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Biological systems are complex hierarchical systems functioning at different levels of
biological organization, from the molecular-genetic to the ecosystem and biocenosis. A key feature
of biological systems is their ability to evolve, that is, to gradually change their properties over
generations of living organisms. The study of the mechanisms underlying evolutionary processes is
one of the most important tasks of modern biology, which often involves the apparatus of other
sciences — physics, mathematics, and computer science.

Here we present methods for modeling the functioning and evolution of complex biological
systems, which take into account the widest possible range of levels of biological organization
(molecular-genetic, metabolic, cellular, population and ecological levels) within the framework of a
single model. The methods are implemented in the form of software packages “Haploid
Evolutionary Constructor 3D” (HEC 3D) and “Diploid Evolutionary Constructor” (DEC),
“Population Genetics of Deafness — Simulator” and “Microcosm”. The key feature of the proposed
methods is that the constructed models have a multilayer architecture, with each layer being a
submodel responsible for describing a certain level of biological organization: genetic, metabolic,
population and, finally, ecological levels.
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B03MOXXHOCTh KOMIIBIOTEPHOTO MOJCIUPOBAHUS >KHU3HEHHOTO IMKIA M Pa3MHOXKEHUS
MpocTeiero OMOIOrMYECKOro OpraHu3Ma C JIeTalau3aleil 10 TeHHOTo YPOBHS cTajia Obl HAyYHBIM
MPOPBIBOM, OJHAKO JTO TMO-IPEKHEMY HAXOIUTCA JaJeKO 3a MpeleaMd BO3MOXKHOCTEH
COBPEMEHHBIX CYyNEepKOMITbIOTepoB. [Ipoiiecc ectecTBeHHOro orbopa Hauboee MPUCIOCOOIEHHBIX
0co0eil TPOUCXOAUT C YYETOM OTPOMHOTO KOJMYECTBa (DAKTOPOB KaK BHEIIHEW, TaK U BHYTPEHHEH
cpeapl. OCOOEHHOCTH OpraHM3Ma peaau3yloTCs depe3 HabOphl 0COOEHHOCTEH OEKOB, a BIWSHHE
W3MEHEHUH KaXI0ro Oelka Ha MPUCIIOCOOJICHHOCTh OIEHHUTh JOCTAaTOYHO TPYAHO B CBS3H C
HEO0OXOMMOCTbIO YUYHUTHIBaTh BCE BO3HUKAIOIIME W3MEHEHUS B3aUMOJECHCTBHI 3TOro Oeika co
BceMH (haKTOpaMu Cpelibl U JPYTHUMH O€IKaMu, YUCIIO KOTOPBIX BECbMAa 3HAYUTENBHO.

B KOMIBIOTEPHBIX MOJEISIX JBOJIIOIMHMOHUPYIOMUX OOBEKTOB, KaK IPABHIIO, BHECCHHE
W3MEHEHHH B TEHOM TIOTOMKOB OCYIIECTBISETCS HE SBHBIM 00pa3oM (IOCpPEACTBOM
BOCIIPOM3BE/ICHUS MOJICKYJISIPHBIX MEXaHW3MOB), a JIUIIb UMHTHPYETCS TOCPEIACTBOM OIMCAHUS
QIrOPUTMOB BHECEHMSI M3MEHEHH B KONHUIO T'eHoMa npeakoB. OJHAKO M CaMU MEXaHU3MBI
BHECCHHUS] MyTalliii M TOPHU3OHTAJIBLHOTO IMEPEHOCA TEHOB SBIIIOTCA CYOBEKTaMH SBOJIOLHH, W
CpeIu BO3MOXXHBIX U3MEHEHUH, He MPUBOSAIINX K THOENN UITU CTEPUITBHOCTH O0COOH, BCTPEUYAIOTCS
U T€, YTO BJIMUSIOT HAa CKOPOCTh M TOYHOCTH PEIUIMKAIMKW TeHOoMa. biaromapsi 5ToMy BO3HUKAeT
BHYTPUBHUJI0BAasE KOHKYPEHLUs, B PE3yJIbTaTe KOTOPOM, Hanpumep, aiig Sars-CoV-2 ¢ MOMEHTa ero
TOSIBJICHUS W JIO HACTOSIIETO BPEMEHM JUIMTEIBHOCTh WHKYOAIIMOHHOTO TIEPHOJa, HAMPIMYIO
CBSI3aHHAs CO CKOPOCTHIO PEIUTMKAIIMN BUPYCA, TOCTOSIHHO CHUXKaetTcs [1].

[lo cpaBHeHHIO C KJIETOYHBIMH (OpPMAMHU KU3HH BUPYCHI MPEACTABISIOTCS 3HAYUTEIHHO
Oojee ymOOHBIMU OOBEKTaMH Jii W3YYEHHUS U KOMIIBIOTEPHOTO MOJEIHMPOBAHUS HBOIIOLUU
Oylarogapsi TOCTaTOYHO MPOCTOMY YCTPOMCTBY M 3HAYUTEIHHO MEHBIIEMY T€HOMY IPH HIMPOKOM
CIIEKTPE B3aUMOJEHCTBUI C BHELIHEHW CPENOM U OPraHU3MOM XO03siMHA. J[0 MOSABIIEHUS TEXHOJIOTUI
OBICTPOTO CEKBEHUPOBAHHUS T€HOMOB DBOJIIOIMIO BHPYCOB MOKHO OBLIO paccMaTpuBaTh JIUIIL B
paMKax MOJENIed «Iapa3uT — XO35UH», OMHUCBHIBAIOLIUX CTATUCTUYECKHE, HO HE MOJIEKYJISIPHbBIE
ocobeHHOCTH uX B3aumojeiictBus. C Hadanma mnaHjgemuu Sars-CoV-2 MUPOBBIM Hay4YHBIM
co00IIIecCTBOM OBLIO MONMy4eHO Ooniee 15 MIH BapuaHTOB TEHOMOB JaHHOTO KOPOHABUpPYcCa,
OXBaTHIBAOIINX BECh BPEMEHHOW WHTEpPBal C MOMEHTAa €r0 TOSBIICHUS, MPEIOCTABIISIONINX
OecrpereICHTHO OOIIMPHBIE TAHHBIE O €T0 YBOJIIOIUH C YI€TOM reorpaduu ¥ BpeMEHH MOSBICHUS.

W3 >TuX TaHHBIX MOKET OBITh PacCCUMTAaHA IMHAMHKA PACIIPOCTPAHEHUS M U3MEHEHHS BUpyca
HE TONBKO B (U3MYECKOM MPOCTPAHCTBE U BpPEMEHH, HO M B MHOTOMEPHOM MPOCTPAHCTBE
BO3MOJKHBIX KHU3HECTIOCOOHBIX BAapHAHTOB BHUPYCHBIX TEHOMOB C METPUKOW, OIpPEACIISIeMON
MUHUMATbHBIM YHCIIOM €IMHUYHBIX U3MEHEHHH (MyTalus, Jelielns WIH BCTaBKa), HEOOXOAUMBIX
JUTSI Ipeo0pa3oBaHus OJHOTO TeHOMa B IpyTyio. [Ipu 3TOM BUPYC U3MEHSETCS, B TOM YHUCJIE B OTBET
Ha BaKIMHAIHWIO ¥ (HOPMUPOBAHME MMMYHHUTETa Yy mepeboneBmux. Takke MOXKET ObITh OIIEHEH
SBOJIONMOHHBIN TMOTEHIMA KaXKJIO0TO y4yacTKa reHoma, paccuutaHa 3D cTpykTypa BHUPYCHBIX
OENKOB, pacCUMTAaHO B3auMoOJEHCTBHE S-OenKoB ¢ pa3HbiMH BapuanTamu penentopoB ACE2 u
MHOTO€ JIpyroe. B uTore 3T0 MO3BOJHUT MOCTPOHWTH HOBYIO, CYIIECTBEHHO 00Jiee PEaTMCTHUHYIO
MOJIETIb JBOJIOIMM BHPYyCa, CIOCOOHYIO PacCUUTHIBATH MOTEHIIMAILHO BO3MOXHBIC, HO €Ie He
peaTn30BaHHBIE B MPUPOJIC BaPUAHTHI HOBBIX T€HOMOB, YTOOBI 3a0JaTOBPEMEHHO MPOTHUBOCTOSITH
WX TOSIBJICHUIO.
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The possibility of computer simulation of the life cycle and reproduction of the simplest
biological organism with detailing down to the gene level would be a scientific breakthrough, but
this is still far beyond the capabilities of modern supercomputers. The process of natural selection
of the fittest individuals takes into account a huge number of both external and internal environment
factors. Individual characteristics of an organism are realized as combination of protein features,
and the effect of changes in each protein on fitness is difficult to measure due to the need to take
into account all the emerging changes in the interactions of this protein with all environmental
factors and other proteins, the number of which is tremendous.

Usually in computational models of evolving objects changes in the genome of descendants
are not carried out explicitly (by reproducing molecular mechanisms), but only imitated by
describing algorithms for making changes to a copy of the ancestral genome(s). However, the
mechanisms of introducing mutations and horizontal gene transfer are subjects of evolution as well,
and among the possible changes that do not lead to the death or sterility of an individual, there are
also those that affect the speed and accuracy of genome replication. Due to this, intraspecific
competition arises, and, for example, for Sars-CoV-2 it results in constant decreasing of the rate of
virus replication (which is directly related to the duration of the incubation period) from the
moment of its appearance to the present time [1].

Compared to whole organisms and unicellular, viruses seem to be much more convenient
objects for investigation and computational modeling of evolution due to a fairly simple internal
organization and a small genome, along with a wide range of interactions with the environment and
the host organism. Before the advent of rapid genome sequencing technologies, the evolution of
viruses could only be considered within the framework of “parasite—host” models that describe
statistical, but not molecular, features of their interactions. Since the beginning of the Sars-CoV-2
pandemic, more than 15 million variants of the genomes of this coronavirus have been obtained by
the global scientific community, providing unprecedentedly extensive data on its evolution taking
into account geography and time of occurrence.

From these data, the dynamics of the spread and change of the virus can be calculated not
only in physical space and time, but also in the multidimensional space of possible viable variants
of viral genomes with a metric determined by the minimum number of single changes (mutation,
deletion or insertion) required to transform one genome to another. During this process the viral
genome accumulates changes, including those which appear in response to vaccination and the
formation of immunity in recovered patients. It is potentially possible to evaluate the evolutionary
potential of each region of the genome, to predict the 3D structure of viral proteins, to estimate the
interaction of S proteins with different variants of ACE2 receptors, and much more. As a result all
these will allow to develop a new, much more realistic model of virus evolution, capable of
calculating potential variants of new genomes that have not yet been realized in nature, in order to
resist them in case of their emergence.

This work was funded by the Russian Science Foundation grant (project No. 23-64-00005).
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