

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;
Bandieraetal., 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
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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;
Dasetal.,2012; Sripada etal., 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

Niimit

Jaccard similarity coefficient was calculated as =S where
total
Nt 1s 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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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,

2022
268

KOHTeKCTHble CUrHanbl B MUTOXOHAPWANbHbIX
MUKpOoPHK mnekonuTatowmx

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

Table 1. Motifs that have a statistically significant difference in occurrence between the mitomiRs/non-mitomiRs groups

No. Motif % of mitomiRs % of non-  Significance
mitomiRs  level,p
1 ....... CAKTSHAN ............ 844 ...................... 0 87 .............. 38X 1 0726 ..........

2 ...... KTGCANDK ........... 890 ....................... 1 26 .............. 56X 1 0721 ..........

3 ...... HASHWSBD ......... 2853”89 .............. 58)(10_21 ..........

4 ...... WMAGKGCD ......... 629 ...................... 0 54 .............. 18x 1 0_20 ..........

5 ...... MNTVCANK ......... 1396 ...................... 340 .............. 36X 1 0_20 ..........

6 ...... HRVRNTSH .......... 34971714 .............. 14)(10718 ..........

7 ...... KBAGGTWG ........... 521 ....................... 041 .............. 85)(1071 e

8 ...... AGSAVCWY ........... 521 ....................... 041 .............. 87x10_17 ..........

9 ...... RHASHWSB ......... 2086793 .............. 91x10_16 ..........

10 ...... RCADTSDH ............ 997 ...................... 213 .............. 79)(10_1 Y

H ....... RSTRRDTT ............. 813144 .............. 45“0714 ..........

12 ...... WMDWSCWB ...... 1549 ...................... 508 .............. 12 X 1 071 A

13 ...... HSVYDGDN ......... 4402 .................... 26 58 .............. 19)( 1 0_1 e

14 ...... WRMACWTB ......... 6 1 3 ...................... 0 85 .............. 35 x 1 0_12 ..........

15 ...... CCHKBWGD .......... 936 ...................... 220 .............. 23)(10_1 e

16 ...... GBYWVYWG ........ 1212363 .............. 65)(10_11 ..........

17 ...... KGYWNASW ........ 1074 ...................... 303 .............. 48X 1 071 —

18 ...... CADKGNTD ........... 813 ....................... 1 79 .............. 58x10_10 ..........

19 ...... GWGSTNW ........... 966 ...................... 260 .............. 42 X 1 0_9 ...........

20 ...... WSCAKSWR ........... 644 ....................... 1 24 .............. 35 x 1 0_8 ...........

No. Motif % of mitomiRs % of non-  Significance
mitomiRs  level,p
2 1 ...... MWCM BAVH .......... 982 ..................... 286 ................ 97X 1073 ..........

22 ...... RKTGYWBH .......... 1181 ...................... 39812><1077 ..........

23 ...... GYHSHBDG .......... 1810 ..................... 79717x10_7 ..........

24 ...... YWMCMTBT ........... 521 ...................... 085 ................ 38><10_7 ..........

2 5 ...... KKVAACMH ............ 598 ..................... 117 ................ 89><10_7 ..........

2 6 ...... CTNVRBTS .............. 966 ..................... 313 ................ 21x1075 ..........

2 7 ...... CTRKNBVW .......... 1488 ..................... 634 ................ 24)( 1075 ..........

28 ...... RCABCMHH ............ 613 ..................... 140 ................ 57x10_5 ..........

29 ...... YCMYWMMM ........ 629148 ................ 75><10_5 ..........

3 0 ...... SAGVAMHN ............ 813 ..................... 245 ................ 20)(10_4 ..........

3 1 ...... WKMYCMKA .......... 521 ...................... 106 ................ 21x1074 ..........

3 2 ...... NMYASDG S .......... 1043 ..................... 379 ................ 35x 1074 ..........

3 3 ...... KGARNMCY ............ 552 ..................... 122 ................ 40X 10_4 ..........

34 ...... TSRGWSDG ............ 598146 ................ 98><10_4 ..........

35 ...... WCCHBTHS ............ 660 ..................... 17713><10_3 ..........

36 ...... SAVWSSCW ............ 613 ..................... 159 ................ 29)(10_3 ..........

3 7 ...... STRHDGTT ............. 506 ..................... 1” ................. 35x1073 ..........

3 8 ...... NGG CWMDS .......... 706 ..................... 207 ................ 41 X 10_3 ..........

39 ...... HCYBRRCT ............. 537126 ................ 53x10_3 ..........

40 ...... YSTSRSTS ............... 598155 ................ ng10_3 ..........

Note. % 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.
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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  Significance

sequences level, p

No. Motif

% of miRBase % of random Significance
sequences

level, p

Note. % 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 DNASs. 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

822

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 2
test of independence, p-values 4.46 x 102 and 6.58 x 1073 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
amiRNA are often localized in the region of the so-called ad-
ditional seed (~13-16), which is supposedly less conservative
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m MitomiRs r
Non-mitomiRs

B miRBase
Random sequences

MiRNA proportion

1 6 11 16 21 1 6 11 16 21
Motif start position in miRNA Motif start position in miRNA

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 matif, 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.

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 x 102! 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 Sp-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
2 test of independence, p-values 2.89x 10731, 1.03 x 1028,
and 1.79x 10 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 (g, ¢) 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 %2 test of independence, p-value 2.89x10-31, 1.03x 10728, 1.79x 10742, 1.17x 109, 3.23 x 10-10 for respective

positions).

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 y test
of independence, p-values: 1.17x1.17x 107 and 3.23 x 1019,
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 [UPAC 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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CBoOiiCTBa MaJIOro Mrpa HaYYHBLIX OpraHu3alnin
OTIpenesiioT IMHAMUKY ITYOINKALIVIOHHON aKTUBHOCTU
B o6mactu MuPHK
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AHHoTauuA. MHorve HayuHble CTaTby CTanu JOCTYMHbI B LMPPOBOM B, UTO MO3BOJIAET 3anpallnBaTh AaHHbIE
cTaTell U, B YaCTHOCTM, aBTOMaTUYeCKn cobrpaTb MeTaflaHHble, BKNoYaa AaHHble 06 adpdunmauum. 1o, B CBOIO
ouepe/ib, MOXHO UCMOJb30BaTb 1A KOIMYECTBEHHbIX OLleHOK Hay4YHOI obnacTu, Hanpumep Ana naeHTuduKkauum
opraHu3auuii 1 aHanmnsa rpada coaBTOPCTBaA 3TVIX OpraHn3aLnil Ana nssneyeHna 6a3oBoi CTPYKTYpbl HayKku. B Ha-
cToALlel paboTe paccmMoTpeHa obnacTb nccnefoaHua MUKpoPHK, a umeHHo rpad coaBTopcTBa OopraHusaumi u
aHanus ero 3sosnoUMn. YTobbl pelnTb Npobnemy BapraTMBHOCTY HAaMMCaHWA Ha3BaHKA OpraHM3auuii, 6bin npea-
NOXEH anropuT™M COPTUPOBKM JIOTMYECKMX BEKTOPOB Npu3HakoB k-mer/n-gram. B Hem mcrnonb3yetca ToT dakT,
yTo cofepkaHue apdunraLm JOBONbHO KOHCUCTEHTHO ANA OAHON 1 TOW e opraHusaumu. [1na yyeTa own6oK
HanucaHva 1 apyrux apTedpakToB Ha3BaHUA OpraHM3aLMK B None MeTalaHHbIX adpdunuauum Halw noaxon npeob-
pasyeT ynoMuHaHvie opraHusauuu BHyTpu apdunnaumm B K-Mer (n-gram) 6yneBbiii BeKTOp npurcyTcTeuA. [lanee
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CBoWICTBa MaJIOro MMPa Hay4HbIX OpraHv3aLui onpeaenaoT
OVUHAMUKY My6ArKaLMOHHON akTUBHOCTU B 06nacT MPHK

BEKTOPbI Bcex addunmaumin n3 Habopa AaHHbIX NekcmKorpaduueckn copTmpytoTcs, obpasysa rpynmbl ynoMmuHa-
HWI opraHm3aunin. TakuM NoaxoAom 6bii KnacTepusoBaH Habop AaHHbIX adpdunuauuii B 061acTvi MCCiefoBaHnsA
MUKPOPHK 1 onpegeneHbl Ha3BaHWs YHUKaNIbHbIX OPraHM3aLuii, YUTO MO3BONMIIO MNOCTPOUTb rpad CoaBTOPCTBA Ha
YPOBHE HayuHbIX opraHu3aumin. C nomMoLbio 3Toro rpada nokasaHo, YTo pocT obnactu uccnefosaHna MUKpPoPHK
KOHTPONMPYETCA apXMUTEKTYPOI Manoro M1pa CeTV HayuHbIX OpraHu3aumii 1 NCMbITbIBaeT CTENEHHON PoCT ¢ Mno-
KasaTtenem cteneHn 2.64+0.23 Ana uncna opraHu3aunii B COOTBETCTBUM C AUAMETPOM CeTU, Npeanaraa Moaesnb
pocTa HOBbIX HayuHbIX HanpaeneHuin. CKopocTb NybnvKkauum nepBon ctatbn no MMKpPoPHK y opraHusauum npum
ee B3aMMOAEWCTBMM C APYroi opraHM3auuen, yxxe nybnMkoBaBLlUenca B 3TOM 06acTyh, annpoOKCUMUPYETCA Kak

0.184+0.002 rog-".

Kniouesble cnosa: k-mer; n-gram; MuPHK; anekTpoHHas 61mbnrnoTeka; CoaBTOPCTBO OpraHu3aLnii; Masblii MUp.

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 Loclog(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 (Humph-
ries, Gurney, 2008), where the authors introduced a measure
of the “small-world-ness”:

5 CCs | Lg
Ccrand Liana

In the equation above, CC is the clustering coefficient of
graph G, L is the average length of the shortest paths of
graph G, CCy,,q and L4 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,
p(f), 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:

P fo
()= p oy u)t[Ho(?)],
where A and p are, respectively, the rates of infection and
recovery within the framework of the SIR model, D is the
average shortest distance of the graph, ¢, 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 y (the exponent of the power law distribution of
degrees of vertices) and v (the Pearson correlation coefficient
of the degree between pairs of connected nodes) (Vazquez,
2006):

vy>3, v>0,
2<y<3, v>-1, 3—y+v>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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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

Small world of the miRNA science
drives its publication dynamics

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 y = 2.01 and the assortativity coefficient of the
degrees of graph vertices v = —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.

An example of organizations identification

# Mention 2-Mer Boolean vector Dice metric
1 ............... msmu te ....................................... 1111111100 0 00000 ......................................... 0 2 ................................................
2 ............... ,ns,tute ......................................... ”111001 00 0 01000 ......................................... O 429 ...........................................
. 3 ............... msmu e ......................................... 11 1 1 011000 0 10000 ......................................... 0 834 ...........................................
4 ............... C enter ........................................... O 00010001"00100 ......................................... 0 4 ...............................................
5 ............... C entre ........................................... o 0000000”1000" ..............................................................................................

Note. 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, ...

104+
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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.
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Approximation of the “information contagion” rate gives
the rate A = 0.184+0.002 year!, 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.
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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
information, 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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