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N.A. Kolchanov

ear colleagues, dear readers!
DWe present to your attention a new

issue of the Vavilov Journal of Ge-
netics and Breeding dedicated to bioinfor-
matics and systems computational biology.
These areas of scientific research are now
rapidly transforming as natural sciences
enter the era of big data. Intense develop-
ment of the omics technologies (genomics,
transcriptomics, proteomics, metabolomics)
and other high-throughput technologies for
studying molecular and genetic foundations
of living systems’ functioning has led to an
information explosion in genetics, which is
the main source of big data in world science,
ahead of the other sciences and technologies
in terms of the rate and volume of experi-
mental data accumulation.

An important result of the analysis,
interpretation and understanding of big
genetic data is the formation of a new
paradigm, wherein the main objects of
genetics are not separate genes, but gene
networks — groups of genes functioning in
coordination, interacting with each other
through their products, such as RNA,
proteins, metabolites and other substances.
It is gene networks that ensure the formation
of all phenotypic (molecular, biochemical,
cellular, physiological, morphological,
behavioral, psychological, etc.) features of
organisms based on the information coded
in their genomes (Kolchanov et al., 2000,
2013; Ananko et al., 2002).

BaBWNoBCKNI )KypHan reHeTnkn n cenekummn. 2023;27(7):725-727
DOI 10.18699/VJGB-23-84

Yu.G. Matushkin

Reconstruction of gene networks is a very complex task
requiring a search, extraction and integration of informa-
tion scattered across tens of millions of scientific articles,
thousands of factographic databases and millions of patents
containing biological, medical, pharmacological, chemical,
and other knowledge. To solve this task, it was necessary to
develop computer software systems for automatic extraction of
genetic data from the aforementioned sources using a combi-
nation of traditional textual analysis and methods of machine
learning (Ivanisenko V.A. et al., 2019; Ivanisenko T.V. et
al., 2022). To this day, more than 70,000 gene networks and
their main components (signaling pathways, protein-protein,
DNA-protein, RNA-protein interaction networks, metabolic
pathways) have been reconstructed and presented in databases
(Pico et al., 2008; Caspi et al., 2020; Kanehisa et al., 2023).

Accumulation of big data has resulted in the understand-
ing of the great complexity of gene networks regulation
on the base levels of their organization: each elementary
fundamental biochemical or molecular biological process in
a gene network is usually controlled by dozens, sometimes
hundreds of elementary regulatory processes, whether it con-
cerns protein enzyme activity, gene transcription regulation or
“regulation of complex metabolic pathways” (Kolchanov et
al., 2008). The abovementioned makes it incredibly difficult
to reconstruct molecular mechanisms of the influence of ge-
nomic variability on phenotypic characteristics of organisms
and clinical disease symptoms due to the fact that, among
other things, regulatory processes are often characterized by a
high degree of nonlinearity (Costanzo et al., 2019; Trifonova
et al., 2021; Pratap et al., 2022) and dynamic instability in
relation to changes in the initial data and constant physico-
chemical and molecular biological processes underlying
the functioning of gene networks and regulatory systems
(Khlebodarova et al., 2018).



Processing, analysis and interpretation of big genetic data
streams requires the development of modern artificial intel-
ligence methods focused on living systems. A key event that
has initiated the rapid development of artificial intelligence
methods in recent years is the creation of a new architecture
of neural networks called transformers, which are geared
towards the processing of symbol sequences, including texts
in natural languages (Vaswani et al., 2017). The main feature
of transformers is that the order of input sequences during
processing is irrelevant. This provides ample opportunities
for paralellizing, allowing for the deep learning of models on
terabytes of data in a much shorter time than was previously
possible using classic neural network architecture.

Let us note a few remarkable achievements of this approach.
The creation of high-quality systems of machine translation
from one natural language into another is of key importance
(Jiao et al., 2023; Wang et al., 2023). The meaning of this
development for science, technology, culture, art and human
communication cannot be overestimated.

Based on transformer models, a huge breakthrough was
made in solving one of the central tasks of molecular bio-
logy, which had been puzzling physicists, chemists and
biologists for 60 years — predicting the spatial structure of
globular proteins by their amino acid sequences. To solve
this task, the AlphaFold (Thornton et al., 2021) and Rosetta
(https://www.rosettacommons.org/) neural networks, predic-
ting the 3D coordinates of heavy protein atoms with precision
close to experimental, were developed. The network learning
was based on hundreds of thousands of proteins with a known
spatial structure and tens of millions amino acid sequences.

The methods of machine learning using transformer ap-
proaches created an opportunity for modeling the dynamics of
complex molecular biological structures containing a large (up
to 10°) number of atoms (Pandey et al., 2022). These results
are significant not only for fundamental science but also
for a wide range of areas with a big potential for practical
application, such as biotechnologies, genetics, medicine,
pharmacology, creation of new materials, and many others.

Since 2017, when first publications on transformer tech-
nologies appeared, there has been an exponential growth of the
number of publications using artificial intelligence methods
(Eraslan et al., 2019; Boudry et al., 2022). Another machine
learning approach that has been widely used and developed in
the last years is graph neural networks (GNN), which provide
entirely new opportunities for analysis of complex network
structures based on the vector representation of graph vertices
taking into account their local environment (Hamilton et al.,
2017). The use of GNN is efficient for description, analysis and
modeling of a wide range of network systems, be they natural,
anthropogenic or technical: gene networks, intermolecular
interaction networks, knowledge networks, social networks,
etc. (Ektefaie et al., 2023).

In conclusion, it should be noted that there is a crucial limi-
tation to a wide application of artificial intelligence methods in
the areas of human activity that have a practical significance:
its opaque decision-making process. In a number of works
(Ma et al., 2018), a strategic way to overcome this restriction
has been shown: it is necessary to develop hybrid information
systems of a new generation, integrating classic methods of
bioinformatics and systems computational biology and new
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artificial intelligence technologies based on the ontological
description of the subject areas of research. In our opinion,
only such an approach can ensure both the speed and quality
of big genetic data processing with the use of artificial intel-
ligence methods, and the transparency of the results obtained.
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Human SNP TATAdb: a database of SNPs that statistically
significantly change the affinity of the TATA-binding protein
to human gene promoters: genome-wide analysis and use cases
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Abstract. It was previously shown that the expression levels of human genes positively correlate with TBP affinity
for the promoters of these genes. In turn, single nucleotide polymorphisms (SNPs) in human gene promoters can
affect TBP affinity for DNA and, as a consequence, gene expression. The Institute of Cytology and Genetics SB RAS
(ICG) has developed a method for predicting TBP affinity for gene promoters based on a three-step binding mecha-
nism: (1) TBP slides along DNA, (2) TBP stops at the binding site, and (3) the TBP-promoter complex is fixed due to
DNA helix bending. The method showed a high correlation of theoretical predictions with measured values during
repeated experimental testing by independent groups of researchers. This model served as a base for other ICG web
services, SNP_TATA_Z-tester and SNP_TATA_Comparator, which make a statistical assessment of the SNP-induced
change in the affinity of TBP binding to the human gene promoter and help predict changes in expression that may
be associated with a genetic predisposition to diseases or phenotypic features of the organism. In this work, we
integrated into a single database information about SNPs in human gene promoters obtained by automatic extrac-
tion from various heterogeneous data sources, as well as the estimates of TBP affinity for the promoter obtained
using the three-step binding model and predicting their effect on gene expression for wild-type promoters and
promoters with SNPs. We have shown that Human_SNP_TATAdb can be used for annotation and identification of
candidate SNP markers of diseases. The results of a genome-wide data analysis are presented, including the distri-
bution of genes with respect to the number of transcripts, the distribution of SNPs affecting TBP-DNA affinity with
respect to positions within promoters, as well as patterns linking TBP affinity for the promoter, the specificity of the
TBP binding site for the promoter and other characteristics of promoters. The results of the genome-wide analysis
showed that the affinity of TBP for the promoter and the specificity of its binding site are statistically related to other
characteristics of promoters important for the functional classification of promoters and the study of the features of
differential gene expression.

Key words: TATA box; affinity; TBP; single nucleotide polymorphism; database; genome-wide analysis.

For citation: Filonov S.V.,, Podkolodnyy N.L., Podkolodnaya O.A., Tverdokhleb N.N., Ponomarenko PM., Rasskazov D.A.,
Bogomolov A.G., Ponomarenko M.P. Human_SNP_TATAdb: a database of SNPs that statistically significantly change
the affinity of the TATA-binding protein to human gene promoters: genome-wide analysis and use cases. Vavilovskii
Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2023;27(7):728-736. DOI 10.18699/VJGB-23-85

Human SNP TATAdb — 6a3a maHHbIX 0 SNP,
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AHHoOTaLusA. PaHee 6bIf0 NOKa3aHO, YTO YPOBEHb IKCMPECCMU FEHOB YenoBeKa NOSIOKUTENIbHO KoppenupyeT ¢ apduH-
HocTbto TBP K npomMoTopam 3Tux reHoB. B cBot ouepefb, ofHOHYKNeoTuaHble nonnmopdursmbl (SNP) B npomoTopax

© Filonov S.V., Podkolodnyy N.L., Podkolodnaya O.A., Tverdokhleb N.N., Ponomarenko PM., Rasskazov D.A., Bogomolov A.G., Ponomarenko M.P, 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

C.B. ®unoHos, HJ1. Mogkonoaubliin, O.A. NMoakonoaHas ...
[.A. Pacckasos, A.l. boromonos, M.M1. loHOMapeHKo

Human_SNP_TATAdb - 6a3a gaHHbIx 0 SNP,
n3meHsWnx cpoacteo TATA-cBA3bIBatoLero 6enka

reHoB YenoBeka MOryT BAuATb Ha apdrHHOCTb Benka TBP kK OHK u, Kak cnepcTeue, Ha aKkcnpeccuio reHos. B ULnI
CO PAH pa3pabotaH meTop npefckasaHua adPprHHocTM TBP K IpOMOTOpaM reHOB Ha OCHOBE TPEXLLAroBOro MexaHus-
Ma CBA3bIBaHUSA, BKloYatollero ckonbxxeHne TBP no [HK, octaHoBKy TBP B MmecTe cBA3bIBaHMA, GrKcaLmio Kommniekca
TBP-npomoTop 3a cueT nsrmnba cnupanv AHK. MeToa nokasan BbICOKY KOppenALumMio TeOpeTUYeCcKUX NpeackasaHmi
C VI3MEPEHHbIMW 3HAYEHNAMW NPV MHOTOKPATHOW 3KCMeprMeHTaNbHOWN NPoBepKe He3aBUCMMbIMU rpymnnaMm ncce-
pnosatenei. Ha ocHose 3tont mogenu B ULl CO PAH paHee 6binv pa3paboTtaHbl Be6-cepsucbl SNP_TATA_Z-tester n
SNP_TATA_Comparator, no3BonstoLune BblYNCIATb CTaTUCTUYECKYIO OLeHKY Bbi3BaHHOTO SNP n3meHeHna adpdrHHOCTU
cBA3bIBaHNA TBP ¢ N(pOMOTOPOM reHa YenioBeKa 1 NPOrHO3MPOBaTh U3MEHEHE SKCMPECCUI, KOTOpble MOTyT ObiTb CBA-
3aHbl C reHeTMYEeCKOW NPeAPacnoNoOXeHHOCTbIO K 3a601eBaHNAM N GeHOTUMMYECKUMM OCOOEHHOCTAMI OpraHn3ma.
B HacToALwen paboTe npoBefeHa NHTErpaumsa B eAnHON 6ase aaHHbIX MHGOpMaLny 06 O4HOHYKNEOTUAHBIX NOANMOpP-
¢$u3mMax B NPOMOTOpPax reHOB YesloBeKa, NONyYeHHON NMyTemM aBTOMaTUUYECKON SKCTPaKLUMM U3 Pas3fINYHbIX reTeporeH-
HbIX MICTOYHUKOB [JaHHbIX, @ TaKXXe pe3yNbTaToB oueHKM adPprHHOCTM TBP K MpomMoTOpy C MCNONb30BaHNEM TpeXLIaro-
BOW MOAENV CBA3bIBAHNA 1 OLEHKM VX BIMAHNA Ha SKCMPECCUIo reHOB AJ1A NPOMOTOPOB ANKOrO TUMa U NPOMOTOPOB C
OOHOHYKNEeoTUAHbIM NnonnmopduraMom. MokaszaHa BO3MOXKHOCTb MCMob3oBaHNA 6a3bl AaHHbIX Human_SNP_TATAdb
ANA aHHOTaUMK 1 BblABNeHNA KaHanAaaTHbix SNP-mapkepoB 3aboneBaHuii. MpeactaBneHbl pesynbTaTbl MOMHOTEHOM-
HOrO aHann3a AaHHbIX, BKoYaa 0COBeHHOCTY pacnpeieneHnsa reHoB Nno Koan4yecTy TPaHCKPUNTOB, pacnpeaeneHme
SNP, Bnustowmx Ha adpduHHOCTb TBP K JHK no no3unumam BHyTpr NPOMOTOPOB, @ Tak»Ke 3aKOHOMEPHOCTU, CBA3bIBalo-
wue mexgy coboi addprHHocTb TBP K npomoTopy, cneundunyHocTb cainta cBaAsbiBaHUA TBP ¢ npoMmoTopom v apyrve
XapaKkTepUCTUKN MPOMOTOPOB. Pe3ynbTaTbl MOIHOrEHOMHOIO aHanm3a nokasanu, 4to apduHHocTb TBP K npomoTopy
1 cneuyndrYHOCTb ero caita CBA3bIBaHNA CTAaTUCTMYECKMN CBA3aHbI C APYIMMU XapakTepuUCTUKamy NPOMOTOPOB, BaX-
HbIMU AnA GYHKLMOHANbHOW KnaccuduKaLlmy NpoMOTOPOB 1 UCCIIEA0BaHNA 0CO6eHHOCTen AuddepeHLnanbHO SKC-
npeccun reHoB..

KnioueBble cnoBa: TATA-60KC; adpdUHHOCTb; TBP; OfHOHYKNEOTUAHbIV Nnonnmopdram; 6a3a AaHHbIX; NOIHOreHOMHbIN
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Introduction

The development of methods for predicting the effect
of mutations on the level of gene expression for various
organisms is important for solving many problems in the field
of biotechnology, plant breeding, medicine, etc. Mutations
in the human genome can be associated with a variety of
physiological characteristics and diseases, and knowledge of
their presence and cause is certainly necessary for the actively
developing approach of personalized medicine.

The most common type of mutation in the human genome
is SNP (Single Nucleotide Polymorphism), which is a single
nucleotide difference in the DNA sequence. SNPs can be
localized in different functional regions of the genome,
which determines the nature of their influence. Mutations
in the coding regions of the gene are the most studied; they
directly affect the structure of the transcribed mRNA and,
consequently, the synthesized protein. However, genome-wide
association studies (GWAS) have shown that most SNPs that
are significantly associated with disease susceptibility are
located in non-coding regions (Hindorff et al., 2009; French
and Edwards, 2020; Chandra et al., 2021), and more than 90
% of them are located in regulatory elements (Maurano et
al.,2012). At the moment, one of the most studied regulatory
regions is the TATA box region in the promoter, the sequence
of which determines the affinity of the TBP protein (TATA
binding protein), which is a key transcription initiation factor.
Mutations in this region can affect the binding of the TBP
protein to the promoter and, consequently, gene expression
(Savinkova et al., 2007).

Previously, at the Institute of Cytology and Genetics
SB RAS, a method for predicting the affinity of TBP for
gene promoters based on a three-step binding mechanism

was developed (Ponomarenko et al., 2008). The method
showed a high correlation of theoretical predictions with
experimentally measured affinity values when tested multiple
times by independent groups of researchers (Delgadillo et
al., 2009; Savinkova et al., 2013; Oshchepkov et al., 2022).
Based on this model, the Institute of Cytology and Genetics
SB RAS developed the SNP TATA Z-tester web service
(Rasskazov et al., 2013), which allows one to calculate a
statistical assessment of the SNP-induced change in the
binding affinity of TBP for the human gene promoter and
predict changes in expression. Using this web service, we
previously identified candidate SNP markers for autoimmune
diseases (Ponomarenko et al., 2016a), behavioral disorders
(Chadaeva et al., 2016), chronopathologies (Ponomarenko et
al., 2016b) and other diseases.

In this work, we integrated into a database information
about SNPs in human gene promoters, obtained by automatic
extraction from various heterogeneous data sources, as well
as the results of assessing the affinity of TBP for the promoter
and the specificity of the TBP binding site using a three-step
binding model and assessing their effect on gene expression
for the reference genome promoters and promoters with SNPs.

The main use of the Human SNP_ TATAdb database is
the annotation of promoters and genes in order to identify
candidate SNP markers of diseases. Considering that quite a
lot of research that includes this kind of annotation has already
been carried out, we present one of the options as an example.

This article presents the results of a genome-wide data
analysis, including features of the distribution of genes by the
number of transcripts, the distribution of SNPs affecting the
affinity of TBP for DNA by positions within promoters. The
article also presents patterns connecting the affinity of TBP
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Fig. 1. Data flow diagram for initializing the Human_SNP_TATAdb database.

for the promoter, the specificity of the binding site of TBP for
the promoter, and other characteristics of promoters that are
important for the functional classification of promoters and
the study of features of differential gene expression.

Materials and methods

Below, we present a data flow diagram for data integration and

database initialization (Fig. 1). Further, all stages of work are

described in more detail. Data on genes and their attributes,
transcription starts and transcripts were obtained from the

Ensembl web service (Birney et al., 2004). To access the

services and databases used in the work, the Bioconductor

library of the R language was used, with the following
packages:

1. biomaRt! is a package that provides an interface to the
ENSEMBL collection of databases, allowing large volumes
of data to be retrieved in a unified way and used in data
analysis in Bioconductor.

2. BSgenome.Hsapiens. NCBI.GRCh38? is a package that
provides access to the Homo sapiens (Human) genome
sequence provided by NCBI (GRCh38.p13).

3. SNPlocs.Hsapiens.dbSNP155.GRCh383 is a dbSNP 155
access package including information on 949,021,448 SNPs
in chromosomes 1-22, X, Y and MT that was extracted
from RefSNP JSON files.

To identify the start of transcription, it is necessary to use
transcripts with high-quality annotation that includes this in-
formation and for which there is evidence of their biological
relevance. When annotating transcripts in Ensembl, special
tags identify the highest quality annotated transcripts. We
included in the database only those transcripts, the annota-
tion quality of which corresponds to the “GENCODE Basic”
label*. According to the specification, the Enseml GENCODE
Basic set contains at least one transcript for each gene in the

1 https://bioconductor.org/packages/release/bioc/html/biomaRt.html

2 https://bioconductor.org/packages/release/data/annotation/html/
BSgenome.Hsapiens.NCBI.GRCh38.html

3 https://bioconductor.org/packages/release/data/annotation/html/SNPlocs.
Hsapiens.dbSNP155.GRCh38.html

4 https://www.ensembl.org/info/genome/genebuild/transcript_quality_tags.
html

730

Human_SNP_TATAdb: a database of SNPs
that change the affinity of the TATA-binding protein

Forming
arequest

. SNP_TATA_Z-tester Human_SNP_TATAdb

/

Promoters
with mutations

GENCODE genetic set, regardless of biotype, i.e. each gene
is represented in the core GENCODE set. For protein-coding
genes, only full-length protein-coding transcripts are included
in the core GENCODE set.

For the specified transcription start coordinates, the coordi-
nates and nucleotide sequences of the corresponding promoter
are determined ([-90; —1] from the transcription start). We
obtained SNP data using the dbSNP database’ (Sherry et al.,
2001). For each promoter, SNPs located within [-90; —1]
from the start of transcription were identified. Minor promoter
sequence variants were created automatically by adding cor-
responding nucleotide substitutions from the dbSNP database
(issue 155) to the major sequence variants.

The Bucher weight matrix (Bucher, 1990) was used to
identify TATA-containing promoters.

The affinity of TBP for DNA was calculated using a three-
step binding model previously developed at the Institute
of Cytology and Genetics SB RAS (Ponomarenko et al.,
2008) and a multi-threaded high-performance version of the
SNP_TATA Z-tester program also implemented by us. This
program also allows you to evaluate the statistical significance
of changes in the affinity of the TBP protein for the promoter
due to point nucleotide substitutions (SNPs) in the promoter
using a z-test.

The affinity of TBP is described by the association constant
of'the TBP/DNA complex. However, at present, instead of the
association constant, the inverse measure is usually used — the
dissociation constant Ky. In this case, the affinity of TBP for
DNA, measured in nanomoles per liter (nM/L), will be equal
to A = 10%/Ky. The lower the Kd, the higher the affinity of
TBP for the promoter and the stronger the interaction of TBP
with the promoter.

The second option presented in the database is the logarith-
mic form of affinity o= 9*In(10) — In(Ky), which is convenient
for comparing TBP affinity to the promoter, since it has a
distribution close to normal. As o increases, the affinity of
TBP for the promoter and the strength of their interaction
increase.

5 https://www.ncbi.nlm.nih.gov/snp/
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We performed affinity calculations for reference DNA
sequences of all promoters and minor sequence variants of
these promoters with one single nucleotide polymorphism.
For each minor sequence, we assessed the deviation of TBP
affinity for the promoter from the affinity obtained for the
promoter DNA sequence from the reference genome. At the
same time, the level of statistical significance of these changes
was determined.

It was previously shown that the affinity of TBP for the
promoter is statistically significantly correlated with the level
of expression of the corresponding transcript (Mogno et al.,
2010). Therefore, with a statistically significant increase or
decrease in TBP affinity, an estimate of the corresponding
change in the level of transcript expression is indicated in
the database.

Based on the estimates of TBP protein-promoter affinity,
we introduced additional characteristics, such as TBP
protein-promoter binding site specificity, which are useful for
promoter classification and biological annotation of groups
of promoters or genes.

The specificity of the binding site of TBP for the gene
promoter corresponds to the maximum normalized affinity of
TBP for the gene promoter relative to the average affinity of
TBP for each position of the sliding window (Ponomarenko
et al., 2015), not including 10 positions closest to the start of
transcription (55 values in total). Specificity Z was calculated

as follows:
Olmax — O 1 55 _
Z= ma();a 5 Og = g z‘41 ((Xi - (1,) ’

where 0; is the assessment of the affinity of TBP to the pro-
moter at position i, a is the average value of o;, o, iS the
unbiased estimate of standard deviation o, Z is the specificity
of the TBP protein binding site for the promoter.

Another important indicator describing the change in the
affinity of TBP for the promoter caused by SNP is the natural
logarithm of the K ratio for the reference (wt) and minor (mt)
alleles of the SNP in question, which is calculated as follows:

ksnp =1In (Kd, wt/Kd, mt)-

Positive or negative ks, values indicate that gene expression
for the minor allele is, respectively, higher or lower than
for the reference variant. This score was used to identify
candidate SNP markers that may be associated with genetic
susceptibility to diseases; in particular, we made predictions
that are consistent with clinical evidence of underexpression
of'this gene in patients with variable immunodeficiency, stroke
and preeclampsia (Ponomarenko et al., 2017).

Results and discussion

Database
The Human SNP TATAdb database has been developed,
its logical diagram is presented in Fig. 2. The database was
populated in accordance with the data integration and database
initialization scenario presented in Fig. 1.

The database is implemented on the basis of the MySQL
DBMS® version 8.0 and includes 6 main tables (chromosomes,
genes, transcripts, snps, promoters, promoters_has_snps),

6 https://www.mysql.com/
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10 uxiliary tables and dictionaries. The diagram of the de-
veloped database is shown in Fig. 2. Queries to the database
are carried out through SQL queries.

The chromosomes table includes the chromosome identi-
fier, length, number of nucleotides, and species of organism.

The genes table includes information about gene identifiers
in various databases, including ensembl, gene symbol name,
chromosome reference, chain, and gene biotype.

The transcripts table includes information about transcript
identifiers, transcript coordinates in the genome, transcript
biotype, and a link to the promoter and the gene.

The snps table includes the following information: SNP
identifiers, SNP positions in the genome, chromosome re-
ference and allele. Here and below, one SNP is taken to be an
unambiguous variant of a genome change. Polymorphisms that
have one rs identifier, but allow several nucleotide substitution
options, are counted by the number of such options.

It should be noted that the same nucleotide substitution
can occur in different gene promoters and differently change
the level of affinity of the TBP protein for these promoters,
and therefore two tables are defined in the database to de-
scribe the promoters, promoters and promoters_has_snps,
with a 1:N ratio (one promoter can influence several SNPs),
and the snps and promoters_has_snps tables are also related
by a 1:N relationship (one SNP can be included in several
promoters).

The first promoters table includes the following informa-
tion: promoter identifier, DNA sequence corresponding to the
region [-90; —1] from the start of transcription, coordinates
of the start and end of the promoter in the genome, affinity of
the TBP protein for the promoter with an error, link to the
gene.

The promoters has_snps table includes information about
the promoter identifier, a link to SNP, coordinates of SNP
in the promoter and relative to the start of transcription, the
sequence of the wild-type promoter and the promoter with
SNP, the affinity of TBP for the promoter with an error, the
nature of changes in gene expression due to mutation in the
promoter, the significance level of the statistical test.

The source snp dbs table includes information about
data sources, database versions, links to databases, which
is necessary for automated updating of the Human SNP
TATAdb database.

Table relationship types define constraints that match
the provenance of the data and are therefore important for
maintaining the integrity of the database, as well as for
providing additional control over the data and reducing the
possibility of errors. In particular, each gene may have one
or more promoters, and each promoter may regulate the
expression of one or more transcripts.

As aresult, the database contains the following information:

* 62603 genes, of which 19314 encode proteins.

* 117414 transcripts, of which 63141 encode proteins.

* 5,305,816 SNP variants in gene promoters in the [-90; —1]
interval from the start of transcription, of which 3,199,285
are in the promoters of protein-coding genes.

* For 445,875 SNP variants in the promoter of a protein-
coding gene, we predicted that they statistically significantly
(p-value < 0.05) change the level of TBP affinity for this
promoter.
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Fig. 2. Scheme of the Human_SNP_TATAdb database.

Application options

for the Human_SNP_TATAdb database

The information presented in the database (affinity of the
TBP protein for the promoter, specificity of the binding site
of TBP for the promoter and assessment of changes in these
characteristics due to SNP) may be important for identification
of markers of genetic susceptibility to diseases, identification
and functional interpretation of classes of promoters similar

732

Human_SNP_TATAdb: a database of SNPs
that change the affinity of the TATA-binding protein

in the mechanism of regulation of the early stage transcription
initiation, etc.

The Human SNP TATAdb database can also help to an-
notate genes or a group of genes in terms of TBP affinity for
a promoter or TBP binding site specificity for a promoter.
To determine the characteristic of a gene associated with the
specific binding of TBP to gene promoters for the purpose of
GO analysis, you can use the average values of the affinity of
TBP for gene promoters or the affinity of TBP for the promoter
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corresponding to the only transcript for the gene, which is
determined by ENSEMBL experts as canonical and is speci-
fied in the database with the label “Ensembl Canonical’’, i.e.
it is generally the most conserved, the most expressed, has
the longest coding sequence, and is represented in other key
resources such as NCBI and UniProt. We mark its correspond-
ing promoter as canonical and use characteristics such as the
affinity of TBP for the canonical promoter and the specificity
of the TBP binding site for the canonical promoter to annotate
a gene or group of genes.

Correlation analysis showed that there is a strong linear
relationship between the affinity of TBP for the canonical
gene promoter and the average affinity of gene promoters
(R=0.88, d.f.=19308). Therefore, using any option will lead
to similar results. However, using TBP’s affinity for the ca-
nonical gene promoter appears to be biologically more reason-
able. Of course, a key use case for the Human SNP TATAdb
database is gene annotation and identification of candidate
SNP markers for disease susceptibility.

Considering that to date quite a lot of studies have already
been conducted in which this kind of annotation has been car-
ried out, we will present the work (Bogomolov et al., 2023)
as an example using the Human SNP TATAdb database for
annotation and identification of candidate SNP markers of
atherogenesis, atherosclerosis and atheroprotection.

We pre-selected 1068 human genes associated with these
diseases. Information about single nucleotide polymorphisms
in the promoters of these human genes, the results of assessing
the affinity of TBP for promoters and assessing their effect on
gene expression for wild-type promoters and promoters with
SNP was obtained from the Human SNP_ TATAdb database.
This information was supplemented by an annotation of se-
lected genes prepared by experts, and a database view was
generated, focused on the analysis of genes associated with
atherogenesis, atherosclerosis and atheroprotection, external
access to which is provided via the Web interface?.

Insilico analysis of all 5112 SNPs in their promoters identi-
fied 330 candidate SNP markers that statistically significantly
alter the affinity of TBP for these promoters.

Next, we compared the corresponding frequencies of
SNPs that increase and decrease the affinity of TBP for the
promoters of the same genes. This comparison was made to
analyze whether these genes are under the influence of natu-
ral selection or neutral drift. We found that natural selection
acts against underexpression of hub genes for atherogenesis,
atherosclerosis and atheroprotection and, through enhanced
atheroprotection, contributes to improved human health (Bo-
gomolov et al., 2023).

Examples of application

of the Human_SNP_TATAdb

database for genome-wide analysis

The developed database makes it possible to analyze genome-
wide statistics and the distribution of these indicators in various
groups of promoters, for example, TATA-containing promo-
ters. For genome-wide analysis, we used protein-coding genes
and transcripts selected by the values of the ‘gene biotype’
and ‘transcript_biotype’ fields equal to ‘protein_coding’.

7 https://www.ensembl.org/info/genome/genebuild/canonical.html
8 http://www.sysbio.ru/Human_SNP_TATAdb
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Alternative promoters and TBP/DNA affinity

It should be noted that one gene can have several transcripts,
the initiation of transcription of which occurs using different
promoters, for which the affinity of the TBP protein is
assessed. Figure 3 shows the distribution of protein-coding
genes by transcript number. The largest number of protein-
coding genes (29.77% of genes) have a single transcript and,
as a consequence, one promoter. 5% of protein-coding genes
have at least 9 protein-coding transcripts. Analysis of the
distribution of genes by the number of transcripts showed
that the average number of transcripts per gene is 3.27, and
the median is 2 transcripts per gene. The Mapk10 (mitogen-
activated protein kinase 10) gene has the maximum number
of protein-coding transcripts (87).

Our analysis showed that the distribution of the average
affinity of TBP for canonical promoters in groups of genes
divided by the number of transcripts is close to uniform.
Thus, there is no need to neutralize the effects due to different
numbers of transcripts per gene when analyzing data using
TBP affinity.

Distribution of SNPs that change gene

expression by promoter positions

The distribution of SNPs that statistically significantly change
gene expression at positions from the start of transcription
is clearly different from uniform (Fig. 4). In the region
[-35; —20], corresponding to the usual location of the TATA
box, the number of such SNPs is noticeably higher than in
other regions of the promoter. The number of SNPs that reduce
gene expression in the [-35; —20] region, corresponding to
the location of the TATA-box, is more than one and a half
higher than in other regions of the promoter. This may be
due to the fact that SNPs in this region tend to disrupt the
TATA box.

The number of SNPs that increase gene expression is higher
on the flanks of the most frequent TATA box locations. The
peaks are located at positions —24 and —32 from the start of
transcription. It should be noted that the distribution of all
SNPs across the promoter positions of protein-coding genes
is uniform. This suggests that an increase in the number of
SNPs that increase gene expression on the flanks of the TATA
box may have functional significance.

Affinity of TBP to TATA-containing

and TATA-free promoters of protein-coding genes

Analysis of the dependence of TBP/DNA affinity indicators,
measured on a logarithmic scale (o.= 9*In(10) — — In(Ky), for
TATA-containing and TATA-free promoters of protein-coding
genes (Fig. 5), showed that the group of TATA-containing
promoters exhibits higher TBP/DNA affinity, consistent with
stronger TBP-promoter affinity.

Functional SNPs affecting the affinity

of TBP for promoter DNA and the specificity

of the TBP protein binding site

We analyzed the dependence of the proportion of SNPs that
have a statistically significant effect on the affinity of TBP for
the DNA of the promoters of protein-coding genes on the
specificity of the TBP protein binding site (Fig. 6). It has been
shown that SNPs in promoters with low specificity of the
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Fig. 4. Distribution of the number of SNPs that increase (excess) and decrease (deficiency) the affinity of TBP for the DNA of the
promoters of protein-coding genes, depending on the position of the SNP relative to the start of transcription.

TBP binding site for the promoter, as a rule, lead to an increase
in gene expression, and in promoters with high specificity,
the proportion of SNPs that decrease expression is increased.
Analysis of the contingency table showed that low
specificity values of the TBP binding site to the promoter (spec
less than 2.5) are more often observed in promoters without a
TATA box (TATA-) (x> = 10385, p-value < 1.0e-228).

Conclusion

This work presents the Human SNP_TATAdb database, which
includes information on single nucleotide polymorphisms in
human gene promoters obtained by automatic extraction from
various heterogeneous data sources, the results of assessing
the affinity of TBP for the promoter using a three-step binding
model, and assessing their impact on gene expression for
wild-type promoters and promoters with a single nucleotide
polymorphism.

734

The affinity of the TBP protein for the promoter, the
specificity of the TBP binding site for the promoter, and
assessments of changes in these characteristics with single
nucleotide polymorphisms presented in the database may be
important for identification of candidate markers of genetic
susceptibility to diseases, identification and functional
interpretation of classes of promoters that are similar in the
mechanism of regulation of the early stage of transcription
initiation, etc.

The Human SNP_ TATAdb database can also be used to
annotate genes or groups of genes in terms of TBP-promoter
affinity or TBP-promoter binding site specificity.

The results of genome-wide analysis showed that the affinity
of TBP for the promoter and the specificity of its binding site are
statistically associated with other characteristics of promoters
that are important for the functional classification of promoters
and the study of differential gene expression patterns.
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The use of the Human SNP TATAdb database for gene
annotation and the identification of candidate SNP markers
of atherogenesis, atherosclerosis and atheroprotection is one
example, as a result of which new knowledge is emerging
about the effect of various single polymorphisms on
susceptibility to certain diseases.
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Abstract. The development of next-generation sequencing technologies has provided new opportunities for geno-
typing various organisms, including plants. Genotyping by sequencing (GBS) is used to identify genetic variability
more rapidly, and is more cost-effective than whole-genome sequencing. GBS has demonstrated its reliability and
flexibility for a number of plant species and populations. It has been applied to genetic mapping, molecular marker
discovery, genomic selection, genetic diversity studies, variety identification, conservation biology and evolutionary
studies. However, reduction in sequencing time and cost has led to the need to develop efficient bioinformatics analy-
ses for an ever-expanding amount of sequenced data. Bioinformatics pipelines for GBS data analysis serve the purpose.
Due to the similarity of data processing steps, existing pipelines are mainly characterised by a combination of software
packages specifically selected either to process data for certain organisms or to process data from any organisms.
However, despite the usage of efficient software packages, these pipelines have some disadvantages. For example,
there is a lack of process automation (in some pipelines, each step must be started manually), which significantly
reduces the performance of the analysis. In the majority of pipelines, there is no possibility of automatic installation of
all necessary software packages; for most of them, it is also impossible to switch off unnecessary or completed steps.
In the present work, we have developed a GBS-DP bioinformatics pipeline for GBS data analysis. The pipeline can be
applied for various species. The pipeline is implemented using the Snakemake workflow engine. This implementation
allows fully automating the process of calculation and installation of the necessary software packages. Our pipeline is
able to perform analysis of large datasets (more than 400 samples).
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AHHOTauuA. Pa3BUTnE TEXHONOMNIA CEKBEHMPOBAHMA HOBOrO MOKOMIEHNA OTKPbISIO HOBblE BO3MOXHOCTU s FeHO-
TUMMPOBaHWSA Pa3NYHbIX OPraH3MOB, BK/OUasa pacTeHusa. MeToa reHOTUNMPOBaHWA NyTem ceKBeHUpoBaHus (GBS)
NPVMEHAETCS ANA MAEHTUOUKALMN FEHETNYECKON N3MEHUMBOCTY U Gosee BbICTPOro reHOTUNMPOBaHKA 06pasLoB, a
TakXe ABNAeTcA 6onee SKOHOMNYECKUN SPPEKTUBHBIM METOAOM B CPABHEHWUM C NMOJIHOrEHOMHbIM CEKBEHUPOBAHUEM.
GBS npopeMoHCTprpoBan CBOK HAleXKHOCTb U TMBKOCTb ANA pAfa BUAOB 1 MOMYNAUMIA pacTeHNA. DTOT MeToa 6bin
NPUMEHEH AN reHeTUYeCKoro KapTypoBaHUs, BbISBIIEHUA MOJSIEKYISIPHBIX MAapKEPOB, TeHOMHOW Cenekuuu, B uccre-
[I0BaHMM TeHEeTMYEeCKoro pasHoobpasusa, NAeHTMOUKaLUN COPTOB, a TakKe B UCCNIefoBaHMAX B o6nactu bronorum
OXpaHbl NPUPOAbI U 3BOMIOLNOHHON 3Konorun. OfHAKO COKpalleHre BPeMeHN U CTOMMOCTM CEKBEHUPOBAHUA NpW-
BEJO K HEOOXOANMOCTU pPa3paboTKM KauecTBEHHOIo 61onHGOPMATMYECKOTO aHaM3a ANs MOCTOSHHO paclumnpsioLle-
rocsl KONMYecTBa CEKBEHPOBaAHHbIX AaHHbIX. [N 3TuX Lieneli 6binn paspaboTaHbl 6MoMHPopMaTUUIeCcKie KOHBeNepbI
aHanmsa JaHHbIX, NoJslyyeHHbIX MeToaom GBS. BcnefcTBue cxoxecTr 3TanoB 06paboTKy CyLLecTByOLMe KOHBEEPDI
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GBS-DP: a bioinformatics pipeline for processing data
coming from genotyping by sequencing

B OCHOBHOM Pa3nnyatoTcs KOMOMHaLMed MPorpaMMHbIX NMaKeToB, cnelndmnyeckn nofobpaHHbIX Ans 06paboTky aaH-
HbIX KaK AnA onpeAenieHHbIX, Tak 1 Ana nobbix opraHnamoB. HecMoTpA Ha KauecTBeHHO NofobpaHHble nakeTbl Mpo-
rpamm, KOHBelepbl MeIOT HEKOTOPble HEAOCTaTKM, HanprMep OTCYTCTBME BO3MOXKHOCTM aBTOMaTM3aLmMmn npoLecca
pacueTa (Kaxzablil 3Tan HY»KHO 3anycKaTb BPYYHYI0), UTO 3HAUMTENIbHO CHIXKAET CKOPOCTb MCCnefoBaHuUA. B 60nbLwyH-
CTBe KOHBeepoB OTCYTCTBYET BO3MOXKHOCTb aBTOMAaTMYECKOW YCTAaHOBKMN BCEX HEOOXOAUMbBIX MPOrPaMMHbIX Make-
TOB, @ TaKXKe HET BO3MOXXHOCTU OTKJ/IOUEHNA HEHY>KHOrO WU NPoAeHHOro 3Tana. B HacTosAwei paboTe Hamu Gbin
paspaboTaH 6ronHdopmaTMyecknin KoHeeep GBS-DP ans aHanm3a faHHbIX, MOyYyeHHbIX MeTofom GBS. KoHeeliep
nprMeHnM Ana nobbix BUAOB OopraHn3moB. Peanvsauma KoHBelepa Ha nnatdopme Snakemake nossonvna nosnHo-
CTbl0 aBTOMATV3UPOBATb MPOLIECC pacyeTa 1 yCTaHOBKM HEO6XOAMMbIX MPOrPaMMHbIX NakeToB. KoHBelep no3sonaet
obpabaTbiBaTh 60NblUME 06bEMbI faHHbIX (6onee 400 06pa3sLoB).

KnioueBble cioBa: FeHOTUNMPOBaHME NyTeM CEKBEHUPOBAHMSA; 61MOMHPOPMATNUYECKNI KOHBEEP; AUMEHD.

Introduction

Genetic diversity is the most important basis for studying plant
resistance to biotic and abiotic stresses and for developing new
highly adaptive and high-yielding crop sorts. Study of genetic
diversity is performed using various methods of DNA analysis.
To date, one of the most advanced methods is the use of
molecular markers (Kanukova et al., 2019). Molecular markers
(DNA markers) are genetic markers analysed at the nucleotide
level (Khlestkina, 2013). Their use allows to identify genetic
diversity of populations, subspecies, species, allowing to
effectively determine loci controlling economically valuable
plant traits even at the initial stage of breeding (Sukhareva,
Kuluev, 2018).

Some of the most convenient DNA markers for genetic
analysis are SNP markers (Khlestkina, 2013). SNP (Single-
Nucleotide Polymorphism) is a single-nucleotide position
in genomic DNA for which different sequence variations
(alleles) occur in the population (Sukhareva, Kuluev, 2018).
SNPs are widely used for allelic polymorphism studies, seed
purity testing, haplotype and pedigree analyses, as well as for
genotyping and construction of genetic maps.

Obtaining SNP marker information is now possible
for any plant at a whole genome scale through the use of
next-generation high-throughput sequencing technologies.
Identification of SNPs is possible using whole-genome
sequencing (WGS) and genotyping by sequencing (GBS)
strategies (Scheben et al., 2017). The aim of whole-genome
sequencing is to obtain short random fragments (reads)
of the whole genome DNA. This allows estimating DNA
variation by aligning fragments to a reference genome or by
genomic DNA de novo assembly. This can be challenging and
expensive; price per genome exceeds $2000, also depending
on the size and complexity of the genome, the desired level
of completeness and computational resources (Narum et al.,
2013). For example, sequencing a complete barley genome
to the chromosome level costs around $60,000 (Monat et
al., 2019). There are also specific methods of whole-genome
sequencing with lower read depths that cost much less,
$100-$400 per genome. However, according to the authors
(Bimber et al., 2016), the accuracy of the resulting genotype
data is decreased.

The genotyping by sequencing method is faster and more
cost-efficient than the whole-genome sequencing method.
For example, the cost of single barley genome sequencing by
fragments in a GBS experiment does not exceed $30 (Monat
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etal., 2019). Two sequencing strategies can be applied in the
GBS experiments. The first one uses site-specific restriction
enzymes for fragmentation of DNA samples, after which se-
quencing of the resulting fragments is performed (Glaubitz et
al., 2014). In the second method, unique adapter sequences are
ligated to both ends of DNA fragments during library prepara-
tion (Elshire etal., 2011). Due to the fact that DNA fragments
are only sequenced in the region of restriction sites, the GBS
method does not sequence the full genome DNA sequence.
This makes the sequencing process much cheaper. However,
the number of SNPs that can be identified is lower than that
obtained with whole-genome sequencing. Nevertheless, the
amount of data obtained using the GBS method is sufficient to
characterise the genetic diversity of agricultural plant popula-
tions with acceptable accuracy.

The GBS method has demonstrated its reliability and flex-
ibility for a number of plant species and populations. GBS
has been applied to the identification of molecular markers
for genetic mapping (Poland et al., 2012), genomic selection
(Poland et al., 2012), in genetic diversity studies (Lu et al.,
2013; Peterson et al., 2014), variety identification (Wang et
al., 2020; Rajendran et al., 2022), and studies in conservation
biology and evolutionary ecology (Narum et al., 2013).

The GBS method significantly reduces the cost as well
as the time required for sequencing the samples under
study. This has led to the development of high-quality
bioinformatics methods for the ever-expanding amount of
sequenced data. To date, a number of bioinformatics pipelines
for analyzing the data generated by GBS experiments have
been developed. The workflows for existing pipelines of
the GBS data analysis are similar and include raw reads
preprocessing, data demultiplexing (if needed), mapping
reads to a reference genome, SNP identification and analysis
of genetic diversity.

The reads mapping step depends on the presence or
absence of the reference genome sequence. In the first case,
preprocessed reads are aligned to a reference genome using
existing tools such as bowtie2 or bwa (Glaubitz et al., 2014;
Torkamaneh et al., 2017; Wickland et al., 2017). In the
absence of reference genome sequences, an additional step
of “Mock Reference” sequence generation is applied (Melo
et al., 2016). This method clusters reads by their similarity
to identify consensus sequences (centroids) on the basis of
which the fragments of the genome are assembled (Melo
et al., 2016). These fragments of the genomic sequence are
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used as the reference in subsequent analysis. Due to the
similarity of the data processing steps, existing pipelines
mainly differ in the software tools combined to perform the
analysis. The combination should take into account various
genomic characteristics, such as the number of polymorphisms
detected, genome complexity, degree of heterozygosity, and
the proportion of repetitive sequences in the whole genome.
More advanced pipelines allow the selection of parameters
for the organisms under study (Torkamaneh et al., 2017,
Wickland et al., 2017), whereas earlier pipelines have some
limitations. For example, TASSEL needs specification of the
sequence length upper limit, which may result in the loss of
a significant number of short raw reads (Glaubitz et al., 2014;
Melo et al., 2016). Due to the ever-increasing number of
sequenced libraries, pipelines must provide the capability to
process a large amount of data in a single run. An important
aspect of pipelines is the automation of the processing and
the simplicity of the software installation.

In the present work, we have developed a GBS-DP bio-
informatics pipeline for analysing GBS data. This pipeline
incorporates the GBS data processing scheme proposed in
(Jayakodi et al., 2020). The pipeline is applicable to any
organism species. The pipeline can process large amounts
of data (more than 400 samples) and is implemented using
the Snakemake workflow system (Kdster, Rahmann, 2012).

Materials and methods

Bioinformatics pipeline for analysing GBS data. The GBS-DP

bioinformatics pipeline diagram is shown in Figure 1.
Pipeline input requires the path to the folder with the set

of files with raw read sequences and the path to the reference

genome file. Files with the read sequences should be in

Stage 1: Data preprocessing

FASTA files

samtools
view
FASTQ files cutadapt bwa mem samtools
sort
Raw reads Adapter . .
libraries removal Mapping Sorting

Softwear tools
Input data

Pipeline stage

Fig. 1. The diagram of the GBS-DP bioinformatics pipeline.

Stage 2: Polymorphism identification
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FASTQ format, reference genome, in FASTA format. If the
libraries have barcode sequences, they must be demultiplexed
beforehand by an external tool (the demultiplexing step is not
included in GBS-DP).

The pipeline consists of three main steps: (1) data
preprocessing, (2) polymorphism identification, (3) genetic
diversity analysis. Data preprocessing includes quality
control of raw reads, adapters removal, and construction of
reference genome index files. Polymorphism identification
includes mapping preprocessed reads to a reference genome,
sorting the mapped reads, and searching for single nucleotide
polymorphisms. Genetic diversity analysis is performed
differently depending on whether the total size of files with
polymorphism data exceeds 1 TB. Each stage is described in
more detail below.

Data preprocessing. Quality control and adapter removal
are performed by cutadapt (Martin, 2011). For the reads of
each library, user should provide the list of adapter sequences
in the pipeline configuration file.

The reference genome indexing is performed using the bwa
tool (“index’ option) (Li H., 2013).

Polymorphism identification. Mapping of preprocessed
reads is performed by the bwa tool (“mem’ option) (Li H.,
2013) with the default parameters “~k 19 —w 100”.

The mapping results are obtained in SAM format, converted
into BAM format and sorted using samtools (Danecek et
al., 2021) running ‘view’ and ‘sort’ options, respectively.
Polymorphisms (SNPs, insertions and deletions (indels))
are identified using the sorted BAM by a combination of
samtools (“‘mpileup’ option) and bcftools (‘call’ option)
(Danecek et al., 2021). It was previously shown using the
wheat genome as an example (Yuao et al., 2020) that the

Stage 3: Genetic diversity analysis

bcftools bcftools
view merge
Split into Merging
chromosomes VCF
SNPRelate
samtools
mpileup
bcftools >1T8B
call Clusterization
SNP Indel Total _
searching value Construction
SNP of a phylogenetic tree
VCF files <178
Merging
VCF
bcftools
view

KOMMNbIOTEPHAA TEHOMUKA / COMPUTATIONAL GENOMICS 739



A.Y. Pronozin, E.A. Salina
D.A. Afonnikov

samtools/mpileup + bwa-mem software combination used in

our pipeline outperforms other combinations of polymorphism

mapping and identification software.

Analysis of genetic diversity. The pipeline selects the way
of genetic diversity analysis automatically depending on the
total size of the VCF files obtained at the previous step.

The corresponding option is selected automatically and
associated with increased load on the computer RAM when
working with large data (if the total size of the received VCF
files exceeds 1 TB). The processing option for data with the
total volume less than 1 TB includes three steps. If the total
size of files is lower than 1 TB, the pipeline performs the
following steps:

1. VCF files containing information about polymorphisms
for each sample are indexed using bcftools (‘index’ option)
(Danecek et al., 2021).

2. The indexed files are merged into a single VCF file using
bcftools (“‘merge’ option). This file contains data on
polymorphisms of all samples for all chromosomes.

3. The resulting file in VCF format is converted into GDS
(Genomic Data Structure) format using the SeqArray
package implemented in R (Zheng et al., 2017). This format
allows significantly reducing the amount of RAM required
for processing the results of polymorphism identification.
Ifthe total size of VCF files is greater than 1 TB, the pipeline

performs the following steps:

1. Each VCF file with polymorphism data for a specific sample
is split by chromosome using bcftools (‘view’ option).

2. The resulting VCF files for each chromosome are indexed
using bcftools (‘index’ option).

3. VCF files for each chromosome are merged for all samples.
The resulting set of files represent the polymorphism data
by chromosome for each sample.

4. VCF files for individual chromosomes are converted to
GDS format. The resulting GDS files for each chromosome
are then combined into a common GDS file using the
snpgdsCombineGeno function of the SNPRelate package
(Zheng et al., 2017).

The resulting polymorphism data merged from all samples
are used for genetic diversity. It should be noted that important
information about SNP distribution in the genomic sequence
is represented by the linkage disequilibrium (LD) parameter
(Ponomarenko, 2018). Two alleles of different loci are in
linkage disequilibrium when the frequency of the haplotype
comprising them differs significantly from the frequency
expected under random segregation (Gabriel et al., 2002).
The value of LD depends on a number of factors: the
magnitude and rate of gene drift, genetic admixtures in the
population, mutations and recombinations, and population size
(Aulchenko, Aksenovich, 2006). LD is usually estimated by
the linkage disequilibrium coefficient (D), but this measure
is not always convenient because the range of its possible
values depends on the frequencies of the alleles to which it
refers. This makes it difficult to compare the level of linkage
disequilibrium between different pairs of alleles. Thus,
the D coefficient is normalised on the basis of the Pearson
correlation coefficient r2, which varies from 0 to 1. The closer
the value of r2 is to 0, the more likely it is that the identified
SNPs are random.
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The LD parameter is estimated by the GBS-DP pipeline
using the merged file containing polymorphism information
for all libraries across all chromosomes in GDS format.
The R package SNPRelate (Zheng et al., 2017), function
snpgdsLDpruning, is used for LD estimation.

Additionally, principal component analysis is applied
for filtered SNPs, which is performed using the R package
SNPRelate. The SNPRelate package is also used to build
a phylogenetic tree using hierarchical clustering method.

System requirements and installation. The GBS-DP
pipeline is implemented using the Snakemake v6.0.0
workflow management system (Koster, Rahmann, 2012),
a tool for creating data analysis pipelines implemented in
Python. Pipelines created in this environment can be easily
scaled for server, cluster, network and cloud environments.
Snakemake is compatible with the Conda system, making
it easy to install new programs required for the pipeline.
The pipeline is designed for the Linux operating system.
It requires a minimum of 10 GB of RAM to run (the more
data, the more RAM needed). To run the pipeline, user needs
to specify parameters in the configuration file. The code
and step-by-step instructions for running the pipeline are
available at https://github.com/artempronozin95/GBS-DP-
bioinformatics-pipeline-for-genotyping-by-sequencing-data-
processing/tree/main.

Data for test analysis. For the test application of the GBS-
DP pipeline in the present work, we used project PRIEB39633
from the European Nucleotide Archive (ENA) database (Lei-
nonen et al., 2010), which contains GBS sequencing data
for a barley (Hordeum vulgare) population derived from
a cross between the six-row barley variety Morex and the
mutant line luteostrians-P1 (Ist/LST) (Li M. et al., 2021).
Libraries were obtained using a combination of Mspl and
Pstl restriction enzymes (Wendler et al., 2015). In total, the
PRJEB39633 project contains 679 libraries for 272 genotypes;
there is an average of 3 libraries per genotype, so library
reads for the same genotype were combined before analysis.

We used the H. vulgare reference genome v. 51 sequence
(IBSC v2) downloaded from the Ensembl plants database
(Bolser et al., 2016).

Results
Supplementary Materiall demonstrates the processing time
at different stages of the GBS-DP pipeline execution for
different numbers of barley libraries (10, 50, 100, 150, 200
and 272). The characteristics of the computational node are
as follows: AMD EPYC 74521 processor, 32 cores, | TB
memory capacity. For the analysis, we used 100 GB of
RAM and 20 processor cores. The longest time was spent on
generating a merged file containing polymorphisms. However,
it can be seen that the time taken to generate a merged file for
200 libraries is lower than that for 150 libraries; this is due to
the usage of big data processing mode, which speeds up the
calculation process.

The pipeline provides the results of the basic evaluation
of sequenced libraries. The read length for each library is
107 nt. The average read depth (Fig. 2, a) ranges from 2-8,

1 Supplementary Material is available at:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Pronozin_Engl_27_7.pdf
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Fig. 2. Distribution of average depth of reads mapping (a) and distribution of mapped reads number for libraries (b).

which is an acceptable value for the GBS method. More than
30 % of the libraries contain more than 1,000,000 reads (see
Fig. 2, b). On average for one library, the coverage of the barley
reference genome (4,225,577,519 nt) with DNA fragments is
3 % of the total length.

The pipeline also provides the results of the search for
polymorphisms between the investigated genotypes. For
the 272 samples analysed, 447,409 SNPs were identified.
The total number of indels is 46,557. The median value of
transitions/transversions = 1.75, indicating the predominance
of transitions. The estimate of the LD parameter (r?) is
0.5. After applying the LD filter, 45,402 polymorphic and
independent SNPs remained.

The distribution of the detected SNPs by chromosome
showed that more SNPs were detected for chromosomes 3, 6
and 7 (Fig. 3). The main results of the pipeline are principal
component analysis of genotypes based on the detected SNPs
(Fig. 4) and construction of a phylogenetic tree. The results
of principal component analysis based on 45,402 SNPs allow
identifying three distinct clusters within the population. They
are clearly distinguished in the scatter plot in the space of
the first two components (see Fig. 4). However, the total
proportion of variance attributable to these two components
is small (20 %), which may indicate an overall high level of
genetic diversity in the obtained plant population.

The phylogenetic tree constructed by the hierarchical
clustering method is shown in Figure 5. Samples in the tree
diagram are colored by cluster membership (see Fig. 4). It
allows us to identify three large clusters in the population,
which is consistent with the data presented in Figure 4.

Discussion

The decreasing cost and time required for GBS sequencing
has led to a large number of experiments performed by this
method. For example, the IPK Gatersleben barley genetic
profile database (Milner et al., 2019) contains 22,626 samples
obtained by the GBS method. Such a large number of samples
requires a fast and high-quality data processing method. To
date, pipelines processing GBS results already exist. How-
ever, despite the qualitatively selected software packages and

the possibility to adjust parameters to the organisms under
study, these pipelines have some disadvantages. For example,
GBS-SNP-CROP and TASSEL have no possibility to auto-
mate the calculation process (each step should be started
manually), which significantly reduces the speed of the study.
GB-eaSy does not allow simultaneous research of seve-
ral libraries of raw reads at once. In all existing pipelines,
there is no possibility to switch off an unnecessary or passed
step. For example, if there is no way to provide barcode
data for the libraries being examined, then none of the listed
pipelines will work. Also, in most pipelines, there is no pos-
sibility of automatic installation of all necessary software
packages.

The pipeline we developed is based on the method proposed
in (Jayakodi et al., 2020). In this paper, the bioinformatics
tools are selected in such a way as to provide the most accurate
polymorphism search result. However, this method is well
applicable for small data, up to 50 libraries; as the number of
libraries increases, the load on RAM and the space occupied
on the hard disk increases. This leads to errors and interruption
of the computation process. Thus, we proposed an approach
for large GBS data processing based on (Jayakodi et al.,
2020) method. The results of this approach are summarised
in Supplementary Material and Figure 6.

As can be seen from Figure 6, our proposed approach
significantly speeds up the calculation process for large data,
but for small data, the difference in calculation speed is not
large. Therefore, this mode is activated only for the VCF file
data with the total size exceeding 500 GB.

The proposed pipeline was built using the Snakemake
workflow manager. This method of implementation allows
to automatically take into account the completed tasks for
each sample, which eliminates the duplication of tasks,
and also allows to resume the calculation process from the
moment of its last interruption (for example, due to an error).
Modular structure allows for more convenient functionality
of manipulation of the pipeline steps (exclusion, addition,
switching off some steps). Snakemake also has the ability
to automatically install all the necessary software for the
pipeline.
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Fig. 3. Distribution of detected SNPs in the barley genome.
X axis is the coordinates of SNPs on chromosomes, Y axis is the number of SNPs corresponding to these coordinates.
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Fig. 4. Genotype scatter diagram for the barley population resulting from the cross between the variety Morex and the
mutant line luteostrians-P1 (Ist/LST) for the two principal components obtained from the genetic diversity analysis by the
GBS-DP pipeline.

The proportion of the total variance is given in parentheses next to the component names.

Conclusion has allowed even more sequencing to be performed. In this
Genotyping by sequencing methods have demonstrated ~Wwork, we proposed a GBS-DP bioinformatics pipeline,
their reliability and flexibility for a number of plant species ~ Which allows us to process large-scale sequencing data
and populations. They have reduced both the cost and the  performed by the GBS method. The results demonstrate a
time required to sequence the samples under study, which  fairly high speed of this pipeline for both large data (more
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Fig. 5. Phylogenetic tree of 272 barley samples constructed by the hierarchical clustering method by their genetic similarity
estimated using the GBS data.
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Fig. 6. Dependence of time spent on the conveyor operation on the number of libraries under study.

KOMMbIOTEPHAA TEHOMUKA / COMPUTATIONAL GENOMICS 743



A.Y. Pronozin, E.A. Salina
D.A. Afonnikov

than 400 libraries) and small data (~30 libraries). The pipe-
line also provides analysis of detected polymorphisms.
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Abstract. Identification of the mechanisms underlying the genetic control of spatial structure formation is among the
relevant tasks of developmental biology. Both experimental and theoretical approaches and methods are used for this
purpose, including gene network methodology, as well as mathematical and computer modeling. Reconstruction and
analysis of the gene networks that provide the formation of traits allow us to integrate the existing experimental data
and to identify the key links and intra-network connections that ensure the function of networks. Mathematical and
computer modeling is used to obtain the dynamic characteristics of the studied systems and to predict their state and
behavior. An example of the spatial morphological structure is the Drosophila bristle pattern with a strictly defined
arrangement of its components — mechanoreceptors (external sensory organs) — on the head and body. The mecha-
noreceptor develops from a single sensory organ parental cell (SOPC), which is isolated from the ectoderm cells of the
imaginal disk. It is distinguished from its surroundings by the highest content of proneural proteins (ASC), the products
of the achaete-scute proneural gene complex (AS-C). The SOPC status is determined by the gene network we previously
reconstructed and the AS-C is the key component of this network. AS-C activity is controlled by its subnetwork — the
central regulatory circuit (CRC) comprising seven genes: AS-C, hairy, senseless (sens), charlatan (chn), scratch (scrt), phyl-
lopod (phyl), and extramacrochaete (emc), as well as their respective proteins. In addition, the CRC includes the acces-
sory proteins Daughterless (DA), Groucho (GRO), Ubiquitin (UB), and Seven-in-absentia (SINA). The paper describes the
results of computer modeling of different CRC operation modes. As is shown, a cell is determined as an SOPC when the
ASC content increases approximately 2.5-fold relative to the level in the surrounding cells. The hierarchy of the effects of
mutations in the CRC genes on the dynamics of ASC protein accumulation is clarified. AS-C as the main CRC component
is the most significant. The mutations that decrease the ASC content by more than 40 % lead to the prohibition of SOPC
segregation.

Key words: central regulatory circuit; gene network; mathematical model; computer modeling; drosophila; achaete-
scute complex; mutations.
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LleHTpaJIbHBIN PEryasITOPHBIA KOHTYP I'eHHOW CeTu
MoOp@doreHesa MexaHOPELEIITOPOB APO30MUJIbl: aHAJIN3 in silico
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1 DepepanbHbIit cCnefoBaTeNbCKIi LEHTP UHCTUTYT LMTONOTUM 1 reHeTuKN CUBMPCKOro oTAeneHns POCCitckol akaaemnu Hayk, HoBocubupck, Poccus
2 HoBocnbrpcKmii HaLMoHanbHbIN KCCnefoBaTeNbCKMIA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBocnbrpck, Poccna

3 NnctutyT matematukn um. CJ1. Cobonesa CGUPCKOro oTaeneHns Poccuiickoi akagemun Hayk, Hoocubnpck, Poccus
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AHHOTaLuA. BbiABNeHNe MexaHN3MOB reHeTUYECKOro KOHTPONA GOPMUPOBAHUA NMPOCTPAHCTBEHHBIX CTPYKTYP OCTaeT-
CA OfHOW U3 aKTyasbHbIX 3afay 6ruonorum passutusA. [Ina ee pelleHna UCNOSb3YOTCA Kak SKCMepUMeHTanbHble, Tak 1
TeopeTnyeckre NoaxXoAbl i METOAbI, B TOM Y/C/Ie METOAONIONMA FeHHbIX CETEN, @ TaKXKe METOLbl MaTeMaTNYeCKOro 1 KOM-
NbIOTEPHOrO MOAENVPOBaHNA. PEKOHCTPYKLMA 1 aHANIN3 FeHHbIX CeTell, 0becneumnBaloLLux CTaHOBIEHME MPU3HaKa, No-
3BONIAIOT MHTErPUPOBaTh CYLECTBYIOLME SKCNEPUMEHTaNIbHbIE JaHHbIE, BbIABUTL KIlOUYEBble 3BEHbA 1 BHYTPUCETEBbIE
cBA3yW, obecneymBatoLe GyHKLMOHPOBaHUE ceTel. [INA nonyyeHns ArHaAMUYECKMX XapaKTepuCTUK UCCeayemMblX
cncTeMm, NpefckasaHnsa NX COCTOAHUA 1 NMOBeEHUA NPYBNEKaloTCA METOAbl MAaTEMATNUYECKOTO 1 KOMMbIOTEPHOIO MOAe-
nuposaHuna. OgHUM 13 NPUMEPOB MPOCTPAHCTBEHHOW MOPPONOrMYECKOW CTPYKTYPbl ABNAETCA LETUHOYHbIA PUCYHOK
Lp0o30duIbl CO CTPOro onpeneneHHbIM PacroioKeHNEM Ha FONOBE U Tefle MyXM ero COCTaBALNX — MexaHopeLenTo-
POB (BHELLIHUX CEHCOPHbIX OpraHoB). MexaHopeLienTop pa3BMBaeTcA U3 eANHCTBEHHOW poauTenbckon knetku (PKCO),
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LleHTpanbHbIVi perynAaTopHbIN KOHTYP FEHHOWN ceTu
MopdoreHesa MexaHOPeLENTOPOB Apo30dusbl: aHanus in silico

KOTOpas BbIAENAETCA U3 KIIETOK SKTOAEPMbl UMarHasibHOro Auncka. Ee otnmnyaeT ot oKpy»KeHrs Harborbluee cofepKa-
HUe npoHelpanbHbix 6enkoB (ASC) — NPoAYKTOB KOMMNEKca NpoHelpanbHbIX reHoB achaete-scute (AS-C). Cratyc PKCO
obecneyrBaeTcA PEKOHCTPYMPOBAHHOWM HaMy paHee reHHON CeTblo, KNtoueBbiIM 0OBEKTOM KOTOPOI ABAAETCA KOMMIEKC
reHoB AS-C. KOHTponb akTMBHOCTY KOMMeKCa OCyLecTBAETCA ee NOACETbIO — LEHTPasbHbIM PErynaTOPHbIM KOHTY-
pom B cocTaBe cemu reHoB (AS-C, hairy, senseless (sens), charlatan (chn), scratch (scrt), phyllopod (phyl), extramacrochaete
(emc)) n ogHOUMEHHBIX 6eNKOoB. Kpome TOoro, B COCTaB LIeHTPanbHOro PerynsTopHOro KOHTYpa BXOAAT BCMIOMOraTe/bHble
6enkun Daughterless (DA), Groucho (GRO), Ubiquitin (UB) n Seven-in-absentia (SINA). B paboTte npuBeaeHbl pe3ynbraTbl
KOMMbIOTEPHOTO MOLENNPOBAHNA Pa3NINUHBIX PEXMMOB PYHKLMOHNPOBaHNA KOHTYpa. MoKasaHo, UTo KneTka faeTep-
MuHuUpyetca kak PKCO npu nosbilweHun cogepxanma ASC npriMepHO B fiBa C MONOBUHON pa3a OTHOCUTESIbHO YPOBHSA B
KneTkax oKpy»KeHus. BbiaBneHa nepapxma BAMAHNA MyTaLMiA B FeHaxX KOHTYpa Ha AUHaMUKy HakonneHus 6enkos ASC.
Hanbonee 3Haumm rnaBHbIi KOMMNOHEHT LIEHTPAsIbHOIO PerynaTopHoro KoHTypa — AS-C. MyTaumu, CHuxatowue copep-
*aHune ASC 6onee yem Ha 40 %, NPMBOZAT K 3aMpeTy BblAeNeHNA POANTENbCKON KNETKN CEHCOPHOTO opraHa.

KntoyeBble cnoBa: LEHTpasbHbIA PErynsTOPHbIA KOHTYP; FeHHas CeTb; MaTeMaTMuyeckas MOAENb; KOMMbIOTEPHOE
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MoAeNnnpoBaHne; ,qpo3o¢vu1a; achaete-scute KOMNNeKC; MyTaumnn.

Introduction

The current views on the control of biological processes, in-
cluding cell differentiation, growth and development of orga-
nisms, and construction of spatial structures, are united in the
concept of gene networks. According to this concept, gene
networks (GNs) are the molecular genetic systems that provide
the formation of all phenotypic characteristics of organisms
(molecular, biochemical, structural, morphological, ethologi-
cal, physiological, cognitive, and so on) based on the informa-
tion coded for in their genomes. Kolchanov et al. (2013) define
GNss as the groups of concertedly operating genes that interact
with one another via both their primary products (RNAs and
proteins) and the diverse metabolites and other secondary
products of GN operation.

The GNs are reconstructed based on the analysis of experi-
mental data, which gives both the most comprehensive and
systematized description of a considered biological system
or a process (Schlitt et al., 2003; Zhu et al., 2007; Emmert-
Streib, Glazko, 2011; Chasman et al., 2016). An important
feature of the GNs is regulatory circuits, which ensure their
correct function and implementation of the program that forms
a phenotypic trait.

Mathematical and computer modeling makes it possible
to acquire the most comprehensive insight into the GN ar-
rangement and behavior and is widely used to clarify the
structure—function organization of GNs, architecture of their
inner links, detection of the key elements and modules, and
patterns of their operation and evolution.

The GNs “Neurogenesis:prepattern”, “Neurogenesis:deter-
mination”, and ‘“Neurogenesis:asymmetric division”, which
we have earlier reconstructed are examples of the networks
responsible for the development of ordered structures during
ontogenesis. Together, these GNs provide a definite composi-
tion of mechanoreceptors (sensory organs of the peripheral
nervous system) on the head and body of drosophila (Furman,
Bukharina, 2022). Analysis of these networks has elicited the
most important connecting link that controls their operation,
namely, central regulatory circuit (CRC). It is a correct CRC
operation in the “Neurogenesis:determination” GN that de-
termines the implementation of the key event in the morpho-
genesis of each mechanoreceptor — the definition of a single
sensory organ parental cell (SOPC), which is separated within
a proneural cluster, the group of epidermal cells within imagi-
nal disk (Furman, Bukharina, 2022). The parental cell differs
from the surrounding ones by the content of proneural ASC
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proteins, coded for by the gene complex of the same name,
achaete-scute complex or AS-C (Reeves, Posakony, 2005). An
increased ASC content is the factor that determines the neural
fate of a cell. By ensuring the development of both individual
mechanoreceptors and their overall array, the so-called bristle
pattern, the CRC regulates the production of these proteins
to the level necessary for a cell to acquire an SOPC status
(Furman, Bukharina, 2022).

Although the morphogenesis of mechanoreceptors has been
long studied, it is unfortunately still far from an exhaustive
description. It is only qualitatively characterized: the players
in this process (genes and proteins) are known and the general
concept of their interaction is formed; however, most of the
quantitative parameters as well as a relative contribution of the
involved genes have not been experimentally determined. Note
that the scientists studying biological systems often encounter
the situation of data incompleteness; here, mathematical and
computer modeling is the tool allowing this problem to be
resolved. A model with adequately selected parameters makes
it possible not only to assess the current state of a system or an
ongoing process, but also has a predictive value. Numerical
experiments conducted with the help of mathematical models
allow potential operation modes of a system to be examined,
its future states to be forecasted, and its new functions to be
predicted by changing parameters or adding new assumptions.
In many cases, modeling is the only way to understand the
processes taking place in a system when their characteristics
cannot be directly measured in a biological experiment.

Modeling of the morphogenesis of mechanoreceptors at the
stage of SOPC segregation from the cells of proneural cluster
has been carlier attempted; however, the authors confined
themselves to integrated characteristics and general schemes
of intracellular and intercellular interactions of gene groups
without (or with minimum) detailing of their composition
and particular contributions of individual players (Marnellos,
Mjolsness, 1998; Meir et al., 2002; Ghysen, Thomas, 2003;
Hsuetal., 2006; Corson et al., 2017; Yasugu, Sato, 2022). Any
integral concept of the mechanisms underlying the intracel-
lular interactions in SOPC formation is still absent, as well as
the quantitative characteristics for the content of ASC proteins
critical for determining the neural fate of a cell are not deter-
mined and the degree of the influence of CRC components
on the expression of AS-C genes is vague.

The goal of this work was to construct a mathematical
model of CRC operation taking into account the roles of the
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constituent genes that would comprehensively describe the
intracellular events in presumptive SOPC determining the
dynamics of ASC content and to perform the computer ex-
periments for verifying the model stability and its compliance
with experimental data.

Materials and methods

Object of modeling is the CRC (see Fig. 1 for the scheme).
In addition to the AS-C proneural genes and the ASC proteins
they code for, the circuit comprises the genes hairy, sense-
less (sens), charlatan (chn), scratch (scrt), phyllopod (phy!),
and extramacrochaete (emc) and the corresponding proteins.
The CRC also contains the proteins Daughterless (DA), Grou-
cho (GRO), Ubiquitin (UB), and Seven-in-absentia (SINA).
All components are connected with AS-C via activation-re-
pression interactions.

The content of proneural ASC proteins in SOPC is deter-
mined via auto- and trans-regulation of AS-C gene activity.
The activating autoregulation is implemented by the ASC/DS
heterodimers and the repression, by ASC/EMC heterodimers.
The trans-regulation of the CRC genes with an activating
effect is performed by the Senseless and Charlatan proteins
and with a negative effect, by the Hairy/GRO and ASC/EMC
complexes (Cabrera, Alonso, 1991; Van Doren et al., 1992,
1994; Cabrera et al., 1994; Vaessin et al., 1994; Nolo et al.,
2000; Escudero et al., 2005) (see Fig. 1).

Certain additional mechanisms make it possible to avoid
the repressive effect of Hairy/GRO and ASC/EMC on AS-C.
In particular, the activation of gene scratch by the ASC/DA

scrt

SENS
sens
SCRT SINA ASC DA
ASC PHYL PHYL
hairy
uB
AS-C ASC
HAIRY GRO
ASC  EMC EMC
CHN
chn emc

Fig. 1. Scheme of the central regulatory circuit of the gene networks
underlying the development of drosophila macrochaetes: AS-C, achaete-
scute gene complex; ASC, achaete-scute complex proteins; da, daughter-
less; gro, groucho; sens, senseless; emc, extramacrochaete; chn, charla-
tan; and scrt, scratch.

Green arrows show activator effects (solid line, direct and dashed, mediated)
and red arrows with chopped ends denote repressor effects (solid line, direct
and dashed, mediated). The earlier published scheme (Golubyatnikov et al.,
2015) has been updated by adding the ASC protein degradation system.
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heterodimers entails the repression of hairy transcriptional
activity (Roark et al., 1995) and, as a consequence, an increase
in the expression of AS-C. The activation of the chn gene
represses the transcription of hairy and emc (Yamasaki et al.,
2011) and leads to the same effect, that is, an increase in the
AS-C expression (see Fig. 1).

Expression of the sens, scrt, and chn genes and, thus, the
production of the corresponding proteins are regulated by
the ASC/DA heterodimers, which initiate their transcription
(Cabrera, Alonso, 1991; Vaessin et al., 1994; Nolo et al., 2000;
Escudero et al., 2005) (see Fig. 1).

The CRC operation also requires the players involved in
protein degradation, namely, ubiquitin (UB) and the E3 ubi-
quitin ligase Seven-in-absentia (SINA), as well as the adaptor
protein Phyllopod (PHYL) (Pi etal., 2001; Chang et al., 2008).

Model. The proposed dynamical model of AS-C activity is
described with a system of ordinary differential equations (1)
(Bukharina et al., 2020):

d_, oDN+o@ o) L
dt_kx (175G y)(1-Ex) (1+p(t—1)-U-S)m, X,
dy_, &

T R G LAY

dE _ Ce .

a @ rw@rw M E

=500 -m,-z, M

d
G = kuss(D-x) -my-u,

%—Vtv = kwSe(D - X) — my, - W,
dp_ $(D-X) - h(t—1)- (t—1)? Cm
dt ™ P (L+hlt-1) (t-1)(1+G-y)(1+E-x) P -

The variables in this system are the concentrations of the
CRC proteins in the cell: x(t) is the content of ASC; y(t), of
Hairy; E(t), of Extramacrochaete; z(t), u(t), w(t), and p(t), the
concentrations of Senseless, Scratch, Charlatan, and Phyl-
lopod, respectively.

To take into account the mutations of the genes that com-
pose the CRC, the model contains non-negative coefficients
Ky Ky, K., and so on reflecting the degrees of influence of the
mutations on the synthesis of the corresponding proteins.
The values of these coefficients do not exceed unity; k = 1
corresponds to the normal operation of a gene; and k = 0
denotes a complete inactivation of a gene and the absence of
the corresponding protein.

Parameters X, Y, Z,, Uy, W, Py, and E, denote the concen-
trations of the proteins ASC, Hairy, SENS, SCRT, CHN,
PHYL, and EMC in the initial state of the CRC when the
proneural cluster is already established, expression of all
AS-C genes starts in all its cells, and all these cells still have
equal neural potencies.

The values of parameters D, G, S, and U in system (1) are
assumed constant since the concentrations of the correspond-
ing proteins DA, GRO, SINA, and UB almost do not vary
during the formation of parental cell. Parameters Cy, C., dy,
d,, and d; are assumed constant as well.

Positive coefficients m,, m,, m,, m_, m,, m,,, and m, de-
scribe the degradation rates of the corresponding proteins.

k
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The positive summand in the second equation of sys-
tem (1) describes the negative feedbacks SCRT-Hairy and
CHN-Hairy (see Fig. 1). The sigmoid functions o;, where
=1, 4, 6 in the first equation of system (1), and the sigmoid
functions s;, wherei=4, 5, 6, 7 in the fourth—seventh equations
of system (1), correspond to the positive feedbacks shown in
Figure 1 with green arrows:

n

q

01 () :W,
aiqvi

@)= 5 gqne

Here, a;, B;, v; and a;, b;, n, are positive parameters, q > 0
(Bukharina et al., 2015).

The model anticipates the choice of the CRC operation
lifetime (T) and the moment (t) when protein PHYL appears
in the cell. The CRC functions until the cell starts to divide;
hence, time T directly depends on t: the later PHYL appears,
the later the cell divides and the longer the CRC continues
its operation. In the equation with delay, the function p(t) is
taken equal to 0 for 0<t<t.

Software. A special program complex based on the Shiny
package has been designed for the numerical experiments with
the CRC model described above and visualization of their re-
sults. The software makes it possible to elaborate interactive
web applications with graphical user interface with the help
of the R language (https://shiny.rstudio.com/).

The developed web application (https://gene-nets-simula
tion.shinyapps.io/crc-asc-modeler/) allows the CRC operation
modes to be simulated for different values of the parameters of
system (1) and the results of these numerical experiments to be
visualized as plots. Here, the parameters of the system are cho-
sen in accordance with the results of biological experiments.

Results and discussion
Let us consider the modeling results for different CRC opera-
tion modes.

Modeling of CRC operation in the presumptive

parental cell of mechanoreceptor in the absence

of any mutations in the constituent genes

Figure 2 shows the results of computer simulation of CRC
operation in the future SOPC in the norm (absence of any
mutations in the CRC constituent genes). The parameters of

Cell
division

3.0
2.5

2.0

ASC content, AU
&

10 20 30
Time, h

Fig. 2. Dynamics of ASC protein content in the mechanoreceptor pre-
sumptive parent cell in the norm (AU, arbitrary units).
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system (1) were selected taking into account the available
published experimental data (Reeves, Posakony, 2005; Chang
et al., 2008; Giri et al., 2022):

D=16G=1;m=03;U=1.1;5S=525;
=29;n = l,b la4 58;n,=1;b,=
=6;Nn,=1;b¢=
Cy:14.l;d 4.1,d =4.7;,my=0.5;
C:29'd*75'me*04' 2
=3;v,=19;B,=1.2;m, = 1.6;
=14.8;vs=1.1; B = 14.8; m; = 2.3;
=2v,=1;Bs=1,m,=1;
=4.5;v,=3.1;p,=0.5m;=0.6; L=1.1
x020.8;y021.6;E0:1.1;20:0.4;uOIO;WOIO;pOZO;
T=28,1=12

and coefficients k = 1 in all equations of system (1).

It is known that the SOPC determination for mechanore-
ceptors of different localizations takes different time (Cubas
et al., 1991; Huang et al., 1991; Usui, Kimura, 1993). The
time interval T =28 h was selected as an interval close to the
maximum necessary for determination of a neural cell fate
(Huang et al., 1991). It is assumed that the CRC operation
commences as early as the formation of proneural clusters
3540 h before the puparium is formed when the expression
of AS-C genes is first recorded (Cubas et al., 1991; Skeath,
Carroll, 1991). The moment when proneural cluster is already
formed, all its constituent cells display AS-C expression, and
all of them still have equal neural potencies is regarded as
the point zero.

The pattern of the changes in the content of ASC proteins
in Figure 2 qualitatively matches the pattern observable in
experiments (Reeves, Posakony, 2005; Chang et al., 2008). It
is known that the content of ASC proteins gradually increases
to reach a certain critical level after which the cell fate is
unambiguously determined, namely, it becomes an SOPC. In
the above-described numerical experiment, we got a smooth
increase in the protein content over approximately 10 h to the
level exceeding the initial one approximately 3.7-fold, that is,
from 0.8 to 2.95.

Once the maximum is reached, the content of ASC proteins
commences decreasing after a certain time interval to drop to
almost zero value by the moment the SOPC starts dividing.
This is determined by the switch-on of an additional regula-
tory mechanism associated with the degradation of ASC pro-
teins (Chang et al., 2008). With the selected parameters, the
model predicts that the ASC content commences to sharply
decrease approximately in 15 h to reach the zero values during
in 3 h.

It is important that the model excludes the possibility of
any cyclic processes during the time interval limited by the
moment of cell division, thereby demonstrating that the deter-
mination of a neural fate of the cell is irreversible. This also
complies with the available published data (Reeves, Posakony,
2005; Chang et al., 2008).

According to different researchers, the SOPC segregation
from proneural clusters for the mechanoreceptors of different
localizations takes in the norm 9—12 to 2830 h (Huang et al.,
1991; Audibert et al., 2005; Kawamori et al., 2013). Note that
the SOPC divisions for all mechanoreceptors are more or less
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ASC content, AU
&

Time, h

Fig. 3. Dynamics of the content of ASC proteins in the presumptive pa-
rent cell of mechanoreceptor for different time parameters.

(a—e) Parameter values are given in the text and (f) T=0 and T = 30 h. Vertical
dashed lines denote cell division.

synchronous and take place 0—3 h after pupation (Huang et
al., 1991; Ayeni et al., 2016).

The first set of additional numerical experiments aimed at
the testing of model stability to the change in time intervals
required for the accumulation of ASC proteins in the amount
necessary for the cell to achieve an SOPC status and to pass
over to division (9 to 30 h). In this process, the value of para-
meter t (the time moment when PHYL protein appears, which
is critical for the transition of cell to division) was changed so
that the values of parameter T (transition of SOPC to division)
fall into the range of 9-30 h:

aAT=9;1=2.1;
b) T=18;1=4;
c)T=18;t=6;
d)T=22;1=9, and
e)T=28,t=12.

In additional experiments, the value of T was taken to be 0
(that is, PHYL protein appeared simultancously with ASC
proteins) and parameter T was selected in an arbitrary man-
ner to be 30 h or larger. The remaining parameters in these
experiments remained constant and matched parameter set (2).

Figure 3 shows the plots illustrating the dynamics of protein
contents in mechanoreceptor parental cell at the selected time
parameters. As is evident, the patterns of plots (a—¢), shown
by different tints of red, are similar to one another and the plot
in Figire 2. The curves differ only in the duration of the phase
when the ASC content is at its maximum level. Note that the
shape of the curve is retained in the selected range of t and
the corresponding T values, thereby demonstrating that the
proposed model of CRC operation is stable. For the case of
7= 0, which simulates the situation when PHYL (involved in
the degradation of ASC proteins) appears without any delay,
the shape of curve (f) in Figure 3, colored black, considerably
differs from the remaining plots. The initial insignificant in-
crease in the ASC content (not exceeding 16—17 % of the initial
level) is followed by a decrease (to approximately half of the
initial level) with subsequent plateau at a low level (although
nonzero but insufficient for determining a cell as SOPC).

This result indirectly confirms the earlier assumption that
a delayed appearance of the PHYL protein is the particular
necessary condition for parent cell determination (Furman,
Bukharina, 2022).

This model makes it possible to gain the insight into the
dynamics of ASC content in presumptive SOPC. By varying
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Fig. 4. Evaluation of the minimum level of ASC protein content in the
presumptive SOPC sufficient for the cell to acquire a neural status.

See text for the values of time parameters.

parameter T, it is possible to assess what is the minimum
necessary and sufficient excess amount of ASC proteins in
a cell as compared with the content in the surrounding cells
that ensure a neural status. Here, it is necessary to take into
account the experimentally determined fact that this process
requires at least 9 h (Huang et al., 1991; Audibert et al., 2005;
Kawamori et al., 2013). Figure 4 shows the modeling results
for the t values of 0 h (black plot), 0.5 h (red plot), 1 h (blue
plot), and 2.1 h (green plot).

The value of t = 2.1 h is the first one when two conditions
for cell transition to division are fulfilled: (1) the content of
ASC proteins has dropped to zero and (2) time T amounts
to approximately 9 h. This suggests that an approximately
2.5-fold increase in the ASC content in cell is already sufficient
for the cell to follow a neural differentiation pattern.

The above data were obtained for the CRC operation in the
norm. However, the model allows the relative contributions
of CRC genes to its operation to be assessed as well by taking
into account a mutation in each gene.

Modeling of CRC operation in the parental cell
of mechanoreceptor in the presence of mutations
in AS-C genes
As is known from experimental data, the mutations in achaete-
scute genes appear as the absence of part of mechanorecep-
tors and, in several cases, even all mechanoreceptors of the
standard set (Agol, 1931; Dubinin, 1932; Cabrera etal., 1994;
Roark et al., 1995; Pietal., 2001; Escudero et al., 2005; Acar
etal., 2006; Usui et al., 2008; Garcia-Bellido, de Celis, 2009).
Several numerical experiments were performed to assess
the effects of mutations in AS-C genes on the CRC operation.
The following parameters of system (1) were used in these
experiments:
D=16;G=1,m=03;U=1.1;S=5.5;
a,=29n=1b=1a,=58n,=1;b,=5.6;
a,=6;n,=1;b,=57;
C,=14.1;d,=4.1,d,=4.7,m, = 0.5;
Ce=2.9;d;=75m,=0.4;
a,=3;v,=19;B,=12;m,= 1.6;
o;=14.8;v;=1.1; ;= 14.8; m; = 2.3;
0, =2;v,=1;Bs=1,m,=1;
a,=4.5,v,=3.1;,B,=0.5m,=0.6; L=1.1;
Yo=1.6; Eyj=1.1;2,=0.4; u,=0; w,=0; p, = 0;
T=281=12.
In all equations of system (1) except for the first one, coef-
ficients k = 1.
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Table 1. Values of parameters k,; and x,,; in modeling the effect of mutations in ASC on the content

of the corresponding proteins in presumptive SOPC

Parameters Number of experiment

1(norm) ........ 2 ..................... 3 ..................... 4 ...............
kx, .............................. 1 ...................... 09 .................. 06 .................. 05 ............
XO, .............................. 08 .................. 072 ................ 048 ................ 04 ...........

Table 1 lists the values of k; and X;. The value of parameter
k,; varies from 0 (complete absence of protein) to 1 (protein
content in the norm) and from a biological standpoint, reflects
the degree of influence of a mutation in AS-C on the content
of ASC proteins. The smaller the value of k;, the lower is
the content of the protein in the cell. Parameter X(; defines
the initial content of ASC proteins. In the numerical experi-
ments, Xq; is assumed to be 0.8, which corresponds to the
norm, ky; = 1 (see Fig. 2). Coefficients k,; define a proportional
decrease in the contents of proteins x; according to equation
Xoi = Xo1* Kyi-

Figure 5 shows the results of numerical experiments. The
above-described data demonstrate that the determination of
a cell as an SOPC in the absence of mutations in the CRC ge-
nes becomes possible when the ASC content increases at
least 2.5-fold as compared with the initial value (see Fig. 4).
Thus, it is possible to assess the minimum k,; value when this
condition is met. The range of the content of ASC proteins
permitting the determination of SOPC is colored turquoise.
The plots showing the content of ASC proteins corresponds
to the k,; values at which the possibility of cell determination
as an SOPC is retained.

The necessary level of the content of ASC proteins is
achieved at ky; > 0.6. The value of ky; = 0.6 corresponds to
a decrease in the content by 40 % relative to the initial values
of the norm. From a biological standpoint, this means that
a decrease in the ASC content in the cell by >40 % prohibits
its differentiation according to a neural pathway and, conse-
quently, entails the absence of mechanoreceptor.

Modeling of CRC operation in the presumptive SOPC

in the presence of mutations in constituent genes

The CRC components are united via the intracellular system
of positive and negative feedbacks (see Fig. 1), which strictly
regulates the production and degradation of ASC proteins.
Correspondingly, the mutations in each gene must influence
the content of the corresponding proteins in the cell and have
a certain phenotypic effect. Indeed, experiments have shown
that the mutations of CRC genes appear as variations in the
canonical architecture of bristle pattern, namely, changes in
the number and/or positions of mechanoreceptors. The con-
sidered model that takes into account the mutational changes
in CRC genes allows the degree and character of their effects
on the dynamics of ASC content to be assessed. In the nu-
merical experiments, coefficients ky (for hairy), k. (for emc),
k, (for sens), k, (for scrt), k,, (for chn), and kj, (for phyl) were
assumed to be zero, which corresponds to a complete absence
of the corresponding proteins.
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Fig. 5. Dynamics of the content of ASC proteins in the mechanorecep-
tor parental cell in the presence of mutations in the achaete-scute gene
complex.

The region of ASC content at which SOPC determination is possible is colored
turquoise.

Several parameters remained constant:
D=16,G=1;m=03;U=1.1;S=5.5;
a,=29;n=1b,=1a,=58n,=1;b,=5.6;
ag=6;n,=1;b,=5.7;

C,=14.1;d,=4.1;d,=4.7, m, = 0.5;

Ce=29;d;=75m,=0.4;

o,=3;v,=19;B,=1.2;m, = 1.6;

o;=14.8;v;=1.1; ;= 14.8; m; =2.3;

O =2;v,=1;Bs=1,m,=1;

o, =4.5v;,=3.1;B,=05m,=0.6; L=1.1;

T=281=12;

ke=1;%,=10.8.

The changing parameters are listed in Table 2: the k values
of 0 or 1 mean the presence or absence of a mutation in a gene
and parameters Y, Zy, Uy, Wy, Po, and E, specify the initial
contents of the proteins Hairy, SENS, SCRT, CHN, PHYL,
and EMC, respectively.

Figure 6 shows the results of numerical experiments.
A comparison of the shapes of the plots shown in Figure 6
reveals a certain hierarchy of the CRC genes in their effects
on the content of ASC proteins. This is reflected in the range
of deviations from the plot that characterizes the dynamics of
these proteins in the norm (in the absence of any mutations in
all genes of the CRC). The larger the deviation, the stronger
is the effect of an individual gene.

The emc (emc~) and hairy (hairy~) genes display the
strongest effects because the mutations in these genes cause
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Table 2. Values of changing parameters in modeling the effect of mutations in CRC genes on the content of ASC proteins

Mutation in gene  k, k. k, k, Kk,
ha,,yf ........................ 0 1 1 11 ...............
emc-1 ................ 0111 ...............
Sens_11 ................ 011 ...............
Scrt_111 ................ 01 ...............
Chn_1 1 1 1 ................. 0 ..............
phy,_1 1 1 11 ...............

Cell
division

emc-
12.0

8.0
hairy-

4.0

ASC content, AU

phyl-

Norm
sens-

25 scrt-

2.0
chn-

10 20 30
Time, h

Fig. 6. Dynamics of the content of ASC proteins in the mechanoreceptor
presumptive parent cell in the presence of mutations in CRC genes.

a considerable upward deviation of the ASC level from the
normal characteristics. This is a biologically justified result
since the EMC and Hairy proteins repress AS-C (Moscoso del
Prado, Garcia-Bellido, 1984) so that the removal of this repres-
sion must appear as an increase in ASC content. A phenotypic
manifestation of mutations consists in the development of
additional mechanoreceptors (Ingham et al., 1985; de Celis et
al., 1991). Presumably, a concurrent sharp and rapid increase
in the ASC content in the cells of proneural cluster causes
mistuning of intercellular interactions mediated by signaling
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pathways and the formation of several SOPCs in the proneural
cluster rather than a single SOPC as in the norm.

The mutation in chn (chn~) appears as a noticeable decrease
in the ASC level (the corresponding curve lies below the curve
for the norm). The effect is associated with the fact that the
mutation in this gene causes the absence of the corresponding
protein, which directly activates the AS-C genes and represses
the emc and hairy genes (Escudero et al., 2005; Yamasaki et
al., 2011). Correspondingly, the production of ASC proteins
cannot reach the required values.

The mutations in genes Sens (sens™) and scrt (scrz~) cause
a less pronounced increase in the level of proteins, which also
agrees with the known data on the functions of these genes
in the CRC system and the manifestations of mutations in
these genes. The SENS protein is known as a coactivator of
AS-C activity and, consequently, the mutation will somewhat
decrease the ASC production. The SCRT protein represses
the hairy gene, thereby potentially increasing the ASC level,
which, nonetheless, fails to reach the normal values because
of the effects of other direct repressors of AS-C gene activity
(Roark et al., 1995; Nolo et al., 2000) (see Fig. 1).

In the case of a mutation in the phyl gene (phyl~), the ASC
level expectedly remains on the reached plateau because the
PHYL protein, responsible for its degradation, is not produced
in this case (Chang et al., 2008). Thus, SOPC cannot transit to
division and the phenotypic effect must appear as the absence
of mechanoreceptor at its regular position. This conclusion is
confirmed by experimental data (Pi et al., 2001).

Conclusion

The decades of the research into the system underlying the
formation of bristle pattern on the head and body of drosophila
have yielded a tremendous array of data giving the insight into
individual mechanisms forming the basis for the function of
this system. However, particular details of the morphogenesis
of mechanoreceptor are still rather vague.

We have earlier demonstrated that the development of an
individual mechanoreceptor and the overall bristle pattern are
controlled by the central regulatory circuit, which determines
the expression of AS-C genes and production of the corre-
sponding proteins in the parental cell. A mathematical model
of the CRC operation was elaborated taking into account all
identified CRC components and the relations between them.
This model allowed us to advance from a purely qualitative
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description of the system controlling the content of ASC pro-
teins and to succeed in clarification of its certain quantitative
characteristics unknown earlier.

In particular, our numerical experiments suggest that the cell
is determined as an SOPC when the ASC content increases
approximately 2.5-fold relative to the initial level in the cells
of proneural cluster. Individual elements of the circuit have
different effects on the content of ASC proteins in the presump-
tive cell of mechanoreceptor. AS-C, the key CRC component,
and the mutations that decrease the ASC content by more than
40 % have the most significant effect and cause the prohibition
of SOPC segregation. As for the mutations in the remaining
genes of the circuit, they change the level of ASC proteins to
different degrees, with the most pronounced effects of muta-
tions in the emc and hairy genes.

Thus, the model demonstrates that the CRC as a system
is sensitive to changes in internal interactions and its ro-
bust operation, providing a certain dynamics of the level of
ASC proteins, requires a concerted work of all components
constituting the regulatory circuit. The model predictions are
appropriate for experimental verification.
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Abstract. The infectious disease caused by human immunodeficiency virus type 1 (HIV-1) remains a serious threat to hu-
man health. The current approach to HIV-1 treatment is based on the use of highly active antiretroviral therapy, which has
side effects and is costly. For clinical practice, it is highly important to create functional cures that can enhance immune
control of viral growth and infection of target cells with a subsequent reduction in viral load and restoration of the immune
status. HIV-1 control efforts with reliance on immunotherapy remain at a conceptual stage due to the complexity of a set
of processes that regulate the dynamics of infection and immune response. For this reason, it is extremely important to
use methods of mathematical modeling of HIV-1 infection dynamics for theoretical analysis of possibilities of reducing
the viral load by affecting the immune system without the usage of antiviral therapy. The aim of our study is to examine
the existence of bi-, multistability and hysteresis properties with a meaningful mathematical model of HIV-1 infection.
The model describes the most important blocks of the processes of interaction between viruses and the human body,
namely, the spread of infection in productively and latently infected cells, the appearance of viral mutants and the develop-
ment of the T cell immune response. Furthermore, our analysis aims to study the possibilities of transferring the clinical
pattern of the disease from a more severe state to a milder one. We analyze numerically the conditions for the existence
of steady states of the mathematical model of HIV-1 infection for the numerical values of model parameters correspond-
ing to phenotypically different variants of the infectious disease course. To this end, original computational methods of
bifurcation analysis of mathematical models formulated with systems of ordinary differential equations and delay differ-
ential equations are used. The macrophage activation rate constant is considered as a bifurcation parameter. The regions
in the model parameter space, in particular, for the rate of activation of innate immune cells (macrophages), in which the
properties of bi-, multistability and hysteresis are expressed, have been identified, and the features characterizing transi-
tion kinetics between stable equilibrium states have been explored. Overall, the results of bifurcation analysis of the HIV-1
infection model form a theoretical basis for the development of combination immune-based therapeutic approaches to
HIV-1 treatment. In particular, the results of the study of the HIV-1 infection model for parameter sets corresponding to
different phenotypes of disease dynamics (typical, long-term non-progressing and rapidly progressing courses) indicate
that an effective functional treatment (cure) of HIV-1-infected patients requires the development of a personalized ap-
proach that takes into account both the properties of the HIV-1 quasispecies population and the patient’s immune status.
Key words: mathematical model; HIV infection; ordinary differential equations; bifurcation analysis; stationary solutions;
bistability; multistability; hysteresis; optimal control.
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AHHoTayus. ViHbeKunoHHoe 3aboneBaHne, BbI3BaHHOE BUpPYCamMy MUMMyHoAeduLmMTa yenoBeka nepeoro Tvna (BUY-1),
0OCTaeTcA cepbe3HON yrpo3om 380poBbio nogei. CylecTByoWwmin NOAXoA K neyeHnto BUY-1 ocHoBaH Ha npuMeHeHUn Bbl-
COKOAKTVIBHOW aHTVPETPOBMPYCHOW Tepanuu, umetoLein noboyHble 3odekTbl AnsA 340POBbA U BLICOKYIO CTOMMOCTb. [nA
NpaKTMYeCcKo MeanLMHbI aKTyanbHO ABNAETCA 3afjada Novcka MeTofoB GyHKLMOHANBbHOIO JIeUYEHNs, CBA3AHHbIX C IHTEH-
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Bifurcation analysis of multistability
and hysteresis in a model of HIV infection

cndrKaumen MMMYHHOTO KOHTPONA Pa3MHOXEHUA BUPYCOB N 3apaXkeHUs KNeTOK-MULLEHEN C NOCNeAYyoLWM CH/XKEeHEM
YPOBHS BUPYCHOW HArpysky U BOCCTAaHOB/IEHMA UMMYHHOrO cTaTyca. MiccnenoBaHusa B obnactv ummyHotepanuu BAY-1
HaxonATCA Ha CTaAuun KOHLENTyasbHOW Pa3paboTKu B CUAY CIIOXKHOCTM COBOKYMHOCTU MPOLIECCOB, Perynmpyowmx AnHa-
MUKY MHOEKLMM 1 UMMYHHOTO oTBeTa. [0 3Tol NpuuYnHe Ype3BblYaliHO aKTyanbHbIM ABMAETCA UCMOMb30BaHNe METOAOB
MaTeMATUYECKOro MOAENMPOBaHMA ANHaMUKN BUY-1 nHdpeKkunn gna Teopetnyeckoro aHanmsa BO3MOXKHOCTEN CHUXKEHNSA
BUPYCHOW Harpy3Kkuy nyTem BO3AeNCTBUA Ha UMMYHHYI0 ccTeMy 6e3 NpuMeHeHUA aHTUBMpPYCHOW Tepanuu. Lienbto nccne-
[lOBaHMA ObINO M3yyeHre, BO-NEPBbIX, CBONCTB OU-, MyNIbTUCTAOMIIBHOCTU U FTUCTEPE3NCA Ha NMPUMeEpPe cofepKaTenbHOM
mogenu BUY-1 nHoekumm, KotTopas onvcbiBaeT BaxkHeWLLME GTOKM NPOLLECCOB B3anMOLENCTBIA BUPYCOB 1 OpraH13ma ye-
NOBEKA, @ IMEHHO: pacnpocTpaHeHne NHPEKLMIN B MPOAYKTUBHO W JIATEHTHO 3apakeHHbIX KNeTKax, NOABIEHNE MYTaHTOB 1
pa3BuTre T-KNeTOYHOro MMMYHHOFO OTBETa, U, BO-BTOPbIX, BO3MOXHOCTEl NepeBoaa KNNMHNYECKOW KapTuHbl 3abonesaHuns
13 6onee TAXENOro coctoAHNA B 6onee nerkoe. B aaHHo paboTe NpoBeAeH YNCIEHHDbIV aHanM3 YCIOBUIA CyLLeCTBOBaHWA
CTaUMOHapPHbIX peLleHnin MaTemaTudeckon mogenu BAY-1 nHoekumm gnsa Habopos NapameTpoB, OTBEYAOLWUX GeHOTUMNN-
YeCKu pasfiMyHbIM BapraHTam TedeHnsa MHGEKLMOHHOIo 3aboneBaHus. 114 3Toro Mcnosib3oBaHbl pa3paboTaHHble aBTOpa-
MU MeToAbl BMPYPKALMOHHOIO aHann3a Mofenei, NpeacTaBaAlLLmnX coboi cncTeMbl 0O6bIKHOBEHHbIX AnddepeHLmanbHbIX
ypaBHeHUi 1 gnddepeHLmanbHbIX ypaBHEHUI € 3ana3abiBaHreM. B KauecTse 61dypKaLMOHHOrO NapameTpa paccMaTpusa-
€TCA KOHCTaHTA CKOPOCTM akTUBaLmm Makpodaros. OnpepeneHbl 0611acTh B MPOCTPAHCTBE NAapamMeTPOB MOAENY, B YaCTHO-
CTW, ANA CKOPOCTY aKTMBALMM KJIETOK BPOXKAEHHOTO MMMYHUTETA (Makpodaros), Npu KOTOPbIX MMEKT MECTO CBONCTBA Ou-,
MYNBTUCTAOUNBHOCTM U TCTEPE3NCA, U UCCIef0BaHbl OCOOEHHOCTU KMHETVKI NEPEXosa MeXay YCTOMUMBBIMU MOJTOKEHNSA-
MU paBHOBecKs. B Lenom pesynbtatbl 6udypKaLoHHOro aHanmsa mogenu BUY-1 nHbekuumn dopmMmupytot TeopeTnyeckyto
OCHOBY Ansl pa3paboTKy KOMOMHMPOBaHHbIX UMMYHOTEPaneBTUYECKNX BO3AeNCTBUI Ans neveHnsa BUY-1. Pesynbtatbl npo-
BefEeHHOro nccnepoBaHua mogenn BAY-1 nHdekumm ana napameTpos NpoLeccoB, OTBEYAOWMX pa3HbiM peHoTUNam gu-
HaMunKK 3aboneBaHusA (TUNWYHOE, ANNTENbHO He MporpeccupytoLlee 1 ObICTPO NporpeccupytoLlee), ykasblBaloT Ha TO, UTO
ans 3¢deKTBHOro GyHKUMOHaNbHOro feveHnsa 6onbHbix BUY-nHbekuren Tpebyetcs pa3BuTre NepCcoHan3npoBaHHOMO
NOAXOAA, YUYNTbIBAIOLLEro Kak CBOMCTBA NONyNALUM KBa3nsmuaos BUY-1, Tak n uMMyHHbIV cTaTyc nayueHTa.

KnioueBble crioBa: MaTemaTtyeckas mogenb; BUY-uHdekuus; obbikHOBeHHble AnddepeHLmanbHble ypaBHeHNs; budypka-
LIVOHHBI aHaNM3; CTaLMOHapHbIe peLleHmns; 6UCTabunbHOCTb; MybTUCTaOUIBHOCTD; FUCTEPE3UC; ONTMAbHOE YrpaBrieHNe.

Introduction

Human infectious disease caused by human immunodeficiency
virus type 1 (HIV-1) remains a serious threat to human health
worldwide, with the number of infections and deaths from as-
sociated complications of the order of 1.5x10% and 0.65x10¢,
respectively (Landovitz et al., 2023). The current approach to
HIV-1 treatment involves the continued use of highly active
antiretroviral therapies (Gandhi et al., 2023), which inhibit
various stages of the intracellular viral reproduction cycle
and thus reduce the viral load in the patient’s body. However,
this approach has significant adverse side effects, as well as
high treatment costs and suffers from interruption of the drug
regimen (Trickey et al., 2022). For this reason, the search for
therapies (Rasmussen, Sggaard, 2018; Niessl et al., 2020),
including those related to the activation of immune control
of virus reproduction and infection of target cells, and phy-
siological mechanisms for boosting cellular homeostasis, is
an urgent task (Grossman et al., 2020) that needs to be ad-
dressed following a systems immunology approach (Ludewig
et al., 2012, Villani et al., 2018). The research in the field of
immunotherapy-based treatment of HIV-1 is at the concep-
tualization stage due to the complexity of the set of processes
that regulate the dynamics of infection and immune response
(Landovitz et al., 2023). In this regard, the use of methods
of mathematical modeling of HIV-1 infection dynamics is
a tool for theoretical analysis of opportunities for viral load
reduction by influencing the immune system without the use
of antiviral therapy (Bocharov et al., 2022).

As has been previously noted (Bocharov et al., 2021), one of
the goals of the development of mathematical models created
to describe and study the dynamics of infectious diseases is
the analysis of the characteristics of the dynamics sensitivity
to influences of different nature, for example, in relation to

perturbations of the parameters of regulatory processes or the
state of the system in phase space. The results of modeling
allow one to translate into a rational mode the design of com-
bined control actions for correction of unfavorable infection
course, in particular, from the region characterized by a high
viral load to the region with a low viral load. The feasibility
of the corresponding transitions is determined by the funda-
mental characteristics of the modeled system — the presence
of bistability and/or multistability and hysteresis. Bistability,
as an ability of the system “virus—human host” to coexist in
two stable steady states, justifies the search for functional cure
regiments of viral infection leading to transition from a chronic
stable steady state with a higher viral load to a more favor-
able stable steady state with a lower viral load by inducing
the activation of immune system components. The presence
of the hysteresis property in bifurcation curves of a dynami-
cal system makes the backstory significant, in particular, the
critical importance of the branch on which the steady state of
the system has been located before the subsequent change of
bifurcation parameters (Khristichenko et al., 2022).
Research on mathematical modeling of HIV-1 infection
dynamics in the human host has been actively developing
for the last 30 years (Perelson, Nelson, 1999; Nowak, May,
2000). The key research areas were systematically presented
in our earlier review (Bocharov et al., 2012). The main focus
of the related papers is aimed at studying the infection kinetics
during the application of antiretroviral therapy using low-
dimensional models (Akmn et al., 2020). Models of HIV-1
infection that consider the development of antiviral immune
response are also related to the problem of estimating the
infection parameters from individual patient’s data (Banks et
al., 2017). Conceptual aspects of HIV-1 infection dynamics,
such as multistability and hysteresis, remain an underexplored
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problem and the study of steady states is mainly reduced to
elucidating the conditions for the existence of an infection-
free equilibrium and the state of the infected organism as a
function of the model parameters combined together in the
basic reproductive number (Perelson, Nelson, 1999; Nowak,
May, 2000).

The aim of this study is to investigate, firstly, the proper-
ties of bi-, multistability and hysteresis for a model of HIV-1
infection that describes the most important blocks of virus-hu-
man host interaction processes for sets of model parameters
corresponding to different phenotypes of disease dynamics,
i.e. known as typical progression, long-term non-progression
and rapid progression courses, and, secondly, the conditions
for transferring the mode of disease course from a more severe
to a less severe state.

The specific objectives of this research include the bifurca-
tion analysis of the model of the HIV-1 infection to identify
the ranges of parameter values in which several steady states
coexist, and the study of transitions between them, which are
characterized by dependence on the prehistory of the state
of the “virus—human host” system (hysteresis property). As
a reference mathematical model for the study of stationary
modes of HIV-1 infection dynamics and transitions between
them, we consider a previously developed mathematical mo-
del (Hadjiandreou et al., 2009), which is characterized by the
following essential properties:

* it describes the entire kinetics of infectious disease from
early infection to the AIDS stage,

* it comprises a fairly complete spectrum of infection and
immune response processes,

« the model parameters corresponding to different phenotypes
of infection dynamics are provided,

» the description of antiretroviral therapy is included,

* the antiretroviral therapy with consideration of side effects
is discussed and analyzed as an optimal control problem.
Previously, we used this model to develop a more complete

description of the immune response to HIV infection that takes
into account neuroendocrine regulation of the immune system,
in particular, the influence of hormones (TSH, T3, T4) on the
immune response, and to examine an optimal antiviral therapy
on its basis (Savinkova et al., 2019).

The present work consists of four sections. Section “Ma-
terials and metods” describes the considered mathematical
model of HIV-1 infection and the numerical methods used to
analyze the model. Section “Results” presents the results of
studying the steady states of the model system by tracing them
by varying the model parameters, and the analysis of steady
state changes under therapeutic interventions, which are de-
scribed in the model as additional control variables on the
right-hand sides of the model equations, i.e. in the terms for
infection of target cells and virus replication processes. The
application of the results of this work to the theoretical deve-
lopment of new approaches to HIV-1 treatment is discussed
in Section “Discussion”.

Materials and methods
Let us define the basic concepts that will be used throughout
the paper.
* “Functional cure of HIV-1 infection” is an approach to the-
rapy of the chronic infection associated with activation of
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immune control of viral replication and target cell infection
that allows to exclude the use of antiretroviral drugs.

* “Bi-(multi)stability” is the property of a dynamical system
to have two (or more) stable steady state solutions at the
same parameter values.

* “Hysteresis” is a property of a dynamical system that is
characterized by the dependence of its steady state on the
backstory curve for the parameter being varied, which can
be used for transition from one steady state to another by
varying the parameters.

Mathematical model of HIV infection

The considered mathematical model of HIV infection is for-
mulated in (Hadjiandreou et al., 2009) as a system of 11 or-
dinary differential equations. It describes the rate of change
in time of the following concentrations: wild-type (wt) virus
Vy; mutated virus V,; CD4* T cells T; wt virus-infected CD4*
T cells, T; CD4* T cells infected with mutated T,; latently
wt virus infected T cells T, ;; CD4* T cells, latently-infected
with mutated virus-infected T cells T,,; macrophages M;
wt virus-infected macrophages My; macrophages infected
with mutated virus M,; cytotoxic CD8* T lymphocytes CTL.
The system includes three blocks of equations: (1) the CD4*
T cell block, (2) the macrophage and CTL block, and (3) the
wild-type and mutant virus block.

The first block includes the equation for CD4* T cells:

dT _ , Pu(Vi+ V)T
q oSt Vrv,es, ~ Ak Vit koM)T - "
— (k,Vy+ kM)T + £T |1 T+T1+TTz+TL1+TL2 5T,

max

where the Ist term describes the constant influx of CD4*
T cells from the thymus, the 2nd term describes antigen-
induced division, the 3rd term describes the loss due to
infection by wt viruses and population of wt virus-infected
macrophages, the 4th term describes the infection by mutated
viruses and population of mutant virus-infected macrophages,
the 5th term describes the homeostatic proliferation, and the
6th term describes natural cell death. It also includes the fol-
lowing two equations for infected CD4* T cells:

dt
and

A-uDyk V,+ kM) T+, T, —5,T, -k, T,CTL (2)

02—y (kY M+ oy Ty,8,T, K, T,CTL, (3
where in each equation, the 1st term describes population
growth due to infections by wt or mutated virus and wt and
mutated virus-infected macrophages; the 2nd term describes
the transition of latently infected cells to productively infected
cells; the 3rd term describes natural cell death, and the 4th term
describes the CTL-mediated destruction of infected cells. The

last two equations of the first block read as follows:

dT + T—o, T, ,— I
dil:_l — (1 ul)(l _\V)(klvl kle) 111 83 L1 ( )
and
dT + T—a —0,1
d:z = _\I’)(P(klvz kzMz) 1'L2 83 L2 (5)

where in each of the equations the 1st term describes popula-
tion growth due to infection by wt or mutated viruses and wt
or mutated virus-infected macrophages; the 2nd term describes
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the transition of latently infected cells to productively infected
cells, and the 3rd term describes natural cell death.

The second block for macrophage and CTL dynamics
consists of the equation:

dM _ - Pa(V1+ V)M

E— 2 m—(1—flul)k4V1M—(pk4V2M—84M, (6)

where the 1st term describes the constant influx of cells from
the bone marrow, the 2nd term describes the process of activa-
tion of macrophages with the possibility of their subsequent
division due to chronic inflammation caused by HIV-1 infec-
tion, the 3rd term describes the infection of macrophages by
wt viruses, the 4th term describes infection of macrophages
by mutated viruses, and the 5th term describes natural death.
This block also includes two equations for infected macro-
phages:

dg/'l = (L-fu kV,M = 8M, ~kM,CTL  (7)
and
dg’t'z ok, V,M - 3:M, — k;M,CTL, (8)

where the 1st term describes the population growth due to in-
fection of macrophages by wt or mutated viruses, the 2nd term
describes natural death, and the 3rd term describes destruction
by CTL effect. Finally, it includes the equation:

dCTL

dt
where the 1st term describes a constant influx of CD8* T cells
from the thymus, the 2nd term describes the clonal prolifera-
tion induced by infected CD4* T cells, the 3rd term describes
the clonal proliferation induced by infected macrophages, and
the 4th term describes cell death.

The third block of wt and mutant virus dynamics consists
of two equations

= 5, +ky(T, + T)CTL + k,(M, +M,)CTL — 5,CTL, (9)

dVl—(l Up)(1—pKgT, + (L=Fou ) (1 —p)kgM, +
(10)

+ uekgTy + okgMy — (ki T+ky M)V, =k ViM =8,V

and

dV2

= (1-pokgT, + (1-pwekgM, + (1-u,)pkgT; + an

+ (1—1‘2u2)pk9M1 — (Ko T+k M)V, — Ky, VoM = 3.V,
where in each of the equations the 1st term describes virus
production by infected CD4* T cells, the 2nd term describes
virus production by infected macrophages, the 3rd term de-
scribes virus production by infected CD4* T cells following
mutations, the 4th term describes virus production by infected
macrophages following mutations, the 5th term describes
virus uptake by cells when infecting target cells, the 6th term
describes virus elimination by the innate system immune cells,
and the 7th term describes natural virus death. The biological
meaning of the system parameters and their acceptable ranges
are taken from the original work (Hadjiandreou et al., 2009)
and summarized in Table 1.

Optimal control problem
In the article (Hadjiandreou et al., 2009), the possibility of
optimizing the mode of administration of protease (RDV)
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and reverse transcriptase (3TC, ZDV) inhibitors was studied.
Their concentrations are described by the following equa-
tions,

Ci(h = Cipe k0 +

F D, ki i i .

v kafk'[ e Y] (i=1,2,3)
where i is the drug index, t; is the time of drug administra-
tion, D; is the dose of the administered drug, F; is the ab-
solute bioavailability of the drug, k; is the drug absorption
rate, ke = Cli/\{ is the drug elimination rate constant (ClI;
is the elimination rate, /' is the drug distribution volume).
The values of all the above parameters are summarized in
Table 2.

Control variables u; and u, were assumed to depend on the
concentration of these drugs as follows:

1y = (C2ONC) * (Ca/ICsy)
B 1+ (CON1ICE) + (Co(®/1C)

B Cy(t)
U0 = 0+ mick’

where C; (t) is the concentration of drug i in plasma at time t,
ICs is the average concentration of the drug that provides
50 % inhibition of virus replication processes. The parame-
ter o is a conversion factor between the value of the average
concentration of the drug providing 50 % inhibition of virus
replication processes ICsj obtained in vitro, and the same value
obtained in vivo. The value o = 1 was used in the computations.
The goal of optimization in the original work was to achieve
the maximum concentration of CD4* T cells (variable T in
the system (1-11)) with the minimum index of adverse drug
effects (Joly, Pinto, 2006)

(12)

where

Here J; is the set of side effects from the drug i, C; is the
average concentration of the drug i at steady state at standard
dosage, that is, according to the regulation rules of antiretro-
viral therapy, e; (€;) is the magnitude (normalized value) of
the side effect caused by the drug i at the standard dosage,
h;, j is the frequency of occurrence of the side effect j when
exposed to the drug i at the standard dosage, and g; is the
relative magnitude of the side effect j, that is, its “undesir-
ability”.

The optimal control problem was formulated as a problem
of maximizing the functional that depends on the concentra-
tion of CD4* T lymphocytes and the severity of side effects:

j [ALT - AS Jdt — maX

Cy 12 Taps =Tt

where A; = 1 and A, = 1000 are weight coefficients, t; and
t; specify the optimization time interval, and the condition
T > Taps prevents the cell concentration from falling below
the threshold corresponding to the development of AIDS
(200 cells/mm-3).

Three sets of parameter values corresponding to different
phenotypic variants of HIV infection course were considered:
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Table 1. Biological meaning of the model parameters and their admissible ranges

Parameter  Biological meaning Range

U} The fraction of CD4* T cells that become productively infected, 0.93-0.98
and (1 - ) stand for the fraction which becomes latently infected
o Factor describing the reduction of the infection rate and replication of the mutated virus 01-09
v Rate constant of the homeostatic proliferation of uninfected CD4* Tcells 003
T Maximum concentration of CD4*Tcells 1500-2000mm=
“ Thefracnonof\,.rusesthatmutate ............................................................................................................ 3 10_5_10_3 ...........................
£ Thereduction of the treatment efficacy for macrophages as compared to CD4* Tcells 034

Table 2. Parameter values for the pharmacokinetic equations (12)

Parameter RDV, G, 3TC, G, ZDV, G
D

28.7 91 112
F10 ....................................................... 086 ..................................................... 064 ....................................................
T[d] ..................................................... 05 ....................................................... 05 ....................................................... 05 ......................................................
Icso[mgL_1] ....................................... 0” ...................................................... 034 ..................................................... 013 ....................................................
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Table 3. Values of model parameters (1-11) corresponding to a typical course of HIV infection (TP)

Parameter Values Parameter Values Parameter Values
5110mm73d71 .............................. k 5 ........................... 31076mm3d71 .......................... 5 ‘.1 ........................... 51073d71 ................................

52 ........................... 015mm73d71 ........................... k 6 ........................... 331074mm3d71 ....................... 6 5 ........................... 51073d71 ................................

53 ........................... Smm_3d_1 ................................ k 7 ........................... 610_9 mm3d_1 ......................... 6 6 ........................... 001 5 . d - 1 .................................

p1 ........................... 016d_1 ..................................... k 8 ........................... 53710_1d_1 ............................. 5 7 ........................... 239d_1 ...................................

pz ........................... 015d_1 ..................................... k 9 ........................... 28510_1d_1 ............................. c; 1 ........................... 310_4d_1 ................................

51 ........................... 556mm73 ................................ k 1.(.) .......................... 7791076mm3d71 ..................... lp ............................ 0 97 .........................................

52188mm73 ................................. k ”1076mm3d71 ............................. (p ............................ 0 9 ...........................................

k1 ........................... 38710_3mm3d_1 ..................... k 1; .......................... 410_5mm3d_1 ......................... , ............................. 0 03d_1 ...................................

k210_6mm3d_1 ............................. 5 1 ........................... OOZd_1 ..................................... Tmax1500mm_3 .............................

k3 ........................... 4510_4mm3d_1 ....................... 5 2 ........................... 028d_1 ..................................... u ............................ 0001 .......................................

k4 ........................... 5221074mm3d71 ..................... 5 3 ........................... 005d71 ..................................... fl ............................. 0 34 .........................................

Parameter RP TP LTNP

k 5 ................. 264 1 . 0_6 m m3d_13 10_6mm 3d_1 ....... 66 10_6 mde_1 .....
k6 ................. 291074mm3d71 ...... 331074mm3d713631074mm3d71
k7 ................. 5281079mm3d7161079mm 3d71 ....... 661079mm3d71 .....
ku ................ 35210_5mm3d_1410_5mm 3d_1 ....... 4410_5mm3d_1 .....
r ................... 003 ........................... 003 ......................... 0072 ........................

Parameter RP TP LTNP

p1 ................. 013d_1 ..................... 016d_1 ................... 020d-1 ..................
pz ................. 01365d71 ................. 015d71 ................... 01638d71 ..............
51 ................. SOOmm% ................ 556mm73 .............. 556mm73 .............
52 ................. 1692mm_3 .............. 188mm_3 ............... 188 m m_3 ..............
P 396-10-4 mmid1 45-104mmid-1 9.9-104 mmid-T

typical progression course (TP), rapid progression course (RP)
and long-term non-progression course (LNTP). The parameter
values in these sets are summarized in Tables 3 and 4.

In the original study (Hadjiandreou et al., 2009), a more
effective regimen of drug administration based on optimiza-
tion results was found to be superior to the standard treatment
regimen for the parameters of a patient with a typical course
of HIV infection with an initial CD4* T cell concentration
equal to 350 mm-3, While the standard treatment of the patient
managed to keep the concentration of CD4* T cells above the
AIDS threshold for about 2,500 days, the treatment regimen
based on the optimization results extended it to longer than
10,000 days with a more than four times lower value of the
side-effect index S.

Numerical methods

To numerically integrate the system (1-11), we used an im-
plicit second-order BDF2 scheme (Hairer et al., 1987) on a
sufficiently fine uniform grid built in half-interval t > 0. The
accuracy of the results for the selected grid step was checked
in all experiments requiring time integration. Symbolic com-
putation methods (Geddes et al., 1992) implemented in the
NSolve procedure of Mathematica were used to find steady
states for given parameter values. To trace the solutions by
varying parameters (i.e., to investigate the dependence of
steady states of the system (1-11) on the parameters), we
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used the original algorithm proposed in (Nechepurenko et al.,
2020). The study of asymptotic stability of a given steady state
was reduced to the computation of eigenvalues of the system
linearized with respect to this steady state and checking that
all the found eigenvalues lie strictly in the left half-plane. To
compute the eigenvalues, we used the standard QR algorithm
(Golub, Van Loan, 1989).

Results

Bifurcation analysis

This section presents the results of the study of the dependence
of steady states of the model of HIV infection dynamics on
the activation rate of macrophages p, leading to their divi-
sion, for three sets of values of the other parameters as given
in “Materials and methods”. Earlier, for the mathematical
model of hepatitis B virus infection we showed the key role
of the activation rate of innate immunity in the determina-
tion of different modes of hepatitis dynamics (Khristichenko
et al., 2023), the analog of which in this model is p,. The
parameter p, was varied in the range from 0.13 to 0.17. The
range of variation of the parameter p, was chosen to cover
those values that correspond to the kinetics of innate immunity
activation for three different modes of disease course (typical
progression, long-term non-progression and rapid progression)
shown in Table 4.
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Fig. 1. Tracing of steady states by parameter p, for typical progression (TP) showing the presence of bistability and hysteresis.

Solid lines indicate stable steady states, dashed lines indicate unstable steady states, and different colors indicate different steady states.
The vertical orange dotted line indicates the value of the parameter p, corresponding to a TP course of infection.

Figures 1-3 summarize the tracing results. The vertical
orange dotted line indicates the value of parameter p, taken
from the corresponding parameter set, solid lines show stable
steady states and dashed lines show unstable steady states,
different colors indicate different steady states. It should be
noted that the leading eigenvalues of the linearized equations
corresponding to unstable steady states were real in all cases
considered. Therefore, stable periodic solutions, which could
otherwise be in the neighborhood of unstable steady states
(Khristichenko, Nechepurenko, 2021), were absent in the
considered cases.

Bistability. For a typical progression (TP) infection cour-
se (see Fig. 1), it can be seen that bistability is present at
0.138 < p, <0.144 (black and green lines) and at 0.147 <p, <
< 0.17 (green and purple lines). For a rapid progression (RP)
course (see Fig. 2), bistability is present at 0.135 < p, < 0.17
(black and green lines). For a long-term non-progression
(LTNP) course (see Fig. 3), bistability is presentat 0.161 < p, <
< 0.17 (blue and purple lines). The presence of two different
stable steady states means that there is a possibility of estab-
lishment of a milder or more severe form of the disease in
the same patient, depending on the patient’s backstory. Note
that for a RP infection course, both equilibria are character-
ized by a depleted CD4* T cell population, with macrophages
being the dominant source of viruses. For such patients, the
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task of treatment becomes more complicated, because it is
necessary to find changes in the system parameters, at which
the equilibrium with a higher level of CD4* T cells would
emerge.

In general, the obtained estimates of the areas of bistabil-
ity together with the characteristics of bifurcation diagrams
show that as the severity of the infection increases, i.e., as we
move from long-term non-progressors to typical progressors
and further to rapid progressors, the range of values of the
activation rate of innate immunity cells, at which bistability
takes place, increases. At the same time, some features of
bifurcation diagrams change as well. These specific features
of the response of an HIV-infected patient should be taken
into account and used in the design of immunomodulatory
regimes.

Multistability. The multistability property, as shown in
Figure 3, occurs in the case of a LTNP infection course at
0.146 <p, < 0.161 (black, blue and purple lines). The respec-
tive stable steady states correspond to different forms of the
disease course in terms of the severity and efficacy of the im-
mune response. Thus, the spectrum of possible stable steady-
state modes of HIV-1 infection dynamics is more diverse in
long-term non-progressors.

Hysteresis. The presence of the hysteresis property for this
model is demonstrated in Figure 1. In particular, the behavior
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Fig. 2. Tracing of steady states by p, for rapid progression (RP) showing bistability.

Solid lines indicate stable steady states, dashed lines indicate unstable steady states, and different colors indicate different steady states.
The vertical orange dotted line indicates the value of the parameter p, corresponding to a RP course of the infection.
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Fig. 3. Tracing of steady states by p, for long-term non-progression (LTNP) showing multistability.

Solid lines indicate stable steady states, dashed lines indicate unstable steady states, and different colors indicate different steady states.
The vertical orange dotted line indicates the value of the parameter p, corresponding to a LTNP course of the infection.
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Fig. 4. Demonstration of the transition kinetics from a less favorable steady state to a more favorable steady state in the presence of hysteresis for
typical progression (TP), where p, = 0.143 in regions 1 and 3, and p, = 0.136 in region 2.

The horizontal axis indicates time in days. The red solid line shows the dynamics of the model variables, the blue vertical dotted lines show the partitioning into
regions 1-3, and the horizontal solid lines show the stable steady states of the variables in these regions.

of the curves shows that if a patient belonging to typical pro-
gressors was initially on the lower green branch at p, = 0.14,
then it is sufficient to reduce the value of p, to a value slightly
less than 0.138, which will cause a spontaneous transition to
the state depicted by the black line, characterized by a higher
T cell concentration and lower viral load. It is then possible
to increase the value of the parameter p, to the original value
while staying on the same black line.

Hysteresis also occurs for parameters corresponding to
the LTNP infection course, as demonstrated in Figure 3. The
state depicted by the blue line at p, = 0.155 is stable, but it
loses stability at p, smaller than 0.146. With further reduc-
tion of the parameter value, the system will move from a less
favorable state (green branch) to a stable state with a higher
concentration of CD4* T cells and lower viral load, depicted
by the black solid line. After that, it is possible to return to the
initial value of the parameter while remaining on this stable
steady state branch.

Of practical importance is the question of the kinetics of the
transition between different steady states when utilizing the

-
103 0.06
102 0.04
10! 0.02
100

0 0.5 1 0

hysteresis property. For a TP disease course, Figure 4 shows
the transition dynamics from a less favorable state to a more
favorable state for a system with hysteresis. It takes about
5,000 days to realize this transition with constant values of
other system parameters. These results justify the relevance
of further detailed study of such transitions.

Changes in steady states
with a single administration of drugs
Itis of independent interest to understand how the steady states
of a system change under optimal control (Hadjiandreou et
al., 2009). To this end, we investigated the time dependence
of equilibria under therapeutic interventions uy(t), u,(t), which
enter the right-hand sides of the model equations in the terms
for the processes describing the infection of target cells and
virus replication. Figure 5 shows the appearance of two new
steady states at t > 0.0005, i.e., a change in the structure of
the phase space of the model.

Figures 6-8 illustrate the steady-state changes when RDV,
3TC, and ZDV drugs are administered, the effects of which

Uy uy
03
0.2
0.1
0.5 1 0 0.5 1 tx1073

Fig. 5.Time dependencies t (in days) of the steady state variable Tand control variables u; (t) and u,(t) at 0 < t < 0.001 for long-term

non-progression (LTNP).

Solid lines on the graph T{(t) correspond to stable steady states, dashed lines - to unstable ones.
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Fig. 6. Steady states and control actions for typical progression (TP) infection course.

Solid lines indicate stable steady states, dashed lines indicate unstable steady states, different colors indicate different steady states. The horizontal
axis shows time in days.
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axis indicates time in days.
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Fig. 8. Steady states of the model and control variables for rapid progression (RP) infection course.

Solid lines indicate stable steady states, dashed lines indicate unstable steady states, and different colors indicate different steady states. The horizontal

axis indicates time in days.

are modeled using functions C,(t), Cy(t), Cs(t) through the
control variables u; and u,. The drugs are administered once
at time t = 0. The solid lines indicate stable steady states and
the dashed lines indicate unstable states, different colors in-
dicate different steady states. The numerical results indicate
that as the values of the control variables change, both stable
and unstable steady states appear and then disappear. Thus,
the application of optimal control methods leads to a change
in the structure of the phase space of the model.

For all three variants of the course of HIV-1 infection, for
one branch of the steady-state solutions, there is a short-term
decrease in the values of variables characterizing the number
of CD4* T cells and an increase in viral load due to an in-
crease in the number of mutants and a decrease in steady-state
concentrations of wild-type viruses. On the second stable
branch, an opposite process takes place. In this case, in the
case of a long-term non-progression course of HIV-1, the third
branch of the stable equilibrium appears, which is characte-
rized by a low viral load and, therefore, corresponds to more
favorable dynamics. Thus, the impact of optimal control on
the characteristics of equilibrium states depends essentially
on the disease course phenotype (model parameters) and the
neighborhood of the equilibrium in which the patient is in the
case of bistability.

Thus, the response to the perturbation of the right-hand
sides of the equations is qualitatively the same. The structure
of the phase space changes, and as the control function impact
is weakened, both stable and unstable steady states emerge
and then disappear.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

Discussion

A stable coexistence of the HIV-1 population and immune
processes in the human body in various quantitative ratios is
fundamentally important for the development of new strate-
gies of HIV-1 therapy that belong to the category of func-
tional treatment (cure) (Bocharov et al., 2022). In essence,
it is the possibility of transferring the “virus—human host”
system from a clinically more severe state to a milder infec-
tion stable steady state due to activation of immune defense
mechanisms without further use of antiretroviral drugs that
block viral replication. The presence of bi- or multistability
indicates that by perturbing a certain trajectory of the system
in the phase space, the transfer of the infectious disease to
a more favorable regime can be accomplished. Both clas-
sical optimal control methods (Hadjiandreou et al., 2009;
Bocharov et al., 2015) and our previously proposed methods
based on optimal disturbances (Nechepurenko, Khristichen-
ko, 2019; Khristichenko, Nechepurenko, 2022) exist as tools
for constructing an appropriate control. Furthermore, there
could be a case when a change in the kinetic parameters of
biological and physiological processes is required to move the
system into the region of bi- or multistability. The presence
of hysteresis allows one to develop treatment approaches that
utilize temporary parametric shifts with subsequent return to
the initial values of the changed parameters. The identified
properties of the mathematical model of HIV-1 infection,
which has a fairly typical structure, theoretically confirm the
potential feasibility of corresponding combination immune-
based therapeutic interventions (Landovitz et al., 2023).
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The obtained estimates of the parameter regions enabling
the existence of bistability together with the characteristics of
bifurcation diagrams show that as the severity of the HIV-1
infection increases, i. e. in the transition from long-term non-
progressor to typical progressor and further to rapid progres-
sor phenotype, the range of values of the activation rate of
innate immunity cells, at which the bistability takes place,
increases. Meanwhile, the properties of bifurcation diagrams
also change. These specific features of the response of an
HIV-infected patient should be taken into account and used
in the design of immunomodulatory regiments.

Finally, we showed that the impact of optimal control on
the characteristics of equilibria depends significantly on the
phenotype of HIV-1 infection (determined by system param-
eters) and the neighborhood of the equilibrium in which the
patient is located in the case of bi- or multistability.

Conclusion

In this paper, we have computed and numerically analyzed the
steady states of the mathematical model of HIV-1 infection for
sets of parameters corresponding to phenotypically different
variants of the course of the infection: typical progression,
long-term non-progression and rapid progression. The re-
sults of the bifurcation analysis of the HIV-1 infection model
indicate that implementation of an effective functional cure
of infected patients requires the development of a personal-
ized approach that takes into account both the properties of
the HIV-1 quasispecies population and the patient’s immune
status. Overall, our study forms a theoretical basis for the
development of combination immune-based therapy of HIV-1
infected patients.
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Gene networks for use in metabolomic data analysis
of blood plasma from patients with postoperative delirium
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Abstract. Postoperative delirium (POD) is considered one of the most severe complications, resulting in impaired cog-
nitive function, extended hospitalization, and higher treatment costs. The challenge of early POD diagnosis becomes
particularly significant in cardiac surgery cases, as the incidence of this complication exceeds 50 % in certain patient
categories. While it is known that neuroinflammation, neurotransmitter imbalances, disruptions in neuroendocrine
regulation, and interneuronal connections contribute significantly to the development of POD, the molecular, ge-
netic mechanisms of POD in cardiac surgery patients, along with potential metabolomic diagnostic markers, remain
inadequately understood. In this study, blood plasma was collected from a group of patients over 65 years old after
cardiac surgery involving artificial circulation. The collected samples were analyzed for sphingomyelin content and
quantity using high-performance liquid chromatography coupled with mass spectrometry (HPLC-MS/MS) methods.
The analysis revealed four significantly different sphingomyelin contents in patients with POD compared to those
who did not develop POD (control group). Employing gene network reconstruction, we perceived a set of 82 regulato-
ry enzymes affiliated with the genetic coordination of the sphingolipid metabolism pathway. Within this set, 47 are as-
sumed to be regulators of gene expression, governing the transcription of enzymes pivotal to the metabolic cascade.
Complementing this, an additional assembly of 35 regulators are considered to be regulators of activity, degradation,
and translocation dynamics of enzymes integral to the aforementioned pathway. Analysis of the overrepresentation
of diseases with which these regulatory proteins are associated showed that the regulators can be categorized into
two groups, associated with cardiovascular pathologies (CVP) and neuropsychiatric diseases (NPD), respectively. The
regulators associated with CVP are expectedly related to the effects on myocardial tissue during surgery. It is hypo-
thesized that dysfunction of NPD-associated regulators may specifically account for the development of POD after
cardiac surgery. Thus, the identified regulatory genes may provide a basis for planning further experiments, in order
to study disorders at the level of expression of these genes, as well as impaired function of proteins encoded by them
in patients with POD. The identified significant sphingolipids can be considered as potential markers of POD.

Key words: LC-MS/MS; metabolomics; lipidomics; postoperative delirium; cardiac surgery; biomarkers; sphingolipids;
gene networks; ANDSystem.
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AHHoTayua. MNocneonepauunoHHbii genvpuii (NMOL) ABNAETCA cepbe3HbIM OCIOXKHEHUEM, NMPUBOAALMM K Hapy-
LEHNIO KOTHUTVBHBIX GYHKUMIA MaLMEHTOB, YBENIMYEHMIO ANIUTENIBHOCTM FOCAUTANM3aLMK, a TakKe MOBbILLEHNIO
pacxofoB Ha neuyeHune nayueHTa. Mpobnema paHHel anarHocTvkm MO nprobpeTaeT 0cobyro BaXXHOCTb B Cllyyae
KapAoXpPYPrnyeckrx onepaumi, NOCKONIbKY YacToTa Pa3BUTMA Takoro OC/IOKHEHUA Y HEKOTOPbIX KaTeropuin
naumneHToB npesblwaeT 50 %. M3BecTHO, uTo B pa3sutue MO 6onbloN BKIaa BHOCAT HelpoBocnaneHme, gucba-
NaHC HeMPOMeAMaTopPOB, HapyLleHNe HEMPOIHAOKPMHHOWM Perynauum n MexxHernpoHabHbIX CBA3eN, OAHAaKo MO-
neKynApHo-reHeTnyeckre mexanusmbl MOJ y naymeHTOB, NepeHecLInX KapaMoxXpypruyeckme onepaunm, a Takxe
MeTaboNOMHble AMAarHOCTNYECKME MapKepbl, O CUX MOpP MAOXO M3y4yeHbl. B gaHHON paboTe C nomoLblo MeToga
BbICOKO3)DEKTVBHOM XKNAKOCTHON XpomaTtorpadum C macc-cnekTpomeTpuyeckon getekumen (BIXX-MC/MC) 6bin
npoBefieH aHann3 cofepkaHna paga cGUHrommeniHoB B Nniasme KPoBU MaLMeHTOB cTaplue 65 neT, B3ATON nocne
onepauumn Ha cepfue B YCNOBUAX NCKYCCTBEHHOrO KpoBoobpalleHuA. HaliieHo YeTbipe CTaTUCTUYECKN 3HAUYMMO
pasnunyaloLLmnXca No copeprkaHuto conHrommenvHa y nayneHTos ¢ MO no cpaBHeHWIO C MaLMeHTaMy, Y KOTOPbIX
He pa3sunca MNOJ (KoHTponbHaa rpynna). C NOMOLLbI0 PEKOHCTPYKLIMIN FeHHbIX CeTel, ONUCbIBAIOWMX reHeTnYe-
CKyl0 perynauuio nytm metabonusma chrHronnnuaos, onpepaeneHbl 82 perynatopHbix 6enka, u3 Kotopbix 47 — pe-
rynATOPbl SKCMPECCUn reHoB, KoaMpyoLwmx depmeHTbl MeTabonnyeckoro nyTu, U 35 — perynatopbl akTMBHOCTH,
Zerpagaumm n TpaHcnopTta GepMeHTOB JaHHOTO NyTU. AHANM3 NepenpencTaBleHHOCTU 3a60NeBaHNIA, C KOTOPbIMA
aCcCoLMMPOBaHbI 3TN PerynAaTopHble 6efikK, NoKasas, YTo PerynaTopbl MOXKHO Pa3buTb Ha ABe rPynMbl, acCoLmm-
poBaHHble C CepAeUYHO-COCYANCTbIMY NATONOMUAMUN U C HEPBHO-MCUXNYECKAMI 3a60MeBaHNAMMN COOTBETCTBEHHO.
Perynatopbl, accoumMmpoBaHHble C cepAeyHO-COCYANCTbIMY NATOIOMMAMU, OXKNAAEMO CBA3aHbl C BO34ENCTBUEM HA
TKaHV M1oKappaa Bo Bpems onepaunv. CaenaHo npeanosioxKeHne, YTo HapyLueHne GyHKLMU perynaTopos, accoumm-
POBaHHbIX C HEPBHO-MCUXMYECKMMY 3ab05eBaHAMU, MOXKET cneumdryeckn obycnosnnsatb passutre MO nocne
Kapanoxupypruyeckon onepauum. Takum o6pa3om, BbiSIBIEHHbIE PETYNATOPHbIE FreHbl MOTYT NPeACTaBAATb OCHOBY
ANA NNaHMPOBaHMA JaNbHENLLNX IKCMEPVIMEHTOB MO N3YYEHWIO HapyLIEHWI Ha YPOBHE SKCMPEeCC AaHHbIX FeHOB,
a TakxKe HapyweHua GyHKLUM Koanpyembix nmmn 6enkos y naumeHToB ¢ MOA. MaeHTndnLMpoBaHHbIE 3HaUYMMble
cOUHronMNMAbI MOryT paccMaTpMBaTbCA Kak MOTEHLMaNbHble MapKepbl MOCeonepaLoHHOro AeMpus.

KnioueBble cnosa: BOXKX-MC/MC; meTabonomuka; nMnUAOMIKa; NOCIeoNepaLroHHbIN AeNNPUi; KapanoxXmpypris;

6romapkepbl; cbuHronMnuapl; reHHble cetri; ANDSystem.

Introduction
Postoperative delirium (POD) is a serious complication of
the early postoperative period. Its incidence in cardiovascular
surgery is 52 % (Brown, 2014). The development of POD
leads to a worse prognosis, including longer hospitalization
duration, increased complications and mortality, impaired
cognitive function and physical status, and increased patient
costs (Pisani et al., 2009; Gottesman et al., 2010). Delirium
and postoperative cognitive impairment most commonly
occur in patients over 60 years of age (Morimoto et al., 2009).
Factors such as CNS hypoxia, embolism, neurotransmitter
release, systemic inflammatory responses and other disorders,
including metabolic issues, contribute to this phenomenon
(Wimmer-Greinecker et al., 1998; Cerejeira et al., 2010).
Metabolomics is a branch of bioanalytical chemistry
focused on the identification and quantification of low
molecular weight metabolites (<1,500 Da). The metabolomic
approach can be used to search for associations between
metabolic signatures and disease phenotypes. In particular,
metabolomic methods allow the detection of low molecular
weight metabolites capable of crossing the blood-brain barrier,
making metabolomic analysis a powerful tool for identifying
markers of delirium (Ke et al., 2019). For example, several
studies have shown that disturbances in energy metabolism,
amino acid biosynthesis, omega-3 and omega-6 fatty acid
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deficiency, and glutamate-glutamine cycle dysfunction are
associated with postoperative delirium in non-cardiac surgery
(Guo et al., 2019; Tripp et al., 2021).

Previously, a number of our studies have shown the
possibility of using the results of metabolomic screening
in the search for biomarkers of pathologies, as well as the
reconstruction of gene networks based on the obtained data.
Thus, using statistical analysis of metabolomic profiles of
cerebrospinal fluid (CSF) and blood plasma of patients with
high-grade glioma obtained by HPLC-MS/MS, we have
revealed correlations between metabolomic profiles of blood
plasma and CSF (Rogachev et al., 2021). Metabolomic
analysis combined with gene network reconstruction using
ANDSystem to interpret metabolomic data (Ivanisenko V.A. et
al., 2015, 2019; Ivanisenko T.V. et al., 2020, 2022) allowed us
to identify key SARS-CoV-2 proteins whose interactions with
human proteins could lead to impaired metabolic processes in
COVID-19 patients (lvanisenko V.A. et al., 2022).

Sphingomyelins (SM) are among the major phospholipids
that make up the hydrophobic matrix of plasma membranes
of mammalian cells; however, in response to stress, sphin-
gomyelins can be cleaved by sphingomyelinase into
phosphatidylcholine and ceramide, which have a signaling
function. Changes in sphingomyelin metabolism can affect the
balance of neurotransmitters in the brain, cause disruption of
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neuronal connectivity, and induction of neuroinflammation,
making them an important target for studying the mechanisms
of delirium pathogenesis (Wang, Shen, 2018; Xiao et al.,
2023).

In this study, the content of 9 phospholipids belonging to
the sphingomyelin class in the plasma of patients undergoing
cardiac surgery was analyzed using HPLC-MS/MS. There
were 4 statistically significant different sphingomyelin
contents in patients with POD compared with patients who
did not develop POD (control group).

To explain possible mechanisms of sphingolipid metabolism
disorders, we reconstructed gene networks describing the
genetic regulation of the KEGG pathway “Sphingolipid
metabolism” (hsa: 00600) using ANDSystem. Analysis of
gene networks allowed us to identify 35 regulators of transport,
activity and degradation of enzymes of this pathway, as well as
47 regulators of expression of genes encoding these enzymes.

Materials and methods

Patients. The study included patients over 65 years of age
who underwent cardiac surgery under artificial circulation.
Exclusion criteria were: emergency intervention, aortic
surgery, hemodynamically significant carotid artery stenosis,
Parkinson’s disease, liver cirrhosis (Child-Pugh B or C),
taking anticholinergic drugs, antidepressants, antiepileptic
and chemotherapeutic drugs. Patients were recruited from
June 2019 to January 2021. A total of 39 patients were included
in the study (Table 1). Within 5 days after surgery, patients
were evaluated for postoperative delirium using the CAM-ICU
(Confusion Assessment Method for the Intensive Care Unit)
test. The first test was performed 68 hours after surgery, and
then the patients were assessed twice a day. Delirium was
considered to be present if the CAM-ICU test was positive
at least once.

The study was approved by the Ethics Committee of the
E. Meshalkin National Medical Research Center (Novosibirsk,
Russia).

Blood sampling and sample preparation. Blood samples
were collected from patients 24 hours after cardiac surgery.
Venous blood was collected into 10 mL BD Vacutainer®
KEDTA tubes containing potassium EDTA as anticoagulant.
Plasma was separated from blood cells by centrifugation for
15minat 2,000 g and +4 °C, separated into aliquots and stored
frozen at —80 °C until further use.

All samples were processed simultaneously according to
the protocol described in (Li et al., 2017): 400 uL of a chilled
mixture of methanol and acetonitrile (1:1) was added to 100 pL
of blood plasma. The samples were shaken on a shaker,
then centrifuged for 15 min at +4 °C and 16,000 rpm. The
supernatant was transferred to a glass vial insert and analyzed.
Two quality control samples, obtained by mixing equal
volumes of plasma samples from patients with POD and
controls, were prepared using the same procedure.

HPLC-MS/MS analysis was performed on a Shimadzu
LC-20AD Prominence chromatograph equipped with a
gradient pump, SIL-20AC autosampler (Shimadzu, Japan),
thermostated at 10 °C, and CTO-10ASvp column thermostat,
with a temperature of 35 °C. Chromatographic separation was
carried out on a monolithic column with 1-vinyl-1,2,4-triazole
based sorbent (Basov et al., 2024). The monolithic material
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Table 1. Sex and age characteristics of patients

Group  Sex Age, yrs
NJE) oo
(M/F) Min Max  Mean Median Standard
deviation
Control 11/16 65 75 69.6 70 3.0
POD 5/7 65 79 69.7 69.5 43

was synthesized in glass tubes with an inner diameter of
2 mm as described previously (Patrushev et al., 2020). Mobile
phase Awas an agueous 20 mM ammonium carbonate solution
adjusted to pH = 9.8 with 25 % aqueous ammonia solution
and containing 5 vol % acetonitrile; mobile phase B was pure
acetonitrile. The elution gradient was as follows: 0 min —
0% B, Il min—0 % B, 6 min — 98 % B, 16 min — 98 % B,
after which the column was equilibrated for 3 min. The flow
rate was 300 pL/min and the sample volume was 2 pL.

Metabolites were detected on an APl 6500 QTRAP
mass spectrometer (AB SCIEX, USA) equipped with an
electrospray ionization source operating in positive ionization
mode. Metabolites were detected in multiple reaction
monitoring (MRM) mode.

The main mass spectrometric parameters were as follows.
The voltage at the ion source was 5500 V. The dryer gas
temperature was 475 °C, CAD gas pressure was “high”,
GS1, GS2 and curtain gas pressures were 33, 33 and
30 psi, respectively. The declustering potential (DP) was
91V, the entry potential (EP) was 10 V, and the collision
cell exit potential (CXP) was 10 V. The precursor and
fragment ion transitions, metabolite names, residence times,
and corresponding collision energies are presented in the
Supplementary Table S1'. Instrument control and data
acquisition were performed using Analyst 1.6.3 software
(AB SCIEX, Framingham, MA, USA). Chromatograms were
processed using the MultiQuant 2.1 program (AB SCIEX,
USA).

Data preprocessing and statistics analysis. The raw data
were preprocessed to fill in missing values of metabolite
content in the analyzed samples as follows. If the number of
samples with missing values did not exceed 5 % of the total
number of values for 39 patients, the median was calculated
for the remaining samples and taken as the metabolite content
value. This approach is due to the robustness of the median to
outliers. Statistical differences in the content of metabolites
in blood plasma samples in the group of patients with and
without POD were assessed using the nonparametric Mann—
Whitney criterion.

Reconstruction and analysis of gene networks. The list
of genes encoding enzymes involved in the “Sphingolipid
metabolism” pathway (ID: hsa00600) was extracted from the
KEGG database (https://www.kegg.jp/kegg/pathway.html,
Kanehisa, 2002; Kanehisa et al., 2022). The regulatory gene
network was reconstructed using the ANDSystem software
and information system (lvanisenko V.A. et al., 2015, 2019;
Ivanisenko T.V. et al., 2020, 2022). Work with the ANDSystem
knowledge base was performed using the ANDVisio program

! Supplementary Tables S1-510 are available at:
https://vavilovj-icg.ru/download/pict-2023-27/appx24.xIsx
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module. Analysis of overrepresentation of biological processes
(Gene Ontology) and diseases associated with regulatory
gene network proteins was performed using the web-based
tool DAVID (https://david.ncifcrf.gov/tools.jsp, Huang D.W.
et al., 2009).

Results

Study of sphingolipid content in patients’
blood plasma using the HPLC-MS/MS method
Since impaired sphingomyelin metabolism may contribute to
the development of delirium, the aim of our analysis was to
investigate their role in the complication of POD by examining
their content in the plasma of patients after cardiac surgery.
Specifically, we comparatively analyzed SM expression in the
plasma of patients undergoing cardiac surgery. The metabolites
of'this class that had a significant statistical difference in con-
tent within the samples taken from the group of patients with
POD were compared with those from the group of patients
who did not develop POD and are summarized in Table 2.
According to the Mann—Whitney test, out of these
9 sphingomyelins analyzed, four (SM(d18:1/22:2 OH),
SM(d18:1/24:0), SM(d18:1/24:1), and SM(d18:1/22:2))
showed statistically significant (p-value < 0.05) differences
between the studied patient groups. We hypothesized that the
impaired metabolism of sphingolipids may be related to the
impaired metabolic pathway of their biosynthesis. To test this
hypothesis, using the ANDSystem software and information
system, we reconstructed and analyzed the gene network
describing the regulation of expression of genes encoding
enzymes of the KEGG “Sphingolipid metabolism” metabolic
pathway, as well as the regulation of transport, activity, and
degradation of these enzymes.

Reconstruction of the regulatory gene network

To reconstruct the regulatory gene network, a list of genes
encoding enzymes involved in sphingolipid metabolism
“Sphingolipid metabolism” (hsa00600) was extracted from
the KEGG database. The resulting list contained 43 human
genes (Supplementary Table S2). The gene network graph was
reconstructed in the “Query Wizard” module of ANDVisio.

It should be noted that in the gene network we considered
only regulatory connections directed from regulatory proteins
to enzymes of the metabolic pathway. The resulting gene net-
work contained 43 human genes, 125 proteins (43 metabolic
pathway enzymes and 82 regulatory proteins), and 159 in-
teractions between them (see the Figure). Different types of
interactions between gene network members were represented
in the following ratio: 28 links corresponding to the type
“regulation of activity”, 2 — “regulation of degradation”, 4 —
“proteolysis”, 8 — “regulation of transport”, 43 — “expression”,
74 — “regulation of expression”.

To investigate the association of regulatory proteins with
pathologies, we analyzed the overrepresentation of diseases
and biological processes by Gene Ontology, using the web-
based tool DAVID. A list consisting of 82 genes encoding
gene-network regulatory proteins was provided as the input.
The results of the disease and biological processes overre-
presentation analysis are summarized in Supplementary Tables
S3 and S4, respectively.
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Table 2. Statistical significance of differences between
the group of patients with POD and the control group
in the content of metabolites in blood plasma samples
when compared by the Mann-Whitney test

Metabolites

All regulatory proteins represented in the gene network
(see the Figure) can be divided into two groups: (1) regula-
tors of gene expression and (2) regulators of activity, stabil-
ity, transport, etc., which can be called regulators of protein
function. To investigate the features associated with these
diseases and biological processes, overrepresentation analysis
was performed separately for each of these groups of proteins
(Supplementary Tables S5-S8).

Discussion

According to the literature, sphingomyelins (SM) play an
important role in nervous system function, and alterations
in their metabolism may contribute to the development of
delirium by inducing neuroinflammation, altering neuro-
transmitter balance, and disrupting neuronal connectivity
(Wang, Shen, 2018; Xiao et al., 2023). Our metabolomic
analysis using HPLC-MS/MS of blood plasma from patients
undergoing cardiac surgery allowed us to identify 4 out of
9 sphingomyelins, the content of which had a significant
statistical difference in the analyzed samples of patients with
POD compared to patients who did not develop POD (see
Table 2).

To study potential mechanisms of sphingolipid metabolism
disorders, a gene network (see the Figure) describing the
regulation of gene expression and function of the enzymes
encoded by them, participants of the KEGG metabolic pathway
“Sphingolipid metabolism” (Sphingolipid metabolism, hsa:
00600), was reconstructed using ANDSystem. Network
analysis showed that 82 regulatory proteins were involved
in the regulation of the metabolic pathway, the dysfunction
of which could influence the impairment of sphingolipid
metabolism. Based on the enrichment analysis of the list of
genes encoding these proteins with disease-associated genes,
168 statistically significantly overrepresented diseases were
identified.

To simplify the presentation of the results, the list of
diseases was divided into five groups (Table 3). The most
significant disease was from the group of cardiovascular
system pathologies, which may be due to the fact that all
patients underwent cardiac surgery due to cardiac pathologies.
The surgeries and medical procedures performed, such as
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Gene network regulation of the sphingolipid metabolism pathway.

artificial circulation, may also explain the presence of the
groups “inflammation”, “renal pathologies” and “surgical
intervention” among the identified significant pathologies
(Stafford-Smith et al., 2008; Squiccimarro et al., 2019). These
pathologies could be concurrently associated with both groups
of patients, with and without POD, as each had undergone
cardiac surgery.

The “neuropsychiatric diseases” group of pathologies
is of particular interest in the context of the development
of postoperative delirium. In particular, H. Huang et al.
(2022) discuss the role of neuroinflammation in the deve-
lopment of postoperative delirium. The authors emphasize
neuroinflammation and disruption of the blood-brain
barrier as some of the main pathophysiological factors in
the onset of delirium. The association of neuropsychiatric
pathologies with POD is also widely discussed in the
scientific literature. For example, O’Sullivan et al. consider
that the link between delirium and depressive disorder may
be due to common pathophysiological mechanisms including
impaired stress and inflammatory responses, monoamine
and melatoninergic signaling (O’Sullivan et al., 2014).
According to our analysis, at the molecular genetic level,
these pathophysiologic mechanisms may involve genetic
regulation of the sphingolipid metabolism pathway. The
list of regulatory genes from the gene network associated
with the “neuropsychiatric diseases” group is summarized
in Supplementary Table S9.

Statistical analysis of Gene Ontology overrepresentation
of biological processes based on the list of regulatory
genes identified 67 significant biological processes (BPs,
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Gene Expression regulation
Expression
Degradation regulation

Supplementary Table S4). The list of biological processes was
categorized into 7 groups to represent the results (Table 4).
Among the significant BPs were found fundamental regulatory
processes, including regulation of transcription, regulation of
proliferation, activation of cell signaling pathways, etc. These
results were expected because the gene network members are
regulators of gene expression and functions of the enzymes
they encode. The set of regulators we analyzed turned out to be
enriched with genes involved in the process of cardiovascular
cell proliferation (see Table 4 and Supplementary Table S10),
which can be explained by the activation of regenerative
processes after surgical intervention. In addition to those
mentioned above, it is possible to identify more specifically
delirium-related BPs, such as inflammatory processes,
response to stress factors and regulation of apoptosis (Steiner,
2011; Vutskits, Xie, 2016).

Notably, the regulatory connections in the gene network can
be divided into two groups: regulators of the gene expression
and regulators of the functions (activity, degradation, and
transport) of protein products of their expression. It is of
interest to consider whether there are characteristic features
related to the molecular mechanisms of delirium development
for regulators from these two separate groups. We analyzed
the overrepresentation of diseases and biological processes
separately for regulators of expression as well as for regulators
of protein function (see Supplementary Tables S5-S8).

Unexpectedly, when considering regulators of protein
function, the top ten most significant pathologies were
neuropsychiatric diseases (e. g., schizophrenia, bipolar
disorders, autism), which, according to the literature, are
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Table 3. Statistical significance of disease overrepresentation based on gene-regulatory list analysis
Pathology group Number of The most significant pathology FDR Number
pathologies of genes
in the group
Pathologies of the cardiovascular system 23 Hypertension 7.7x107 12
Kidney pathologies Acute renal failure 7.3x107 10
Inflammatory processes Inflammation 73%x107° 11
Operative intervention Reperfusion injury 14%x107 9
Neuropsychiatric diseases 26 Depressive disorder 2.1x10™ 12
Note. False Discovery Rate (FDR) and the number of genes associated with the pathology are given for the most statistically significant pathology.
Table 4. Statistical significance of overrepresentation of biological processes based on gene-regulatory list analysis
Group of Biological Processes (BPs) Number of BPs The most significant BP FDR Number
in the group of genes
Regulation of apoptosis 7 Positive regulation of apoptosis 4.1x1077 14
Response to stressors 3 Cellular response to mechanical stimulus ~ 4.1x 1077
Regulation of cell signaling pathways 9 Positive regulation of MAP kinase activity 4.0x 1077
Regulation of transcription 8 Positive regulation of transcription 3.9x107 23
from RNA-pol. Il promoter
Regulation of cardiovascular 7 Positive regulation of angiogenesis 6.8x107 9
cell proliferation
Regulation of cell proliferation 3 Positive regulation of cell proliferation 0.0014 12
Inflammatory processes 5 Positive regulation of inflammatory 0.0046 6

response

Note. False Discovery Rate (FDR) and the number of genes associated with BPs are given for the most statistically significant BPs.

specifically associated with delirium (Garcia-Bueno et al.,
20164, b). Interestingly, the literature discusses the association
of preoperative pain factors with depressive symptoms and
the subsequent development of POD (O’Sullivan et al., 2014).
When considering the regulators of gene expression, among
the significant pathologies, the group of pathologies of the
cardiovascular system was predominant, which was expected,
given the patients’ history. In this regard, it can be assumed that
a special role in the manifestation of pathological mechanisms
of delirium belongs to the regulation of the activity of protein
products and, to a lesser extent, to the regulation of gene
expression. Note that no significant differences between the
two groups of regulators were found as a result of the analysis
of BP overrepresentation.

An important structural characteristic of the graph of
gene networks, which determines the peculiarities of their
functioning, is the centrality of vertices. One of its indicators
is the degree centrality of vertices, which characterizes the
ratio of the number of links of a given vertex to the total
number of links in the graph and is widely used in the
analysis of gene networks. The enzyme sphingomyelinase
(ASM, see the Figure) had the largest number of connections
(regulation of activity, degradation, and transport) with
regulatory proteins among the graph vertices corresponding
to enzymes. This enzyme cleaves sphingomyelins into
phosphatidylcholine and ceramide, which have a signaling
function. The function of ASM enzyme was modulated
by 10 regulatory proteins, 6 of which had the “activity
regulation” type of links (ASM3B, Hsp70, KLRB1, TNFA,
TNR6, VEGFA), 3 proteins (CASP8, SORT, TNR5) had
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the “transport regulation” type, and there was one link with
CASP7 protein with the “proteolysis” type. Note that among
the regulatory proteins, caspase-8 (CASP8) and tumor necrosis
factor alpha (TNFA) were present and found to be associated
with overrepresented diseases such as epilepsy, depression,
dementia and other neuropsychiatric diseases. According
to the literature, CASP8 accomplishes the activation and
translocation of ASM to the surface of the plasma membrane.
ASM activation results in the cleavage of sphingomyelins
and the formation of ceramide, which promotes caspase-8
activity and induction of apoptosis (Grassmé et al., 2003).
Surgical interventions are known to provoke the penetration
of pro-inflammatory factors such as interleukins and TNFA
across the GEB, which contributes to neuroinflammation and
may be associated with the development of POD (Alam et al.,
2018). According to the reconstructed gene network, TNFA
increases phosphomyelinase activity (Corre et al., 2013) and
is also associated with overrepresented neuropsychiatric
diseases such as depression, epilepsy, etc. (see Supplementary
Table S3).

The SPHK2 gene (see the Figure), encoding the enzyme
sphingosine kinase 2, had the highest centrality index among
the gene network graph nodes corresponding to the genes.
The gene network represented 7 regulators of expression
of this gene encoded by the AGT, CCNAL, FAS, IL17A,
KCNN1, SPHK1, and PAPSS1 genes (see the Figure). In
contrast to the peak corresponding to the ASM protein, there
were no regulators of SPHK2 expression associated with
neuropsychiatric diseases. This fact once again indicates
that the most important contribution to the dysfunction
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of the sphingolipid metabolism pathway associated with
postoperative delirium may come not from the regulation of
the expression of genes encoding enzymes of the metabolic
pathway, but from the impaired transport, activity, and
stability of the products of these genes. Genes associated with
other disease groups were represented among the regulators
of SPHK2 expression (see Supplementary Table S5). For
example, fatty acid synthase (FAS) activity is associated with
myocardial infarction, hypertension, type Il diabetes, and other
diseases (Nosrati-Oskouie et al., 2021).

Conclusion

An integrated approach in metabolomic analysis of blood
plasma from cardiac surgery patients using HPLC-MS/MS
and bioinformatic methods of ANDSystem gene network
reconstruction allowed us to identify potential markers of the
sphingomyelin class, as well as regulatory genes, the dysfunc-
tion of which may underlie the mechanisms of postoperative
delirium (POD) development. The analysis of disease over-
representation revealed that the groups of pathologies such
as neuropsychiatric diseases, cardiac and renal pathologies,
inflammatory processes, and surgical intervention were associ-
ated with these regulatory proteins. The function of regulators
associated with CVDs could be impaired in patients with
POD due to heart surgery and medical procedures such as
artificial circulation (Gao et al., 2005). However, since heart
surgery was undergone by all subjects, it can be expected that
the altered function of these regulatory proteins could have
equally affected both the group with and without POD. In
this regard, the function of a group of regulators associated
with neuropsychiatric diseases could have been specifically
impaired in patients with POD, which was responsible for
the decreased plasma sphingolipid content in these patients.

Among the nodes of the gene network graph, the node with
10 regulatory connections corresponding to the ASM enzyme
(phosphomyelinase) had the highest centrality index. Proteins
encoded by the TNFA, CASP8, TNR5, and VEGFA genes,
which are associated with epilepsy, depression, and other
neuropsychiatric diseases, were found among regulators of
ASM activity and transport. Among the nodes corresponding
to the genes, the SPHK2 (sphingosine kinase 2) gene had the
highest centrality score in the graph. The expression of this
gene is regulated by 7 proteins encoded by the AGT, CCNA1,
FAS, IL17A, KCNN1, SPHK1, and PAPSS1 genes.

The proposed hypotheses on the role of regulatory genes in
the development of AMP can be used to plan transcriptomic
and proteomic analysis experiments to study the molecular
genetic mechanisms of this complication.
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Molecular-genetic pathways of hepatitis C virus regulation
of the expression of cellular factors PREB and PLLA2G4C,
which play an important role in virus replication

E.L. Mishchenko! 2, A.A. Makaroval, E.A. Antropoval, A.S. Venzel 2, T.V. Ivanisenkol 2,
PS. Demenkov!' 23, V.A. Ivanisenkol' 2 3@

TInstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Kurchatov Genomic Center of ICG SB RAS, Novosibirsk, Russia

3 Novosibirsk State University, Novosibirsk, Russia

® salix@bionet.nsc.ru

Abstract. The participants of Hepatitis C virus (HCV) replication are both viral and host proteins. Therapeutic ap-
proaches based on activity inhibition of viral non-structural proteins NS3, NS5A, and NS5B are undergoing clinical
trials. However, rapid mutation processes in the viral genome and acquisition of drug resistance to the existing drugs
remain the main obstacles to fighting HCV. Identifying the host factors, exploring their role in HCV RNA replication,
and studying viral effects on their expression is essential for understanding the mechanisms of viral replication and
developing novel, effective curative approaches. It is known that the host factors PREB (prolactin regulatory element
binding) and PLA2G4C (cytosolic phospholipase A2 gamma) are important for the functioning of the viral replicase
complex and the formation of the platforms of HCV genome replication. The expression of PREB and PLA2G4C was
significantly elevated in the presence of the HCV genome. However, the mechanisms of its regulation by HCV remain
unknown. In this paper, using a text-mining technology provided by ANDSystem, we reconstructed and analyzed
gene networks describing regulatory effects on the expression of PREB and PLA2G4C by HCV proteins. On the ba-
sis of the gene network analysis performed, we put forward hypotheses about the modulation of the host factors
functions resulting from protein-protein interaction with HCV proteins. Among the viral proteins, NS3 showed the
greatest number of regulatory linkages. We assumed that NS3 could inhibit the function of host transcription fac-
tor (TF) NOTCH1 by protein-protein interaction, leading to upregulation of PREB and PLA2G4C. Analysis of the gene
networks and data on differential gene expression in HCV-infected cells allowed us to hypothesize further how HCV
could regulate the expression of TFs, the binding sites of which are localized within PREB and PLA2G4C gene regions.
The results obtained can be used for planning studies of the molecular-genetic mechanisms of viral-host interaction
and searching for potential targets for anti-HCV therapy.

Key words: hepatitis C virus; HCV gene replication; replicase HCV; host factors; gene networks; phospholipase
PLA2GA4C; PREB protein.
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MoJieKyISIpHO-TeHeTYeCKNe IMyTU PeryJasiiuyum Bupycom rermnaturta C
KCIIpeccuu KiaeTOuHbIX (pakTopoB PREB 1 PLA2GA4C,
UT'parIX BaXKHVIO POJIb /I pervinKaluy Brupyca
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AHHoOTauus. B pennnkaumm reHoma Bupyca renatmta C (BI'C) yuacTBYIOT KaK BUPYCHbIe, Tak 1 X03ACKMe 6enku. Te-
paneBTMYeCKMe NOAXOLbl, OCHOBAHHbIE Ha NOAABMIEHNN aKTUBHOCTM HECTPYKTYPHbIX BUPYCHbIX 6enkoB NS3, NS5A,
NS5B, NpoxofAT KNMMHNYECKUE UCMbITAaHUA Pa3HbIX YpoBHein. OfHAKO ObiCTpble MyTaLMOHHbIE MPOLECChl BUPYCHOMO
reHoma 1 nprobpeTeHmne fleKapCTBEHHON YCTONYMBOCTY OCTAIOTCA OLHUMM U3 INaBHbIX NPenaTcTBriA B 6opbbe ¢ BIC.
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Perynaums supycom renatuta C akcnpeccum
KneTouHbix ¢pakTopor PREB 1 PLA2G4C

NneHTudrkauma n nccnepgoBaHme KNeTouHbix GakTopos, yyacTByowmx B pennnkaunm PHK BIC, a Takxe perynauyumsa
BMPYCOM VX SKCMPECCUN BaXKHbl AN MOHUMaHNA MEXaHN3MOB PENKaLuy BUpYyca n pa3paboTky 3GpdEKTUBHBIX Noa-
XOLOB NPOTNBOBMPYCHOW Tepanuu. Mi3BecTHo, uto 6enok PREB, cBsi3biBatoLWMiA PerynsTOPHbBIA 31EMEHT NPONaKTUHA,
1 yuto3sonbHaa docponmnasa A2 ramma (PLA2G4AC) nrpatoT BaxkHYH posb B opMmnpoBaHuy nnatdopm penamnkaumm
PHK BI'C, a Takxe B GYyHKLMOHUPOBaHUN BUPYCHOW peninKkasbl. JKcnpeccus reHoB PREB n PLA2G4C 3HaunTenbHO
yBenuueHa B npucyTctaum BI'C, Ho MexaHn3Mbl ee perynaumm BUpYCHbIMU 6efikaMm Jo CMX MOP He M3yyeHbl. B faHHOM
paboTe C NprYIMeHEHNEM TEXHONMOTUN TEKCT-MANHWHIA, Peasm30BaHHON B NMPOrpaMMHO-MHGOPMALIMOHHON cucTeme
ANDSystem, peKOHCTPYMPOBaHbI FEHHblE CETU PEryfAaunmn SKCNPeccum reHoB Yenoseka PREB n PLA2G4C 6enkamu
BI'C. Ha ocHOBaHWM aHanm3a reHHbIX ceTel Mbl BbIABUHYN M’MNOTe3bl O PErynaTopHbix 3pdekTax 6enkos BIC Ha GyHK-
Lun Xo3ANCKNX GakTopoB B pesynbTaTe 6e10K-6enKoBbIX B3aumonencTeuin. Cpean BUPYCHbIX 6enkoB HambosbLiee
KONNYeCTBO PEerynaToOpHbIX CBA3EW BblABNEHO y BUpycHon npoteasbl NS3. MpepgnonoxutenbHo NS3 B pesynbrate
6e10K-6e/IKOBOro B3aUMOLENCTBMA NOAABAAET aKTUBHOCTb TPAHCKPMNLUMOHHOro daktopa NOTCH1, yto obycnosnu-
BaeT akTMBauuto skcnpeccumn PREB n PLA2G4C. AHann3 reHHbIx ceTell 1 faHHbIX 0 anddepeHuranbHon skcnpeccum
reHoB B npucyTcTBum BIC no3Bonnn Ham Take BbIABUHYTb rMNOTE3bl O perynauuy BUpYyCoM SKCMPeCcCUn TPaHCKPU-
LIMOHHbIX PpaKTOPOB, CalTbl CBA3bIBAHNA KOTOPbIX HAaXOAATCA B paioHax reHoB PREB n PLA2G4C, n peicTBun 3TUX
TPaHCKPUMLMOHHBIX GakTOPOB Ha perynauuto TpaHckpunuum PREB n PLA2G4C. MonyyeHHble pe3ynbTaTbl MOryT ObiTb
MCMOMb30BaHbl NPV MNAHNPOBAHNM NCCNeA0BaHNI MO U3YYEHMNIO MOJIEKYNAPHO-TeHeTNYECKNX MEXaH3MOB B3anUMo-
LEeNCTBMA BUPYC—XO3AVH 1 NOMCKa NOTEHLMANbHbIX MULLEHe AnA pa3paboTkum nekapcTts npotums BIC.

KntoueBble cnoBa: Bupyc renatuita C; pennukaumsa reHoma BIC; pennukasa BIC; xo3anckune dpakTopbl; reHHble ceTu;
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docdonnnasza PLA2GAC; 6enok PREB.

Introduction

The Hepatitis C virus (HCV) causes a dangerous liver disease,
which, starting asymptomatic, turns into a chronic form and
can lead to cirrhosis and hepatocellular carcinoma (Yamane
etal., 2013). The HCV genome is represented by a plus-chain
RNA (~9,600 nucleotides), encoding structural (Core, E1,
E2) and non-structural (p7, NS2, NS3, NS4A, NS4B, NS5A,
NS5B) proteins. It also contains 5'- and 3’-untranslated re-
gions (UTR) necessary for translating the viral polyprotein
and replicating the viral genome (Bartenschlager et al., 2013).
Structural glycoproteins E1 and E2 are localized on the viral
bilayer lipid envelope surrounding the nucleocapsid, which
consists of multiple copies of the Core protein and RNA ge-
nome. The p7 protein has membrane cation channel properties;
proteins NS2 and NS3/NS4A are proteases that process the
viral polyprotein. NS3 also has helicase activity; NS4B and
NS5A can modify endoplasmic reticulum (ER) membranes
to form vesicular membrane structures — platforms for the
replication of the HCV genome. NS5B is an RNA-dependent
RNA polymerase. The complex of non-structural proteins
NS3-NS5B, which also involves host factors, performs the
function of viral replicase in the host cell (Moradpour et al.,
2007). The virus genome is highly heterogeneous due to
the high error rate of the RNA-dependent RNA polymerase
NS5B. This property of NS5B is considered the main reason
for the virus’s rapid acquisition of drug resistance (Powdrill
etal., 2011).

Currently, a great deal of research is directed towards iden-
tifying and studying the properties of cellular factors involved
in modifying ER membranes to form vesicle clusters in which
the HCV RNA genome replicates, which are part of the viral
replicase. For instance, it has been established that the recep-
tor for activated C kinase 1 (RACKZ1) associates with NS5A
and the ATG14L-Beclinl-Vps34-Vpsl5 autophagosome
formation initiation complex, stimulating the formation of
vesicular membrane structures (Lee et al., 2019). The early
endosome (EE) protein Rab5, regulating endocytosis and
EE fusion, and the late endosome (LE) protein Rab7, enhanc-
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ing LE transport to lysosomes, are associated with NS4B
and involved in the biogenesis of these membrane structures
(Manna et al., 2010). The small GTPase Rab18-GTP on lipid
droplet (LD) membranes interacts with the viral protein NS5A
on the ER membrane. The association of LD and ER mem-
branes due to the direct interaction of Rab18-GTP and NS5A
leads to the localization of HCV replicase complexes near LDs
and stimulates HCV RNA replication (Salloum et al., 2013).

Phosphatidylinositol 4-kinase IIla. (PI4KIIIa) is important
in forming membrane vesicular structures and replication
complexes. Through protein-protein interaction, NS5A
stimulates the activity of PI4KlIIla, leading to the formation
of phosphatidylinositol-4-phosphate (P14P), which recruits
and coordinates viral and host proteins on the membrane that
contains PI4P-affine lipid-binding domains (Berger et al.,
2011; Reiss et al., 2011). Moreover, HCV can regulate the
expression of cellular factors that play an important role in
virus replication. For example, cytosolic phospholipase A2
gamma (PLA2G4C), which hydrolyzes membrane phospho-
glycerides to form free fatty acids and lysophosphatidate and
directly affects the structure, shape, merger, and interaction of
the membranes with proteins (Brown et al., 2003), has several
times increased expression at both RNA and protein levels in
the presence of HCV RNA (Xu et al., 2012).

The expression of the PREB gene (prolactin regulatory
element binding protein) is also significantly increased in the
presence of HCV (Kong et al., 2016). The PREB protein func-
tions as a regulatory factor for COPII vesicle budding from the
ER membrane (LaPointe et al., 2004), associates with NS4B,
is involved in the formation of membrane vesicular structures
and is localized in the active HCV replication complex through
interaction with NS4B (Kong et al., 2016). Despite accumu-
lated evidence of increased PREB and PLA2G4C expression
in the presence of HCV, the molecular mechanisms regulating
the expression of these host factors are poorly understood.

The technology of text mining is a useful tool for studying
molecular-genetic interactions. We previously developed the
software and information system ANDSystem (lvanisen-
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ko V.A. etal., 2015, 2019; lvanisenko T.V. et al., 2020, 2022),
which implements a full cycle of knowledge engineering,
including automatic extraction of information from scientific
publications and factographic databases, integration, and rep-
resentation of information in the form of semantic networks
in the knowledge base, as well as providing user access to the
knowledge base for the reconstruction and analysis of gene
networks. ANDSystem was used to solve a wide range of tasks,
including analyzing the interactome of Hepatitis C virus pro-
teins with human proteins, interpreting metabolomic analysis
results, gene prioritization tasks, searching for new potential
drug targets, and others. In particular, the analysis of protein-
protein interactions of HCV and human proteins allowed us to
reconstruct potential pathways of regulating the external path-
way of apoptosis by viral proteins (Saik et al., 2016), as well
as to study the features of HCV protein regulation of genes
prone to aberrant methylation in hepatocellular carcinoma
(Antropova et al., 2022). Based on the data of metabolomic
analysis of the blood plasma of patients with COVID-19, regu-
latory pathways describing the control of human metabolic
pathways by SARS-Cov-2 proteins were reconstructed, and
it was shown that a number of non-structural viral proteins
had the most significant regulatory impact (Ivanisenko V.A.
et al., 2022). With the help of reconstruction and analysis
of gene networks, new methods of gene prioritization were
proposed, which were used to search for candidate genes
associated with lymphedema as well as with major depres-
sive disorder (Yankinaetal., 2018; Saik et al., 2019). Using
ANDSystem, new potential pharmacological targets for
treating comorbid conditions of asthma and hypertension
were proposed (Saik et al., 2018a, b).

In our work, using the ANDSystem software information
system, we reconstructed and analyzed the pathways of HCV
protein regulation of the expression of cellular factor genes
PLA2G4C and PREB, which play an important role in the
formation of membrane vesicular structures — the platform
for viral RNA replication, and in the functioning of the viral
replicase. Through computer analysis, 28 human transcription
factors (TFs) under the control of HCV were found which
could participate in the regulation of PLA2G4C and PREB
expression. It turned out that out of these TFs, 16 proteins
participate in the regulation of PLA2G4C, 23 — in the regu-
lation of PREB, and 11 are common. Based on the analysis
of gene networks and data on differential gene expression,
hypotheses have been put forward about the regulatory effects
of viral proteins on the functions of TFs with which they form
complexes as a result of protein-protein interactions, as well
as the regulatory effects of these TFs on the expression of
PLA2G4C and PREB.

Materials and methods

Obtaining the list of differentially expressed genes (DEGs)
of human proteins in the presence of HCV proteins. Using
RNA sequencing results available at the NCBI GEO resource
(http:/Avww.ncbi.nIm.nih.gov/geo) (Edgar et al., 2002), a list
of human genes differentially expressed in Huh7.5.1 hepa-
tocytes under HCV infection conditions was obtained via
the GSE66842 identifier. The RNA sequencing results were
analyzed using the GEO2R tool, allowing to obtain statis-
tical processing results and data visualization on differential
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Fig. 1. Scheme for constructing regulatory molecular-genetic pathways
for modulating the expression of host factor genes by HCV proteins.

gene expression under experimental conditions. We selected
statistically significant DEGs at the control point “10 days
after HCV infection” (GSE66842). The study also used tran-
scriptome analysis results of differential gene expression in
Huh.7.5 hepatocytes at the control point “72 hours after HCV
infection” (Papic et al., 2012). These results were combined
into a final list of DEGs to reconstruct gene networks.

Identification of transcription factors. Transcription fac-
tors, the binding sites of which are located in the PREB and
PLA2GA4C genes, as well as in flanking regions of these genes
within a range of +2,000 bp, were extracted from the GTRD
database (http://gtrd20-06.biouml.org/) (Yevshinetal., 2017;
Kolmykov et al., 2021), which integrates studies on genome
organization. For gene network construction, the TF genes
differentially expressed under Hepatitis C virus infection
conditions were selected.

Reconstruction and analysis of molecular genetic path-
ways of PREB and PLA2G4C gene expression regulation
by HCV proteins using ANDSystem. Molecular genetic
pathways for regulating host factors PREB and PLA2G4C
expression by HCV proteins were reconstructed using
ANDSystem and its graphical user interface ANDVisio. The
ANDVisio program accesses the ANDSystem knowledge
base, which contains over 40 million facts about intermo-
lecular interactions, including protein-protein interactions,
gene expression regulation, activity regulation, degradation,
and protein transport.

The construction of regulatory molecular genetic pathways
describing interactions between HCV proteins and human
proteins and genes was carried out using the “Pathway Master”
module of the ANDVisio program. The relationships between
the participants of these pathways, including protein-protein
interactions and gene expression regulation, are arranged ac-
cording to the scheme (Fig. 1).

Results and discussion

Reconstruction of the interactome

of human proteins and HCV proteins

Using the ANDSystem software and information system, an
interactome of 10 HCV proteins with 333 human proteins was
reconstructed (Fig. 2). It turned out that 195 human proteins
interact with NS3, 59 — with NS5A, 50 — with Core, 26 — with
NS5B, 15 — with NS2, 7 — with E2 and p7, 6 — with NS4A,
5 — with E1, 4 proteins — with NS4B. The gene network il-
lustrates that only a few human proteins interact with more
than one HCV protein. Among them are transcription factors
potentially regulating the expression of target genes PREB
and PLA2GA4C.
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Fig. 2. Graph of interactions between human proteins and HCV proteins, reconstructed using the ANDSystem software and information system.

Black lines indicate protein-protein interactions.

Reconstruction of molecular-genetic pathways
regulating the expression of PREB and PLA2G4C
genes by HCV proteins

Published scientific results indicate that the expression of
cellular factors PLA2G4C (Xu et al., 2012) and PREB (Kong
etal., 2016) is significantly enhanced in the presence of HCV
proteins. These host factors play an important role in HCV rep-
lication. They are involved in forming membranous vesicular
structures — compartments of viral RNA replication, and in the
functioning of the HCV replicase complex (Xu et al., 2012;
Kong et al., 2016). However, the molecular-genetic mecha-
nisms for increasing the expression of PREB and PLA2G4C
in the context of HCV infection have not been studied to date.
Transcription factors (TFs) regulated by viral proteins were
identified using information on differential gene expression.
It should be noted that in our study, we did not consider TFs,
the expression of which did not change under conditions of
HCV infection. The GTRD database extracted lists containing
432 and 693 TFs, the binding sites of which are in the regions
of PREB and PLA2GAC genes, respectively. Among many
transcription factors, 92 TFs were selected, the genes of which
are differentially expressed in the presence of HCV proteins
(69 and 63 TF genes for PREB and PLA2GA4C, respectively,
and 40 TFs common for both target genes).

Using ANDSystem, the molecular-genetic pathways
regulating the expression of PREB and PLA2G4C by HCV
proteins were reconstructed and analyzed (Figs. 3 and 4).
Among the regulatory pathways, the first layer of which were
HCV proteins, and the final ones were PREB and PLA2G4C
genes, there turned out to be 28 out of 92 TFs, indicating the
regulation of these TFs by viral proteins.

Figure 3 illustrates the regulatory molecular-genetic path-
ways of PREB expression by HCV proteins. These pathways
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include 24 proteins presented in layer 2, 23 participants in
layer 4, and their encoding genes in layer 3. As shown in the
gene network graph, only 23 out of 69 TFs were included in
the regulatory pathways, suggesting that these specific TFs
may regulate the transcription of the PREB gene under HCV
infection conditions.

The gene network in Figure 4 illustrates the pathways of
PLA2GA4C expression regulation by HCV proteins. In the
GTRD database, 63 TF binding sites were found in the regula-
tory regions of the PLA2GAC gene, which are differentially ex-
pressed genes (DEGs). Only 16 out of these 63 TFs were part
of the regulatory pathways. This suggests that these particular
TFs presumably regulate the transcription of the PLA2G4C
gene under HCV infection conditions. It was previously shown
that the NS3 protein of the Hepatitis C virus stimulates the
activity of the TF STAT3 (Machida et al., 2006). Moreover,
STATS3 significantly enhances the transcription of the MYC
gene (Kiuchi et al., 1999; Papic et al., 2012). Furthermore,
it was demonstrated in a study (Xiong et al., 2017) that the
alteration of MYC expression enhanced PLA2G4C expres-
sion, which aligns with the regulatory pathway we identified.
Similarly, the positive regulation of XBP1 expression by
STAT3 (Diehl et al., 2008) and the increased expression of
XBP1 (Papicetal., 2012) in the presence of HCV may account
for the activating effect of XBP1 on PLA2G4C transcription.

The use of ANDSystem allowed us to propose hypotheses
about the regulation of TF expression by HCV proteins in-
teracting with the regulatory region sites of the PREB and
PLA2GA4C genes (see Figs. 3 and 4). It should be noted that
11 TFs were simultaneously represented among the regulators
of PREB and PLA2GAC. Based on the data on differential gene
expression and the nature of regulatory molecular-genetic
pathway connections, we can hypothesize about the effect
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Fig. 3. Gene network of molecular-genetic pathways regulating the expression of the PREB gene in conditions of HCV infection.

Here and in Fig. 4: black lines - protein-protein interactions; pink arrows — expression regulation; blue arrows — expression.
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HCV proteins TFs
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DEGTFs

Human genes
Human proteins
HCV proteins

Layer 4: Layer 5:
TFs Target gene

Fig. 4. Gene network of molecular-genetic pathways regulating the expression of the PLA2G4C gene under HCV infection

conditions.

these TFs (layer 4) have on the transcription of PREB and
PLA2GA4C (see the Table). For example, the increased expres-
sion of the layer 3 TF gene and positive regulation by the
layer 2 TF may lead to the activation of PREB and PLA2G4C
transcription. Specifically, from the regulatory pathways, it
follows that the TF CEBPD positively regulates the expression
of PREB, as the expression of CEBPD is positively regulated
by STAT3 (layer 2) and is elevated in the presence of HCV
(Papic et al., 2012). Conversely, the reduced expression of
the layer 4 TF in the presence of HCV and the negative sign
of expression regulation between layer 2 and 3 participants
explain the inhibitory effect of the TF on the transcription of
PREB and PLA2GA4C.

780

The studies show that the Core HCV protein increases the
expression of NR4A1 (Tan, Li, 2015), while the transcrip-
tion factor NR4A1 inhibits the expression of the SOX9 gene
(Huetal., 2014). In the regulatory pathways we reconstruct-
ed, NR4A1 is a transcription factor of layer 2, interacts with
six HCV proteins (Core, E1, E2, NS2, NS4A, NS5B), and
has a negative effect on SOX9. Therefore, the transcription
factor SOX9, inhibited at the RNA level under HCV infection
conditions, presumably reduces the expression of the PREB
gene. The hypotheses we proposed based on gene network
analysis should be experimentally confirmed in the future.

Analyzing the reconstructed gene networks allowed us to
propose hypotheses about how viral proteins might affect
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TF Expected effect* TF Expected effect TF Expected effect
PREB .................. PLAZG4C ............ PREB .................... PLAZG4C ............. PREB .................. PLA2G4C ..........

AHR .................. T ......................... T ........................ JDPZ ................ T .......................... R RELB ................. T ......................... R

APP ................... T ......................... B JUN .................. T .......................... T ........................ S|RT1 ................ T ......................... T .......................

BCL 3 ................. T ......................... T ........................ JUND ............... T .......................... T ........................ SOX4 ................ T ......................... R

BRD4 ................ T ......................... TKDMZB ............ T .......................... R Soxg ................ l ......................... R

CDXZ ................ R TKLF4 ................. T .......................... T ........................ TCF12 ............... T ......................... R

CEBPD .............. T ......................... _LMNA .............. R T ........................ TFE3 ................. R T .......................

DD|-|-3 ............... T ......................... TMCM7 .......................................... R XBP1 ............................................ R

FOXN ............... l ......................... lMYC ................. T .......................... T ........................ YY1 ................... T ......................... T .......................

GATA2 .............. T ......................... _PBX3 ................ R T .......................................................................................................

GF” .................. T ......................... _PCBPZ .............. T .......................... T ........................

* «T» - positive regulation, «|» — negative regulation, «-» — no regulation.

the function of TFs with which they form complexes due to
protein-protein interactions. These hypotheses were based on
the structure of regulatory molecular-genetic pathways and
data on differential gene expression, similar to the hypotheses
about regulating PREB and PLA2G4C by TFs. Aviral protein
has a negative effect on the function of a protein from layer 2
of the regulatory pathway as a result of physical interaction
with it in the following cases: (1) the layer 2 participant is
connected to a participant from layer 3 by positive regulation
of expression type, and the expression of the layer 3 participant
is reduced in the presence of HCV; (2) the layer 2 participant is
connected to a participant from layer 3 by negative regulation
of expression type, and the expression of the layer 3 partici-
pant is increased in the presence of HCV. A viral protein has
a positive effect on the function of a protein from layer 2 in
the following cases: (1) the layer 2 participant is connected to
a participant from layer 3 by positive regulation of expression
type, and the expression of the layer 3 participant is increased
in the presence of HCV; (2) the layer 2 participant is con-
nected to a participant from layer 3 by negative regulation of
expression type, and the expression of the layer 3 participant
is reduced in the presence of HCV.

According to the reconstructed regulatory molecular-ge-
netic pathways, the largest number of regulatory connections
among the HCV proteins was identified for the viral protease
NS3. One of the proteins directly interacting with NS3 is the
TF NOTCHI1. Numerous scientific studies of this TF have
been published; however, we did not find information about
the effect of NS3 on the function of NOTCH1 due to protein-
protein interactions. From analyzing regulatory pathways and
differential gene expression data, we hypothesized that NS3
suppresses NOTCHL1 activity due to protein-protein interac-
tion. It was previously shown that NOTCHL1 activates the
transcription of SOX9 (Zong et al., 2009) and inhibits KLF4
(Xue et al., 2016), which would lead to a negative effect on
the transcription of PREB and PLA2G4C. However, the actual
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change in the expression of target genes and their TFs SOX9
and KLF4 aligns with the hypothesis about the suppression
of NOTCH1 activity by the viral protein NS3.

Conclusion

Using the ANDSystem software system, molecular-genetic
pathways of regulation of PLA2G4C and PREB gene expres-
sion by Hepatitis C virus proteins have been reconstructed and
analyzed. The protein products of these genes are essential
for HCV replication, as they participate in the modification of
membranes with the formation of membrane vesicle clusters,
which are compartments of HCV genome replication and
are also involved in the composition and functioning of the
HCV replicase. The theoretical data obtained in our work can
be useful for planning studies on the mechanisms by which
HCV uses human proteins for its genome replication and for
searching for potential targets for antiviral therapy.
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Abstract. Hepatocellular carcinoma (HCC) is a common severe type of liver cancer characterized by an extreme-
ly aggressive course and low survival rates. It is known that disruptions in the regulation of apoptosis activation
are some of the key features inherent in most cancer cells, which determines the pharmacological induction of
apoptosis as an important strategy for cancer therapy. The computer design of chemical compounds capable of
specifically regulating the external signaling pathway of apoptosis induction represents a promising approach for
creating new effective ways of therapy for liver cancer and other oncological diseases. However, at present, most of
the studies are devoted to pharmacological effects on the internal (mitochondrial) apoptosis pathway. In contrast,
the external pathway induced via cell death receptors remains out of focus. Aberrant gene methylation, along with
hepatitis C virus (HCV) infection, are important risk factors for the development of hepatocellular carcinoma. The
reconstruction of gene networks describing the molecular mechanisms of interaction of aberrantly methylated
genes with key participants of the extrinsic apoptosis pathway and their regulation by HCV proteins can provide
important information when searching for pharmacological targets. In the present study, 13 criteria were proposed
for prioritizing potential pharmacological targets for developing anti-hepatocarcinoma drugs modulating the
extrinsic apoptosis pathway. The criteria are based on indicators of the structural and functional organization of
reconstructed gene networks of hepatocarcinoma, the extrinsic apoptosis pathway, and regulatory pathways of
virus-extrinsic apoptosis pathway interaction and aberrant gene methylation-extrinsic apoptosis pathway interac-
tion using ANDSystem. The list of the top 100 gene targets ranked according to the prioritization rating was statisti-
cally significantly (p-value = 0.0002) enriched for known pharmacological targets approved by the FDA, indicating
the correctness of the prioritization method. Among the promising potential pharmacological targets, six highly
ranked genes (JUN, IL10, STAT3, MYC, TLR4, and KHDRBST1) are likely to deserve close attention.
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ﬂpmopmmsauvm NOTEHLMANbHbIX MULLEHEN
ANA CO34aHNA NeKapcTB NPOTMB renatokapumnHombl

AHHoTayua. lenatouenntonapHan kapumHoma (FLUK) — pacnpocTpaHeHHbIN TAXeNbIV TUN paka NevyeHu, XxapakTepu-
3yOLWMIACA KpaliHe arpeccUBHbBIM TeUEHNEM Y HU3KOW BbIKMBAEMOCTbIO. MI3BeCTHO, UTO HapyLLeHNA perynauum ak-
TUBaLMM anonTo3a ABNAIOTCA OQHON 13 KNOYEBbIX 0COOEHHOCTE, CBONCTBEHHOWN GOMbLIMHCTBY PAaKOBbIX KNETOK,
yTo onpefenseT GpapmMaKkoNormyeckylo MHAYKLMIO anonTo3a Kak BaXHylo cTpaTervio Tepanmmn paka. KomnbioTep-
HbI AW3aliH XUMUYECKMX COefMHEHNI, CNOCOBHbIX LiefleBbIM 06pa3oM perynnpoBaTh BHELWHWIA CUTHANbHBIN My Tb
VNHAYKLUMMW anonTo3a, NpefCcTaBAeT nepcnekTMBHbIN NOAXOA ANA CO3AaHNA HOBbIX 3OPEKTUBHbIX CPefCTB Tepanum
paka neyeHun 1 Jpyruix OHKONormyeckux 3abonesaHnii. OfHako B HacTosiLee BpeMs GONbLUNHCTBO NCCNe0BaHNA
nocBALEeHO GapMaKoornyeckM BO3AENCTBUAM Ha BHYTPEHHWI (MUTOXOHAPWAbHBIN) NyTb anonTo3a, Toraa Kak
BHELUHWI NyTb, UHAYLMPYEMbIi TOCPEACTBOM KIIETOUHbIX PELIENTOPOB CMEPTU, OCTAETCA BHE NoNA 3peHus. Abep-
pPaHTHOE METUANPOBaHME reHOB HapAay ¢ MHdeKumen Bupycom renatuta C cUMTaloTcA BaxXHbIMU GpakTopamm prcka
pa3suTnA MUK. PEKOHCTPYKLMA FeHHbIX CETeN, OMMCbIBAOLLUX MONEKYNAPHbIE MeXaHU3Mbl B3auMoaecTema abep-
PaHTHO METUNNPOBAHHBIX FEHOB C KJTIOUYEBbIMY YYaCTHUKAMM BHELIHErO MyTW anonTo3a, a Takke NyTu NX peryna-
uun 6enkamu Bupyca renatta C, MOXeT fjaTb BaXkHY0 MHbOPMALUIO NPU Noncke GapMaKoormyecknx MULLEHEN.
B HacTosAweln paboTe 6binm NpefnoxeHbl 13 KpUTepreB NPUOPUTH3aLMMN NOTEHLMaNbHbIX GapMaKoNormyecKmnx
MULLEHEN ANs CO3AaHNA NIEKapCTB NMPOTUB renaTokapLHOMbI, MOLYNMPYOLWMX BHELWHMIA Ny Tb anonTo3a. B ocHosy
KpuTepreB Nnerny nokasartenu CTpyKTypHO-GpYHKLMOHANBHON OpraHm3aunm peKOHCTPYNPOBAHHbIX C UCNOJb30Ba-
Hnem ANDSystem reHHbix ceTen LK, BHewwHero Nyt anonTo3a 1 perynATopHbIX NyTel B3aMOAENCTBUA «BUPYC
— BHELUHWIA NYTb anonTo3a» U «abeppaHTHOE METUIMPOBaHVE FEHOB — BHELHUIA Ny Tb arionTo3a». CNMcok Hanbonee
npuoputeTHbIX 100 reHOB-MULLEHEN, PaHKUPOBAaHHbBIX COMMACHO PENTUHTY MPUOPUTM3aLIK, OKa3anca CTaTucTu-
Yyeckn 3Haunmo (p-value = 0.0002) ob6oralieH n3BecTHbIMY GapMaKoIornyecKnmy MuLLeHsamMmn, ogobpeHHbiMn FDA,
YTO YKa3bIBaeT Ha KOPPEKTHOCTb NMPYMEHEHHOTO MeToAa npuopuTraummn. Cpenm nepcnekTMBHbIX NOTEHLNANTbHbBIX
bapmakonormuecknx MULLEHEN MOryT OblTb NPefCTaBeHbl LWeCTb reHoB-KaHauaaTtos (JUN, IL10, STAT3, MYC, TLR4 n
KHDRBST), 3aHMMaloLLMX BbICOKOE MOJOXKEHME B PaHXUPOBaHHOM CMMCKe COracHO pe3ysibTaTam MpuopuTr3aLmn.
KntoueBble cnoBa: reHHble ceTH; renaToKapLMHOMA; MPOorpaMmMupyemasn KneTouyHas rnbenb; anonTos; MeTUANpoBaHme.

Introduction

Hepatocellular carcinoma (HCC) is the most common tu-
mor pathology of the liver, accounting for over 90 % of all
malignant neoplasms of the liver and intrahepatic bile ducts
(Llovet et al., 2018). It is characterized by an extremely ag-
gressive course and low survival rate. Unlike most other types
of cancer, there are some documented risk factors for the
occurrence of HCC, such as infections caused by hepatitis C
and B viruses, alcohol, fatty infiltration of the liver, hepatitis,
autoimmune or chronic cholestatic diseases (Forner et al.,
2012). Studies in the field of hepatocarcinogenesis have shown
the critical role of genetic and epigenetic mechanisms leading
to the formation of monoclonal populations of aberrant and
dysplastic hepatocytes, which exhibit telomere erosion and
re-expression of telomerase, microsatellite instability, and
irreversible structural changes in genes and chromosomes
(Balogh et al., 2016). The phenotype of malignant hepatocytes
may be caused by the disruption of a number of genes that
function in various regulatory pathways, resulting in different
molecular variants of HCC (Thorgeirsson, Grisham, 2002).
This characteristic of the pathology makes the reconstruc-
tion and analysis of gene networks describing the molecular
mechanisms of the disease relevant.

In cancer therapeutic research, a central issue is suppress-
ing cellular proliferation and the induction of programmed
cell death. Apoptosis, one of the known mechanisms of pro-
grammed cell death, is divided into intrinsic and extrinsic,
depending on the pathway of signal induction. The apoptosis
signal induced by cell death receptors is called the extrinsic
pathway, and the one induced by mitochondria — the intrinsic
pathway (Krammer et al., 2007). In both cases, the apopto-
sis signal initiates the activation of caspases, key enzymes
of apoptosis, leading to cell destruction, but the molecular
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mechanisms of signal transmission are entirely different.
The literature focuses on regulating the intrinsic pathway
of apoptosis, in which there has been certain progress in
finding compounds with pharmacological potential for HCC
therapy. It should be noted that the pharmacological effect
on the extrinsic apoptosis pathway in HCC remains poorly
studied. However, pharmacological induction of this pathway
may bring significant, fundamentally important progress for
cancer therapy.

Apoptosis induction is controlled by a range of inhibitor
proteins, including c-FLIP, which blocks the activation of
caspase-8, members of the anti-apoptotic BCI-2 family that
inhibit the release of cytochrome C from mitochondria, and
XIAP proteins that block the activation of caspase-3, -7,
and -9. In the extrinsic apoptosis pathway, DISC, comprising
PC, FADD, procaspase-8, -10 proteins, and c-FLIP, serves
as a central platform for procaspase-8 activation (Lavrik,
Krammer, 2012). c-FLIP can function within the DISC
complex both pro- and anti-apoptotically. It is suggested
that the formation of procaspase-8/c-FLIP heterodimers
mediates the pro-apoptotic function of c-FLIP. Previously,
in joint research conducted by the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy of
Sciences and the University of Magdeburg, we developed
the world’s first chemical probe (small chemical compound)
capable of specifically binding to c-FLIP in the caspase-8/
c-FLIP heterodimeric complex (Hillert et al., 2020). This
small molecule was obtained by computer design and pos-
sessed biological activity — the ability to increase caspase-8
activity (Hillert et al., 2020).

Hepatitis C virus (HCV) is extensively studied in the sci-
entific literature as a significant risk factor for HCC (Axley et
al., 2018). The role of HCV has been shown in the regulation
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of apoptosis and aberrant gene methylation, closely associated
with HCC (Zheng et al., 2019; Lee, Ou, 2021).

Gene networks are widely used to describe the molecular-
genetic mechanisms of various processes. We previously
developed the software and information system ANDSystem
(Ilvanisenko V.A. et al., 2015, 2019; lvanisenko T.V. et al.,
2020, 2022), designed for the reconstruction and analysis of
associative gene networks based on automatic knowledge
extraction from scientific publications and factographic data-
bases. Through the reconstruction of gene networks performed
using ANDSystem, a number of studies have been conducted,
such as the analysis of interactions of Hepatitis C virus proteins
with the human proteome (Saik et al., 2016), the relationship
of HCV with aberrant methylation in HCC (Antropova et al.,
2022), interpretation of results of metabolome analysis of
SARS-Cov-2 patients (Ivanisenko V.A. et al., 2022), tasks
of prioritizing candidate genes associated with lymphedema,
major depressive disorder (Yankina et al., 2018; Saik et al.,
2019), search for new potential targets for drug action (Saik
etal., 2018a, b), and others.

Based on the reconstruction and analysis of HCC gene
networks and the extrinsic apoptosis pathway, as well as
regulatory pathways linking HCV proteins with aberrantly
methylated genes in HCC and key participants in the extrin-
sic apoptosis pathway, criteria were proposed for prioritizing
potential pharmacological targets against HCC. Enrichment
analysis of the first 100 target genes, ordered by prioritization
results, showed significant content (p-value = 0.0002) in the
list of FDA-approved pharmacological target genes, demon-
strating the effectiveness of the proposed prioritization criteria.
We suggest that the mechanism of action of drugs targeted
at these targets is the modulation of the extrinsic apoptosis
pathway, taking into account aberrant gene methylation,
which could be utilized in creating a new class of drugs for
HCC therapy. As promising potential pharmacological targets,
ranked in the top thirty, the following candidate genes can be
highlighted: JUN, IL10, STAT3, MYC, TLR4, and KHDRBSL1.

Materials and methods
The ANDSystem software and information tool. Gene
network reconstruction was performed using the ANDSys-
tem software and information tool, automatically extracting
knowledge from scientific publications and factual databases
using artificial intelligence methods (Ivanisenko V.A. et al.,
2019). ANDSystem includes a knowledge base containing
over 40 million facts about molecular-genetic interactions,
including physical intermolecular interactions, gene expres-
sion regulation, activity regulation, stability, and protein
transport. Work on the reconstruction and analysis of gene
networks in ANDSystem is performed using the ANDVisio
program. The Pathway Wizard function implemented in
ANDVisio was used to reconstruct regulatory pathways, which
perform search queries to the knowledge base based on a given
template. A schematic description of the templates used to
reconstruct regulatory pathways is provided in Supplementary
Materials 1-4%,

Patient- and tissue-specific gene expression and DNA
methylation data. Patient-specific and tissue-specific data

1 Supplementary Materials 1-7 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Demenkov_Engl_27_7.pdf

786

Prioritization of potential targets
for future drugs against hepatocarcinoma

on gene expression and DNA methylation were used to re-
construct gene networks. Tissue-specific gene expression data
was used to filter gene networks using built-in ANDSystem
methods. Information on tissue-specific gene expression was
represented in ANDSystem. Information on differential gene
expression was taken from the GEO database (Barrett et al.,
2013; https://www.ncbi.nlm.nih.gov/geo/). Experiments were
selected for which results of hepatocarcinoma tissue samples
obtained from patients with this disease were available. The
statistical significance values of differential gene expression
and differential methylation in hepatocarcinoma tumor tissue
samples compared to control samples were calculated in the
GEOZ2R software package (Barrett et al., 2013; https://www.
nchi.nlm.nih.gov/geo/geo2r/). Calculation parameters were
selected by default.

FDA-approved pharmacological targets. Data on
FDA-approved pharmacological targets were extracted
from the Human Protein Atlas resource (Uhlén et al., 2015;
https://www.proteinatlas.org/).

Potential pharmacological target prioritization method.
The criteria presented in Table 1 were used to prioritize
candidate genes for pharmacological targets. The resulting
gene weight was assessed as the sum of the weights of all
criteria.

Results and discussion

To prioritize potential pharmacological targets, we applied
13 criteria considering various characteristics of the structural
and functional organization of liver cancer gene networks and
programmed cell death, including patient- and tissue-specific
data on DNA methylation. Each criterion was assigned a quan-
titative weight indicator. The sum of the indicators for all
13 criteria was calculated as the resulting characteristic. To
rank the genes by priority, they were arranged in a list from
higher to lower values of the total indicator. Thus, genes with
higher priority as candidates for pharmacological targets were
at the top of the list (i. e., they had a lower rank).

When calculating the weight indicators of genes by priori-
tization criteria, the reconstruction of the gene networks of
hepatocellular carcinoma (HCC) and the extrinsic apoptosis
pathway was carried out as described below.

Reconstruction of the human
hepatocellular carcinoma gene network
The automated search for genes associated with HCC,
conducted using the new version of ANDSystem (lvanisen-
ko V.A.etal.,2019), identified more than 5,100 genes. Subse-
quently, ANDSystem built-in methods were used to filter genes
by tissue specificity, retaining only the genes expressed in the
liver — 4,905 genes. A list of 1,211 differentially expressed
genes (DEGs) was then used based on RNA-seq analysis from
the study by Huang et al. (2011). These data were obtained
from the tissues of ten patients with HBV-associated HCC.
Healthy tissues from the same patients were used as controls.
Following this step, the intersection of the gene network was
reconstructed with ANDSystem, and the list of differentially
expressed genes was carried out using ANDVisio built-in func-
tions. As a result of the intersection, the gene network retained
584 genes found by ANDSystem methods to be associated
with hepatocellular carcinoma based on data from published
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Table 1. Criteria developed for prioritizing candidate genes of pharmacological targets

Characteristic

The gene or the protein it encodes is represented in the gene
network

The gene or the protein it encodes is not represented in the gene
network

The gene or the protein it encodes is represented in the gene
network

The gene or the protein it encodes is not represented in the gene
network

Criterion name Value
Gene representation in the HCC gene network scorel =2
score1 =0
Gene representation in the extrinsic apoptosis gene score2 =2
network
score2=0
Aberrant methylation indicator score3 =3

The gene is hypomethylated in HCC (there is data on increased
expression)

The gene is hypermethylated (there is data on decreased
expression)

scored =
1+In(Q1)

Centrality indicator of the gene in regulatory pathways
describing the regulation of key genes of the extrinsic
apoptosis pathway (CFLAR, CASP8, and FADD) by genes
from the HCC gene network (see Supplementary
Material 1)

The gene is represented in the regulatory gene network. Q1 -
the number of connections of the gene with other nodes (degree
centrality indicator)

score5 =
1+In(Q2)

Centrality indicator of the protein in regulatory
pathways describing the regulation of key genes of
the extrinsic apoptosis pathway (CFLAR, CASP8, and
FADD) by genes from the HCC gene network (see
Supplementary Material 1)

The protein is represented in the regulatory gene network.
Q2 - the number of connections of the protein with other nodes
(degree centrality indicator)

The gene is represented in the regulatory gene network. Q3 —
the number of connections of the gene with other nodes (degree
centrality indicator)

score6 =
2+In(Q3)

Centrality indicator of the gene in regulatory pathways
describing the regulation of key genes of the extrinsic
apoptosis pathway (CFLAR, CASP8, and FADD) by HCV
proteins (see Supplementary Material 2)

score’7 =
2+In(Q4)

Centrality indicator of the protein in regulatory
pathways describing the regulation of key genes of the
extrinsic apoptosis pathway (CFLAR, CASP8, and FADD)
by HCV proteins (see Supplementary Material 2)

The protein is represented in the regulatory gene network.
Q4 - the number of connections of the protein with other nodes
(degree centrality indicator)

The gene is represented in the regulatory gene network. Q5 -
the number of connections of the gene with other nodes (degree
centrality indicator)

The protein is represented in the regulatory gene network.
Q6 - the number of connections of the protein with other nodes
(degree centrality indicator)

Centrality indicator of the gene in regulatory pathways score8 =
(see Supplementary Material 3) describing the In(Q5)
regulation of hypermethylated genes by HCV proteins

score8=0
Centrality indicator of the protein in regulatory score9 =
pathways (see Supplementary Material 3) describing In(Q6)
the regulation of hypermethylated genes by HCV
proteins score9=0
Centrality indicator of the gene in regulatory pathways score10 =
(see Supplementary Material 3) describing the 1+In(Q7)

regulation of hypomethylated genes by HCV proteins

The gene is represented in the regulatory gene network. Q7 —
the number of connections of the gene with other nodes (degree
centrality indicator)

The protein is represented in the regulatory gene network.
Q8 - the number of connections of the protein with other nodes
(degree centrality indicator)

scorell =
1+In(Q8)

Centrality indicator of the protein in regulatory
pathways (see Supplementary Material 3) describing
the regulation of hypomethylated genes by HCV
proteins

scorel2 =
2+In(Q9)

Centrality indicator of the gene in regulatory pathways
describing the regulation of key genes of the extrinsic
apoptosis pathway (CFLAR, CASP8, and FADD) by
aberrantly methylated genes (see Supplementary

The gene is represented in the regulatory gene network. Q9 —
the number of connections of the gene with other nodes (degree
centrality indicator)

Material 4)
Centrality indicator of the protein in regulatory scorel13 =
pathways describing the regulation of key genes of the 2+In(Q10)

extrinsic apoptosis pathway (CFLAR, CASP8, and FADD)
by aberrantly methylated genes (see Supplementary

Material 4) score13=0

The protein is represented in the regulatory gene network.
Q10 - the number of connections of the protein with other nodes
(degree centrality indicator)
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works and databases, which were also present in the list of dif-
ferentially expressed genes of human hepatocellular carcinoma
obtained from RNA-seq data in (Huang et al., 2011). A search
was then conducted for proteins expressed from these genes
and metabolites associated with these proteins through direct
interactions (a ‘catalyst’ type association), and a network of
interactions between all objects in the gene network (genes,
proteins, and metabolites) was reconstructed. The gene net-
work contained 584 genes, 580 proteins, 1,061 metabolites,
and over 16,000 interactions at this stage.

The gene network was expanded in the second stage with
patient- and tissue-specific DNA methylation data (Supple-
mentary Material 5). This included 67 genes with differen-
tially altered methylation (hyper- or hypomethylated genes)
in patient tumors compared to control samples. After adding
aberrantly methylated genes and their protein products and
expanding the gene network with metabolites interacting with
them, the final gene network contained 627 genes, 624 pro-
teins, 1,105 metabolites, and 17,387 interactions.

Reconstruction of the extrinsic

apoptosis pathway gene network

The gene network of the extrinsic apoptosis pathway was re-
constructed considering GeneOntology and ANDSystem data
(Supplementary Material 6). Initially, a list of genes involved
in the extrinsic apoptotic signaling pathway was formed using
a query to the GeneOntology database. The following key-
words were used for the query: GO term “extrinsic apoptotic
signaling pathway”, organism “human”. Based on this query,
a list of 259 genes was obtained. This list was then uploaded
into the ANDVisio program to construct a gene network. Using
ANDSystem, the gene network was expanded with proteins
expressed from the entered genes, as well as with metabolites
associated with these genes. As a result, the gene network of
the extrinsic apoptosis pathway contained 259 genes, 260 pro-
teins, and 513 metabolites.

Gene prioritization results
A total of 1,345 genes were analyzed, including participants
in the HCC and extrinsic apoptosis pathway gene networks
and regulatory pathways. The results of applying prioritization
criteria for the top 30 priority genes are presented in Table 2.
Out of 1,345 genes, 137 were targets of FDA-approved
drugs. The top 100 priority list included 19 genes targeted
by FDA-approved drugs. Detailed information on the results
of prioritization for the 100 highest priority genes, contain-
ing quantitative values for each of the criteria, is provided in
Supplementary Material 7. Of these 19 target genes, 17 are
characterized as cancer-related genes. According to the hyper-
geometric distribution, the probability of an event in which 17
or more out of 19 selected genes are associated with cancer
is p=0.0002. This analysis signifies that the top 100 priority
genes in the table of potential targets are statistically signifi-
cantly associated with cancer (significance level p = 0.0002).
The calculation of prioritization criteria indicators, based on
the reconstruction of regulatory pathways (criteria 4-13), was
conducted automatically using ANDSystem with the templates
provided in Supplementary Materials 1-4. The reconstruction
and analysis of regulatory pathways of hypermethylated genes
by Hepatitis C viral proteins, the results of which were used
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in prioritization criteria 8-11, have been previously described
by us (Antropova et al., 2022).

The JUN gene occupies the top rank in the table (see
Table 2). It belongs to the group of drug target genes approved
by the FDA and is also associated with cancer (cancer-related
genes). Numerous literature reports discuss its role in various
types of cancer. For instance, it has been shown that JUN af-
fects the development of colon cancer (Nateri et al., 2005) and
that activated JUN is predominantly expressed at the invasive
front of breast cancer and is associated with proliferation and
angiogenesis (Vleugel et al., 2006).

According to our results, this gene could regulate the
extrinsic apoptosis pathway. The regulatory network we
reconstructed, which describes the molecular pathways
through which JUN could regulate the extrinsic apoptosis
pathway markers CFLAR, CASP8, and FADD, is presented
in Figure 1. The regulatory network is based on various
conclusions from experimental studies. For example, it has
been shown that FASLG expression depends on JUN - ir-
radiation increased FASLG expression in GCK cells via the
activation of the JNK/c-Jun signaling pathway (Dong et al.,
2016). The FASLG gene encodes the TNFL6 protein, a cyto-
Kine that binds to the TNFRSF6/FAS receptor, transmitting
an apoptosis signal to cells. In another study (Liu Z. et al.,
2019), deletion of FASLG inhibited the expression of CASPS,
demonstrating another possible way for JUN to influence
apoptosis (via CASP8).

It should be noted that pharmacological targets approved
by the FDA, which are not associated with cancer but may be
related to apoptosis, also present a particular interest. Specifi-
cally, in our table, TLR4 (ranked 14th) stands out among such
genes. According to the FDA, the TLR4 gene is associated
with “age-related macular degeneration” disease. Disruption
of apoptosis is a key pathological factor in this disease (Yi
etal., 2012).

The regulatory network describing the molecular path-
ways through which TLR4 can regulate CFLAR, CASPS,
and FADD is presented in Figure 2. For instance, one can
observe the regulatory influence from TLR4 to TNFAIP3.
It is reconstructed based on a published study, showing that
TLR4 activates a signaling pathway leading to the activation of
NF-kB transcription factor. NF-kB, in turn, induces the ex-
pression of TNFAIP3, as demonstrated in endothelial cells
(Soni et al., 2018). TNFAIP3 increases the level of cleaved
caspase-8, as confirmed by knockdown, while overexpression
of TNFAIP3 has the opposite effect (Liu K. et al., 2018). Simi-
larly, TLR4 could enhance the expression of Beclin-1 through
NF-xB (Copetti et al., 2009), which induces caspase-8 cleav-
age, leading to autophagy and apoptosis (Song et al., 2014).

The IL10 gene occupies the second rank in the table. It be-
longs to the group of genes not included in the list of FDA-ap-
proved pharmacological targets. However, their mechanisms
of influence on the development of HCC are widely discussed
in the literature. In 2020, a study (Qian et al., 2020) suggested
that combining IL10 and PD-L1 inhibitors may form the basis
for effective treatment. The regulatory network, describing the
molecular pathways through which IL10 can regulate CFLAR,
CASP8, and FADD, is presented in Figure 3.

Another group consists of genes for which the FDA does
not indicate approved agents, yet the mechanism of action of
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Table 2. Top 30 genes ranked by priority level

Rank Gene Full gene name Presence Total weight

of FDA-approved*

agents
..... 1 JUNPrOtooncogenecJunCR**374
2 .................... , Lm .......................... | nterle Ukmm .................................................................................... _ .......................................... 3 0 9 .........................
s smm Signal ransducer and activator of transcription3. - 01
4 .................... C ASPS ...................... C aspase 8 .......................................................................................... _ .......................................... 2 9 4 .........................
5 .................... 7- P53 ......................... c e"ular tumor antlg enp53 .............................................................. _ .......................................... 2 8 7 .........................
6 AR CASPBand FADD ke apoptosis regulator - »3
7MYC ......................... M ycpmtooncogenepmtem .......................................................... _ .......................................... 2 37 .........................
s NekBI Nuclear factor NFkappa-Bp10S subunit ® B2
e oD FAS associated death domain protein - ko
10 .................... , L33 .......................... | nterle Ukm3 3 .................................................................................... _ .......................................... 2 3 0 .........................
1 1 .................... E LAV“ ..................... E LAVI I keprOte I n . 1 ............................................................................ _ .......................................... 2 2 9 .........................
RET FASIG  Tumornecrosisfactor igand superfamily member 6 - ns
13 .................... 7— ERTTelomerasereversetransc”ptase .................................................... _ .......................................... 2 25 .........................

14 .................... T LR4T0”IIkereceptor4 ............................................................................ A R*** .................................. 2 24 .........................

15 .................... B ECN, ...................... B edm1 ............................................................................................... _ .......................................... 2 2 3 .........................

16 .................... C LDN, ...................... C |audm1 ............................................................................................ _ .......................................... 2 2 3 .........................

17 .................... P ARP1 ....................... P o|y [ADP”bose]pOIymera Se1 ....................................................... C R ........................................ 2 2 3 .........................
R TNFRSFIA  Tumornecrosis factorreceptor superfamily member 1A CR 28
e aoKviA Cyclin-dependent kinase inhibitor1 S 26
20 .................... S P,Transcnptlonfactorsm .................................................................... _ .......................................... 2 11 ..........................
o KHDRBST KHdomain-containing RNAbinding, - 06

signal transduction-associated protein 1

* FDA - Food and Drug Administration, the agency of the US Department of Health and Human Services responsible for the sanitary supervision of food products
and medicines; ** CR - cancer-related genes; *** AR - genes related to the “age-related macular degeneration” disease.
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Fig. 1. Interaction network reconstructed using ANDSystem, through which JUN can regulate key apoptosis proteins — CFLAR,

CASP8, and FADD.

Spheres represent proteins, and spirals symbolize genes. Black lines indicate physical interaction, turquoise arrows denote expression,
pink arrows signify regulation of expression, blue arrows represent transport regulation, and yellow arrows indicate activity regulation.

Fig. 2. Interaction network reconstructed using ANDSystem, through
which TLR4 can regulate key apoptosis proteins — CFLAR, CASP8, and
FADD.

Spheres represent proteins, and spirals symbolize genes. Turquoise arrows
indicate expression, purple arrows represent regulation, and pink arrows
denote expression regulation.

some widely used drugs affects these genes or the proteins they
encode. This group includes the STAT3 and MYC genes, occu-
pying the rank table’s third and seventh positions. A substantial
number of publications indicate that STAT3 plays a crucial role
in the initiation, progression, immune suppression, and meta-
stasis of HCC. Specific drugs affect the functioning of STAT3.
For instance, F.M. Gu et al. demonstrated that the inhibition
of HCC growth and metastasis by the targeted anticancer drug
“sorafenib” is mediated by blocking STAT3 (Gu et al., 2011).
It is also known that sorafenib induces apoptosis (Xie et al.,
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2012). L. Wu et al., studying the mechanism of action of quer-
cetin (a natural flavonoid included in some dietary supplements
and drugs), showed that it inhibits the progression of HCC,
affecting apoptosis, migration, invasion, autophagy, via the
JAK2/STAT3 signaling pathway (at least partially) (Wu et al.,
2019). The action mechanism of another anticancer drug — tra-
metinib, used for melanoma treatment, is based on inhibiting
the MEK protein, part of the signaling cascade. MEK inhi-
bition reduces the MYC protein level, which promotes cell
survival, and increases the pro-apoptotic protein BIM level,
suppressing HCC growth (Zhou et al., 2019).

The direct markers of the extrinsic apoptosis pathway,
CASP8, and CFLAR, are ranked 4th and 6th in the rank table.
The TP53 gene, the importance of which for apoptosis is well
known, is positioned between them at the fifth position. Thus,
it can be concluded that among the potential pharmacological
targets we found, the top results of prioritization (see Table 2)
include genes that are indeed drug targets — either FDA-
approved or drugs aimed at other targets but affecting these
genes and the proteins they encode in their action mechanisms,
as well as genes that are only currently being discussed as
promising targets.

Of particular interest as pharmacological targets may be
genes that have been poorly studied to date in relation to HCC
development mechanisms. Such genes could be fundamentally
new pharmacological targets. Specifically, among such genes
that made it to the top 100 highest priority list is KHDRBS1,
which occupies the 21st position in the rank table (see Table 2).
The regulatory network describing the molecular pathways
through which KHDRBS1 can regulate CFLAR, CASP8, and
FADD is presented in Figure 4.
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Fig. 3. Interaction network reconstructed using ANDSystem, through which IL10 can influence CFLAR, CASP8, and

FADD.

Spheres represent proteins, and spirals symbolize genes. Black lines indicate physical interaction, turquoise arrows denote
expression, purple arrows represent regulation, pink arrows signify regulation of expression, and yellow arrows indicate

activity regulation.

Conclusion

A computer reconstruction of gene networks for hepatocellular
carcinoma and programmed cell death (extrinsic apoptosis
pathway) was conducted, taking into account patient- and
tissue-specific DNA methylation data, using the ANDSystem
software and information system. Based on the 13 developed
criteria, considering the specifics of the reconstructed gene
networks’ structural and functional organization, potential
pharmacological targets were prioritized. Six candidate genes
(JUN, IL10, STAT3, MYC, TLR4, and KHDRBSL1), occupying
high positions in the ranked list according to prioritization
results, may be of greatest interest as potential pharmacologi-
cal targets.
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Abstract. The animal models used in biomedical research cover virtually every human disease. RatDEGdb, a knowledge
base of the differentially expressed genes (DEGs) of the rat as a model object in biomedical research is a collection of
published data on gene expression in rat strains simulating arterial hypertension, age-related diseases, psychopatho-
logical conditions and other human afflictions. The current release contains information on 25,101 DEGs representing
14,320 unique rat genes that change transcription levels in 21 tissues of 10 genetic rat strains used as models of 11 hu-
man diseases based on 45 original scientific papers. RatDEGdb is novel in that, unlike any other biomedical database,
it offers the manually curated annotations of DEGs in model rats with the use of independent clinical data on equal
changes in the expression of homologous genes revealed in people with pathologies. The rat DEGs put in RatDEGdb
were annotated with equal changes in the expression of their human homologs in affected people. In its current release,
RatDEGdb contains 94,873 such annotations for 321 human genes in 836 diseases based on 959 original scientific pa-
pers found in the current PubMed. RatDEGdb may be interesting first of all to human geneticists, molecular biologists,
clinical physicians, genetic advisors as well as experts in biopharmaceutics, bioinformatics and personalized genomics.
RatDEGdb is publicly available at https://www.sysbio.ru/RatDEGdb.
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AHHoTayuA. KUBOTHbIE MOAENY, UCMOSIb3yeMble B G1IOMeANLNHCKNX UCCNef0oBaHNAX, B HACTOALLEe BPeMaA OXBaTbiBaOT
npaKkTUYecKkn BeCb M3BECTHbBIV CNeKTp 3aboneBaHmi yenoseka. basa s3HaHui RatDEGdb no anddepeHymanbHo sKkcnpec-
cupytowmca reHam ([131) KpbiCbl Kak MOAeNIbHOro o6bekTa B 6MOMeANLIMHCKMX NCCNeA0BaHUAX NpeAcTaBnAaeT cobom
KOMNeKUUto onybrKoBaHHbIX JaHHbIX MO 3KCMPECCUM FeHOB Y KPbIC Pa3HbIX JIMHWIA, NpefHa3HauUeHHbIX 4718 N3yUYeHus
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RatDEGdb: 6a3a 3HaHUi1 0 AnddepeHLmanbHO SKCNPeCccrpyoLWmXca
reHax KpbiCbl B GIOMeANLIMHCKIX UCCIIe[OBaHNAX

yenoseka. Tekywuin Bbinyck RatDEGdb cogepxut 25101 O3, npeactaBnaowmx 14320 yHUKaNbHbIX FEHOB KPbICbl, KO-
TOpble M3MEHAIOT YPOBEHb TPAHCKpMNLUK B 21 TKaHW 10 reHeTUYeCKUX IMHWIA KPbICbl B KauecTBe Mogenen 11 3abo-
neBaHWn YenoBeKa COrNacHo 45 opurMHanbHbIM Hay4YHbIM CcTaTbAM. HoslwecTBo RatDEGdb no cpaBHeHuto ¢ gpyrumn
6romeanLNHCKUMIM 6a3aMU [aHHbIX 3aK/YaeTCA B Kyprpyemol aHHOTaLuum OTKNoHeHnn 131 KpbICbl Kak MOAenbHOro
06beKTa C MCMOJIb30BaHMEM HE3aBUCUMBIX KNTMHNYECKUX JaHHbIX 06 OfHOHaMNPaBEHHbIX N3MEHEHUAX SKCMPEeCcum ro-
MOJOTMYHbIX FEHOB, BbIABIEHHbIX Y JIIOAEN Npu pasnnyHblix natonoruax. CobpaHHble 31 KpbiC 6b1IM aHHOTUPOBAHbI
O[JHOHaMpaBJIEHHbIMM N3MEHEHMAMY SKCMPECCUMI FTOMOMOTUYHBIX M FeHOB YerioBeKa y GONbHbIX JII0Ael OTHOCUTESTb-
Ho 3a0poBbix. K HacToAwwemy BpemeHu Bbinyck RatDEGdb cofepknt 94 873 Takve aHHOTaumm ansa 321 reHa yenoseka
npu 836 3aboneBaHMAX COrNAacHO 959 OopMrMHaNbHbIM HayUHbIM CTaTbAM, HaliA€HHbIM B TeKyLlem Bbinycke 6a3bl AaH-
HbIx PubMed. MpepcTaBneHHas 6a3a 3HaHU MOXKET ObITb MHTEPECHa B MEPBYIO ouepenb crieumanvcTam no reHeTuke
yenoseka, MONeKyNApPHbIM 6ronoram, KNMHMLMCTaM U FeHEeTUYECKMM KOHCY/IbTaHTaM, a TakxKe creyuanuctam B obna-
T 6rodapmaLeBTUKN, 6UONHGOPMATIKL 1 NEPCOHANM3NPOBaHHON reHoMrKK. RatDEGdb aBnsaetca oblwenoctynHom
(https://www.sysbio.ru/RatDEGdb).

KnioueBsble cnosa: 6a3a 3HaHui; [3M; Kpbicbl Rattus norvegicus; }XMBOTHble MoAenn bonesHel yenoBeka; Helpogere-
Hepauus; 6onesHb AnblreMepa; rmnepToHnYeckan 6onesHb; NPeXaeBPeMEHHOE CTapeHue; NCUXonaTonornyeckmne

COCTOAHUA; KAaTaTOHNYECKNI CMHAPOM; 3nunencus; arpeccuBHocTb; RNA-seq; MLP; mykpouunbi.

Introduction

The animal models required for understanding the physio-
logical, genetic and epigenetic mechanisms regulating evolu-
tionarily fixed phenotypic traits of an organism are supposed
to perfectly mimic the symptoms of the pathology being
studied and to conform to strict criteria (Gryksa et al., 2023).
The most popular animal models are rats and mice, with do-
zens of thousands of laboratory strains in use (Gayday E.A.,
Gayday D.S., 2019).

The first inbred rat strain was developed in 1906 in the
Wistar Institute (Philadelphia, USA), about the time that mice
came to the laboratory settings. Nevertheless, the mouse has
become the model of choice for research into mammalian
genetics, and the rat, into physiology and biomedicine. Labo-
ratory rats have certain advantages over mice: rats are larger
and therefore submit more tissue for analyses. Large organs
make surgical procedures more manageable and rather small
anatomical structures easier to dissect.

A low maintenance and cheap species, the rat (Rattus nor-
vegicus) has become a convenient object in numerous bio-
medical research studies (Carter et al., 2020; Modlinska, Pi-
sula, 2020). Rats are recommended for use as model animals
in studying aging, hypertension, catalepsy etc. (Carter et al.,
2020; Martin-Carro et al., 2023).

There are generally acknowledged differences between wild
and laboratory rats. For example, laboratory rats are noted
for smaller adrenals and preputial glands, earlier puberty,
lack of seasonality of reproduction and higher fertility than
have their wild conspecifics. In addition, the rat and human
genomes share a 90 % identity (Gibbs et al., 2004). Thus, the
genetic strains of laboratory rats simulating human patholo-
gies have been developed: for example, the Zucker strain for
human obesity, hypertension, type Il diabetes and heart disease
(Schmidt, 2002); the reelin-deficient shaking rat Kawasaki
for schizophrenia and autism (Aikawa et al., 1988); and the
Brattleboro strain for hypothalamic diabetes insipidus (Ideno
et al., 2003). To date, there are about 1,000 inbred strains of
laboratory rats developed by genetic breeding that have “fixed”
alleles for natural diseases (Greenhouse et al., 1990), such as
mental disorders (Taylor et al., 2002), depression (Bay et al.,
2020) and chronic renal failure (Zhang H.F. et al., 2019). The
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Wistar and Sprague-Dawley strains are the most commonly
used laboratory rats (Sengupta, 2013). At present, the search of
PubMed (Lu, 2011) with “rats biomedical model” as a search
string returns the annotations of 19,555 original scientific
papers, which lends support to the relevance of the subject.

To contribute to the effort, several rat strains simulating hu-
man diseases have been developed in the Institute of Cytology
and Genetics of the Siberian Branch of the Russian Academy
of Sciences. Thus, the ISIAH rats are characterized by an
increased arterial blood pressure and used for studying the
causes and treatments of hypertension in humans (Markel,
1992; Markel et al., 1999; Fedoseeva et al., 2016a, 2019;
Klimov et al., 2016; Ryazanova et al., 2016), the OXYS rats
represent a unique selection-based model of premature ageing
and associated diseases (Kozhevnikova et al., 2013; Kolosova
etal., 2014; Perepechaeva et al., 2014; Stefanovaet al., 2018,
2019; Stefanova, Kolosova, 2023), rats with pendulum-like
movements (the PM strain) with stereotypies and audiogenic
epilepsy, and rats with genetic catatonia (the GC rats), a syn-
drome observed in patients with mental disorders, including
schizophrenia (Barykina et al., 1983; Kolpakov et al., 2004;
Ryazanova et al., 2017, 2023).

Changes in the expression of the genes associated with
a disease of interest have been studied in the model rats by
semi-quantitative real-time PCR of separate key genes or by
profiling transcriptomes by next-generation sequencing or
by use of microarrays. This effort has created a large body
of data on the differentially expressed genes (DEGs) signifi-
cantly associated with diseases, and it has become possible
to collect, perform comparative analyses on and systematize
the results obtained from these or similar experiments with
the use of bioinformatics technologies. This has enabled
the development of specialized databases and knowledge
bases.

The aim of this work was to create a knowledge base con-
taining information on DEGs of various rat strains developed,
first of all, in the Institute of Cytology and Genetics of the
Siberian Branch of the Russian Academy of Sciences as well
as those developed in a range of Russia’s and other scientific
organizations. This knowledge base is freely available at
https://www.sysbhio.ru/RatDEGdb.
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Materials and methods

Experimental animals. We performed in vivo experiments
on 12 adult male gray rat (Rattus norvegicus) from two out-
bred strains resulting from genetic breeding for more than
90 generations in two directions (Belyaev, Borodin, 1982):
one for increased aggressive behavior towards humans (the
aggressive strain) and one for decreased (the tame strain). The
animals were kept in standard conditions at the Conventional
Animal Facility of the Institute of Cytology and Genetics of
the Siberian Branch of the Russian Academy of Sciences (No-
vosibirsk, Russia) as groups by four in 50x33x20 cm cages at
an adjustable light/dark cycle (12 light:12 dark) and had free
access to water and complete feed.

The test subjects were two-month-old individuals, each
weighing 250-270 g, from unrelated litters. Within the first
4 hours of the light phase of the diurnal light-dark cycle, each
animal’s level of tameness/aggression was measured in the
“glove” test as the reaction to a gloved hand and was scored
from “—4” (most aggressive) to “+4” (most friendly), accord-
ing to Plyusnina and Oskina (1997). Upon the completion of
this test, the animals were put back to their home cages and
kept in standard conditions for one week, to reduce possible
effects that the “glove” test might have on gene expression,
at which point the animals were euthanized and hypothala-
mus specimens were prepared according to the brain atlas of
Paxinos and Watson (2013). Samples were placed in liquid
nitrogen for transportation and further storage at—70 °C until
use. The protocol of experiments was approved by the Com-
mission on Bioethics at the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences
(resolution No. 97 as of October 28, 2021).

Measurement of the hypothalamic mRNA levels of
the Asmtl gene in tame and aggressive male gray rats by
semi-quantitative PCR. To measure mRNA levels by semi-
quantitative real-time polymerase chain reaction, hypotha-
lamic RNA was isolated from six aggressive rats (n = 6) and
six tame rats (n = 6), each specimen weighing ~100 mg. Total
RNAwas isolated using TRIzol™ (Invitrogen, #15596018) and
purified using magnetic beads in the Agencourt RNAClean
XP Kit (Beckman, #A63987). Purified RNA was quantified
using a Qubit™ 2.0 fluorimeter (Invitrogen/Life Technologies)
and a Qubit™ RNA High-Sensitivity Assay Kit (Invitrogen
#In=Q32852). Next, we synthesized cDNA using the Reverse
Transcription Kit (Syntol, #OT-1).

RatDEGdb: knowledge base of rat differentially
expressed genes in biomedical research

The oligonucleotide primers for each gene in question were
designed using the web service PrimerBLAST (Ye et al., 2012)
(Table 1). Real-time PCR was carried out using the EVA
Green | kit in three technical replicates in a LightCycler® 96
operated in the automatic mode, according to the manufac-
turer’s instruction (Roche, Switzerland). The efficiency of the
polymerase chain reaction was determined by serial cDNA
dilutions (standards).

The human gene ASMT encodes acetylserotonin O-methyl-
transferase, a key enzyme in the synthesis of melatonin, one of
the hormones that regulate the molecular and genetic processes
in the entire organism, including circadian rhythms as well
as cancer protective (Lv et al., 2019), anti-inflammatory, and
immunomediatory mechanisms (Li G. et al., 2021). That is
why the mRNA level of its rat homolog, Asmtl, in the hypo-
thalamus of adult tame and aggressive male rats used as model
animals in the biomedical studies of increased aggression
was heuristically chosen as the quantity to be found by semi-
quantitative real-time PCR (real-time PCR) in its first run. As
was recommended by Bustin and the co-workers (2009), the
Asmtl mMRNA values were normalized to the mRNA levels of
two comparison genes, Ppia (Gholami et al., 2017) and Rpl30
(Penning etal., 2007). The relevance of Ppia and Rpl30 as the
comparison genes in the experimental identification of DEGs
in the hypothalamus of these aggressive and tame rat strains
by real-time PCR was demonstrated in one of our previous
works (Chadaeva et al., 2021).

RatDEGdb: the knowledge base. The observed lower
hypothalamic levels of the Asmtl gene in the adult aggressive
and tame male rats were checked against clinical data sug-
gesting that lower levels of the protein encoded by its human
homologs ASMT and ASMTL were in patients with various
diseases than in otherwise healthy individuals. The results
of this comparison were presented in an Excel-compatible,
flat text format and then converted to RatDEGdb containing
information about differential gene expression in the rat used
as a model animal in biomedical research (URL=https://
www.sysbio.ru/RatDEGdb). The conversion was performed
using MariaDB 10.2.12, a freely available database (MariaDB
Corp AB, Finland).

Likewise, Lu (2011) submitted a representative selection
of PubMed publications telling about the current diversity
of laboratory rat strains used as biomedical models simu-
lating human diseases and about experimental methods to

Table 1. Primers for quantitative real-time polymerase chain reaction (qPCR)

Gene Primers: 5'—3’
. fo r Ward ......................................................................
. Asm t, ......................... CGCACTTCTCG GAGGTCCCGC ..................................
. Pp’a ........................... TTCCAGGATTCATGTGCCAG .....................................
. RPBO ......................... CATC TTGGCGTCTGATCTTG ......................................

Note. Primers were selected using the freely available web service PrimerBLAST (Ye et al., 2012). Rat genes: Asmtl, acetylserotonin O-me-
thyltransferase like; Ppia, peptidylprolyl isomerase A; Rpl30, ribosomal protein L30. qPCR, quantitative real-time polymerase chain reaction
using two reference genes as recommended by Bustin et al. (2009). The reference genes of our choice were Ppia (Gholami et al., 2017) and
Rpl30 (Penning et al., 2007) (for experimental substantiation, see our previous works (Chadaeva et al., 2021)).
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assess differential gene expression with. Next, all rat DEGs
in this selection of papers were documented and uploaded
to RatDEGdb together with their supervised annotations,
using an algorithm similar to the one described above for
hypothalamic deficiency of Asmtl in aggressive rats. The lists
of homologous genes were taken from the paralogs section
of the GeneCards database (Stelzer et al., 2016). RatDEGdb
includes the statistical significance of each DEG according to
the estimates provided in the papers as referenced.

Statistical analysis of the differential expression of the
Asmtl gene in the hypothalamus of the tame and aggressive
rats used as an animal model of human aggressive behavior
was performed using the menu “Statistics — Nonparamet-
ric — Mann—Whitney test” in STATISTICA (StatSoft™,
USA), when two independent statistical criteria are being
assessed at once: the nonparametric Mann-Whitney U test
and the parametric test Fisher’s Z, to assess the sustainability
of results.

Results

Lower hypothalamic Asmt/ mRNA levels

in aggressive than in tame rats

Asmtl mRNA levels in the hypothalamus as measured and
compared between the aggressive and tame rats are presented
in Table 2. As can be seen from Figure 1, significantly lower
Asmtl mRNA levels were in the aggressive than in tame rats in
the settings of this experiment (p < 0.05; the Mann-Whitney
U test and Fisher’s Z).

Clinical manifestations
of human ASMTL and ASMT deficiency
Table 3 presents the PubMed search results, with search terms
(Lu, 2011) relating to human diseases associated with low
expression levels of the ASMTL gene and its human paralog,
ASMT. Line 1: the Asmt-deleted mouse models of human
diseases (Trent et al., 2013) suggest a neurodevelopmental
problem in the form of attention-deficit/hyperactivity disorder
in combination with externalization symptoms (aggressive
behavior) in children (Kang et al., 2023).

Line 2: ASMT deficiency is a molecular marker of autism,
according to Melke and co-workers (2008), while a recent sur-
vey of teenagers above 12 years of age with autism spectrum
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- U =5.00 (p < 0.05)
- Z=2.00 (p < 0.05)

Asmtl, relative units

Tame Aggressive

Fig. 1. Statistically significant differences in hypothalamic Asmt/ expres-
sion levels between tame and aggressive adult male rats.

* Significance level p < 0.05 according to two independent statistical criteria:
the nonparametric Mann-Whitney U test and the parametric test Fisher’s Z,
which reflects the sustainability of assessment results for Asmt/ as a differen-
tially expressed gene (DEG) in aggressive versus tame rats.

disorders and epilepsy in past medical history revealed their
inclination to aggression (Gaitanis et al., 2023).

These two examples are in favor of rather than against the
low expression levels of the human genes ASMTL and ASMT
representing, at least, combined molecular characteristics
of the predisposition to some forms of aggressive behavior.

Finally, as can be seen from Table 3, these human genes
were expressed at low levels among candidate molecular
markers of a wide range of human diseases not associated
with aggression: depression (Talarowska et al., 2014), devel-
opmental abnormalities (Li W. et al., 2012), brain injury (Go-
vindarajulu et al., 2022; Yang et al., 2023), cell aging (Liu X.
etal.,2022), cancer (Bi et al., 2019; Lau, Zhang, 2000; Xie et
al., 2020; Cucielo et al., 2022; Liu Y. et al., 2022), infertility
(Gonzalez-Arto et al., 2016; Zhang Z. et al., 2018) and asthma
(Wu et al., 2020).

Put together, these findings reflect the fact that ASMT gene
encoding the melatonin synthesis enzyme acetylserotonin
O-methyltransferase is one of the key hormones involved in
the regulation of molecular and genetic processes in all hu-
man body in general including aggression (Melke et al., 2008;

Table 2. Experimental data on “glove” test behavior and Asmt/ mRNA levels for 12 adult male rats

Test Strain Outbred unrelated adult male tame and aggressive rats, hypothalamus Mo+ SEM
#1 ....................... #2 ...................... #3 ...................... #4 ...................... #5 ................................................
Glovetest ............ A .................. _3 ....................... _3 ....................... _3 ....................... _3 ....................... _3 .................................................
-|- .................. 3 ......................... 3 ......................... 3 ......................... 3 ......................... 3 ......................... 3 ........................
QPCRUsmi) A 1884067  080£165 1565051  070£004 033016  073:002 1004024
T 451£051 1212015 1732063  092:004  330£009 2334013 2334056

Note. see Notes to Table 1. Rat strain: A, aggressive rats (n = 6); T, tame rats (n = 6). Tests: “glove” test, in which each rat was scored from “-4” (most aggressive) to
“+4" (most friendly), according to a work by Plyusnina and Oskina (1997); Asmt/ expression levels, M+ SEM, estimates of the mean +standard error of the mean
from three technical replicates, with a LightCycler® 96 operated in the automatic mode (Roche, Switzerland).
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RatDEGdb: knowledge base of rat differentially
expressed genes in biomedical research

Table 3. Clinical manifestation of deficiencies in ASMTL and in its human paralogue ASMT in human diseases

according to the current release of the RatDEGdb knowledge base

Disease

Neurodevelopmental
disorders

Depression with
speech and learning
disorders

Clinical manifestation of ASMTL and ASMT deficiency

In Asmt-deleted mice used as models of human diseases: neurodevelopmental
disorders, attention-deficit/hyperactivity disorder

In a cohort study: low ASMT mRNA levels in the blood and low ASMT gene
expression leading to melatonin deficiency may be molecular markers of autism

In a cohort clinical study: ASMT deficiency as a marker of recurrent depressive
disorder with impaired speech fluency and auditory-verbal learning

References

2014

Depression with sleep
and circadian rhythm
disorders

In human behavioral models using Asmt-knockout mice: depression, sleep and
circadian rhythm disturbances that altogether may be reversed due to swimming

exercise

Recovery from acute
traumatic brain injury
(concussion)

Cerebral
hypoxia-ischemia

In models of acute human brain injury using rats exposed to strong sensory stimuli:

decrease in Asmt levels after 6 hours, 24 hours and even 1 month after exposure -
manifestations of brain contusion in the form of sleep disturbances

In human disease models using neonatal rats: Asmt deficiency may be a molecular
marker of cerebral hypoxia-ischemia

Govindarajulu
etal., 2022

Developmental
disorders

In human disease models using induced pluripotent stem cell lines derived from
skin fibroblasts from patients with any developmental disorder: ASMTL deficiency
may be one of the most common molecular markers of developmental disorders

In human ageing models using cell cultures: slowing down replicative senescence
of human bone marrow mesenchymal stromal cells

In a retrospective transcriptome meta-analysis summarizing 966 glioma-related

RNA-seq and microarray assay dataset: ASMT deficiency may be a clinical molecular

marker of glioma

In human disease models using colon cancer cell lines LOVO and HCT116:
cancer cell proliferation, migration and invasion decreased with downregulation

of ASMTL expression

In a cohort study of patients using qPCR technology: ASMTL-upregulation promotes
the development of prostate cancer

In a clinical cohort study: ASMT-deficient patients with ovarian cancer had
a decrease in median survival by several months

Respiratory tract
inflammation, asthma

In human fertility models using rams: reduced sperm capacitation; selection of a
line of laboratory mice with a functional Asmt allele: most lines of laboratory mice

have dysfunction of this gene, due to which melatonin deficiency in them reduces

its negative impact on their spermatogenesis

In mouse models of human disease: Asmt deficiency promotes airway inflammation

such as asthma due to melatonin deficiency

Gonzalez-Arto
etal, 2016;
Zhang Z. et al, 2018

Trent et al., 2013; Gaitanis et al., 2023; Kang et al., 2023),
depression (Talarowska et al., 2014), ontogenesis (Li W. et al.,
2012; Zhang Z. et al., 2018), wound healing (Govindarajulu
et al., 2022; Yang et al., 2023), ageing (Liu X. et al., 2022)
oncoprotector (Lv et al., 2019), anti-inflammatory and im-
munomediatory mechanisms (Li G. et al., 2021).
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RatDEGdb: the knowledge base

Figure 2 shows how RatDEGdb compares the hypothalamic
level of Asmtl in the aggressive rat strain with that in the tame.
Here aggression is considered to be a comorbid symptom
in human diseases such as thalassemia, obesity and carci-
noma (for review, see Chadaeva et al., 2016). Consequently,
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Fig. 2. A sample entry in RatDEGdb documents original experimental data on Asmt/ deficiency in the hypothalamus of aggressive
rats compared to the tame rats as a biomedical model of aggressive behavior in human diseases (see Fig. 1 and Table 2) together
with their annotation (see Table 3: first row) using independent data on low expression levels of its human homolog ASMT in pa-
tients with hyperactivity disorders according to an Asmt-deleted mouse model of human disease (Trent et al., 2013).

RatDEGdb (see Fig. 1 and Table 2) integrated data on low
hypothalamic levels of the Asmtl gene in the aggressive rats
and low levels of its human homolog ASMTL as found in
patients with neurodevelopmental problems in the form of
attention-deficit/hyperactivity disorder using an Asmt-deleted
mouse model (Trent et al., 2013) (see Table 3).

The current release contains information on DEGs in ten
genetic rat strains used as models of 11 human pathologies
(Tables 4-6). As can be seen in the bottom lines of these
tables, RatDEGdb now contains information on 25,101 DEGs
representing 14,320 unique rat genes that change transcription
levels in 21 tissues of 10 genetic rat strains used as models of
11 human diseases based on 45 original scientific papers refer-
enced in the rightmost column of Tables 4-6. These rat DEGs
were annotated with information about equal changes in the
expression levels of their human homologs in affected people.
In total, the current release contains 94,873 such annotations
for 321 human genes in 836 diseases based on 959 PubMed
publications (Lu, 2011). Thus, RatDEGdb is unique in that
the manual curation of the annotation of DEGs of the rat as
a model object simulating human pathology uses indepen-
dent clinical data, which none of other biomedical databases
does.

Discussion

The elementary step in filling RatDEGdb with data can be seen
in Tables 1-3 and Figures 1-2, with the Asmtl (acetylserotonin
O-methyltransferase like) gene as an example. The hypo-
thalamic expression of this gene was profiled and compared
between aggressive and tame rats used as model animals in
human aggression research. Results of the analysis of this
gene by real-time PCR are provided. These results were an-
notated using PubMed papers (Lu, 2011) about equal changes
in the expression levels of its human homologs ASMTL and

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

ASMT in patients. Then this annotation of the Asmtl gene dif-
ferentially expressed in the hypothalamus of the aggressive
and tame rats was supplemented with PCR-, RNA-seqg- and
microarray-based information on all DEGs in the rat used as
a model object in biomedical research. Next, the uncharacte-
rized, unannotated, predicted, and not protein-encoding genes
were dropped. Finally, we annotated the remaining rat DEGs
with publicly available works about the clinical manifesta-
tions of equal changes in the expression levels of their human
homologs in patients, put these annotations together as the
RatDEGdb the knowledge base, and made it freely available
at https://www.sysbio.ru/RatDEGdb.

Figures 1 and 2 show how RatDEGdb characterizes the
DEGs of various breeding-based rat strains primarily deve-
loped in the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences (Novosibirsk,
Russia). The ISIAH rats were used as model animals in the
biomedical studies of stress-induced arterial hypertension, as
summarized in Tables 4 and 5. The same tables show that that
OXYS rats were used for studying age-related diseases and
ageing processes; and GC rats, for studying psychopathologi-
cal conditions (see Table 4). In addition, tame and aggres-
sive rat strains were used for studying animal domestication
(Plyusnina, Oskina, 1997; Gulevich et al., 2019; Chadaeva et
al., 2021) and aggression (Popova et al., 2010) as symptoms
of obesity and thalassemia (Chadaeva et al., 2016, 2019).
As can seen from Tables 4—6, whole-genome sequencing
was performed on each of these models, except for the
GC strain, in which only the expression levels of the gluta-
mate receptor genes and the catecholamine system genes were
measured.

The existing biomedical databases intended for studying
human diseases are normally focused on the information on
the human genome (Stenson et al., 2014; Singh et al., 2018;
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Table 4. Characterization of the qPCR-inferred DEGs of the rat as a model animal in biomedicine

documented in the RatDEGdb knowledge base

# Strain Tissue Disease Model

Norm Npee  References

Note. Here and in Tables 5 and 6 : Npgg, number of DEGs. Tissues: ac, anterior cingulate; ag, adrenal gland; bmmscs, bone marrow-derived mesenchymal stromal
cells; bmp, brain microvascular pericytes; bs, brain stem; fc, frontal cortex; hip, hippocampus; hyp, hypothalamus; ic, infralimbic cortex; Ivcp, lateral ventricular
choroid plexus; mb, midbrain; mo, medulla oblongata; mpc, medial prefrontal cortex; mt, midbrain tegmentum; myoc, myocardium; PAG, periaqueductal gray
matter; pc, prelimbic cortex; po, prefrontal cortex; rc, renal cortex; rm, renal medulla. Diseases: AD, Alzheimer’s disease; AMD, age-related macular degeneration;
ARBLBD, age-related blood-liquor barrier development; CRS, cellular replicative senescence; HT, hypertension; PAH, pulmonary arterial hypertension.

Models: $, Agtria-blocker; PPA, propionic acid; SkQ1, Skulachev’s antioxidant.

Sunetal., 2022) and contain primary transcriptome informa-
tion. RatDEGdDb is novel in that it supplements biomedicine-
based whole-genome experimental data on rat DEGs with
clinical data on equal changes in the expression levels of
their human homologs in patients, for further use of all these

data in personalized medicine. With a new capability that
enables the researcher to compare pathogenic changes in gene
expression in humans and model animals, RatDEGdb can be
useful in addressing problems in systems biology and clinical
medicine.
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Table 5. Characterization of the RNA-seg-inferred DEGs of the rat as a model animal in biomedicine
documented in the RatDEGdb knowledge base

# Strain Tissue Disease Model Norm Npeg References
1 ............. Aggre 5 Slve ........... fc ........................ Ag gre 55,on ......... Ag g re ste .................. Tame ........................ 24 ............. A|bert e t a| . 20 12 .......................
2 o Aggression  Aggressive Tame 46 Chadaevaetal,2021
s hp Aggression  Aggressive Tame 42 Oshchepkovetal,2022a
o m Aggression  Aggressive Tame 31 Oshchepkovetal,2022b
s PAG Aggression  Aggressive Tame 39 Shikhevichetal, 2023
6 ............ |5|AH ..................... bs ....................... HT ....................... |S|AH ............................ WAG ......................... 206 ........... Fedoseeva eta| 2019 ...............

7 ............ hyp .................... HT ....................... |5|AH ............................ WAG137 ........... K|,moveta|2016 .....................

8 ............ rm ...................... HT ....................... |S|AH ............................ WAG ......................... 882 ........... Ryazanovaeta | 201 6 ...............

9 ............ rc ....................... HT ....................... |5|AH ............................ WAG ......................... 309 ........... Fedoseeva eta| 2016b .............

10 ............ ag ...................... HT ....................... |5|AH ............................ WAG1020 ......... Fedoseevaeta|2o16a .............

11 ............. OXYS ..................... h, p ..................... AD ....................... OXYS 20 do ................ W, Sta r 2 0 . d 0 ........... 46 ............. Ste fanovaeta | 2018 ................

. 12 ............ h,p ..................... AD ....................... OXYS 5 mo ................. W, Sta r5 . m O ............ 28 ............. Ste fanovaeta| 2018 ................

. 13 ............. h,p ..................... AD ....................... OXYS . 1 . 8 m o ............... W, Sta r 1 8 . mo .......... 35 ............. Ste fanovaeta| 2018 ................

. 14 ............ po ...................... AD ....................... OXYS 20 do ................ W, Sta r 2 0 . d 0 ........... 2 ............... Ste fanova eta| 2019 ................

. 15 ............. po ...................... AD ....................... OXYS 5 mo ................. W, Sta r5 . m o ............ 7 ............... Ste fanova eta| 2019 ................

. 16 ............ po ...................... AD ....................... OXYS . 1 . 8 m O ............... W, Sta ,— 1 8 . mo .......... 73 ............. Ste fanova eta| 2019 ................
o Retina D oxYs3mo Wistar, 3mo 117 Kozhevnikovaetal, 2013
s Retina AMD OXYS,18mo  Wistar,18mo 85  Kozhevnikovaetal, 2013
19 ............ po ...................... AD ....................... OXYS 5mo ................. OXYszodo ............ 52 ............. Stefanovaeta| 2 019 ................
20 ............ po ...................... AD ....................... OXYS 1 8 m 0 ............... Oxyssmo ............. 58 ............. Stefanovaetal 2 019 ................
21 ............. h,p ..................... AD ....................... OXYS 5mo ................. OXYSZOdo ............ 135 ........... Stefanovaeml 2 013 ................
22 ............ h,p ..................... AD ....................... OXYS 1 8 m 0 ............... oxy55mo ............. 197 ........... Stefanovaetal 2 018 ................
3 Retina AMD oxys 18mo OXYS,3mo 19 Korhevnikovaetal, 2013
24 ............ W, Sta r ................... h, p ..................... AD ....................... W, Sta r . 5 . m 0 ................ W, Sta ,— 2 0 . d o ........... 150 ........... Stefanova eta| 2 018 ................
3 hp a0 Wistar, 18Bmo  WistarSmo 190 Stefanovaetal,2018
% Retina AMD Wistar,18mo  Wistar,3mo 28 Kozhenikovaetal, 2013
25 ............ SD ......................... bmmscs ............. CRS ...................... 5D20p ....................... 5D5p ...................... 9167 ......... L,uxeta|2022 ........................

26 ............ bmmsc 5 ............ CR 5 ...................... SD 5 p ......................... 5D5 p ASA ............. 1220 ......... L,u X eta| 2022 ........................

27 ............ bmmscs ............ CRS ...................... 5D20p ....................... SDZOpASA ........... 446 ........... L,uxeta|2022 ........................

28 ............ |ch ................... AR BLBD .............. SD 6 . Wo ....................... 5D15 e d ................. 91 : 59 ......... lede | o W e t a| 201 3 ..................

29 ............ Lung .................. PAH ..................... SDMCT ....................... SD ............................ 40 ............. X,aoeta|2020 ..........................

. 30 ............ rc ....................... HT ....................... 5 D | NAME .................. SD ............................ 284 ........... Tam eta| 2 0 15 ..........................

. 31 ............. rc ....................... HT ........................ 5 D D EX ........................ SD ............................ 44 ............. Tam eta| 2 0 15 ..........................

. 32 ............. ,.c ....................... HT ........................ 5 D h fd ......................... SD ............................ 240 ........... Tam eta| 2 0 15 ..........................

33 ............ SHR ....................... K,dney ............... HT ........................ SHR .............................. WKY ......................... 68 ............. Wata nabeeta| 20 15 ................

34 ............ bmp .................. HT ........................ SHR .............................. WKY ......................... 21 .............. Yuaneta|2018 .........................

35 ............ SHRSP ................... K,dney ............... Str Oke ................. SHRSP .......................... WKY ......................... 27 ............. Wata nabeeta| 20 15 ................

36 ............ DSS ....................... K, dney ............... HT ........................ DSS .............................. DSSQ 5 YQ ............... 13 ............. Du eta| 2 021 .............................

37 ............. Kldney ............... HT ........................ DSSResmgMUT ......... D5514 ............. AShrafeta|2021 .......................
Total  Bstrains  17tissues  Sdiseases  17models 17models 24751  2lreferences

Note. Models: ASA, aspirin; do, days old; DEX, dexamethasone; ed, embryonic days; hfd, high-fructose diet; I-NAME, NG-nitro-l-arginine-methyester; MCT, mono-
crotaline; Resp18MUT, mutant variant; mo, months old; p, passage old; QSYQ, Chinese traditional medicine prescription Qi-Shen-Yi-Qi; wo, weeks old.
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Table 6. Characterization of the microarray-inferred DEGs of the rat as a model animal in biomedicine

documented in the RatDEGdb knowledge base

# Strain Tissue Disease Model
1 ............... WI Sta r ............... ag ...................... HT ........................... Wlsta rD EX
2 .............. SHR ................... ag ...................... HT ........................... SHR 3 WO
3 ............... ag ...................... HT ........................... SHR 6 Wo
4 ............... Bram .................. HT ........................... SHngo
5 ............... Bram .................. HT ........................... SHR6WO
6 .............. SHRSP ............... ag ...................... StrOke ..................... SHR3WO
7 ............... ag ...................... StrOke ..................... SHR 6 Wo
8 ............... Bram .................. Stmke ..................... 5HR6WO
9 ............... Bram .................. StrOke ..................... SHR3WO
Total  3strains  2fissues  2diseases  3models

Note. Models: wo, weeks old.

Conclusion

The RatDEGdb knowledge base is a collection of experimental
data and a toolkit for interactive analyses in genomic research
into diseases, such as Alzheimer’s disease, autism, hyperten-
sion and some others. We are planning to continue updating
RatDEGdb by adding new information on gene expression in
rats as model objects of human diseases and annotating the
DEGs with pieces of works on equal changes in the expression
levels of their human homologs in patients.
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for calculating the thermodynamic parameters
of the formation of oligodeoxyribonucleotide duplexes
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Abstract. To date, many derivatives and analogs of nucleic acids (NAs) have been developed. Some of them have
found uses in scientific research and biomedical applications. Their effective use is based on the data about their
properties. Some of the most important physicochemical properties of oligonucleotides are thermodynamic para-
meters of the formation of their duplexes with DNA and RNA. These parameters can be calculated only for a few
NA derivatives: locked NAs, bridged oligonucleotides, and peptide NAs. Existing predictive approaches are based on
an analysis of experimental data and the consequent construction of predictive models. The ongoing pilot studies
aimed at devising methods for predicting the properties of NAs by computational modeling techniques are based
only on knowledge about the structure of oligonucleotides. In this work, we studied the applicability of the weighted
histogram analysis method (WHAM) in combination with umbrella sampling to the calculation of thermodynamic
parameters of DNA duplex formation (changes in enthalpy AH°, entropy AS°, and Gibbs free energy AGS,). A procedure
was designed involving WHAM for calculating the hybridization properties of oligodeoxyribonucleotides. Optimal pa-
rameters for modeling and calculation of thermodynamic parameters were determined. The feasibility of calculation
of AH°, AS°, and AGS, was demonstrated using a representative sample of 21 oligonucleotides 4-16 nucleotides long
with a GC content of 14-100 %. Error of the calculation of the thermodynamic parameters was 11.4,12.9,and 11.8 %
for AH°, AS°, and AG3,, respectively, and the melting temperature was predicted with an average error of 5.5 °C. Such
high accuracy of computations is comparable with the accuracy of the experimental approach and of other methods
for calculating the energy of NA duplex formation. In this paper, the use of WHAM for computation of the energy of
DNA duplex formation was systematically investigated for the first time. Our results show that a reliable calculation of
the hybridization parameters of new NA derivatives is possible, including derivatives not yet synthesized. This work
opens up new horizons for a rational design of constructs based on NAs for solving problems in biomedicine and
biotechnology.

Key words: DNA; hybridization; thermodynamic parameters; Gibbs free energy; Weighted Histogram Analysis Method;
WHAM; molecular dynamics.
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HpI/IMEHeHI/Ie MeTOOa B3BCIHICHHDBIX I'ICTOT'paMM IOJIdd paCueTa
TEPpMOOVMHAMNYECKUX ITapaMeTpPOB (l)OpMI/IpOBaHI/ISI
KOMIIJIEKCOB OJII/II'O,I[G30KCI/IpI/I6OHVK.TIeOTI/I,Z[OB
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AHHOTaLuA. Ha cerogHAWHNIA feHb pa3paboTaH LWNPOKNIA CMEKTP NMPOU3BOAHDIX 11 aHANIOrOB HYKJIEVHOBBIX KAC/IOT.
HekoTopble 13 HMX HalWAM NPUMEHEHWE NPY PeLeHN HayYHO-UCCNefoBaTebCKMX 3afay 1 3ajay 6uoMeanLMHbI.
[eTtanbHana UHPOPMALMA O CBOMCTBAX TakMX COeAVHEHWI ABMIAETCS OCHOBOW UX 3GEKTUBHOMO MCNONb30BaHUS.
OpHy 13 Hanbonee 3HaUMbIX GU3NKO-XUMUYECKMX XapaKTePUCTUK ONTUTOHYKIEOTUAOB — TEPMOAMHAMUYECKYIO CTa-
6unbHOCTb KX aynnekcos ¢ AHK n PHK — MOXHO paccumTbiBaTh NLb 4SS HEKOTOPbIX MPOU3BOLAHbIX HYKIENHOBbBIX
kmenot: LNA, moctunkoBbix onvroHykneotngos 1 PNA. CywjecTtsyiowme Noaxoabl OCHOBaHbl Ha aHanmn3e sKcneprmeH-
TaNbHbIX AaHHbIX Y MOCTPOEHUN MPOrHOCTUYECKUX Mofeneli. [poBoAATCA MUIOTHbIE NCCNE[0BAHNSA, HanpPaB/ieHHble
Ha pa3paboTKy MeTO[OB MPOrHO3MPOBAHNA CBONCTB HYKJIEMHOBbIX KUCIOT C UCMOb30BaHNEM METOAOB KOMMbIO-
TEPHOro MOAENMPOBaHNKA, OCHOBAHHbIE TOJIbKO Ha 3HaHWW CTPYKTYpbl OIMroMepos. B faHHol paboTe nccneposaHa
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WHAM to calculate the thermodynamic parameters
of DNA duplex formation

NPYMEHNMOCTb MeToAa B3BeLleHHbIX ructorpamm (WHAM) npu aHanm3e 30HTUYHON BbIGOPKM ANA pacyeTa TepMOAN-
HammyecKmx napameTpos popmupoBaHua JHK-gynnekcos: nsmeHeHus sHTanbnum AH®, sHTponum AS° n ceobopgHo
sHeprum [M66ca AG3,. OTpaboTaHa npoueaypa pacyeTa rmépUAN3aLMOHHbIX CBONCTB ONINTO4E30KCMPUGOHYKIeoTU-
[lOB C UCMOJSIb30BaHMEM METOa B3BeLUEeHHbIX rcTorpamm. MofobpaHbl onTUManbHble NapameTpbl NPOBeAEHUA MO-
LennpoBaHNA 1 pacyeTa TePMOAMHAMUYECKNX MapameTpoB. Ha npumepe npeacTaBuUTeNnbHON BbiIGOpKM 13 21 onnro-
HyKneoTuaa AnMHOM oT 4 fo 16 HT u ponen G/C nap ot 14 fo 100 % nokasaHa BO3MOXHOCTb pacyeta AH®, AS® 1 AG3,.
OwnbKM pacyeta TepMmoaNHAMMYECKNX NapameTpoB cocTanaloT 11.4, 12.9 1 11.8 % cOOTBETCTBEHHO, a TeMnepaTypa
nnasfeHnsa NPOrHO3NpPYeTCA co cpeaHen owmnbkon 5.5 °C. Takas BblCOKas TOYHOCTb PAcYeTOB CONOCTaB/IMA C SKCMe-
PUMEHTaNbHON 1 C APYTMMY NMPOrHOCTUYECKMI METOAAMUN pacyeTa SHepPrumn KomnnekcoobpasoBaHus. B HacToAwwen
paboTe BrnepBble CUCTEMATUYECKM NCCNefoBaHO nprumMeHeHre metoga WHAM ana pacyeta sHepruv dopmrpoBaHua
[HK-pynnekcos. lMonyyeHHble pe3ynbTaTbl MOKa3biBAOT MNOTEHLMabHYI0 BO3MOXHOCTb OCTOBEPHOMO pacyeTa ru-
6pUAN3aLNOHHBIX CBOWCTB HOBbIX, B TOM YMCSIE eLle He CUHTE3POBaHHbIX MPOV3BOAHbIX HYKNENHOBBIX KACNOT. 3TO
OTKPbIBAET HOBblE FOPU3OHTbI ASIA PAaLMOHANIbHOIO An3aiHa KOHCTPYKLMIA HAa OCHOBE HYK/IEMHOBbIX KACIOT AN pe-
LeHnA 3aaay 6riomeanumHbl U GUOTEXHONOTN.

Kniouesble cnosa: [JHK; rubpupmnsaus; TepmoguHammyeckrie napameTpbl; cBobogHasn sHeprus MMbbca; metop B3Be-

weHHbIX ructorpamm; WHAM; monekynapHasa AnHammnka.

Introduction
To date, a wide range of derivatives and analogs of nucleic
acids (NAs) have been developed, many of which have found
applications in solving research problems and problems of
biomedicine (e. g., (Wang et al., 2022)). Their effective use is
possible due to the availability of detailed information about
their physicochemical, molecular-biological, and biological
properties. This information exists only for a limited number
of derivatives of NAs such as locked nucleic acids (LNAS)
(McTigue et al., 2004), peptide NAs (Griffin, Smith, 1998),
phosphorothioate derivatives (Eckstein, 2014), phosphorami-
date morpholino oligomers (Summerton, Weller, 1997), and
bridged oligonucleotides (Lomzov et al., 2006). The develop-
ment of approaches to the prediction of the properties of NAs,
their analogs, and derivatives is absolutely necessary for
rational design of oligonucleotide constructs in all the above-
mentioned applications. The availability of such approaches
will greatly simplify both scientific research involving such
compounds and the creation of commercial products, for
example, molecular diagnostic systems or therapeutic NAs.
One of the key physicochemical properties of NA deriva-
tives is their ability to form (and the efficiency of formation
of) complexes with complementary sequences of DNA and
RNA. Models have been devised to predictively calculate
thermodynamic characteristics of the formation of duplex
DNA structures (SantaLucia, Hicks, 2004), of duplex RNA
structures (Xia et al., 1998), of hybrid DNA/RNA duplexes
(Sugimoto et al., 1995; Banerjee et al., 2020), and of some
NA derivatives: LNAs (McTigue et al., 2004), bridged oligo-
nucleotides (Lomzov et al., 2006), and peptide NAs (Griffin,
Smith, 1998). Such studies are based on analysis of experi-
mental data about hybridization properties of these oligomers
with consequent construction of predictive analytical models.
In addition, pilot studies are being conducted that are aimed
at designing techniques for reliable estimation of formation
energy of NA complexes by computer modeling methods. The
latter are promising from the standpoint of development of
approaches to a priori prediction of properties of NA deriva-
tives that have not yet been synthesized. In a recent paper,
D. Dowerah and coworkers proposed a series of new analogs
of LNAs with different linkers between O2' and C4' atoms
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(Dowerah et al., 2023). This work indicates high potential and
demand for methods predicting the properties of modified NAs
by means of only their chemical structure.

One well-established approach to the computation of
Gibbs free energy is the weighted histogram analysis meth-
od (WHAM) combined with an analysis of umbrella sampling
(e. g., (Kumar etal., 1992)). The general principle behind this
calculation is to carry out molecular modeling by the umbrella
sampling procedure and to analyze the resulting trajectories by
the WHAM (Fig. 1). In molecular modeling by the umbrella
sampling procedure, an additional (usually harmonic) potential
is imposed on the system along the reaction coordinate (&),
and this potential holds the system at position & (i1=1 ... imay)
with a certain force. For each umbrella sampling window (i),
a histogram is obtained that represents a probability distribu-
tion along the reaction coordinate skewed by the holding
potential. One of the most common techniques for calculat-
ing the potential of mean force (PMF) from histograms is the
WHAM. Within this approach, researchers estimate statistical
uncertainty of an unbiased (unshifted) probability distribution
taking into account umbrella histograms and then compute the
PMF that corresponds to the lowest uncertainty (Kumar et al.,
1992). This approach allows to calculate free energy and other
observable parameters (Grossfield, 2018).

In this work, we investigated the feasibility of calculating
the formation energy of perfect DNA duplexes having various
lengths and GC contents by the WHAM coupled with an analy-
sis of an umbrella sample. The computation of the Gibbs free
energy of duplex formation at different temperatures should
enable us to calculate enthalpy (AH®) and entropy (AS®) con-
tributions. By means of AH® and AS® values, it is possible to
calculate the most illustrative and widely used characteristic
for describing thermal stability of NA complexes: melting
temperature (T,,).

Methods

The structure of DNA duplexes was created using the NAB

program from the AmberTools18 software suite (Case et al.,

2018). Starting structures had a B-form of the double helix.
A molecular dynamics (MD) simulation was performed in

the AMBERI18 software (Case et al., 2018) via parallel com-
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Fig. 1. The protocol for calculating the Gibbs free energy of formation of an NA double helix by the WHAM.

puting on central processing units and graphics accelerators.

The ff99bsc0 force field was chosen to model DNA (Pérez et

al., 2007). The MD simulation was carried out in an implicit

water shell (Tsui, Case, 2000) at a fixed temperature in the
range of 273 to 333 K with a step of 10 degrees by means of

a Berendsen thermostat with a time constant of 10 ps (Ome-

lyan, Kovalenko, 2013). To enable the step of integration of

2 fs motion equations, we employed the SHAKE algorithm.

The modeling procedure included eight stages:

1. Creating the structure of a DNA duplex and saving it in
PDB format (with the help of the NAB program from the
AmberTools18 software suite). Saving the structure in the
amber file format (tleap).

. Structure minimization for 10,000 steps (pmemd.cuda).

. Stepwise heating of the system: from 0 to 100 K for 50 ps
and from 100 K to a desired temperature (273 to 333 K in
steps of 10 K) for 150 ps (pmemd.cuda). An integration
time step of 0.5 fs was used.

. Separation of two strands from 0 to 45 A for 10 ns by apply-
ing 10 kcal/mol potential to the distance between the centers
of mass of selected atoms of the strands (pmemd.cuda).

. From the separation trajectory of the two DNA strands,
extraction of structures for which the distance between the
centers of mass was 0 to 45 (or 60) A with a step of 0.5 A
(pmemd.cuda).

. MD simulation of the extracted structures for 15 ns with
the imposition of 10 kcal/mol harmonic potential on the
distance between the centers of mass of the strands’ selected
atoms (pmemd.cuda).

. Computation of interaction energy of the strands by the
WHAM in the WHAM software (Grossfield, 2018). The
number of points along the reaction coordinate for sampling
of the free-energy profile was set to 150 (see below), and
the convergence criterion of the WHAM was 1075,

. Calculation of strand interaction energies via component-
wise computation of free-energy changes based on MD sim-

CTPYKTYPHAA KOMMNbIOTEPHAA BNOJTIOTNA U ®APMAKOJIOTMA / STRUCTURAL COMPUTATIONAL BIOLOGY AND PHARMACOLOGY

ulation according to the generalized Born model (molecular

mechanics/generalized Born surface area, MMGBSA)

was performed using the MMPBSA.py module from the

AmberTools18 software suite.

Molecular structures were visualized in the UCSF Chimera
software (Pettersen et al., 2004).

Results and discussion

To refine the modeling protocol, a set of DNA oligomers
having various lengths (4 to 16 bp) and GC contents (14 to
100 %) was chosen. Nucleotide sequences are given in the
Table. The general protocol of the modeling and analysis is
presented in Figure 1. We selected an approach where the
distance between two DNA strands served as the reaction
coordinate. That is, we carried out step-by-step separation of
two strands in space and calculated the PMF depending on
the distance between them. This approach combined with the
WHAM makes it possible to determine the Gibbs energy of
interaction between two strands directly in a computational
experiment. If such an in silico experiment is conducted at
different temperatures, it is possible to calculate a change
in the enthalpy and entropy of complexation from a linear
dependence of Gibbs free energy on temperature. At the first
stage, it is necessary to determine the optimal parameters for
performing such calculations.

As the reaction coordinate (&), we chose the distance (r)
between centers of mass of C4’ atoms of all nucleotides from
both strands. The initial distance was set to 0 A in order to
(i) examine the possibility of “compression” of the double he-
lix, (ii) determine in the analysis the existence of a minimum of
dependence AG; (r), and (iii) compute the energy of complex-
ation as the difference between the minimum and maximum of
this dependence (see Fig. 1). Analyzing the separation of the
strands’ centers of mass showed that a maximum distance of
45 A is sufficient for complete dissociation of the duplexes of
oligonucleotides with a length of 4 to 9 bp, and for complexes

809



I.I. Yushin, V.M. Golyshev
D.V. Pyshnyi, A.A. Lomzov

WHAM to calculate the thermodynamic parameters
of DNA duplex formation

Duplex formation thermodynamic parameters calculated by the WHAM and the MMGBSA method and determined experimentally

Oligonucleotide
sequence
from the 5'to the 3'end

MMGBSA Experimental values

R? AH° AH° AS°

Note. Sequence only one strand of each duplex is shown. Units of thermodynamic parameters AH® and AG§7 :kcal/mol, AS®: cal/(mol - K), and T,,: °C. R2: Pearson’s
correlation coefficient for linear dependence AG°(T). Error of experimental AH®, AS®, AG3, and Ty, values is 10, 10, 8 %, and 0.5 °C, respectively.

of 14 and 16 bp in size, the distance should be increased to
60 A. With the reaction coordinate chosen in this manner,
the dissociation of the two strands for most oligonucleotide
duplexes proceeded in accordance with the unzipping model
(Cantor, Schimmel, 1980; Volkov, Solov’yov, 2009), which
involves the unwinding of the double helix from one of the
ends, or in accordance with a mixed shearing/unzipping mode
(Mosayebi et al., 2015; Kurus, Dultsev, 2018). An example
of alterations of oligonucleotide conformations along the
reaction coordinate is given in Supplementary Material 1.
The mechanism of dissociation of duplexes in the current
paper is not critically important because only two limiting
states are being examined: a relaxed duplex structure and
two noninteracting single-stranded oligonucleotides. The
match between the helix—coil transition mechanism and the
mechanisms observed by experimental methods confirmed
the adequacy of the chosen approach for describing the dis-
sociation of a DNA double helix.

According to generally accepted requirements for using
the WHAM, it is necessary that the overlap between histo-
grams be at least 20 %. Our analysis indicated that this is

" Supplementary Materials 1-8 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Yushin_Engl_27_7.pdf
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achieved at ~0.7 A between adjacent simulation windows.
An example of the dependence of distribution histograms
on the distance between strands for duplex 5'-GCACCGAC-
3'/5'-GTCGGTGC-3' is given in Supplementary Material 2.
We chose the reaction coordinate step of 0.5 A to reliably
meet this criterion.

When energy is calculated by the WHAM, an important
parameter is the number of points (“bins”) along the reaction
coordinate that are chosen for sampling of the free energy
profile. When the number of points was 100 or more (up to
1,000 partitions), a plateau was reached for the shape and
position of the Gibbs free energy profiles (Fig. 2, a and
Supplementary Material 3) and for the magnitude of the
change in Gibbs free energy at different temperatures (see
Fig. 2, b). At the same time, relative error values calculated
by the bootstrap method (Grossfield, 2018) did not exceed
6 % (see Fig. 2, c).

Gibbs free energy at a certain temperature was calculated as
the difference between a minimum and a maximum in the PMF
profile: AG®(T) =PMF ;. —PMF,_ . To determine dependence
of Gibbs free energy on temperature, the range from 273 to
333 K with a step of 10 K was chosen. The lower value was
selected in accordance with the freezing temperature of water,
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Fig. 2. Determination of parameters for the modeling and analysis of MD trajectories.

a, The dependence of the Gibbs free energy profile on the distance between the centers of mass of C4’ carbon atoms in two DNA strands for different
numbers of points along the reaction coordinate that were chosen to sample the free-energy profile at 273 K. b, The dependence of the Gibbs energy
of complexation on the number points along the reaction coordinate that were chosen to sample the free-energy profile. ¢, The dependence of relative
error of Gibbs free energy computation on the distance between the centers of mass of C4’ carbon atoms from the two DNA strands for different
numbers of points along the reaction coordinate that were chosen for sampling the free-energy profile.

and the upper value was chosen to limit the denaturation of
an NA duplex in the modeling during the selected time range
for short oligonucleotides. This range is wide enough for
constructing dependence AG®°(T) for reliable determination
of AH® and AS°® by linear regression analysis via the equation
AG®(T) =AH°® — TAS®.

The trajectory length in the MD simulation at each fixed
distance between the selected centers of mass and at a given
temperature was set to 15 ns in order to obtain a minimally suf-
ficient trajectory in an implicit water shell for the calculation
of thermodynamic parameters (Lomzov et al., 2015). Thus,
for each duplex, trajectories 15 ns long were obtained at 90 (or
120) different distances between the centers of mass at seven
temperatures. Accordingly, trajectory length for each duplex
ranged from 9.45 to 12.6 ps. The total length of trajectories
for each complex was more than 200 ps.

By the WHAM, the dependence of the Gibbs energy of
interaction of two oligonucleotides on the distance (r) be-
tween the centers of mass of C4' atoms of each strand was
calculated at seven tested temperatures for 21 studied duplexes
(see the Table). A typical dependence of Gibbs energies of
complex formation on r at temperatures of 273 to 333 K for
the 5'-GCACCGAC-3'/5'-GTCGGTGC-3’ complex is de-
picted in Figure 3, a. The dependence of Gibbs free energy
has a clear-cut minimum near 6 A and increases with either
an approach or dissociation of the double helix strands.
During the dissociation, the dependence passes through
a maximum and diminishes slightly. The maximum corres-
ponds to the distance at which the interaction between the
strands disappears.

To assess the adequacy of the modeling, we compared the
geometry of the DNA double helix of the 5'-GCACCGAC-
3'/5'-GTCGGTGC-3' duplex in a relaxed form with literature
data (Supplementary Material 4). All structural parameters are
in good agreement with the data on Drew-Dickerson dodecamer
(DDD, 5'-CGCGAATTCGCG-3") structure determined experi-
mentally by NMR spectroscopy (Protein Data Bank [PDB]
ID: INAJ) and by X-ray crystallography (PDB ID: 1BNA).

Gibbs free energy of complexation was computed at various
temperatures. It was established that AG°(T) is linear, with

CTPYKTYPHAA KOMMNbIOTEPHAA BNOJTIOTNA U ®APMAKOJIOTMA / STRUCTURAL COMPUTATIONAL BIOLOGY AND PHARMACOLOGY

a high correlation coefficient R? of more than 0.83 and an
average for all the analyzed complexes of 0.93 (see Fig. 3, b
and the Table). Based on the obtained dependences (Supple-
mentary Material 5), changes in the enthalpy and entropy of
complexation were calculated next (see the Table). A compari-
son of thermodynamic parameters calculated by the WHAM
with those determined experimentally (data from (Lomzov et
al.,2015)) indicated a linear relation between them with high
correlation coefficients RZ: 0.87, 0.82, 0.88, and 0.75 for AH®,
AS°, AG3, and Tp, respectively (Supplementary Material 6).
As melting temperature, the temperature at which half of oli-
gonucleotides are in a double-stranded state, and the remaining
oligonucleotides are in a single-stranded state was chosen.
T, was computed from the thermodynamic parameters
(Lomzov, Pyshnyi, 2012) as follows:
T,,=AH°/(AS° +R ln[%]),
where R is the universal gas constant, and Ct is the total
concentration of oligonucleotides in the system. Ct was set
to 10 uM in accordance with typical experimental values.
The slope of the linear dependence of the thermodynamic
parameters was found to be close to 0.5, and values of free
terms of the linear dependence are substantial as compared
to the analyzed values (see Supplementary Material 6).
Therefore, as suggested in our previous papers (Lomzov
et al., 2015; Golyshev et al., 2021), it is possible to apply
linear corrections to calculated thermodynamic parameters
AH° and AS°. After this correction was applied, correlation
coefficients for Gibbs free energy and melting temperatures
improved considerably to 0.94 and 0.86, respectively (Fig. 4).
In this context, the average absolute error of calculation of
thermodynamic parameters became 11.4, 12.9, 11.8 %, and
5.5 °C for AH®, AS°, AG;’7 , and Ty, respectively. For our set
of oligonucleotides, such error values for thermodynamic char-
acteristics that have been obtained by the MMGBSA method
in some studies (Lomzov et al., 2015; Golyshev et al., 2021)
taking into account linear corrections are slightly lower: 7.6,
11.4,10.6 %, and 4.3 °C. The accuracy of the computation of
thermodynamic parameters in the present work is comparable
to the accuracy of the experimental approach and to that of
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Fig. 4. Correlation of thermodynamic parameters AH°, AS°, AG3,, and melting temperature
of complexes - calculated by the WHAM taking into account linear corrections — with
experimentally determined parameters (data from (Lomzov et al., 2015)).

the most common procedure for calculating the efficiency of oligonucleotides
hybridization (the nearest-neighbor method): ~10 % for enthalpy and entropy
and approximately 8 % for the Gibbs free energy of complexation (SantaLucia,
Hicks, 2004; Lomzov et al., 2006).

To further check the quality of the results, the obtained trajectories were
analyzed by the MMGBSA method, and the computed values were compared
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with the data of the WHAM and with values
obtained by the MMGBSA method previous-
ly (Lomzov et al., 2015). The typical shape
of the dependence of MMGBSA-calculated
energy on the distance between the centers
of mass of the strands’ C4’ atoms proved to
be similar to the dependence of Gibbs free
energy on the distance depicted in Figure 3, a
(Supplementary Material 7). At distances
close to the maximum, the energy of forma-
tion of a DNA double helix reaches a plateau
of zero, indicating the absence of interaction
between the strands when this method of
trajectory analysis is employed. The bottom
of the potential well was observed in the
region of 2-7 A, which matches the relaxed
form of the DNA double helix, and its global
minimum near 7 A is close to the minimum
observed in Gibbs energy’s dependence
determined by the WHAM (see Fig. 3, a
and Supplementary Material 7). There is
a weak dependence of the complexation
energy calculated by the MMGBSA method
on temperature, implying a small change in
heat capacity, ACp. It seems impossible to
reliably determine the change in heat capacity
by computational experiments owing to large
values of calculation error.

The complexation enthalpy values com-
puted in this work and those determined
previously correlate well (R2 = 0.97), with
a slope close to unity (0.95) and the free
term of the linear dependence close to zero
(4 keal/mol) (Supplementary Material 8, a).
Additionally, a similar linear correlation was
observed between the complexation enthalpy
values calculated by the MMGBSA method
and those determined by the WHAM in this
work. Thus, the MD trajectories obtained in
our paper are realistic.

One of the key aspects of the previ-
ously researched energy calculation by the
MMGBSA method is the uncertainty associ-
ated with the structure of the single-stranded
state of oligonucleotides. This state was ex-
tracted from the MD trajectory of a double
helix. Nevertheless, this approach allowed
to calculate the enthalpy of complexation
with sufficient accuracy. In this work, during
analysis by the WHAM, the single-stranded
state of oligonucleotides was fairly well dis-
cernible in MD trajectories (as far as this can
be done within the framework of the implicit
water shell approximation and the force field
in question). This approach yielded good
results when the energy of double-helix for-
mation was computed. Meanwhile, the main
advantage of the WHAM is direct calculation
of the change in the Gibbs free energy of
DNA double-helix formation. This parameter
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turned out to be linear in our calculations across a wide range
of tested temperatures. This finding suggests that the modeling
parameters selected by us and those included in the simulation
and model analysis describe the physics of both double- and
single-stranded DNA rather well. For the latter, this statement
is supported by the conformation of oligonucleotides seen
during the modeling of strands with a large distance between
their centers of mass (see Supplementary Material 1). Oligo-
nucleotides did not remain linear (in contrast to the duplex),
and this observation was utilized in the MMGBSA analysis;
they did not become completely disordered strands either
but retained several heterocyclic bases in a row in stacking
interactions. This finding is consistent with the persistent
length of single-stranded regions of oligonucleotides, which
is several nucleotides (depending on the GC content and on
ionic strength of the solution) (e. g., (Chen et al., 2012)).
Furthermore, the linear dependence AG°(T) observed in the
procedure evaluated in the present paper makes it possible to
directly calculate complexation entropy.

Nonetheless, the newly developed approach is far from
perfect. In particular, for more accurate modeling of the
structure and dynamics of DNA, it is necessary to employ the
most modern force fields and an explicit water shell model.
The analysis of force field parameters for such modeling is
a separate, rather complicated task. Besides, the use of an
explicit water shell greatly increases the complexity and du-
ration of calculations. For instance, the main computational
costs are incurred at the stage of MD calculations. For the
9 bp DNA duplex analyzed in detail in the current work, with
the implicit water shell, the calculation speed for a modern
video card (NVidia GTX 3080) is ~800 ns/day. Therefore,
the computation time for one model duplex is 12 days. With
an explicit water shell, the periodic cell being modeled will
contain approximately 15-20 thousand molecules owing to the
maximum distance between strands of 45 A. This situation will
reduce productivity to ~100 ns/day or approximately 3 months
in total. In addition, in an explicit water shell, conformational
mobility of DNA will significantly decrease, which will re-
quire extending trajectory length for each simulation window,
thereby leading to higher computational costs. Nevertheless,
such a complication seems necessary to improve the reliability/
accuracy of the calculations.

Another promising avenue for the development of the
proposed approach is its testing on known modified NAs
as examples. This testing should answer the question of the
applicability of our approach to the rational design of the
chemical structure of new NA derivatives not yet chemically
synthesized. The answer can help to solve specific problems
of biomedicine and biotechnology. Our present analysis shows
high potential and feasibility of the WHAM for calculating
the formation energy of duplexes of NAs, their analogs, and
derivatives.

Conclusion

A WHAM procedure for computing hybridization properties
of oligodeoxyribonucleotides was refined here. Optimal
parameters were selected for modeling and calculating ther-
modynamic parameters of the formation of DNA duplexes.
By means of a representative sample of 21 oligonucleotides
4 to 16 nucleotides long with a GC content of 14 to 100 %,
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we demonstrated that calculating the enthalpy, entropy, and
Gibbs free energy of the formation of oligonucleotide com-
plexes by the WHAM is possible when MD trajectories are
analyzed using the following reaction coordinate: the distance
between the centers of mass of C4’ carbons of the two strands.
A linear dependence of Gibbs free energy on the temperature
at which the simulation is performed was documented. This
finding enables researchers to compute the enthalpy and en-
tropy of complexation via an analysis of WHAM results. The
calculated thermodynamic parameters linearly correlate with
experimentally determined values, with a high correlation
coefficient R? (greater than 0.83). With a linear correction of
this dependence, the error of calculation of thermodynamic
parameters is comparable with the experimental one and
amounts to 11.4, 12.9, and 11.8 % for AH®, AS°, and AG3,,
while melting temperature is predicted with an average error
of 5.5 °C. Thus, the use of the WHAM for calculating the
formation energy of DNA duplexes was systematically inves-
tigated for the first time. High accuracy of such calculations
was demonstrated, which is comparable with the accuracy of
experimental and other techniques for computing the energy
of complexation.
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Abstract. Cancer is a complex and heterogeneous disease characterized by the accumulation of genetic alterations
that drive uncontrolled cell growth and proliferation. Evolutionary dynamics plays a crucial role in the emergence and
development of tumors, shaping the heterogeneity and adaptability of cancer cells. From the perspective of evolu-
tionary theory, tumors are complex ecosystems that evolve through a process of microevolution influenced by genetic
mutations, epigenetic changes, tumor microenvironment factors, and therapy-induced changes. This dynamic nature
of tumors poses significant challenges for effective cancer treatment, and understanding it is essential for developing
effective and personalized therapies. By uncovering the mechanisms that determine tumor heterogeneity, researchers
can identify key genetic and epigenetic changes that contribute to tumor progression and resistance to treatment. This
knowledge enables the development of innovative strategies for targeting specific tumor clones, minimizing the risk of
recurrence and improving patient outcomes. To investigate the evolutionary dynamics of cancer, researchers employ a
wide range of experimental and computational approaches. Traditional experimental methods involve genomic profil-
ing techniques such as next-generation sequencing and fluorescence in situ hybridization. These techniques enable the
identification of somatic mutations, copy number alterations, and structural rearrangements within cancer genomes.
Furthermore, single-cell sequencing methods have emerged as powerful tools for dissecting intratumoral heteroge-
neity and tracing clonal evolution. In parallel, computational models and algorithms have been developed to simulate
and analyze cancer evolution. These models integrate data from multiple sources to predict tumor growth patterns,
identify driver mutations, and infer evolutionary trajectories. In this paper, we set out to describe the current approaches
to address this evolutionary complexity and theories of its occurrence.

Key words: cancer; evolution; heterogeneity.
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AHHoTayuA. Pak — CIOXHOe 1 reTeporeHHoe 3abosieBaHve, XxapakTepur3yloleecs HakomnneHem reHeTUYecKnx r3me-
HeHWI1, KOTopble NPUBOAAT K HEKOHTPONIMPYEMOMY POCTY U NponvdepaLmmn KIeTok. SBONOLMOHHan AUHaMKKa Urpa-
eT pellaloLLylo Posb B BO3HWKHOBEHVN 1 Pa3BUTUM PaKOBbIX onyxosnei, GopMUpys reTeporeHHoCTb 1 afjanTyBHOCTb
paKoBbIX KneToK. C TOUKM 3peHnsi TEOPUU BOMIOLMMN ONYXONY NPeACTaBsAaoT cOBO CIOXKHbIe 3KOCUCTEMbI, KOTOPble
pa3BMBalOTCA B NpOLiecce MUKPOIBOSIOLMM MO BO3AENCTBMEM FreHETUYECKNX MyTaLUiA, SMTUrEHETUYECKUX U3MEHEHNI
1 GaKTOpOB MUKPOOKPY>KeHUs onyxosnei. Takasa AUHaMWYHaA NpUpofa onyxosei co3haeT 3HauuTeNbHble Npobnembl
ana 3GdeKTVBHOTO NleUeHNn paka, U ee NOHMMaHKE HEOOXOAMMO AA Pa3paboTKn 3GPEKTUBHBIX 1 NEPCOHANN3NPO-
BaHHbIX METOAOB JleueHUs. PackpbiBas MexaHU3Mbl, onpefensioLie reTeporeHHOCTb ONyXonu, UCCIeA0BaTENN MOTYT
BbIABUTH K/lOUEBbIE reHeTUYeCKMe 1 SMUreHeTUYeCKne N3MeHeHUs, KOTopble CroCOOCTBYIOT MPOrPeccMpOBaHNIO OMy-
XOJIN 1 YCTONUYUBOCTU K SIeUeHio. STV 3HaHWs NO3BOJIAIOT pa3pabaTbiBaTb MHHOBALMOHHbIE CTPATErMm BO3AENCTBUSA Ha
KOHKPETHbIE KIIOHbI OMYXO0JN, MUHUMUW3VPYS PUCK PeLMAMBA 1 yiydllas pesynbTaTbl 1eUeHns nauneHToB. na nsyye-
HIA SBOMIOLMOHHON AVHAMUKY paKa yueHble NCMOMb3YIoT WNPOKUIA CNEKTP SKCMEPUMEHTANbHBIX 1 BbIUUCIIUTENIbHBIX
noaxoAoB. TpaAnLUMOHHbIe SKCNeprIMeHTabHble MeTOAbl BKITIOUAlOT B ce6A reHOMHOe NpoduvpoBaHmne, Takoe Kak
CeKBeHVPOBaHKe HOBOTO NMOKOMNeHUsA 1 GpryopecLeHTHas rmbpransaums in situ, 1 NO3BONAIOT BbIABNATb COMATUUECK/E
MyTaLuKW, U3MEHEHNA YNCIa KON FreHOB 1 CTPYKTYPHbIe NepecTporKkn B reHOMax pakoBbix onyxonen. lommmo Toro,
MeTOAbl OAHOKJIETOYHOTO CEKBEHMNPOBAHMA CTanyi MOLYHbIM MHCTPYMEHTOM /1A U3yUYeHWs BHYTPHOMYXONEeBOI retepo-
reHHOCTW 1 OTCNEXMBAHWA KJIOHANbHOW 3BoJOLMW. Ha OCHOBaHUM 3KCNepUMEHTalNbHBIX AaHHbIX pa3pabaTbiBaloTcA
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BblYNCJIUTENIbHDBIE MOAENTN N alTOPUTMbI ANA MOLENNPOBAHNA 1 aHal3a 3BONKOLMN paKa. 27K mogenu Oﬁ'be,D,VIHFHOT
AaHHble U3 Pa3NnMyHbIX NCTOYHMKOB AN1A npeanckasaHuA SaKOHOMepHOCTeI;I POCTa onyxonun, BblABNEHNA p,palhBeprlX
MyTaLlVIVI 1 NOCTPOEHNA 3BOJTIOLMOHHDIX AEPEBbEB Pa3BUTUA PAKOBbIX KJTIETOK. B HacToAwwen pa60Te Mbl NOCTaBUIIN 3a-
Aady onuncaTtb cywecTeytoline Ha CeFOp,HﬂLIJHI/II7I AeHb NoAxoAbl K U3y4yeHuto 3BOJ'IIOL|,I/IOHHOM AVNHAMWKN pa3BUTUA pPaKa

n Teopmnn ee BOSHUKHOBEHUA.

KnioueBble cnoBa: 310KauYeCTBEHHbIE onyxonu; aBositoynA; retTeporeHHoOCTb.

Evolutionary models of cancer

Cancer is a complex disease caused by the accumulation of
genetic and epigenetic changes in normal cells, resulting in
uncontrolled cell growth and tumor formation. Over the past
few decades, it has become increasingly apparent that tumors
are not static entities, but rather dynamic systems that undergo
continuous evolution (Nowell, 1976; Merlo et al., 2006; Besse
etal., 2018; Hausser, Alon, 2020; Vendramin et al., 2021). This
evolutionary process shapes the heterogeneity and adaptability
of cancer cells, posing significant challenges to effective can-
cer treatment. Tumor heterogeneity refers to the presence of
different cell types in a tumor, commonly described as clones.
In the context of oncology and evolutionary biomedicing,
a clonal population is defined as a group of cancer cells that
share a common origin and have similar genetic alterations.
As these cells divide and accumulate additional mutations,
they form separate clonal subpopulations in the tumor. This
heterogeneity can manifest itself in various ways, such as
differences in cell morphology (Meacham, Morrison, 2013;
Robertson-Tessi et al., 2015; Haffner et al., 2021), differential
gene expression of individual clones (L6nd et al., 2021; Zhao
et al., 2022), or their functional characteristics.

Clonal populations in cancer are commonly viewed as
analogous to different species in the context of evolution-
ary bhiology (Vendramin et al., 2021). In the same way that
different species evolve and adapt to their environment over
time, clonal populations in a tumor evolve and adapt to their
microenvironment. Genetic alterations emerging in these
populations confer advantages or disadvantages in terms of
growth, survival, and response to therapy, leading to selection
and dominance of certain clones in the tumor.

Tumor heterogeneity represents a major treatment challenge
because it can contribute to resistance to therapy, tumor recur-
rence after surgery, and the progression of metastasis (Morris
et al., 2016). Currently, there are several theories regarding
the mechanisms of the heterogeneity emergence in tumors.

The theory of clonal evolution is one of the earliest and
most widely accepted theories that explains the occurrence of
cancer heterogeneity. According to this theory, tumors origi-
nate from one or more transformed cells, the descendants of
which acquire additional genetic mutations over time. These
mutations lead to the formation of distinct clones with unique
phenotypic characteristics. As the tumor grows, clones with
advantageous traits are selected, resulting in the expansion and
prevalence of these clones in the tumor population or their
co-existence in the tumor depending on the type of cancer.

The concept of clonal evolution includes several mo-
dels — linear, branching, and punctuated. In the linear model,
mutations are acquired in a linear progression leading to more
malignant stages of cancer (Fearon, Vogelstein, 1990). In the
linear evolution model, new driver mutations provide such
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a strong selective advantage that they outcompete all previous
clones due to the selective sweeping that occurs during tumor
evolution. In the branching evolution model, clones diverge
from a common ancestor and develop in parallel in a tumor
tissue, giving rise to multiple clonal lineages (Gawad et al.,
2014; Vosberg, Greif, 2019). In contrast to linear evolution,
in the branching model of evolution, selective sweeps are
rare, and multiple clonal populations evolve simultaneously
because they all have increased adaptability. In this model,
the magnitude of intratumor heterogeneity will fluctuate du-
ring tumor progression, but multiple clones are expected to
be present at any given time of tumor sampling.

The neutral evolution model challenges the traditional
view that all genetic alterations in cancer confer a selective
advantage. According to this theory, most genetic mutations
in cancer are neutral or nearly neutral, that is, they have no
significant effect on tumor fitness (Williams et al., 2016; Furu-
kawa, Kikuchi, 2020). Instead, the occurrence of heterogeneity
is caused by random genetic drift, where neutral mutations
randomly accumulate in different clones. Over time, these
neutral mutations can become fixed within clones, leading to
the observed intratumor heterogeneity.

It is worth noting that this theory is compatible with
another popular theory of mutation accumulation — punctu-
ated evolution, mentioned earlier in the text. According to
this hypothesis, cancer cells are Goldschmidt’s “hopeful
monsters” (Graham, Sottoriva, 2017) — in which gradual and
non-displayed changes in the genome lead to dramatic changes
in the phenotype. Such a principle is evident in neoplasms
in particular, since there are no obvious intermediate stages
between healthy tissue and primary tumors. The intervals bet-
ween the jumps, however, most likely represent the stages of
neutral evolution. According to the same theory of punctuated
evolution, the populations themselves may be in some kind of
equilibrium with each other, maintaining several populations
of clonal cancer cell lines in the tumor. After some time, one
of the populations becomes a “hopeful monster” and in the
case of a fitness-enhancing mutation, these clones occupy
a larger part of the tumor, displacing the less adapted ones
and increasing the size of the tumor itself.

Importantly, a number of studies have been reported that
show that the development of an individual tumor does not
necessarily follow a single pattern of clonal evolution and it
can change during its development. Presumably, in the early
stages of tumor development, it develops according to the
linear evolution model, and once the tumor starts to actively
grow, it switches to the branching model (Durrett et al., 2011;
\Vosberg, Greif, 2019). Moreover, several papers have shown
that tumor evolution can follow both branching and punctu-
ated models simultaneously — when clones with gene copy
number changes follow the punctuated model and clones with
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point mutations follow the branching model (Baca et al., 2013;
Wang et al., 2014).

Another common theory on the origin of heterogeneity is
the cancer stem cell theory, which suggests that tumors are
hierarchically organized structures and only a small popula-
tion of cancer stem cells (CSCs) determines tumor growth and
heterogeneity (Reyaetal., 2001; Lee et al., 2022). CSCs have
the ability to self-renew and differentiate, similar to normal
stem cells. These cells are capable of generating both other
CSCs and non-CSC progeny, which in theory contributes to
the cellular diversity seen in tumors. An important aspect of
this theory is the hierarchy of cancer cells — normal cancer
cells are incapable of differentiation and somatic mutations
in them have a less significant clinical effect due to a lower
ability to reproduce, while the main pathological significance
is due to CSCs with different degrees of pluripotency. The oc-
currence of heterogeneity in this model is explained by asym-
metric division of CSCs, which can lead to the appearance
of different CSC clones with different phenotypic properties.
It is worth noting that so far CSCs have only been found in
a limited number of tumor types, particularly in hematologic
tumors (Bonnet, Dick, 1997; Zarzynska, 2017; Hata et al.,
2018; Lee et al., 2022), but in these instances they may be
a major factor in malignant tumor recurrence after treatment
(Walcher et al., 2020).

The theory of microenvironmental selection suggests
that the tumor microenvironment plays an important role in
shaping tumor heterogeneity. The interaction between cancer
cells and the surrounding microenvironment, which includes
immune cells, stromal cells, and extracellular matrix compo-
nents, may exert selective pressure on tumor cells (Augustin
et al., 2020). Microenvironmental factors such as hypoxia,
inflammation, and nutrient availability can influence tumor
growth, angiogenesis, and metastasis (Mumenthaler et al.,
2015; Roma-Rodrigues et al., 2019). This selective pressure
favors the survival and reproduction of specific clones with
advantageous traits that allow them to adapt to the microen-
vironment.

Among the factors of the microenvironment, the immune
system plays a particularly important role. The action of im-
mune cells has a double function in cancer development: it
can both inhibit tumor growth and promote tumor progression.
Immune checkpoint mechanisms recognize and destroy cancer
cells, preventing tumor formation. However, tumors can evade
the immune response through a variety of mechanisms, leading
to the immune response acting as a natural selection factor for
clonal populations and thus selecting the most resistant clonal
populations with altered antigens, which directly affects the
severity of the disease and the efficacy of immunotherapy.

Finally, the theory of epigenetic plasticity suggests that,
in addition to genetic abnormalities, epigenetic alterations
also play a significant role in causing tumor heterogeneity
(Flavahan et al., 2017; Yao et al., 2020). Epigenetic modifica-
tions, such as DNA methylation and histone modifications,
can dynamically regulate gene expression patterns and cellular
phenotypes. According to this theory, cancer cells possess
an epigenetic landscape plasticity that allows for reversible
and dynamic changes in gene expression. These epigenetic
changes can give rise to different clones with distinct pheno-
typic characteristics, contributing to intratumor heterogeneity.
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Approaches to the study of evolutionary
characteristics in heterogeneous tumors
To study the evolutionary features of heterogeneous tumors,
it is imperative for the researcher to be able to qualitatively
and quantitatively assess different clonal populations. In the
next section, we present a number of analysis methods that
are currently used to study tumor heterogeneity.

The population genetics approach is one way to theoreti-
cally study heterogeneous tumor communities. According to
population genetics, the evolution of a population relies on
two factors: the mutation rate and the effective population size.
The mutation rate refers to the expected number of genetic
mutations per individual replication event and directly impacts
the diversity within a population. The effective population size
determines the population’s capacity to maintain this diversity.
In tumors, the effective size is defined as the total number of
cancer cells, but it is also possible to exclude some groups
of cancer cells from this number — if, for example, a CSC-
induced tumor is modeled, which would be the main cause of
tumor growth. Of course, such an approach requires the use
of single-cell sequencing of tumors. Due to the complexity
and high cost of this method, classical population genetics
analysis has only been performed in a few papers so far
(Navin, 2015; Losic et al., 2020; Heinrich et al., 2021; Deng
et al., 2023).

Since single-cell sequencing methods have only recently
become available, much of the work has focused on studying
heterogeneity using bulk next-generation sequencing methods
on tumor samples. This approach has an obvious problem: it
is difficult to directly identify the clonal architecture of a tu-
mor in the data obtained from such samples. Therefore, using
this approach, researchers have to make certain assumptions
and modifications to experimental methods. One of them is
to increase the sequencing depth to estimate the frequen-
cies of mutant alleles (Koh et al., 2021). To analyze tumor
populations, statistical methods are used to normalize these
frequencies and cluster genotypes to identify identical clonal
populations. Diversity characterizations like the Shannon di-
versity index and Simpson index are often employed in such
studies. However, a drawback of this approach is its inability
to distinguish between populations if they have similar mutant
allele frequencies.

Another modification is multiregional sequencing, in which
samples are collected from multiple tumor sites. In particular,
this method allows us to assess the difference in heterogene-
ity in patients with multiple metastatic tumors, which in the
context of diversity can be perceived as a population of clones
with prolonged physical isolation.

The most promising techniques for experimental assessment
of heterogeneity are methods of single cell analysis, as they
allow us to judge the individual differences of clones at the
genetic and phenotypic levels. Immunofluorescence in situ
hybridization (iFISH) is one such technique. Through the
use of fluorescently labeled DNA probes that hybridize with
complementary target sequences, FISH allows the detection
of genetic alterations, chromosomal rearrangements and gene
amplifications with high specificity and sensitivity. In situ
FISH (iFISH) is the implementation of FISH directly on tissue
sections while preserving the spatial organization of cells in
the tumor microenvironment (Gertz et al., 2016). However,
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the iFISH method is low-throughput and does not allow for
the investigation of heterogeneity at the full-genome level.
In contrast to the method described above, single-cell
sequencing (sScDNA-seq and scRNA-seq) allows us to de-
termine the pattern of genetic diversity, gene expression in
each individual cell and decipher its intercellular signaling
networks. These methods provide a clear picture not only
of the mechanisms of intratumor heterogeneity, but also of
intercellular interactions through ligand-receptor signaling.

Conclusion

Understanding the evolution and heterogeneity of malignant
tumors is crucial for improving cancer diagnosis and develo-
ping treatment strategies. Many molecular genetic techniques,
with their advantages and disadvantages, have been developed
to study the genetic and phenotypic characteristics of cancer
clone populations. Next-generation sequencing can provide
a comprehensive view of the genomic landscape of a tumor,
but there is a risk of missing rare clones. Single-cell sequen-
cing can identify rare clones and reconstruct clonal lineages,
but is technically challenging and expensive. Methods such
as iFISH provide spatial information but have limited target
coverage and are low throughput.

Based on the data obtained using such methods, various
models have been proposed to explain the dynamic nature of
tumor evolution, including models of clonal evolution, cancer
stem cells, models of microenvironmental impact, and epigen-
etic factors. Each of them provides valuable insights into the
mechanisms behind tumor heterogeneity and the emergence
of drug resistance.

Moreover, the development of mathematical and computa-
tional models of clonal evolution and algorithms for analyzing
large-scale genomic data could enhance the ability to interpret
and extract meaningful information from complex datasets of
malignancies. These tools would potentially allow researchers
to identify key driver events, track evolutionary dynamics, and
more accurately predict the effects of treatment.

References

Augustin R.C., Delgoffe G.M., Najjar Y.G. Characteristics of the tumor
microenvironment that influence immune cell functions: hypoxia,
oxidative stress, metabolic alterations. Cancers (Basel). 2020;
12(12):3802. DOI 10.3390/cancers12123802

Baca S.C., Prandi D., Lawrence M.S., Mosquera J.M., Romanel A.,
Drier Y., Park K., Kitabayashi N., MacDonald T.Y., Ghandi M., Van
Allen E., Kryukov G.V., Shoner A., Theurillat J.-P., Soong T.D.,
Nickerson E., Auclair D., Tewari A., Beltran H., Onofrio R.C., Boy-
sen G., Guiducci C., Barbieri C.E., Cibulskis K., Sivachenko A.,
Carter S.L., Saksena G., Voet D., Ramos A.H., Winckler W., Ci-
picchio M., Ardlie K., Kantoff P.W., Berger M.F., Gabriel S.B.,
Golub T.R., Meyerson M., Lander E.S., Elemento O., Getz G,
Demichelis F., Rubin M.A., Garraway L.A. Punctuated evolution of
prostate cancer genomes. Cell. 2013;153(3):666-677. DOI 10.1016/
j.cell.2013.03.021

Besse A., Clapp G.D., Bernard S., Nicolini F.E., Levy D., Lepoutre T.
Stability analysis of a model of interaction between the immune sys-
tem and cancer cells in chronic myelogenous leukemia. Bull. Math.
Biol. 2018;80(5):1084-1110. DOI 10.1007/s11538-017-0272-7

Bonnet D., Dick J.E. Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat.
Med. 1997;3(7):730-737. DOI 10.1038/nm0797-730

Deng G., Zhang X., Chen Y., Liang S., Liu S., Yu Z., LU M. Single-
cell transcriptome sequencing reveals heterogeneity of gastric can-

818

Intratumor heterogeneity: models
of malignancy emergence and evolution

cer: progress and prospects. Front. Oncol. 2023;13:1074268. DOI
10.3389/fonc.2023.1074268

Durrett R., Foo J., Leder K., Mayberry J., Michor F. Intratumor hete-
rogeneity in evolutionary models of tumor progression. Genetics.
2011;188(2):461-477. DOI 10.1534/genetics.110.125724

Fearon E.R., Vogelstein B. A genetic model for colorectal tumorigene-
sis. Cell. 1990;61(5):759-767. DOI 10.1016/0092-8674(90)90186-1

Flavahan W.A., Gaskell E., Bernstein B.E. Epigenetic plasticity and
the hallmarks of cancer. Science. 2017;357(6348):eaal2380. DOI
10.1126/science.aal2380

Furukawa Y., Kikuchi J. Molecular basis of clonal evolution in mul-
tiple myeloma. Int. J. Hematol. 2020;111(4):496-511. DOI 10.1007/
512185-020-02829-6

Gawad C., Koh W., Quake S.R. Dissecting the clonal origins of child-
hood acute lymphoblastic leukemia by single-cell genomics. Proc.
Natl. Acad. Sci. USA. 2014;111(50):17947-17952. DOI 10.1073/
pnas.1420822111

Gertz E.M., Chowdhury S.A., Lee W.-J., Wangsa D., Heselmeyer-
Haddad K., Ried T., Schwartz R., Schiffer A.A. FISHtrees 3.0:
tumor phylogenetics using a ploidy probe. PLoS One. 2016;11(6):
e0158569. DOI 10.1371/journal.pone.0158569

Graham T.A., Sottoriva A. Measuring cancer evolution from the ge-
nome. J. Pathol. 2017;241(2):183-191. DOI 10.1002/path.4821

Haffner M.C., Zwart W., Roudier M.P., True L.D., Nelson W.G., Ep-
stein J.I., De Marzo A.M., Nelson P.S., Yegnasubramanian S. Ge-
nomic and phenotypic heterogeneity in prostate cancer. Nat. Rev.
Urol. 2021;18(2):79-92. DOI 10.1038/s41585-020-00400-w

Hata M., Hayakawa Y., Koike K. Gastric stem cell and cellular origin
of cancer. Biomedicines. 2018;6(4):100. DOI 10.3390/biomedicines
6040100

Hausser J., Alon U. Tumour heterogeneity and the evolutionary trade-
offs of cancer. Nat. Rev. Cancer. 2020;20(4):247-257. DOI 10.1038/
541568-020-0241-6

Heinrich S., Craig A.J., Ma L., Heinrich B., Greten T.F., Wang X.W.
Understanding tumour cell heterogeneity and its implication for im-
munotherapy in liver cancer using single-cell analysis. J. Hepatol.
2021;74(3):700-715. DOI 10.1016/j.jhep.2020.11.036

Koh G., Degasperi A., Zou X., Momen S., Nik-Zainal S. Mutational
signatures: emerging concepts, caveats and clinical applications.
Nat. Rev. Cancer. 2021;21(10):619-637. DOI 10.1038/s41568-021-
00377-7

Lee T.K.-W., Guan X.-Y., Ma S. Cancer stem cells in hepatocellular
carcinoma — from origin to clinical implications. Nat. Rev. Gastroen-
terol. Hepatol. 2022;19(1):26-44. DOI 10.1038/s41575-021-00508-3

Losic B., Craig A.J., Villacorta-Martin C., Martins-Filho S.N., Akers N.,
Chen X., Ahsen M.E., von Felden J., Labgaa 1., D'Avola D., Al-
lette K., Lira S.A., Furtado G.C., Garcia-Lezana T., Restrepo P,
Stueck A., Ward S.C., Fiel M1, Hiotis S.P., Gunasekaran G., Sia D.,
Schadt E.E., Sebra R., Schwartz M., Llovet J.M., Thung S., Stolo-
vitzky G., Villanueva A. Intratumoral heterogeneity and clonal evo-
lution in liver cancer. Nat. Commun. 2020;11(1):291. DOI 10.1038/
s41467-019-14050-z

Liond F., Tiede S., Christofori G. Breast cancer as an example of tu-
mour heterogeneity and tumour cell plasticity during malignant pro-
gression. Br. J. Cancer. 2021;125(2):164-175. DOI 10.1038/s41416-
021-01328-7

Meacham C.E., Morrison S.J. Tumour heterogeneity and cancer cell
plasticity. Nature. 2013;501(7467):328-337. DOI 10.1038/nature
12624

Merlo L.M.F., Pepper J.W., Reid B.J., Maley C.C. Cancer as an evolu-
tionary and ecological process. Nat. Rev. Cancer. 2006;6(12):924-
935. DOI 10.1038/nrc2013

Morris L.G.T., Riaz N., Desrichard A., Senbabaoglu Y., Hakimi A.A.,
Makarov V., Reis-Filho J.S., Chan T.A. Pan-cancer analysis of intra-
tumor heterogeneity as a prognostic determinant of survival. Onco-
target. 2016;7(9):10051-10063. DOI 10.18632/oncotarget.7067

Mumenthaler S.M., Foo J., Choi N.C., Heise N., Leder K., Agus D.B.,
Pao W., Michor F., Mallick P. The impact of microenvironmental

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 7



PA. NBaHoB
C.A. NawwuH

heterogeneity on the evolution of drug resistance in cancer cells.
Cancer Inform. 2015;14(Suppl.4):19-31. DOI 10.4137/CIN.S19338

Navin N.E. The first five years of single-cell cancer genomics and
beyond. Genome Res. 2015;25(10):1499-1507. DOI 10.1101/gr.
191098.115

Nowell P. The clonal evolution of tumor cell populations. Science.
1976;194(4260):23-28. DOI 10.1126/science.959840

Reya T., Morrison S.J., Clarke M.F., Weissman [.L. Stem cells, can-
cer, and cancer stem cells. Nature. 2001;414(6859):105-111. DOI
10.1038/35102167

Robertson-Tessi M., Gillies R.J., Gatenby R.A., Anderson A.R.A.
Impact of metabolic heterogeneity on tumor growth, invasion,
and treatment outcomes. Cancer Res. 2015;75(8):1567-1579. DOI
10.1158/0008-5472.CAN-14-1428

Roma-Rodrigues C., Mendes R., Baptista P., Fernandes A. Targeting
tumor microenvironment for cancer therapy. Int. J. Mol. Sci. 2019;
20(4):840. DOI 10.3390/ijms20040840

Vendramin R., Litchfield K., Swanton C. Cancer evolution: Darwin
and beyond. EMBO J. 2021;40(18):¢108389. DOI 10.15252/emb;.
2021108389

\Vosberg S., Greif P.A. Clonal evolution of acute myeloid leukemia from
diagnosis to relapse. Genes Chromosomes Cancer. 2019;58(12):
839-849. DOI 10.1002/gcc.22806

ORCID ID

R.A. lvanov orcid.org/0000-0002-4369-356X
S.A. Lashin orcid.org/0000-0003-3138-381X

2023
277

BHyTpmonyxoneBaﬂ reTeporeHHOCTb: MoAeNn BO3HNKHOBEHNA
1 3BOSIIOL NN 3/TOKAYeCTBEHHbIX OI'IyXOJ'IEI7I

Walcher L., Kistenmacher A.-K., Suo H., Kitte R., Dluczek S., StrauS A.,
Blaudszun A.-R., Yevsa T., Fricke S., Kossatz-Boehlert U. Cancer
stem cells-origins and biomarkers: perspectives for targeted per-
sonalized therapies. Front. Immunol. 2020;11:1280. DOI 10.3389/
fimmu.2020.01280

Wang Y., Waters J., Leung M.L., Unruh A., Roh W., Shi X., Chen K.,
Scheet P., Vattathil S., Liang H., Multani A., Zhang H., Zhao R., Mi-
chor F., Meric-Bernstam F., Navin N.E. Clonal evolution in breast
cancer revealed by single nucleus genome sequencing. Nature.
2014;512(7513):155-160. DOI 10.1038/nature13600

Williams M.J., Werner B., Barnes C.P., Graham T.A., Sottoriva A. Iden-
tification of neutral tumor evolution across cancer types. Nat. Genet.
2016;48(3):238-244. DOI 10.1038/ng.3489

Yao J., Chen J., Li L.-Y., Wu M. Epigenetic plasticity of enhancers in
cancer. Transcription. 2020;11(1):26-36. DOI 10.1080/21541264.
2020.1713682

Zarzynska J.M. The role of stem cells in breast cancer. In: Breast Can-
cer — From Biology to Medicine. InTech, 2017. DOI 10.5772/66904

Zhao T., Chiang Z.D., Morriss J.W., LaFave L.M., Murray E.M., Del
Priore I., Meli K., Lareau C.A., Nadaf N.M., Li J., Earl A.S., Ma-
cosko E.Z., Jacks T., Buenrostro J.D., Chen F. Spatial genomics en-
ables multi-modal study of clonal heterogeneity in tissues. Nature.
2022;601(7891):85-91. DOI 10.1038/s41586-021-04217-4

Acknowledgements. The work was supported by Budget Project No. FWNR-2022-0020.

Conflict of interest. The authors declare no conflict of interest.
Received July 13, 2023. Revised August 7, 2023. Accepted August 17, 2023.

SBOJIIOLUMOHHAA KOMMbIOTEPHAA BUOJIOTUA / EVOLUTIONARY COMPUTATIONAL BIOLOGY

819



EVOLUTIONARY COMPUTATIONAL BIOLOGY BaBrnoBcKuUi XXypHan reHeTUKM 1 cenekumm. 2023;27(7):820-828

Original article DOI 10.18699/VJGB-23-95

Original Russian text https://vavilovj-icg.ru/

Search for differentially methylated regions
in ancient and modern genomes

D.D. Borodko ®, S.V. Zhenilo, E.S. Sharko

Federal Research Center “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
® daria.borodko@gmail.com

Abstract. Currently, active research is focused on investigating the mechanisms that regulate the development of
various pathologies and their evolutionary dynamics. Epigenetic mechanisms, such as DNA methylation, play a sig-
nificant role in evolutionary processes, as their changes have a faster impact on the phenotype compared to muta-
genesis. In this study, we attempted to develop an algorithm for identifying differentially methylated regions asso-
ciated with metabolic syndrome, which have undergone methylation changes in humans during the transition from
a hunter-gatherer to a sedentary lifestyle. The application of existing whole-genome bisulfite sequencing methods
is limited forancient samples due to theirlow quality and fragmentation, and the approach to obtaining DNA methy-
lation profiles differs significantly between ancient hunter-gatherer samples and modern tissues. In this study, we
validated DamMet, an algorithm for reconstructing ancient methylomes. Application of DamMet to Neanderthal
and Denisovan genomes showed a moderate level of correlation with previously published methylation profiles
and demonstrated an underestimation of methylation levels in the reconstructed profiles by an average of 15-20 %.
Additionally, we developed a new Python-based algorithm that allows for the comparison of methylomes in ancient
and modern samples, despite the absence of methylation profiles in modern bone tissue within the context of obe-
sity. This analysis involves a two-step data processing approach, where the first step involves the identification and
filtration of tissue-specific methylation regions, and the second step focuses on the direct search for differentially
methylated regions in specific areas associated with the researcher’s target condition. By applying this algorithm
to test data, we identified 38 differentially methylated regions associated with obesity, the majority of which were
located in promoter regions. The pipeline demonstrated sufficient efficiency in detecting these regions. These
results confirm the feasibility of reconstructing DNA methylation profiles in ancient samples and comparing them
with modern methylomes. Furthermore, possibilities for further methodological development and the implemen-
tation of a new step for studying differentially methylated positions associated with evolutionary processes are
discussed.
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AHHOTaLuA. B HacToALLee BpemaA akKTUBHO NCCIey0TCA MeXaHM3Mbl, PErynvpyloLne pa3sBruTme pasinyHbIX NaTono-
TUIA 1 X DBOJTIOLMOHHYIO AUHAMUKY. DMUreHeTUYeCcKne MexaH3Mbl, Takue Kak METUIMPOBAHWNE, NTPALOT 3HAYVIMYIO
POnb B 3BOMIOLMOHHBIX NPoLieccax, NOCKOMbKY UX M3MeHeHMA ropa3fo GbicTpee oTpakaloTca Ha GeHoTuNe, Yem pe-
3ynbTaThl MyTareHesa. B faHHOM nccnegoBaHMM Mbl TPEANPUHAIM NOMbITKY pa3paboTaTb anroputM A BbiABAEHNA
anddepeHUManbHO METUNMPOBaHHbBIX 06M1acTel, CBA3aHHbIX C MeTaboNMYECKNM CYHAPOMOM, KOTOPbIe U3MEHWUN
CBOE MeTU/IMPOBaHMe y YenoBeKa Npu nepexope oT 0XOTbl M COBMpaTENbCTBa K 0CeAJI0N XKn3Hu. MprMmeHeHne cyLue-
CTBYIOLLUMX METOLOB MOTHOFEHOMHOTO 6UCYNIbGUTHOrO CEKBEHMPOBAHMWA OrpaHnyeHo AN ApeBHMX 06pa3LoB 13-3a
X HU3KOTO KayecTBa 1 dparmeHTaLmu, v MOAXoZ K MoslyYeHuio npodunein MeTMIMpoBaHra OXOTHUKOB-cobupaTenein
3HauUNTENbHO OT/INYAETCA OT NMOAXOAOB, MCMOJb3yeMblX ANA COBPEMEHHbIX TKaHel. B aTon paboTe Mbl Banuanposanu
DamMet — anropuTm, peKoHCTPYMpYIoLWMI peBHNe MeTuioMbl. MprmeHeHne DamMet kK reHomam HeaHaepTanbLa
1 [EHNCOBLA NOKa3ano CPpefHnin YPOBEHb KOPPEeNALnmM ¢ NpoduaamMm METUANPOBAHNA, ONy6IMKOBaHHBIMU paHee,
a TakXe NPOAEMOHCTPUPOBANO 3aHIPKEHNE YPOBHA METUIMPOBAHNA PEKOHCTPYMPOBAHHBIX Npodunen B cpesHem
Ha 15-20 %. Takxe Mbl pa3paboTany HOBbIN anropuT™m Ha A3bike Python, no3sonAwwwmin cpaBHBaTb METUNOMbI B
LPEBHUX N COBPEMEHHBIX 0OpasLiax, HECMOTPSA Ha OTCYTCTBME Npodurneil METUANPOBAHUA COBPEMEHHbIX 06pa3L 0B
KOCTHOI TKaHW B KOHTEKCTE OXMpeHus. Takoi aHanu3 noppasymeBaeT ABYXCTYMNeHuYaTylo 06paboTKy AaHHbIX, rAe
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Mownck ,U,I/I(I)d)epeHLll/laﬂbHO METUNNPOBAHHbLIX PErMOHOB
B reHOMax ApeBHNX N COBPEMEHHbIX mo,qe|7|

Ha NepBOM 3Tarne NPOUNCXOAUT NaeHTUOUKALMA TKaHecneundryHbIX obnactein MeTUANPOBAHNA U UX GUNbTPaLUS,
a Ha BTOPOM 3Tane OCyLIeCcTBAETCA HeMOCPeACTBEHHO NOUCK AnddepeHLanbHO METUMPOBAHHbBIX PErMOHOB B
3aJlaHHbIX 06N1ACTAX, aCCOLMMPOBAHHbIX C MHTEPECYOLNM NCCIeaoBaTens 3aboneBaHrem. B pesynbTtate ncnonbso-
BaHMA anroprMTMa Ha TeCTOBbIX iaHHbIX Mbl 06HapYunu 38 anddepeHuUranbHO METUANPOBAHHBIX PEFVIOHOB, acCo-
LMNPOBaHHbIX C OXMUPEHNeM, 60MbLLAA YaCcTb KOTOPbIX NPUHAANEXana MPOMOTOPHbIM 06/1ACTAM, U pa3paboTaHHbIN
nannnanH nokasan AoCTaTouHyo 3GPeKTUBHOCTb B UX MOUCKE. DT pe3ynbTaTbl MOATBEPKAAIOT BO3MOXHOCTb BOC-
CTaHOBNEHWA Npodunent METUANPOBaHNA B APeBHMX 00pa3Liax 1 NX CPaBHEHWA C COBPEMEHHbIMU MeTuIoMamu. Tak-
e 06CyK[aloTCA BO3MOXHOCTY AanbHeNLWero pa3BuTna MeTOA0NOMMI N BHEAPEHNA HOBOTO Lara, No3BoNnALEero
n3yyatb anddepeHLmanbHO METUANPOBAHHbIE MO3ULUN, CBA3AHHbIE C SBOOLVIOHHBIMU NPOLeccamu.

Kniouesble crnosa: gpeBHAa [JHK; meTunmnpoBaHue; asnureHeTrka; DamMet; JMP.

Introduction

Lately, increasing attention is being paid to the study of
mechanisms regulating the development of various pathologies
and their evolutionary dynamics (Briggs et al., 2009a; Niiranen
et al., 2022). Epigenetic mechanisms, such as methylation,
play a particularly important role in this process since they
are capable of inducing phenotypic changes much faster
than conventional mutagenesis processes (Jablonka, Raz,
2009; Feinberg, Irizarry, 2010; Zhur et al., 2021). The main
goal of this study was to identify differentially methylated
regions (DMRs) associated with metabolic syndrome, which
could potentially serve as targets for epigenetic therapy of
metabolic syndrome.

Nowadays, scientists are often hindered from conducting
evolutionary research due to the lack of suitable methods for
comparing DNA profiles of ancient and modern samples.
Laboratory protocols used to obtain these profiles significantly
differ from one another, each having its peculiarities and er-
rors. Ancient DNA (aDNA) is often found in a fragmented
state, and over time, natural molecule degradation and spon-
taneous deamination of nitrogenous bases occur, limiting the
availability of high-quality data (Briggs et al., 2007, 2009b).
To address this issue, a specific sample processing protocol
was developed, which uses uracil-DNA glycosylase (UDG)
and endonuclease combination (known as USER-treatment)
to facilitate the extraction of methylation profiles and enhance
their distinguishability (Briggs et al., 2010). Additionally,
several programs have been developed that allow the calcula-
tion of methylation levels in ancient samples, the sequences of
which were sequenced using the USER treatment (Gokhman
et al., 2014; Orlando et al., 2015; Hanghgj et al., 2019).

At present, two methylation reconstruction algorithms tai-
lored for ancient samples are available, characterized by their
command-line functionality and user-friendliness. The ante-
cedent algorithm, epiPALEOMI X, draws its foundation from
the initial historical approach to methylation reconstruction,
as first elucidated by D. Gokhman in 2014. EpiPALEOMIX
encompasses diverse modules, among which the MethylMap
module stands out, permitting users to derive methylation lev-
els in regions that can be defined by the user (Hanghgj et al.,
2016). However, this limitation is inherent to its usage; the user
is required to have an understanding of the particular regions
associated with the condition under study. The outcome of this
algorithm is the calculated count of deaminated methylated
cytosines in the CpG context and the corresponding coverage,
representing their ratio, thereby denoting the methylation level
at the particular genomic position. In contrast, the DamMet
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algorithm exhibits greater versatility. Unlike epiPALEOMI X,
it is designed for whole-genome investigations. Furthermore,
DamMet can calculate deamination levels in both methylated
and unmethylated CpGs at each read position, thus employing
a model that most accurately characterizes the deamination of
cytosines in aDNA fragments as a random process (Hanghgj
etal., 2019).

Regarding the handling of modern tissue samples, whole-
genome bisulfite sequencing (WGBS) is the prevalent
method for investigating DNA methylation (Olova et al.,
2018; Suzuki et al., 2018). Several methods are available for
reconstructing methylation from samples sequenced using this
technology (Clark et al., 1994; Bock et al., 2005), with the
most well-known being Bismark, BoostMe, and WGBStools.
Currently, the Bismark algorithm is the most frequently used
for preprocessing WGBS data. This involves the mapping
of reads to the converted reference genome, followed by the
quantification of methylated and unmethylated cytosines at
each genomic position (Krueger, Andrews, 2011). Similar to
many read-count-based methods, this approach is not well-
suited for overcoming the challenge of low sample coverage,
acommon occurrence in cases involving low-quality samples
or single-cell experiments. To address this concern, machine
learning-based algorithms like DeepCPG and BoostMe have
been created.

DeepCPG is a deep learning neural network-based al-
gorithm designed to predict the methylation states of low-
coverage sites and uncover motifs associated with changes in
methylation levels and intercellular variability (Angermueller
et al., 2017). This tool is primarily utilized to enhance the
quality of data from single-cell experiments. BoostMe, which
is based on a machine learning approach, addresses this issue
during the genome preprocessing stage by employing imputa-
tion (Zou et al., 2018). The XGBoost gradient boosting tech-
nique employed in this tool amalgamates data from multiple
samples (more than 3) to rectify missing methylation levels
in contemporary tissue samples. This enables the utilization
of low-coverage genome samples for methylation reconstruc-
tion. Additionally, a notable feature of BoostMe is its capacity
to restore not only the state of a given CpG site (methylated/
unmethylated) but also its methylation level. WGBStools,
comprising a collection of methods developed in the context
of the modern tissue methylation atlas project, is utilized for
a highly efficient representation of mapped reads, statistical
analysis, and visualization of data ranging from small genomic
segments to entire chromosomal loci (https://github.com/
nloyfer/wgbs_tools).
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However, despite the variety of methylation reconstruction
algorithms available, the application of WGBS technology
to aDNA samples is limited. This limitation arises from the
requirement for a high concentration of well-purified DNA
for bisulfite conversion. Additionally, the bisulfite conver-
sion process leads to DNA fragmentation, further compro-
mising the quality of aDNA, which is already significantly
fragmented due to degradation (Gu et al., 2011). Therefore,
methylation level calculation algorithms commonly used for
modern samples cannot be employed for the reconstruction
of methylation profiles in ancient individuals. Consequently,
our focus has been on developing a novel algorithm that en-
ables the comparison of methylomes in ancient and modern
samples, considering the lack of available bone tissue samples
for conducting whole-genome bisulfite sequencing in the
context of obesity.

Materials and methods

Sample selection. For our analysis, we curated a dataset from
the NCBI GEO database, consisting of 11 ancient genomes and
12 modern methylation profiles obtained using Whole Genome
Bisulfite Sequencing (WGBS) methods. When selecting the
ancient samples, particular attention was given to the age of the
samples, library preparation strategy, and genome coverage.
We exclusively included samples that underwent prior USER
treatment, were dated to be at least 3,000 years Before the
Common Era (BCE), and had a minimum coverage of 5x.
The complete genomes of ancient samples were sequenced
with USER treatment, except for samples Vi33 and PES001
(Peschanitsa), which were not subjected to UDG treatment
before sequencing (Table 1).

Table 1. Ancient genomes selected for analysis

Search for differentially methylated regions
in ancient and modern genomes

The selection of the 12 contemporary samples (Loyfer et al.,
2023) was based on the mesodermal origin of the tissues used
for library preparation, in conjunction with the utilization of
whole-genome bisulfite sequencing. Additional information
about these samples is presented in Table 2.

Ancient genomes preprocessing. The ancient genomes
were obtained from ftp server in bam format along with their
corresponding indices. As per previous studies (Ohm et al.,
2010; Gokhman et al., 2014), it is well-recognized that UDG
treatment is not sufficiently effective at the DNA termini. To
ensure precise aDNA analysis, we employed the trimBam
utility to trim two nucleotides from both the 3’ and 5’ ends
of sequences (Gansauge, Meyer, 2013; Jun et al., 2015). It’s
important to note that for the Vi33 and PES001 samples, this
trimming procedure was omitted due to the absence of UDG
treatment during library preparation. Moreover, we applied
Trimmomatic (Bolger et al., 2014) for the filtration of sample
reads based on criteria such as average quality and length. In
our subsequent analysis, only sequences that aligned with the
CRCh37 (hg19) assembly and exhibited an average quality
score exceeding 20, as well as a minimum length of 25 base
pairs, were retained for further investigation.

Reconstruction of DNA methylation profiles in ancient
humans. To reconstruct the methylation profiles of ancient
samples, we utilized the DamMet software (Hanghgj et
al., 2019). The pipeline consisted of three main stages: the
filtration of single-nucleotide variants, the calculation of
deamination levels for each read position, and the estimation
of methylation levels.

The single-nucleotide variant (SNV) calling was performed
using the GATK HaplotypeCaller v4.3.0.0 (Poplin et al.,

Sample Group Sample  Sex Tissue
age, kya

Altai Ancient 120 Female Toe phalanx
Neanderthal
Denisovan 75 Female Toe phalanx
Vindija33 50 Female Unknown bone
Ust’-Ishim HG 45 Male Femur
Sunghir 35 Male Femur + teeth
USR1 11.5 Female Petrous bone
Spirit Cave 1 Male Petrous bone +

teeth
Peschanitsa 11 Male Teeth
SF12 9 Female Femur
2H10 (France) 3.2 Male Teeth
2H11 (France) 3.2 Male Teeth

Coverage Methylation Genomic  Reference
profile smoothing
window
.................................................................. e
50 Gokhman et al,, 25 Prufer et al., 2014
2014, 2020
30 25 Meyer et al., 2012
30 50 Prufer et al., 2017
42(22XY)  Gokhmanetal., 25 Fuetal, 2014
2020
10.7 This study 38 Sikora et al., 2017
17 50 Moreno-Mayar
etal, 2018a
18 33 Moreno-Mayar
etal,2018b
5 50 Saag et al,, 2021
57.79 28 Glinther et al,,
2018
13.9 33 Seguin-Orlando
etal, 2021
239 33 Seguin-Orlando

etal, 2021

Note. Smoothing window - a parameter for averaging deamination levels in the subsequent analysis stage. HG — hunter-gatherers.
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Mounck guddepeHymanbHO METUIMPOBAHHbIX PEFMOHOB
B reHOMaX [JpeBHUX 11 COBPEMEHHbIX Ntofeit

Table 2. Contemporary genomes used for identifying tissue-specific methylated regions and DMRs

GEO accession Sex Age of patient
GSM5652198 .......................... Ma|e ................... 37 ........................................
GSM5652202 .......................... Fema|e ............... 35 ........................................
GSM5652204 .......................... Ma|e ................... 73 ........................................
GSM5652205 .......................... Fema|e ............... 59 ........................................
GSM5652207 .......................... Ma|e ................... 22 ........................................
GSM5652209 .......................... Fema|e ............... 51 ........................................
GSMSGSZNO .......................... Ma|e ................... 24 ........................................
GSM5652211 .......................... Ma|e ................... 57 ........................................
GSM5652212 .......................... Ma|e ................... 83 ........................................
GSM2637888 .......................... _ ......................... _ ..........................................
GSM2637887 .......................... _ ......................... _ ..........................................
GSM5652218 .......................... Fema|e ............... 7 ..........................................
GSM5652177 .......................... Fema|e ............... 35 ........................................
GSM5652176 .......................... Fema|e ............... 53 ........................................
GSM5652]78 .......................... Fema|e ............... 37 ........................................

2017). SNVs with coverage of less than 5 and quality less
than 30 were filtered out. Additionally, variants were filtered
when they exhibited homozygosity for the alternative allele or
more than two alternative alleles when the position contained
a cytosine. This stage followed the recommendations of the
DamMet algorithm author, as described in Hanghgj et al.,
2019, and supplementary materials provided therein.

Subsequently, methylation levels were reconstructed, ex-
cluding the identified variants.
DamMet estDEAM -b <bam-file> -r <fasta-file> -c
<chromosome> -M <expected-average-methylation>
-0 <out-file-prefix> -E <vcf-to-exclude> -L 25
-P 50 -g 20 -Q 20

Subsequently, we determined the methylation levels based
on the identified deamination levels at positions with both
methylated and demethylated cytosines. The genomic window
size for each sample is indicated in the respective column of
Table 1 and was selected through empirical evaluation.
DamMet estF -b <bam-file> -r <fasta-file> -c
<chromosome> -M <expected-average-methylation>
-0 <out-file-prefix>
in-CpGs>

The acquired methylation profiles were additionally sub-
jected to smoothing using a Python script that applied a mov-
ing average with a smoothing window size of 25 CpG sites.

Validation of the reconstructed methylomes. The compa-
rison of Neanderthal, Denisovan, and Ust-Ishim hunter-gatherer
methylomes obtained in the previous stage was conducted
using the R programming language. We employed packages
like ggplot, psych, corr.test, and the tidyverse family for data
preprocessing, correlation analysis, and graph generation.

-N <genomic-window-size-
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Organ Tissue
..... Co|on|:|brob|asts
..... Heart
..... Derma

Smooth myocytes

Heart Cardiomyocytes
..... Bone_
..... Bone_
Bone Osteoblasts
""" Subcutancousadiposetissue  Adipocytes

Identification of tissue-specific methylated regions.
We designed a Python script for the identification of regions
exhibiting relatively consistent methylation levels across all
mesodermal tissues. This script takes the methylation values
obtained using the Bismark algorithm (Krueger, Andrews,
2011) after aligning the aforementioned samples as input. It
conducts a per-position comparison of methylation values
through ANOVA to detect variations within three tissue
groups (fibroblasts, myocytes, osteoblasts) and exclude posi-
tions showing statistically significant differential methylation
(p < 0.05) from both ancient bone and modern adipocyte
methylation profiles.

DMR identification. The prepared methylation profiles of
hunter-gatherers (HG) and modern individuals were compared
using the ANOVA method, similar to the tissue-specific me-
thylation search. In the first iteration, the samples were divided
into three groups: hunter-gatherer bone samples, healthy
individuals’ adipocytes, and obese patients’ adipocytes. CpG
sites with a significance level of p < 0.05 were selected for
subsequent analysis using the Tukey post hoc test. A CpG site
was considered differentially methylated if the methylation
change was significant (p < 0.05) when comparing HG bones
to adipocytes of obese individuals and not significant when
comparing HG bones to controls.

In the second iteration, we modified the grouping: all sam-
ples were bone samples, and the groups represented samples
of different ages (anatomically ancient humans, hunter-gath-
erers, and modern humans). Comparisons were made only in
regions associated with obesity to reduce the computational
load. To aggregate the obtained differentially methylated
sites into regions, we used the combined-pvalues software
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Fig. 1. Comparison of the methylation profiles of a Denisovan and a Neanderthal reconstructed by DamMet and published

by D. Gokhman.
In focus: a demethylated CpG island at chr1:1406845-1407821.
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Gokhman et al., 2014
non-UDG-treated (B8747)
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Fig. 2. Comparison of methylation levels on a region of chromosome 2 in sample Vi33, in the presence and absence of USER
treatment during library preparation, with previously published profiles by D. Gokhman.

Methylation levels of all samples were smoothed using a 25 CpG moving average.

(https://github.com/brentp/combined-pvalues), which is based
on the Stouffer—Liptak multiple testing correction method
(Pedersen et al., 2012). The methylation change status was
determined by comparing the mean methylation values in the
regions between groups.

Results

In this study, we reconstructed 11 DNA methylation profiles
of ancient humans using the DamMet tool. Firstly, we needed
to develop a pipeline that would allow us to reconstruct
methylomes with high precision. For this purpose, we used
the genomes of Neanderthals and Denisovans, which had
undergone UDG treatment, as input data for the pipeline.

824

Profiles for these organisms had previously been published
(Gokhman et al., 2014, 2020), enabling us to validate the
pipeline. We found that our calculated methylation levels
were, on average, 15-20 % lower than those previously
published, but overall, the methylation profiles were similar
(Fig. 1). The correlation coefficients for methylation profiles
in both cases were over 85 %: I'ygnisovan = 0-87, Fneanderthal = 0-9
(p <0.05).

As we had several samples that didn’t undergo USER
treatment during library preparation, we also aimed to con-
firm whether DamMet could reconstruct methylation profiles
without this step. To address this, we selected sample Vi33, for
which sequences both with and without USER treatment were
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Fig. 3. Methylation profiles of hunter-gatherers reconstructed using DamMet.
The region of extensive demethylation corresponds to the CpG island at chr21:18884807-18886111 (GRCh37 hg19).

publicly available. The pipeline parameters were consistent for
these analyses, ensuring uniform conditions for reconstructing
methylomes from both libraries.

Our findings revealed that the methylation profile obtained
in the presence of USER treatment showed an average cor-
relation of 0.57 with the profile calculated by D. Gokhman,
as depicted in Figure 2. In contrast, the methylome obtained
without any treatment displayed a weak correlation (r =0.14)
with the published profile. Notably, the methylation patterns
primarily matched in demethylated CpG islands, irrespective
of whether we applied subsequent smoothing using a moving
average.

Next, we processed eight genomes of hunter-gatherers
using our pipeline, for which methylation profiles had not
been reconstructed previously (see Table 1). The resulting
profiles generally exhibited a similar methylation pattern to
other ancient methylomes, including complete demethylation
of some CpG islands (Fig. 3), resembling the profile of the
previously reconstructed Ust-Ishim hunter-gatherer (Gokhman
et al., 2020). Even though sample PES001 was not subjected
to USER treatment during library preparation, our obtained
methylation profile exhibited overall trends similar to other
hunter-gatherer profiles and thus was not excluded from fur-
ther analysis.

According to the authors of the method, the reconstructed
methylation profiles using DamMet can be used for direct
comparison with modern data. However, methylation can vary
between cells of different origins, so direct comparisons should
be limited to methylation profiles obtained from the same tis-
sues. To the best of our knowledge, there has been no sequenc-
ing of bone tissues in the context of obesity. Therefore, for the
final comparison, we selected samples from subcutaneous and
visceral adipocyte tissues, which exhibit similar methylation
patterns. However, these patterns may significantly differ
from those observed in bones and other mesodermal tissues.
As a result, we developed a Python script that performs a
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Fig. 4. Percentage distribution of DMRs in various genomic regions.

search for differentially methylated positions in mesodermal
tissues and excludes them from further analysis. The script
is based on dispersion analysis in three groups, followed by
pairwise comparisons and multiple testing corrections. The
mesodermal tissue samples were divided into groups accord-
ing to tissue type: fibroblasts, muscle cells, and osteoblasts. In
total, about 26.5 million CpG positions were analyzed, with
approximately 206,000 showing differential methylation in at
least one group, while more than 26 million did not exhibit
significant differences.

We conducted a search for Differentially Methylated Re-
gions (DMRs) in modern bone tissue samples, but focused our
search on only 642 regions that had been previously associ-
ated with differential methylation in the context of obesity,
as reported in the literature. In this case, we performed a per-
position ANOVA analysis for groups of ancient individuals,
hunter-gatherers, and modern individuals (bone tissue), with
prior filtering of non-tissue-specific CpG sites. We identi-
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fied 38 DMRs, where the overlap with the aforementioned
642 regions included more than 20 CpG sites. As depicted in
Figure 4, approximately 60 % of these DMRs are located in
gene promoter regions, 35 % are within gene body regions,
and only 5 % of the DMRs are situated in intergenic regions.
Notably, 94 % of these DMRs exhibit hypermethylation,
potentially leading to the suppression of gene expression,
particularly in genes associated with obesity.

Supplementary data and source code

The methylation profiles of ancient humans and the Python
scripts used for the analysis in this study are available in the
GitHub repository: https://github.com/bor-d/ancDMR

Conclusions

There are currently several methods available for recon-
structing methylation profiles of ancient organisms, with
epiPALEOMIX (Hanghgj et al., 2016) and DamMet (Hang-
hgj et al., 2019) being the two most commonly used ones.
While both of these methods are known for their significant
accuracy, their performance is often constrained by the
quality of ancient DNA samples. In our study, we opted to
utilize the DamMet method due to its versatility, specifi-
cally its capacity to compare the reconstructed methylation
values with profiles generated using alternative sequencing
technologies. However, during the validation of our pipeling,
we observed notable discrepancies between the methylation
values obtained with DamMet and those previously published
by D. Gokhman, in both 2014 and 2020. The developers of
DamMet acknowledge that their tool tends to yield lower
methylation values in comparison to profiles generated using
epiPALEOMIX, which does not account for factors such as
single nucleotide variants (SNVs), sequencing errors, and the
demethylation of unmethylated cytosines. This was evident
in our reconstruction of Neanderthal and Denisovan profiles.
Nonetheless, our analysis indicated a positive correlation
between the methylation values reconstructed by DamMet
and the previously published data. This reaffirms the tool’s
effectiveness in reconstructing previously uncharacterized
methylation profiles, which can then be used for subsequent
comparisons with modern methylomes.

In a demonstration of the pipeline we had devised, we
attempted to identify DMRs within the genomic profiles of
hunter-gatherers and contemporary humans, specifically in
the context of obesity. We identified 38 regions, with ap-
proximately two-thirds of them located in promoter regions.
This observation implies a plausible association between
alterations in methylation patterns within these promoters and
the regulation of gene expression. Certainly, the well-defined
procedural stages within our pipeline effectively tackle poten-
tial hurdles researchers might face. This is especially valuable
when dealing with situations where there is a lack of published
methylation profiles related to the specific tissues of interest.
These steps help reduce the likelihood of false-positive DMRs
due to tissue-specificity.

When utilizing this pipeline to investigate DMRs related
to different medical conditions, researchers are advised to
conduct a thorough review of relevant scientific literature.
This exploratory endeavour should ultimately lead to the
discovery of regions where methylation patterns are inherently
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connected to the specific condition being studied. However,
it is imperative to underscore that despite the explicit precau-
tions taken, including the exclusion of tissue-specific regions
and stringent filtering in the context of disease-associated
regions, the investigation of DMRs may still encompass
CpG sites, the methylation profiles of which underwent
alterations during the evolutionary transition from archaic
humans (Homo sapiens neanderthalensis) to contemporary
Homo sapiens sapiens.
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Abstract. Genes encoding cell surface receptors make up a significant portion of the human genome (more than a
thousand genes) and play an important role in gene networks. Cell surface receptors are transmembrane proteins
that interact with molecules (ligands) located outside the cell. This interaction activates signal transduction pathways
in the cell. A large number of exogenous ligands of various origins, including drugs, are known for cell surface recep-
tors, which accounts for interest in them from biomedical researchers. Appetite (the desire of the animal organism to
consume food) is one of the most primitive instincts that contribute to survival. However, when the supply of nutri-
ents is stable, the mechanism of adaptation to adverse factors acquired in the course of evolution turned out to be
excessive, and therefore obesity has become one of the most serious public health problems of the twenty-first cen-
tury. Pathological human conditions characterized by appetite violations include both hyperphagia, which inevitably
leads to obesity, and anorexia nervosa induced by psychosocial stimuli, as well as decreased appetite caused by neu-
rodegeneration, inflammation or cancer. Understanding the evolutionary mechanisms of human diseases, especially
those related to lifestyle changes that have occurred over the past 100-200 years, is of fundamental and applied im-
portance. It is also very important to identify relationships between the evolutionary characteristics of genes in gene
networks and the resistance of these networks to changes caused by mutations. The aim of the current study is to
identify the distinctive features of human genes encoding cell surface receptors involved in appetite regulation using
the phylostratigraphic age index (PAl) and divergence index (DI). The values of PAl and DI were analyzed for 64 human
genes encoding cell surface receptors, the orthologs of which were involved in the regulation of appetite in model
animal species. It turned out that the set of genes under consideration contains an increased number of genes with
the same phylostratigraphic age (PAl = 5, the stage of vertebrate divergence), and almost all of these genes (28 out
of 31) belong to the superfamily of G-protein coupled receptors. Apparently, the synchronized evolution of such a
large group of genes (31 genes out of 64) is associated with the development of the brain as a separate organ in
the first vertebrates. When studying the distribution of genes from the same set by DI values, a significant enrich-
ment with genes having a low DIs was revealed: eight genes (GPR26, NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171,
NPBWRT) had extremely low Dls (less than 0.05). Such low DI values indicate that most likely these genes are subjected
to stabilizing selection. It was also found that the group of genes with low Dls was enriched with genes that had
brain-specific patterns of expression. In particular, GPR26, which had the lowest DI, is in the group of brain-specific
genes. Because the endogenous ligand for the GPR26 receptor has not yet been identified, this gene seems to be an
extremely interesting object for further theoretical and experimental research. We believe that the features of the
genes encoding cell surface receptors we have identified using the evolutionary metrics PAl and DI can be a starting
point for further evolutionary analysis of the gene network regulating appetite.

Key words: regulation of appetite; cell surface receptors; hunger; evolution; phylostratigraphic analysis; gene age;
gene variability.
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AHHOTauumA. [eHbl peLenTopoB KNETOYHOM MOBEPXHOCTM COCTABAAIT CYLECTBEHHYIO AOMI0 FreHOMa 4YenoBeka
(6onee TbICAYM FreHOB) U BbIMOHAIOT BAaXHYIO POJib B FEHHbIX CeTAX. PellenTopbl KNETOYHOW NMOBEPXHOCTU — 3TO
TpaHCcMeMOpaHHble 6enkK, KoTopble B3aUMOAENCTBYIOT C Pa3fIMYHbIMK MONEKYIamMy (MMraHgamu), HaxoAALWNMA-
CA BO BHEKJIETOYHOM MPOCTPAHCTBE, YTO MPUBOAUT K aKTUBALMM MyTe CUFHANIbHOWM TPaHCOYKUUN B KneTke. na
PeLenTopoB KNETOYHOW NMOBEPXHOCTU M3BECTHO OOJbLLIOE KONMYECTBO 3K30reHHbIX IMraHAO0B Pa3fIMYHOro NPowuc-
XOX[EeHUS, BKIT0Yas JleKapCTBEHHble Npernaparbl, YTO 1 onpefensaeT MHTEPeC K X NCCNefoBaHNIO C TOUKM 3peHNns
6uomMeanLMHbI. ANNeTUT (CTPEMIIEHMNE XMBOTHOTO OpraHr3Ma NOTPEONATb NKLLY) — OAUH U3 CaMbIX MPUMUTUBHbIX
VNHCTVHKTOB, CMOCOBCTBYOLWMX BblKMBaHMIO. OfHAaKO NPrOBPETEHHbIN B XO4Ee SBOJIOLMM MEXaHM3M MPUCNoCco6-
neHnA K HebnaronpurATHbIM dpakTopam B YCNOBUAX CTabUNbHOIO NOCTYNIEHMA NUTaTENbHbIX BELEeCTB OKa3anca
130bITOYHBIM, B CBA3U C YEM OXKMPEHME CTaNlo OAHON M3 CaMbIX CEPbEe3HbIX MPo6eM 06LLeCTBEHHOTO 3PaBOOXpPa-
HeHnA B XXI Beke. lNaTonornyeckne coCToAHMA YenoBeKa, XapaKTepusyLecs HapyLeHAMIN anneTuTa, BKo-
YaloT Kak runepdarvio, HeMMHYyeMO MPUBOAALLYIO K OXMPEHWIO, TaK U HEPBHYIO aHOPEKCUIO, MHAYLIMPOBAHHYIO
NCUXOCOUMANbHBIMU CTUMYIaMU, N CHUXKEHWE anneTuTa, CBA3aHHOe C BOCNaNUTeNbHbIMW, HEMPOAEereHepaTUBHbI-
MU 11 OHKONOTMYECKMI 3ab0neBaHnAMN. [TOHMMaHMe 3BOMIOLMOHHBIX MEXaHU3MOB Pa3BUTKA GONe3HeN Yenose-
Ka, 0COOEHHO CBSI3aHHbIX C M3MEHEHUAMYN 06pa3a »MU3HW, MPOU30oLWEeSILINMUN B TedeHre nocneaHmx 100-200 nert,
1MeeT Kak dyHAaMeHTaNbHOE, Tak U NpuKnagHoe 3HaueHne. OCOGEHHO BaXKHO YCTAaHOBUTb B3aUMOCBS3M MEXAY
SBOJTIOUMOHHbIMW XapaKTePUCTUKaMWN reHOB B F’eHHbIX CETAX yCTOVI‘-WIBOCTbIO 3TUX CeTeN K N3MeHEeHNAM, Bbl3BaH-
HbIM MyTaumsamu. Llenb gaHHoi paboTbl — BbiABNEHNE OCOOEHHOCTEN IBOJIIOLMUN FEHOB PELIENTOPOB KIIETOYHOW
NOBEPXHOCTUN YesloBeKa, YYaCTBYIOLLMX B Perynaumm anneTuTa, C UCnonb3oBaHvem Gunoctpaturpadmyeckoro nH-
nekca PAI (phylostratigraphic age index) n nnpekca aontounoHHon nsmeHumnsocty DI (divergence index). bbinu
npoaHanusnposaHbl nHAeKCbl PAl 1 DI gna 64 reHoB uenoseka, KOAUPYLWKMX peLenTopbl KeTOYHOWN MOBEPXHOCTH,
OpPTONIOrY KOTOPbIX y4aCTBOBaNM B PErynauMmn anneTmta y MofenbHbIX BULOB XMUBOTHbIX. OKa3anocb, Yto B pac-
CMaTprBaeMoOM Habope reHOB COLEPKUTCA MOBbILLEHHOE KOJIMYECTBO FEHOB, MMEILLNX OAMHAKOBBIV $uIocTpa-
Turpaduyeckmin sospact (PAl = 5, 3Tan gruBepreHUMM NO3BOHOUHBIX), M MOYTU BCE 3TU reHbl (28 13 31) OTHOCATCA K
CynepcemMeincTBy pPeLENTOPOB, CONPXKeHHbIX ¢ G-6enkom. Mo-BMANMOMY, CUHXPOHU3MPOBAHHOE 3BOJTIOLMOHNPO-
BaHVe TaKoW MHOTOUYMCIEHHOW rpynnbl reHoB (31 13 64 reHoB) cBA3aHO C GOPMUPOBAHNEM Y MEPBbLIX MO3BOHOY-
HbIX MO3ra KaK OTAeNnbHOro opraHa. [pu nccnefosaHnv pacnpefeneHmns reHoB U3 3TOTO e Habopa Mo 3HaUEHUAM
nHaekco DI 6bina BbifABMEHa CyLIeCTBEHHaA 060ralleHHOCTb reHamm ¢ HM3Kum DI. Mpwy 3Tom Bocemb reHoB (GPR26,
NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171, NPBWR1) xapakTepun30Banucb 3KCTPeMasibHO HU3KUM 3HayeHnem DI
(MeHee 0.05), UTO yKa3bIBAeT Ha CYLUECTBEHHYIO VX MOABEPKEHHOCTb CTabunusmpyoemy ot6opy. O6HapyKeHO
TaK’Ke, UTo rpynmna reHoB ¢ H13KUM DI oboralleHa reHamu, TKaHecneumpryeckn SKCNPeCccrpyownMmca B Mo3re.
B yacTHOCTW, K Fpynne reHoB, TKaHecneundUIecKkn 3KCNPeccupyoLwmMxca B Mo3re, oTHocUTcA GPR26, umetowwniia ca-
Moe Hu3Koe 3HaueHure DI. BBruay Toro, 4to sHAOreHHbIn nuraHa ana peuentopa GPR26 noka He BblIBNEH, 3TOT reH
npeacTaBnsaeTca Ype3BblyaliHO UHTEPECHBIM 06bEKTOM AJIA AaNbHENLLIEro TEOPETUUYECKOTrO 1 SKCMePUMEHTasIbHO-
ro nccnefaoBaHus. BoisBneHHble HaMU 0COBEHHOCTY pacnpeeneHna reHOB PeLIenTOPOB KIETOUYHOWN MOBEPXHOCTY
no 3BOJOLMOHHBIM nHAeKcam PAIl n DI aBnAoTcA oTnpaBHOM TOYKOW Afs AafibHENLIEro aHann3a 3BOMOLMOHHbBIX
XapaKTEPUCTUK FeHHOW CeTN perynauumn annetTuTa B Lesom.

KnioueBble cnoBa: perynaums anneTnTa; peLenTopbl KNETOYHOM NOBEPXHOCTY; YyBCTBO rofiofa; 3sosnouus; duno-

CTpaTmrpad)m; BO3pacT reHa; U3MeH4YnBOCTb reHOB.

Introduction

Appetite (the desire of the animal organism to consume
food) is a physiological mechanism (feeling) that regulates
the intake of nutrients. The desire to consume food is one of
the most primitive instincts that contribute to survival. This
instinct has been formed over millions of years of evolution
of living beings and has provided powerful mechanisms for
adaptation and response to periods of nutrient shortage (Yeo,
Heisler, 2012). The ability to consume excessive amounts of

830

food during periods of its availability significantly affected
the survival of individuals both in human populations and in
populations of other animal species.

With the development of human civilization, the human
populations living in developed countries faced the problem of
adaptation to the abundance of food combined with a decrease
in physical activity, making obesity one of the most serious
public health problems of the twenty-first century (Kaidar-
Person et al., 2011). Thus, the mechanism of adaptation to
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unfavourable factors acquired during evolution in conditions
of stable nutrient supply turned out to be excessive (Yeo,
Heisler, 2012).

In humans and other animal species, the physiological
system that regulates appetite functions with the participa-
tion of protein products of genes expressed both in the brain
(Olszewski et al., 2008) and in peripheral organs and tissues:
stomach, intestine, pancreas, adipose tissue. Neurons involved
in the regulation of the motivational drive to obtain food are
located in different parts of the brain (hypothalamic nuclei,
amygdala, dorsal raphe nucleus, nuclei of the solitary tract,
ventral tegmental area, prefrontal cortex, etc.). They integrate
signals received from the sensory organs (olfactory, visual,
taste sensations) as well as various interoceptive and humoral
signals and control search for food and food consumption
(Yeo, Heisler, 2012; Tremblay, Bellisle, 2015; Heisler, Lam,
2017).

Appetite can be induced by energy and nutrient shortages
(inthis case it is referred to by the term homeostatic appetite).
However, even in the absence of apparent homeostatic needs,
factors such as the sight, smell and taste of food, environmental
cues, and the anticipation of new sensations that arise from
eating can stimulate eating behavior, i. e. non-homeostatic
appetite. The neuronal systems controlling homeostatic and
non-homeostatic appetite function in close cooperation (Ahn
etal., 2022).

Neurons of the arcuate nucleus of the hypothalamus se-
creting neuropeptide Y (NPY), agouti-like protein (AgRP),
and alpha-melanocyte stimulating hormone (a-MSH),
which is generated as a proteolytic cleavage product from
proopiomelanocortin (POMC) by prohormone convertases
(PCSK1 and PCSK2), are central to the systems regulating
both homeostatic and non-homeostatic appetite (Yeo, Heisler,
2012). The activity of neurons located in the arcuate nucleus
is controlled by hormones (leptin, insulin, ghrelin, poly-
peptide YY (PYY), glucocorticoids, adrenocorticotropin,
corticotropin-releasing hormone), neurotransmitters (se-
rotonin, dopamine, adrenaline, GABA), and neurotrophic
factors (BDNF, etc.) as well (Maniam, Morris, 2012; Yeo,
Heisler, 2012; Heisler, Lam, 2017).

Human pathological conditions characterized by appetite
disorders are known. A pathological increase in body weight
(obesity) can be caused by such a condition as hyperphagia
(bulimia). A catastrophic decrease in appetite is seen in an-
orexia nervosa, which is extremely dangerous and increases
the risk of death in young people tenfold (Fichter, Quadflieg,
2016). Reduced appetite can accompany chronic inflammatory
and autoimmune processes, cancer and neurodegenerative
diseases (Grossberg et al., 2010). In this context, any new
knowledge about the system of genes regulating appetite is
of particular importance.

Previously, we performed a functional analysis of genes
involved in the regulation of appetite and body weight (Igna-
tieva et al., 2014, 2016). When analyzing a set of 105 genes
involved in appetite regulation, a statistically significant
over-enrichment of genes specifically expressed in the brain
was found. It was also revealed that a substantial proportion
of genes (~45 %) in this set were genes encoding cell surface
receptors. Many of these receptors belonged to the superfamily
of G-protein-coupled receptors (GPCRs).
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The GPCRs superfamily includes proteins that have a simi-
lar structure (all of them contain 7 transmembrane domains).
These proteins can be found on the cell membranes of almost
all eukaryotes (New, Wong, 1998; Yang et al., 2021). Analysis
of the DNA sequence of the human genome made it possible to
predict about 800 genes encoding proteins of this superfamily
(including 388 genes encoding olfactory receptors) (Bjarna-
dottir et al., 2006). GPCRs mediate the response of cells to
extracellular signaling molecules of different nature — proteins,
peptides, low molecular weight substances (odorous and taste
stimuli, hormones), as well as light-sensitive compounds. In
turn, these receptors activate signal transduction pathways in
cells, providing fundamental physiological processes (vision,
perception of taste and olfactory signals, neuronal functioning,
endocrine regulation and reproduction processes) (Katritch
et al., 2013). Some of the best known receptors from the
GPCR superfamily, which we have previously classified as
appetite-regulating genes (lgatieva et al., 2016), include, for
example, GHSR (growth hormone secretagogue receptor),
MC3R (melanocortin 3 receptor), MC4R (melanocortin 4
receptor), CCKAR (cholecystokinin A receptor), CCKBR
(cholecystokinin B receptor) and GCGR (glucagon).

Understanding the evolutionary mechanisms of human
diseases, especially those associated with lifestyle changes
that have occurred over the last 100-200 years (and the
above-mentioned diseases associated with appetite dys-
regulation are just such diseases), is of great fundamental
and applied significance. It is also very important to find
interdependence between the evolutionary characteristics of
genes in gene networks and the resistance of these networks
to disruptions of genes themselves (through mutations) and
to alterations in gene expression patterns caused by genetic
variability of regulatory regions. Phylogenetic and popula-
tion analysis of genes and gene networks involved in the
relevant biological processes may be useful in developing
new scenarios for personalized prevention and targeted drug
therapy of diseases.

The aim of this work was to identify the evolutionary
features of human cell surface receptor genes involved in
appetite regulation using phylostratigraphic age index (PAI)
and divergence index (DI). To achieve this goal, at the first
stage, a set of human receptor genes the orthologues of which
were involved in appetite regulation in model organisms was
formed based on the analysis of scientific publications. Next,
the distributions of human genes according to PAl and DI
values were examined. The characteristic features of these
distributions were identified by comparison with the distribu-
tions obtained for all human protein-coding genes, as well as
for genes encoding GPCRs.

Materials and methods

Collecting the list of genes involved in appetite regulation
and encoding cell surface receptors. The list of genes was
taken from (Ignatieva et al., 2016) and expanded based on
a PubMed search (https://pubmed.ncbi.nlm.nih.gov/) using
the keywords listed in Supplementary Material 11. Only
genes from experimental studies were considered; reviews
were excluded. In most studies, the role of genes in the

1 Supplementary Materials 1-13 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ignatieva_Engl_27_7.pdf
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Evolution of human genes encoding cell surface
receptors involved in the regulation of appetite

Table 1. Gene sets for which the distributions of PAl and DI values were analysed

Short name Description Number of genes
allCDS_19,566 All protein-coding genes of the human genome for which PAl and DI values 19,566
were calculated
Receptors_64 Human genes encoding cell surface receptors and involved 64
in appetite regulation*
allGPCR_389 Human genes encoding GPCRs (this set included genes from the the GPCRdb 389
(https://gpcrdb.org) with the exception of genes encoding olfactory receptors)
appGPCR_45 Genes from the Receptors_64 set that encode GPCRs 45
app_not_GPCR_19 Genes from the Receptors_64 set encoding receptors that do not belong 19

to the G-protein-coupled receptor superfamily

*This set includes human genes orthologous to genes of other animal species, the role of which in appetite regulation has been studied experimentally.

regulation of food consumption was established using model
organisms (mice, rats, etc.). Therefore, the list of human
genes controlling appetite included orthologues of those genes
that were identified in experiments on other animal species.
Indication that the product of a gene is a cell surface receptor
was obtained from the text field “Summary” of the EntrezGene
database (https://www.ncbi.nlm.nih.gov/gene).

Control sets of genes. The human gene sets listed in
Table 1 were also used in the analyses. The list of human
genes encoding receptors and controlling appetite was named
Receptors_64.

The set containing all human protein-coding genes
(allCDS_19,566) included 19,566 protein-coding genes for
which PAI and DI values were identified.

The set containing human genes encoding GPCRs
(allGPCR_389) was formed on the basis of the GPCRdb
(https://gpcrdb.org) (Pandy-Szekeres et al., 2023). Genes
encoding olfactory receptors were not included in this set
because the set of appetite-controlling cell surface receptor
genes (Receptors_64) did not contain genes encoding recep-
tors of this type.

The set containing genes encoding GPCRs that control
appetite (appGPCR_45) was obtained by the intersection of
two sets — Receptors_64 and allGPCR_389.

Analysis of the evolutionary characteristics of genes.
The analysis was performed using PAI (phylostratigraphic
age index) and DI (divergence index).

Phylostratigraphic age index (PAI) shows to what extent
the taxon reflecting the age of the gene is distant from the
root of the phylogenetic tree. The taxon reflecting the age of
the gene is understood as the taxon at which the divergence
of the studied species from the most distant related taxon, in
which the orthologue of the gene in question was found, oc-
curred (Table 2). The greater the PAI value of the gene under
study, the younger this gene is supposed to be. PAI values
were calculated in the Orthoscape tool based on the KEGG
Orthology service as described in (Mustafin et al., 2021). We
used PAI values calculated at a similarity level of 0.5.

Divergence index (DI) is an index of evolutionary vari-
ability of a gene. DI is calculated based on the dN/dS ratio,
where dN is the proportion of nonsynonymous substitutions in
DNA sequences of the studied gene and its orthologue; dS is
the proportion of synonymous substitutions. The value of this
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Table 2. PAl values and taxonomic units dating
the corresponding phylostratigraphic age of genes

PAI Taxonomic unit

6 Euteleostomi
7 ......... Mammaha .....................................................................................
8 ......... EUthena .........................................................................................
9 Euarchontoglires
10 ......... anates ........................................................................................

13 Hominidae
14 Homo
15 Homo sapiens

index was calculated based on the comparison of human genes
with genes of closely related organisms from the Hominidae
family, as described in (Mustafin et al., 2021). Thus, DI can
be determined only for protein-coding genes and indicates the
type of selection acting on the gene. DI value in the range from
0 to 1 shows that the gene is subjected to stabilizing selection,
1 —to neutral evolution, and more than 1 —to driving selection.

Analysis of tissue-specific characteristics of genes. \We
used the TSEA tool to find overrepresented groups of genes
that had tissue-specific expression patterns identified for
a certain organ or tissue (Wells et al., 2015). The TSEA tool
(http://genetics.wustl.edu/jdlab/tsea/) uses data on tissue-spe-
cific gene expression patterns detected in 25 different human
organs and tissues. The TSEA tool identifies groups of tissue-
specific genes in the analyzed list of genes, the size of which
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significantly exceeds the expected one for random reasons.
The TSEA tool uses data on specificity indices (SI) of gene
expression products and their corresponding p-values (pSI).
These values were calculated for each organ or tissue and
for each transcript based on the analysis of data obtained by
whole transcriptome profiling (GTEx Consortium, 2015). If
the pSI value was < 0.01, the transcript was considered as
tissue-specific for a given tissue.

Statistical analysis. The significance of differences be-
tween the observed and expected numbers of genes in sub-
groups was evaluated using the Chi-Square test.

Results

Genes encoding cell surface receptors

and their functional characteristics

As a result of queries to PubMed, experimental data on
genes of model organisms (mice, rats, etc.) involved in the
regulation of food intake were found. Using this information,
as well as information from EntrezGene, we found 64 human
genes orthologous to genes identified in model organisms and
encoding cell surface receptors (in Table 1 this set of genes
is presented as Receptors_64). See Supplementary Material 2
for the full list of genes.

We compared these 64 genes with those accumulated
in GPCRdb and found that 45 (70.3 %) out of 64 genes
encoded G-protein-coupled receptors (Fig. 1, a). As is shown
in Table 1, this subset of genes encoding receptors from the
GPCR superfamily was named appGPCR_45 (Supplementary
Material 2 contains data on whether the gene belongs to
the GPCR superfamily). The remaining 19 genes (29.7 %)
encoded receptors from the other superfamilies (this subset
is represented in Table 1 as app_not_GPCR_19).

Analysis of the gene list using the TSEA tool (Wells et al.,
2015) revealed that the Receptors_64 set was enriched in genes
that have brain-specific expression pattern. Approximately one
fifth of the genes (12 genes, or 18.75 %) fall into this category
(see Fig. 1, b, Supplementary Material 3).

Analysis of evolutionary characteristics
Phylostratigraphic age of genes (PAl-based analysis). At
the first step, we have analyzed the distribution of PAI values
for all human protein-coding genes (the allCDS_19,556
set). PAI values were found to be unevenly distributed
(Fig. 2, a). One third of all genes (33 %) had a PAI equal
to zero (cellular organisms, the root of the phylogenetic
tree), and the proportions of genes that had PAI values equal
to 5 (the stage of vertebrate divergence) and 6 (the stage of
euteleostomi divergence) were 17 % and 14 %, respectively.
When we examined the distribution of PAI values for a set
of human genes encoding cell surface receptors and involved
in appetite regulation (the Receptors_64 set, Supplementary
Material 4), we found that 31 genes out of 64 (i. e. 48 %) had
PAI values equal to 5 (the stage of vertebrate divergence)
(see Fig. 2, a). And this number was significantly higher
(p < 0.001) than the expected number (10.898) calculated
based on the distribution obtained for the allCDS_19,556 gene
set (see Fig. 2, a, Supplementary Material 5).

As noted above, a large proportion of genes from the
Receptors_64 set (45 genes out of 64) encode GPCRs (see
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Fig. 1. Functional characteristics of human genes encoding cell surface
receptors and involved in appetite regulation (genes from the Recep-
tors_64 set).

a, The proportion of genes encoding GPCRs; b, the proportion of genes that
have brain-specific expression pattern (tissue-specific genes were identified
using the TSEA tool).

Fig. 1, a). To find out whether the evolutionary features of
genes from the Receptors_64 set are caused by the features
of genes from the GPCRs superfamily, we analysed the
distribution of PAI values for a set of 389 human genes
encoding GPCRs represented in the GPCRdb database
(https://gpcerdb.org) (allGPCR_389 set). This distribution
was also found to be different from the distribution obtained
for all human protein-coding genes (see Fig. 2, b). The
number of genes in the allGPCR_389 set that had PAI values
equal to 5 (the stage of vertebrate divergence) was 39 %
(150 genes out of 389) and it was significantly higher than
the expected number calculated based on the proportion of
this group of genes in the allCDS_19,566 set (Supplementary
Material 6).

Next, we compared the distribution of PAI values for 45 genes
encoding GPCRs and regulating appetite (the appGPCR_45
set) with the distribution for the allGPCR_389 set (see
Fig. 2, ¢). In the group of genes from the appGPCR_45 set,
28 genes were found to have a PAI equal to 5 (the stage of
vertebrate divergence) (i. e. 64 %), which was significantly
higher than the expected number (17.35) calculated based on
the proportion of this group of genes in the allGPCR_389 set
(Supplementary Material 7).

As mentioned earlier, 19 receptor genes controlling appetite
did not belong to the G-protein-coupled receptor superfamily
(the app_not_ GPCR_19 set). When the distribution over
PAI values for this group of genes was examined, it was also
found to differ from the distribution over PAI values for all
human protein-coding genes (see Fig. 2, d). However, in this
case, a significant (p <0.05) excess over the expected number
of genes with a PAI equal to 6 (the stage of euteleostomi
divergence) was observed. The observed number in the
app_not_ GPCR_19 set was six genes out of 19 (32 %),
whereas in the allCDS_19,566 set, PAI value equal to 6 was
detected for 2,769 genes (14 %). Thus, the expected number
of genes with PAI equal to 6 in the app_not GPCR_19 set
was 2.69 (Supplementary Material 8).

Evolutionary variability of genes (DI-based analysis). The
analysis of the distribution of genes from the Receptors_64 set
according to DI values (Fig. 3, a, Supplementary Material 9)
showed that 47 % of genes (30 out of 64) had DI < 0.2, most
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Fig. 2. Distributions by PAl values obtained for the sets of human protein-coding genes presented in Table 1.

a: all human protein-coding genes (allCDS_19,566) as a control set and the human appetite-regulating genes encoding receptors (Receptors_64);
b: all human protein-coding genes (allCDS_19,566) as a control set and genes encoding GPCRs (allGPCR_389); c: genes encoding GPCRs as a control set
(allGPCR_389) and genes encoding GPCRs controling appetite (appGPCR_45); d: all human protein-coding genes (allCDS_19,566) as a control set and
genes controlling appetite but not belonging to the GPCRs superfamily (app_not_GPCR_19).

PAI values were calculated at a threshold of 0.5 for the level of similarity between the DNA sequences of the orthologous genes. Asterisks indicate differences
between the number of genes with a PAl equal to 5 (the stage of vertebrate divergence) (a—c) or a PAl equal to 6 (the stage of euteleostomi divergence) (d)
and their expected numbers calculated based on the distributions in the control sets. *** p < 0.001, * p < 0.05. See Supplementary Materials 5-8.

genes (63 out of 64, i. e. ~98 %) had DI < 1, and only one
gene (QRFPR) had DI > 1, indicating that most of the genes
are subjected to stabilizing selection.

Comparison of the distribution of genes from the
Receptors_64 set by DI values with the distribution obtained
for all human protein-coding genes (allCDS_19,566 set)
showed that the Receptors_64 set is characterised by
an increased content of genes with low DI values (see
Fig. 3, a). The majority of genes from the Receptors_64 set
(61 genes out of 64, i. e. 95 %) had DI < 0.6. And this
number was significantly (p < 0.01) higher than the expected
number (51.95) calculated using the distribution obtained for
all human protein-coding genes (see Fig. 3, a, Supplementary
Material 10).

When comparing the distribution over DI values for a set of
all receptors from the GPCRs superfamily (all GPCR_389) with
the distribution for all protein-coding genes (allCDS_19,566),
no significant differences were found (see Fig. 3, b).

Comparison of the distribution over DI values for the
appGPCR_45 set with the distribution for all receptors from
the GPCRs superfamily (allGPCR_389) showed that the
number of genes with low DI (DI <0.6) in the appGPCR_45 set
(42 genes) was significantly (p < 0.05) higher than the
expected number of genes (37.018) calculated from the DI
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distribution for all genes encoding GPCRs (see Fig. 3, ¢, Sup-
plementary Material 11).

As indicated above, approximately one-fifth (18.75 %)
of genes from the Receptors_64 set are brain-specific. We
have determined the content of genes that had brain-specific
expression patterns in two subgroups of genes: (1) a subgroup
of genes with low DI (DI<0.2); (2) a subgroup including
all other genes (they had DI values between 0.2 and 1.3).
It turned out that the number of brain-specific genes in these
subgroups differs significantly from the expected number
calculated based on random distribution: in the subgroup of
genes with low DI, the content of brain-specific genes was
increased (Fig. 4, Supplementary Material 12).

Discussion

Cell surface receptor genes constitute a substantial proportion
(more than a thousand genes) of the human genome (Bausch-
Fluck et al., 2018). The interest in the study of cell surface
receptors is due to their important role in the cell. These trans-
membrane proteins interact with various molecules (ligands)
located in the extracellular space and activate signal transduc-
tion pathways in the cell (Bausch-Fluck et al., 2018; Yang et
al., 2021). A lot of substances and biochemical compounds
(in particular, drugs) that affect the activity of cell surface
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Fig. 3. Distributions of genes from the sets presented in Table 1 according
to the Dlindex.

a, All human protein-coding genes (allCDS_19,566) as a control set and and
the human appetite-regulating genes encoding receptors (Receptors_64).
The observed and expected total number of genes with DI < 0.6 and DI > 0.6
are presented in the table above the graph; the calculation of the expected
number is given in Supplementary Material 10. b, All human protein-
coding genes (allCDS_19,566) as a control set and genes encoding GPCRs
(allGPCR_389). ¢, Genes encoding GPCRs (allGPCR_389) as a control set and
genes encoding GPCRs controling appetite (appGPCR_45). The observed and
expected total number of genes with DI < 0.6 and DI > 0.6 are presented in
the table above the graph; the calculation of the expected number is given in
Supplementary Material 11.

receptors (so-called agonists and antagonists) are known.
Therefore, cell surface receptors are also of great interest from
a biomedical point of view — for example, these proteins are
targets for 66 % of drugs registered in the DrugBank database
(Bausch-Fluck et al., 2018).

This paper presents a set of 64 human genes encoding cell
surface receptors, the orthologs of which are involved in food
intake regulation in model organisms. The data are highly reli-
able, because this gene set was created on the basis of manual
analysis of scientific publications. Finding such an impressive
number of receptor genes involved in appetite regulation fits
well with the idea of the complex nature of food motivation.
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Fig. 4. Distribution of genes from the Receptors_64 set by DI values.

Shown are the proportions of genes that have brain-specific expression pat-
terns according to the TSEA tool. The observed number of brain-specific genes
differ from the expected number, * p < 0.05. (The numbers of genes in four
subgroups are given in Supplementary Material 12.)

As mentioned above, appetite can satisfy both the basic needs
of the organism for food (homeostatic appetite, which provides
compensation of energy expenditure) and the needs for sensa-
tions associated with food (non-homeostatic appetite, aimed
at obtaining positive emotions) (Johnson, 2013; Rebello,
Greenway, 2016; Ahn et al., 2022). It is also known that food
motivation can be adjusted depending on the life situation or
psycho-emotional state of an individual (fright, depression,
boredom, chronic stress, for animals — threat from predators,
territory protection, mating behavior, etc.) (Lindén etal., 1987;
Bradenetal., 2018, 2023; Hadjieconomou et al., 2020; Siegal
etal., 2022). Such correction of food motivation is performed
because the brain processes information received from the
sensory organs and integrates it with signals about the state of
various physiological systems of the body (Tomé et al., 2009;
Holtmann, Talley, 2014; Spetter et al., 2014; Tremblay, Bel-
lisle, 2015). And this process involves nerve cells with diverse
specialization expressing a wide range of receptors on their
surface (Yeo, Heisler, 2012; Heisler, Lam, 2017).

Examination of the distributions of genes by PAI values
revealed that: (1) the Receptors_64 set has a significantly in-
creased content of genes with the same phylostratigraphic age
(PAI =5, the stage of vertebrate divergence) than all protein-
coding genes; (2) the subset of genes that encode GPCRs
and are involved in appetite regulation (appGPCR_45) also
contains an increased number of genes with the same phylo-
stratigraphic age (PAI = 5, the stage of vertebrate divergence)
than what would be expected based on the distribution of
PAI values for all genes encoding GPCRs.

Thus, we found that the gene set composed of genes en-
coding cell surface receptors controlling appetite contains an
increased number of genes with the same phylostratigraphic
age (PAI =5, the stage of vertebrate divergence). Apparently,
the synchronised evolution of such a large group of genes
(31 genes have PAIs equal to five) is associated with the
formation of the brain as a separate organ in the first verte-
brates (Sarnat, Netsky, 2002). It is noteworthy that almost all
of these genes with PAI equal to five (28 out of 31) encode
GPCRs, which agrees well with the fact that receptors of this
superfamily are involved in processing signals from sensory
organs, as well as signals transmitted by hormones and neu-
romediators (Pandy-Szekeres et al., 2023). Thus, the group of

835



E.V. Ignatieva, S.A. Lashin
Z.S. Mustafin, N.A. Kolchanov

genes encoding GPCRs with a PAI of 5 (the stage of vertebrate
divergence) includes, in particular, genes encoding receptors
for neuropeptide Y (NPY1R, NPY2R, NPY4R, NPY5R) and
alpha-melanocyte stimulating hormone (MC3R and MC4R).
Neuropeptide Y and alpha-melanocyte stimulating hormone
are signalling molecules secreted by neurons of the arcuate
nucleus of the hypothalamus, a brain structure that acts as a
central regulator of feeding behaviour (Yeo, Heisler, 2012;
Heisler, Lam, 2017).

Another peculiarity was revealed for a subset of genes
involved in appetite regulation but not encoding GPCRs
(app_not_GPCR_19): it contains an increased number of
genes with PAI equal to 6 (the stage of euteleostomi diver-
gence). Notably, four genes from this group encode receptors
involved in the regulation of immunity. These are GHR and
LEPR encoding proteins from the type | cytokine receptor
family and TLR2 and TLR4 encoding proteins from the Toll-
like receptor family.

The PAl-based analysis has shown that the so-called “an-
cient” genes (i. e., genes with PAI equal to 0 (cellular organ-
isms, the root of the taxonomic tree)) are also involved in the
regulation of food intake. This group includes, for example,
genes encoding (1) the insulin receptor (INSR), which, in
particular, regulates secretion of neuropeptide Y and alpha-
melanocyte stimulating hormone by neurons of the arcuate
nucleus of the hypothalamus (Leibowitz, Wortley, 2004), and
(2) NTRK2, the receptor for BDNF (brain-derived neurotroph-
ic factor), which mediates the anorexigenic effects of BDNF
produced in the paraventricular nucleus of the hypothalamus
(Anetal.,2015; Chuetal., 2023). Both genes are expressed in
different tissues and organs (Escandon et al., 1994; Federici et
al., 1997), indicating that at early stages of evolution, ancestral
forms of INSR and NTRK2 could be involved in the regulation
of various biological processes and joined the system of genes
regulating food intake at the evolutionary stage corresponding
to the formation of specialised brain structures.

When considering PAI values, a group of relatively “young”
genes was identified (PAI values of 6 and 7, the stages of
euteleostomi and mammalia divergence). Five genes from
this group encode receptors relevant to the immune system:
these are the four genes mentioned earlier (GHR, LEPR, TLR2,
and TLR4), as well as IL1R1. The detection of these genes
in a group of relatively “young” genes is in good agreement
with the known data on the adaptive immunity system having
begun to form relatively recently in the course of evolution
(Ward, Rosenthal, 2014).

When examining the distribution of genes from the Recep-
tors_64 set by DI values, a significant enrichment of this group
with genes subjected to stabilizing selection was revealed.
It turned out that the subgroup of appetite-regulating genes
encoding GPCRs (appGPCR_45) also contained an increased
number of genes with low DI values.

Eight genes had the lowest DI values (DI < 0.05): GPR26,
NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171,
NPBWRL1 (see Supplementary Material 9). Moreover, seven
of these eight genes (except ADIPOR1) encode proteins from
the GPCRs superfamily.

An extremely low DI value (<0.005) was found for the
GPR26 gene. GPR26 encodes a receptor from the GPCRs
superfamily, the endogenous ligand of which has not yet been

836

Evolution of human genes encoding cell surface
receptors involved in the regulation of appetite

identified. Targeted inactivation of GPR26 in mice causes
hyperphagia leading to early onset of diet-induced obesity
(Chen et al., 2012). In addition, according to behavioural
tests, Gpr26-deficient mice display increased anxiety- and
depression-like behavior, and prefer ethanol to a greater extent
than mice with normal genotype (Zhang et al., 2011). Accor-
ding to the TSEA tool, GPR26 has brain-specific expression
pattern. In humans, GPR26 is expressed in the amygdala,
hippocampus, and thalamus (Jones et al., 2007). The function
of the GPR26 gene is evolutionarily conserved. In C. elegans,
the Y5H2B gene with similarity to GPR26 was found. Ashra-
fi K. and co-workers used RNA-mediated interference to dis-
rupt the expression of genes and found that YSH2B increases
fat content (Ashrafi et al., 2003). The functions of other genes
that had extremely low DI values (<0.05) are described in
Supplementary Material 13.

Only one gene (QRFPR) among the genes from the Re-
ceptors_64 set had a DI > 1 (see Supplementary Material 9),
indicating that this gene is probably subjected to driving
selection. QRFPR encodes the receptor for the orexigenic
neuropeptide QRFP (pyroglutamylated RFamide peptide)
(Cook et al., 2022). According to EntrezGene and UniProt
databases, human QRFPR is expressed in different parts of the
brain and in peripheral tissues (heart, kidney, stomach, testes,
and thyroid gland). The mouse, rat, and hamster genomes are
known to contain at least two genes encoding the neuropep-
tide receptor QRFP (Cook et al., 2022). No data like that are
available for the human genome; however, it can be assumed
that human QRFPR is not subjected to stabilizing selection,
since the human genome also contains more than one gene
encoding proteins with QRFPR-like activity.

We also found that the group of genes with low DI, i. e. most
likely to be subject to stabilizing selection, is enriched in genes
that have brain-specific expression patterns. This result agrees
well with the finding made by G. Dumas et al. who examined
the set of almost all human protein-coding genes (N = 11,667)
and revealed that genes encoding brain-related proteins are
among the most strongly conserved protein-coding genes in
the human genome (Dumas et al., 2021). Among the genes
that have low DI and brain-specific expression pattern, the
previously mentioned GPR26 gene was found. Due to the fact
that this gene has an extremely low DI and its endogenous
ligand is still unknown (Chen et al., 2012), GPR26 seems to
be an extremely interesting object for further theoretical and
experimental studies.

Conclusion

In this paper, we analyzed the distributions of PAI and DI
values for a group of human cell surface receptor genes, the
orthologues of which were involved in appetite regulation
in model organisms. It was found that the gene set under
consideration contains an increased number of genes with
the same phylostratigraphic age (PAI = 5, the stage of
vertebrate divergence), which is apparently associated with
the formation of the brain as a separate organ in the first
vertebrates. A significant enrichment of this group of genes
in genes with low DI values was also revealed, indicating a
significant susceptibility of these genes to stabilizing selection.
At the same time, the group of genes with low DI is enriched
with genes that have brain-specific expression pattern. The
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characteristic features of the cell surface receptor genes dis-
tribution according to the evolutionary indices PAI and DI
revealed in this study are a starting point for further analyses
of the evolutionary characteristics of the entire gene network
controlling appetite.
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Abstract. The coronavirus pandemic caused by the SARS-CoV-2 virus, which humanity resisted using the latest ad-
vances in science, left behind, among other things, extensive genetic data. Every day since the end of 2019, samples
of the virus genomes have been collected around the world, which makes it possible to trace its evolution in detail
from its emergence to the present. The accumulated statistics of testing results showed that the number of con-
firmed cases of SARS-CoV-2 infection was at least 767.5 million (9.5 % of the current world population, excluding
asymptomatic people), and the number of sequenced virus genomes is more than 15.7 million (which is over 2 % of
the total number of infected people). These new data potentially contain information about the mechanisms of the
variability and spread of the virus, its interaction with the human immune system, the main parameters characteriz-
ing the mechanisms of the development of a pandemic, and much more. In this article, we analyze the space of pos-
sible variants of SARS-CoV-2 genetic sequences both from a mathematical point of view and taking into account the
biological limitations inherent in this system, known both from general biological knowledge and from the conside-
ration of the characteristics of this particular virus. We have developed software capable of loading and analyzing
SARS-CoV-2 nucleotide sequences in FASTA format, determining the 5’and 3’ UTR positions, the number and loca-
tion of unidentified nucleotides (“N”), performing alignment with the reference sequence by calling the program
designed for this, determining mutations, deletions and insertions, as well as calculating various characteristics of
virus genomes with a given time step (days, weeks, months, etc.). The data obtained indicate that, despite the ap-
parent mathematical diversity of possible options for changing the virus over time, the corridor of the evolutionary
trajectory that the coronavirus has passed through seems to be quite narrow. Thus it can be assumed that it is de-
termined to some extent, which allows us to hope for a possibility of modeling the evolution of the coronavirus.
Key words: coronavirus; SARS-CoV-2; genome; space of variants; evolution; variability.
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O npocTpaHCTBE BapMaHTOB
reHeTnyeckux riocaenoBaresbHocTer SARS-CoV-2
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AHHoTayus. NaHgemna KOpoHaBMPYCHOW UHbeKUMY, Bbi3BaHHasA BUPYcom SARS-CoV-2, KOTOpoW YyenoBeuyecTBo
NPOTMBOCTOANO C NCMOMIb30BaHNEM HOBENMLLNX JOCTUMKEHWIN HAayKK, OCTaBuia nocsie ceba B TOM Yncne obwmpHble
reHeTUYecKune faHHble. ExxeqHEBHO HauMHaAa ¢ KoHUa 2019 r. B Mupe cobupanncb 06pasLibl FEHOMOB BUpPYCa, UYTO
npeaocTaBiAeT BO3MOXHOCTb [eTajibHO MpocnenTb ero 3BOOLMI0 C MOMEHTa BO3HUKHOBEHMA A0 HACTOALLEero
BpemeHu. HakonneHHasa CTaTUCTNKa pe3y/bTaToB dKCNPeCcc-TeCTUPOBaHMA NOKasasna, YTo YACIO0 NOATBEPKAEHHbIX
cnyyaeB 3apaxeHua SARS-CoV-2 cocTaBunio He meHee 767.5 MiH (9.5 % HblHelWHero HaceneHuna 3emnu 6e3 yyeta
6eCCMMMNTOMHMKOB), @ YMCIO CEKBEHMPOBaHHbIX FTeHOMOB BrpYyca — 6osiee 15.7 MiH (UTO cocTaBnAeT uyTb 6onee 2 %
oT obLero yncna 3apasmBLUUXCA). DTV HOBble faHHble MOTeHLMaNbHO HecyT B cebe MHPOpMaLMio O MexaH/3Max
N3MEHUYMBOCTY U PaCNpPOCTPAHEHMs BUPYCA, €0 B3aUMOAENCTBAA C UMMYHHOI CUCTEMON YeNloBeKa, 06 OCHOBHbIX
napameTpax, XapakTepusyoLmnx MexaH13mMbl Pa3BuUTUA NaHAEMUN, 1 MHOTOe Apyroe. B 3Ton ctaTbe Mbl aHanu3npy-
€M NPOCTPAHCTBO BO3MOXHbIX BaPVAHTOB reHeTMYeCKmx nocniegoatenibHocTen SARS-CoV-2 Kak ¢ MaTeMaTUyeckom
TOUKWM 3PEHUA, TaK 1 C y4eTOM OMONOrMYeCKMX OrpaHnUYeHni, MPUCYLYMX STOW cucTeMe (OCHOBaHHbIX Ha 0bLwebno-
NOFMYECKMX 3HAHUAX U YUUTbIBAIOLMX OCOBEHHOCTY fAaHHOIO KOHKPETHOro BMpYca). [1na 3Toro Mbl paspaboTan
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nporpammHoe obecrneyeHue, cnocobHoe 3arpy»aTb 1 aHaM3MPOBaTb HyKIeOTUAHbIe NocnefoBaTenbHOCTM SARS-
CoV-2 B dopmate FASTA, onpegenatsb nosuumm 5’ n 3’ UTR, uncno v pacnonoxeHvie HemaeHTUOULMPOBaHHbIX Hy-
kneotmpos (“N”), ocylwecTBNATb BbipaBHMUBaHNE OTHOCUTENIbHO pedepeHCHON NoCcneA0BaTENbHOCTM MOCPEACTBOM
BbI30Ba NpefHa3HaYeHHbIX AN 3TOro NPorpamm, onpefenaTb MyTauun, AeNelnmn 1 BCTaBKM, a TakKe paccUnTbiBaTb
pasnnyHble XapaKTePUCTNKM FeHOMOB BMPYCOB C 3a4aHHbIM LLIaroM No BpeMeHu (AHW, Hefenw, mecaubl 1 T.4.). Mo-
NyYEHHble AaHHble CBMAETENIbCTBYIOT O TOM, YTO, HECMOTPA Ha KaXKylleeca MaTemaTnyeckoe MHoroobpasve BO3-
MOHbIX BapUaHTOB U3MEHEHVA BUPYca BO BPeMEHU, KOPUAOP 3BOJIIOLMOHHON TPaeKTopuK, KOTOPbIM MpoLuen
KOPOHaBMPYC, NpeACTaBNAeTCA JOCTaTOUYHO Y3KMM. DTO JaeT OCHOBaHWe nomnaraTb, YTO OH B HEKOTOPOW CTeneHun
leTEPMUHMPOBAH, YTO MO3BOJIAET HafeATbCA Ha BO3MOXKHOCTb MOAENIMPOBaHMA 3BOSIOLMM KOPOHaBMpyca.

KntoueBble cnoBa: KopoHaBumpyc; SARS-CoV-2; reHOM; NPOCTPaHCTBO BapUaHTOB; 3BOMIOLMSA; N3MEHUYNBOCTb.

Introduction

The possibility of computational modeling of the evolution,
life cycle and reproduction of the simplest biological organism
down to the gene level would be a scientific breakthrough, but
itis still far beyond the capabilities of modern supercomputers.
The process of natural selection of the fittest individuals takes
into account a huge number of factors in both the external and
internal environment. The characteristics of an organism are
realized through sets of protein characteristics and features,
and the impact of changes in each protein on an organism’s
fitness is quite difficult to assess due to the need to take into
account all the resulting changes in the interactions of a protein
with all environmental factors and other proteins, the number
of which is very significant.

Usually, in computer models of evolving objects, changes
to the genome of descendants are not carried out directly (by
reproducing molecular mechanisms), but are only simulated
by describing algorithms for making changes to a copy of the
genome of ancestors. However, the mechanisms of introducing
mutations and horizontal gene transfer themselves are subjects
of evolution, and among 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, as a result of which, for
example, in the case of SARS-CoV-2, from the moment of
its appearance to the present time, the duration of the incuba-
tion period, directly related to the rate of virus replication, is
constantly decreasing (Malone et al., 2022).

In comparison with cellular life forms, viruses are substan-
tially simpler and thus are much more convenient for investi-
gation and computational modeling of their evolution, espe-
cially taking into account their significantly smaller genomes
and, at the same time, still quite wide range of interactions
with the external environment and host organism. Before the
appearance of fast genome sequencing technologies, evolution
of viruses could only be considered within the framework of
“parasite—host” models, which described statistical, but not
molecular features of their interaction. Since the beginning of
the SARS-CoV-2 pandemic, the number of confirmed cases
of this infection has been at least 767.5 million (9.5 % of the
current world population, excluding asymptomatic people)
(Palyanova et al., 2022). During this period, the global sci-
entific community has obtained more than 15.7 million vari-
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ants of the genomes of this coronavirus (including the date
of sampling and the geographical location of the place where
it was collected), providing unprecedentedly extensive data
on its evolution, in such quantities that were not available for
any other virus before.

Based on these data, the dynamics of spread and change
of the virus can be calculated not only in physical space and
time, but also in the multidimensional space of possible vi-
able variants of viral genomes with a metric determined by
the minimum number of single changes (mutation, deletion
or insertion) required to transform one genome into another
(known as the “Levenshtein distance” or “edit distance”).
The virus changes over time, including the response to
vaccination and the formation of immunity in people who have
recovered from the disease. This means that both the genome
of the virus and its “phenotypic” manifestations change
when interacting with the carrier’s body, i. e. two parallel
processes occur simultaneously — both a change (spread) of
a set (cloud) of points representing the virus population (at
one time or another) in the space of possible RNA sequences,
and a change in the very landscape of this multidimensional
surface of the “fitness function” of the virus. Each point in the
space of possible states corresponds to a specific nucleotide
sequence, more or less different from the original reference
genome (from which it all began at the end 02019 (Wu etal.,
2020)) by a certain number of changes — mutations, deletions
and insertions.

Transitions can and should exist between pairs of points
(in the space of viral RNA sequence variants), each of which
corresponds to a viable sequence, if one of them has resulted
from the other via changes that have occurred within the
virus from the moment it enters the host’s body until the
appearance of the next generation of virions (usually many
more than one cycle of replication of the virus genome takes
place before this). Most of the possible changes that occur
during replication (each copy of the viral sequence has its
own set) will lead to the appearance of a non-viable variant
(especially deletions or insertions the length of which is not
a multiple of three — i. e. those that will lead to a reading
frame shift during translation). However, some changes can
leave the fitness of the virus at the same level or even increase
it — for example, by raising the rate of synthesis of new viral
particles or increasing their number per time unit (which will
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give them advantage over other variants located in the body
at the same time, i. e. intraspecific competition arises). The
fitness function of some viral sequence can be thought of as
the number of its copies existing in the human population
at a given time (with or without normalization to the total
number of virus copies).

Thus, the landscape of the “surface” of the (multidimensional)
fitness function is formed, which may have more or less
extensive “valleys” corresponding to many similar sequences
(appearing as a result of small changes in the variant that
first fell into this valley), surrounded by “mountains”. There
are “mountain ridges” or “plateaus” (all points of which
correspond to non-viable sequences) delimiting “valleys” of
viable sequences and “passes” between them. Regions of non-
viable sequences correspond to the cases when, for example,
a virus cannot make copies of itself due to damage to the
gene encoding RNA-dependent RNA polymerase (RdRp),
which performs viral RNA replication, or when changes in the
structure of the capsid proteins prevents the virus from forming
a protein shell, as well as for many other diverse reasons.
Also, presumably, there are “valleys” for which none of the
sequence variants belonging to them have yet been realized,
but which can be reached in the future — for example, due to
the emergence of a viable recombinant strain resulting from a
combination of the genomes of two not very similar variants
ofthe virus. It is possible that this is how the initial WT strain
of SARS-CoV-2 arose.

There are currently two major databases providing online
access to SARS-CoV-2 genetic sequences. The largest of
them is GISAID (https://gisaid.org) — Global Initiative on
Sharing All Influenza Data (started in 2006) (Khare et al.,
2021). Since the emergence of SARS-CoV-2 at the end of
2019, it has also become a repository for the accumulation
of sequenced variants of this virus obtained by laboratories
around the world. In July 2023, there are more than 15.7 mil-
lion SARS-CoV-2 sequences stored in it. Another database,
NCBI SARS-CoV-2 Data Hub (Sayers et al., 2022) (https://
www.ncbi.nlm.nih.gov/labs/virus/vssi/#/virus?VirusLineage
ss=taxid:2697049), contains more than 7.7 million SARS-
CoV-2 genome sequences. Such unprecedentedly vast and
detailed data have never been available to humanity before,
S0 it is necessary to extract as much useful information and
knowledge as possible from their comprehensive analysis.
In this work we consider only the first steps on this path, and
much remains to be done.

The Nextstrain/Nextclade project (https://clades.nextstrain.
org) (Aksamentov et al., 2021), which provides online tools
for analysis and visualization of genetic data on various
viruses, including SARS-CoV-2, is also of great importance
for the scientific community of viral genome researchers.
Nextclade’s functionality stands out by providing a graphical
representation of the genome map of the loaded sequences,
showing mutations, deletions, insertions, unidentified
nucleotides (“N”) and a number of other features of each
sequence, including, for example, detection of reassortant
(recombinant) variants.
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The description of the space of variants of SARS-CoV-2
genetic sequences fundamentally includes (a) those that we
can already observe and study thanks to extensive sequenc-
ing, (b) variants from the real space of variants that have
already been implemented, but have not come to the attention
of researchers, and (c) other possible variants that could be
realized in the future and are of particular interest, since they
are potentially dangerous to humanity and it would be good
to be prepared in advance for their possible appearance (rapid
tests for their detection, vaccines, etc.).

Let’s now consider the most important characteristics of
SARS-CoV-2 as a system, the basis of which is self-replication
in the host cells, and which may be important in the future
when creating its evolutionary simulator. They include the
speed of genome replication (600—700 nt/s, the highest among
the known speeds of viral RNA polymerases) (Shannon et al.,

. . L 3-10%nt

2020), the time of viral RNA replication (—600 ois - 50 s),

the entire virus reproduction time (7—24 hours) (Grebennikov
etal., 2021) and the frequency of replication errors occurrence
(1.3-107°°+0.2 - 10 per position, per cycle of cell infection,
i. e. from the entry of the virus into a cell until the release of
new virions out of it) (Amicone et al., 2022). The rate of its
evolution is estimated as 8.9 - 107 changes per position per
year (Sonnleitner, 2022), which could lead to an average of
93 changes in 3.5 years. This correlates quite well with the
fact that one of the variants most distant from the reference
sequence (belonging to the “Omicron” variant, obtained on
June 20, 2023) has 103 substitutions (the maximum number
of mutations among the variants, see the Table). The “Alpha”
and the “Beta” variants differ from the reference sequence
by more than 30 point mutations and more than 17 deletions.
The variants that arose later have more differences. It is also
noticeable that during the evolution of the virus the number of
deletions increases, reaching 59 in one of the recent branches
of “Omicron”.

As was already mentioned, the SARS-CoV-2 coronavirus
has the fastest RNA polymerase, but it also has one of the
lowest (for RNA viruses) rates of mutation occurrence
during the replication process, which is necessary due to its
rather large genome. This is achieved thanks to the error-
correcting exonuclease (nsp14-ExoN), which is found only
in viruses with large genomes (coronaviruses and toroviruses)
(Campagnola et al., 2022).

Also among important parameters are the minimum in-
fectious dose (the number of virions required for infection),
which is about 100 particles (Karimzadeh et al., 2021), the
reproductive number (1.8-3.2) (Xu et al., 2021), the number
of viral particles carried by a patient during the peak of in-
fection ((1-100) - 109) and the number of virions contained
on average in an infected cell (10°) (Sender et al., 2021), as
well as other epidemiological characteristics. Viral particles
are found in many tissues and organs, from the lungs to the
brain, but only those present in the respiratory tract or in-
testines will be released and can be transmitted to subsequent
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The most recent representatives of various branches of the phylogenetic tree of coronavirus SARS-CoV-2

(https://nextstrain.org/ncov/open/global/all-time)

Name Collection  Accession Pangolin  Clade, Muta- Gaps, Genome
date ID Pango Emerging tions bp length
Lineage Lineage
hCoV-19/Wuhan/ WIV04/2019 30.12.2019 EPI_ISL_402124 B 19A 0 0 29891
(reference sequences in GISAID)
Wuhan-Hu-1 12.2019 NC_045512.2 B 19A 0 0 29903
(reference sequences in Genbank)
hCoV-19/Tunisia/ S-1180/2021 29.10.2021 EPI_ISL_11333927 B.1.1.7 20l (Alpha, V1) 37 19 29758
hCoV-19/Madagascar/LA2M-112753/2021  16.01.2021 EPI_ISL_7722749 B.1.351.2  20H (Beta, V2) 31 18 29818
PHL/COVID-74517/2021 01.07.2021 0OL629469 B.1.351 20H (Beta, VV2) 32 9 29854
hCoV-19/Brazil/AM-IMTSP-CD24003/2021  10.08.2021 EPI_ISL_14800432 P.1.4 20J (Gamma, V3) 42 9 29772
LAO/LOMWRU-0461/2021 24.11.2021 0Q028273 P.1 20J (Gamma, V3) 32 18 29699
hCoV-19/Australia/WA11930/2023 28.02.2023 EPI_ISL_17187319 XBC.1.4 211 (Delta) XBC 77 36 29308
hCoV-19/Yunnan/ YNCDC-1019/2023 23.05.2023 EPI_ISL_17778593 DY.1 22B (Omicron) 89 59 29806
hCoV-19/Japan/TKYmbc38047/2023 06.06.2023  EPI_ISL_17941095 XBB.2.3.11 22F (XBB.2.3) 99 56 29726
hCoV-19/Heilong-jiang/HLJCDC-1665/2023 20.06.2023 EPI_ISL_17850574 XBB.1.5 23A (Omicron) 103 56 29781
(XBB.1.5)

Note. Representatives of some branches (mainly belonging to different variants of “Omicron”) are still being found in sequenced specimens of SARS-CoV-2
genomes from recently infected people, and some have ceased to be detected at all (“Alpha’, “Beta’, “Gamma’, “Delta’, etc.). The reference sequences in both
databases differ only in the length of the poly-A region located at the very end, and in all other positions they are completely identical.

carriers. All other virions will not leave “descendants”, which
significantly narrows the evolutionary corridor. The works
of (Day et al., 2020) and (Markov et al., 2023) addressed
anumber of important issues regarding the epidemiology and
evolution of the SARS-CoV-2 virus, including the mechanism
of the emergence of recombinant strains.

Materials and methods
The most rational way to obtain both fast data processing
speed and unlimited capabilities (which can be expanded
if necessary) for their analysis, in our opinion, is to work
with source FASTA files using the software package that
combines our own software with third party libraries and
programs. To date, a prototype that includes the minimum
required functionality has been implemented. For the deve-
lopment, we used the C++ programming language available
in Microsoft Visual Studio Community 2019. The hardware
used was a PC based on an Intel Core 17-10700K processor,
3.8 GHz, 8 cores, 16 GB of RAM.

The methods used in this work mainly belong to the fol-
lowing two categories:
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— theoretical estimates and numerical calculations of some
important characteristics of the system under consideration,
including the quality and reliability of the data;

— analysis of available genetic data using our own and existing
software tools.

Whole genome genetic sequences of SARS-CoV-2. The
GISAID and the Genbank databases provide, through a web
interface, some functionality for studying the properties of
the sequences they contain, but they are not flexible enough
to perform the analysis required for investigation of the
space of variants of SARS-CoV-2 genetic sequences, which
is the goal of this work. There is also an API (Application
Programming Interface) for GISAID (Wirth, Duchene,
2022), implemented in the R language. However, its capa-
bilities also have limitations (including speed of operation
with significant volumes of processed data) compared to
direct access to genetic sequences stored as FASTA-files on
alocal workstation. GISAID significantly limits the possibili-
ties of downloading from its website: no more than 2000 se-
quences per download, which completely eliminates the
possibility of downloading a significant amount of data
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“manually”. The NCBI SARS-CoV-2 Data Hub has no such
restrictions.

To analyze the already realized genetic variants of
SARS-CoV-2, full-genome sequences from the GISAID
(https://gisaid.org/) (Khare at al., 2021) and NCBI Virus
SARS-CoV-2 Data Hub (https://www.ncbi.nlm.nih.gov/
labs/virus/) (Sayers et al., 2022) were used. Sequences from
Genbank (2019-2020) were downloaded to a local worksta-
tion and analyzed using our own software developed for this
purpose, named ParSeq. Because of the limitations, sequences
from GISAID were not downloaded — instead we accessed
them through API to obtain only some of their properties
(for example, full lengths of sequences; however, we were
unable to obtain viral RNAs translatable part length and the
positions of its start and end).

To calculate the edit distance between pairs of SARS-CoV-2
sequence variants (including a separate calculation of the
number of mutations, deletions and insertions), the Nextstrain
web resource (https://clades.nextstrain.org) was used.

Results

The estimation of the number of realized
and potentially possible genetic variants
of SARS-CoV-2 sequences
Let’s start with considering the space of genetic sequences
from a mathematical point of view, in the most general case.
Any pair of sequences can be characterized by a measure of the
difference between them, called the Levenshtein distance, or
edit distance — the minimum number of point (single) substitu-
tions (mutations, deletions, insertions) that must be made in
the first sequence in order to transform it into the second one.
Each element of the set of sequences of a given length L has
a distance between itself and the empty sequence (@) which
is exactly equal to L. The number of variants of nucleotide
sequences of length L equals 4-. The number of possible single
mutations in a sequence of length L equals 3-L (the nucleotide
at each position can be replaced by any of the other three).
Also, 3-L different single deletions and 3-(L+1) different single
insertions are possible. All possible single deletions for all
possible sequences of length L compose the set of all possible
sequences of length (L—1), with the number of variants equal
to 4D, And all possible single insertions for all possible
sequences of length L result in a set of all possible sequences
of length (L+1), with the number of variants equal to 4D,
Let’s consider all possible variants of nucleotide sequences
of length L =2 (Fig. 1). The set of sequences of L =2 is quite
small, but even in this simple case a hypercube in 4D space
(tesseract, with 16 vertices) is required to represent all of this
set’s elements. For a more complex case, L =4, in a similar
way, a 6-dimensional hypercube (hexeract) with 64 vertices
can be used (however, its visualization, together with the sig-
natures of nodes and edges, will be oversaturated with details
and difficult to perceive). Nevertheless, it can be displayed,
in some degree, on a 2D plane using one of the Gray codes
variants (Mitze, 2023) (this theory is closely connected with
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Fig. 1. The space of nucleotide sequence variants of length = 2, repre-
sented as a hypercube.

One of many Hamiltonian cycles on a hypercube (purple arrows) is presented —
a closed path passing through each vertex exactly once. Each transition
corresponds to a single change (mutation, deletion or insertion). There are
also hyperplanes that can be associated with subsequences appearing from
sequence of L = 2 after single deletions from the left (-A,-T,-G,-C) or from the
right (A-,T-,G-,C-), which turn out to be the same in this simple case.

hypercubes), in this case — 2D code which we were able to
find for this demonstration (Fig. 2).

The usual metric, such as the sum of squared differences of
Cartesian coordinates, is apparently not suitable in this case.

The number of all possible sequences of equal length, in this
case — the length of the reference genome of SARS-CoV-2,
L=29903, is very huge: 429903 or approximately 2.511-1018003,
In this space of variants, the set of sequences corresponding to
the realized variants of the SARS-CoV-2 genome constitutes
only a small part, composed of the point corresponding to
the reference sequence and its small neighborhood, currently
limited by the distance from the reference sequence to the
most recent “Omicron” strain. It is possible to estimate the
number of possible sequence variants within this distance.
For the reference sequence, with L = 29903, the number
of its variations with only one single mutation = 3-L, with
two mutations = (3-L)2 — 3:L = 3-L-(3-L-1) (from all possible
cases we subtract those in which second mutation occurs in the
same position as the first one, and we get one of the already
existing sequences — the reference one or a sequence which
differs from it in only one position). Similarly, for the third
mutation: (3-L)3 — ((3-L)%2 — 3-L), and so on. For L = 29903,
the number of all variants of sequences with a number of
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Fig. 2. The set of nucleotide sequence variants of length 4, depicted on a plane using 2D Gray codes.

The top edge of the table is coupled with the bottom, the left — with the right, i. e. one can map this set onto the surface of a torus. Then, when moving both
horizontally and vertically (in the coordinate system of the table), in accordance with the properties of Gray codes, each pair of adjacent sequences will differ by

exactly one (single) replacement (mutation).

mutations from 0 to n (relative to the reference sequence) is
equal to 1.387-10%19 for n = 103, and for L = 29847 (56 dele-
tions) — 1.108-1031%. Summing over all lengths from 29903
to 29847, we obtain 7.190-103!1,

Sequences with synonymous single nucleotide mutations
that do not result in an amino acid change are also part of the
total sequence variants space. However, the actual number of
variants in the context of considering the structure and func-
tions of proteins translated from viral RNA is significantly
smaller due to the degeneracy of the genetic code (20 amino
acids are encoded by 61 RNA triplets, i. e., on average,
3.05 triplets encode the same amino acid). Let’s also take into
account that not the entire genome of SARS-CoV-2 encodes
proteins: 771 out of 29903 nucleotides are non-coding. As a
result, the dependence proportional to (3L)" is transformed
into =((L—771)+(3-771))" and thus the corrected number of
protein sequence variants can be estimated as 1.02-10465,
If we assume that someday the number of mutations will
exceed the above-mentioned 103 pcs. by 10-11 times, then
the sequence will most likely still be a coronavirus, but will
already belong to a different species. For example, the bat
coronavirus RaTG13, the closest neighbor of SARS-CoV-2
in the space of genetic sequence variants, differs from it by
1135 point mutations.

Let’s try to look at the many variants of SARS-CoV-2 ge-
netic sequences “tested” by nature from a biological point of
view. The virus gets into a body (usually by airborne droplets,
ending up in the lungs) and enters a cell, where a host ribo-
some begins to synthesize viral proteins in accordance with
the nucleotide sequence of the SARS-CoV-2 genome. Among
these proteins, there is a viral RNA polymerase (RdRp), which
initiates a process of viral RNA replication. At the beginning,
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when there is only one viral RNA and one RdRp in the cell,
the probability of their meeting is extremely low, but then, as
these and other molecules accumulate in the cell, it starts to
grow rapidly. As a result, the concentration reaches a level
sufficient for the assembly of new virions, and when their
number in the cell reaches approximately 10° pieces, these
virions leave it and begin to infect neighboring cells, and more
distant cells as well, if some of the virions enter the blood-
stream and are distributed throughout the body. Considering
that the number of viral particles in a patient’s organism during
the peak of infection can reach up to 10'! pcs. (Sender et al.,
2021), let’s divide this value by the average number of virions
in an infected cell and get the number of infected cells in the
body, 10°. A human being has approximately 3-10'3 cells, so
it appears that the percentage of infected among all is less
than 107* %.

The frequency of errors occurrence during SARS-CoV-2
genome replication, according to (Amicone et al., 2022), is
1.3-107° + 0.2-107% changes per position, per cell infection
cycle, and is (1-2) -107¢ according to (Markov et al., 2023),
that is, approximately 1.4:107° on average. Taking into ac-
count the length of the sequence, we obtain the probability
of a single mutation occurring in the entire sequence per
replication cycle = 0.04. Thus, even if all infected cells in
the body contain the same viral RNA variant at some mo-
ment, then after one replication cycle the body may contain
all possible variants of single substitutions (329903 pcs.)
related to source viral RNA (which existed before the start
of the cycle). So, there will be about 4 % of these (and most
of them will not be viable), and 96 % will be exact copies of
the replicated sequence. What will be the probability of oc-
currence of a viable non-synonymous mutation (changing not
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only the RNA sequence of the virus, but also the amino acid
sequence of one of its proteins), which is also superior to its
predecessor in fitness? This question remains open; however,
the required probability will definitely be very small. In the
vast majority of cases, all copies of the virus spread by the
infected person into the external environment are identical,
and only rarely two variants occur simultaneously in one
organism. How then new mutant variants not only appear,
but also quickly displace their predecessors on a planetary
scale every now and again?

Considering that the ratio of 4 % : 96 % with each subse-
quent replication cycle will change towards a decrease in the
proportion of mutant sequences (“founder effect” (Ruan et
al., 2020)) until they completely dissappear, we can suppose
the following possible scenarios (with low probabilities)
for the emergence and spread of mutant variants of SARS-
CoV-2:

(@) The body does not have immunity to SARS-CoV-2 since
it has not yet encountered it. A single copy of the viral RNA
enters the cell; during the first round of replication, a muta-
tion arises in it, and it turns out to be viable (this indeed can
happen — with a low, but non-zero probability). Then all new
virions synthesized by this cell will be carriers of this mutation,
and if it is noticeably advantageous, they may have a chance
of displacing the initial variant.

(b) The body already has immunity against SARS-CoV-2.
It simultaneously contains two variants of SARS-CoV-2
virions — the one which is dominant in the population and
the new one, mutant (arising by the mechanism from (a) or
arecombinant). The immune system destroys the “old” variant
that is familiar to it, but the new one goes unnoticed, passes
through replication cycles and is transmitted further.

The probabilities of the occurrence of these two options
have yet to be estimated, but even without this it is clear
that the corridor of possible variants along which evolution
took place turned out to be quite narrow. The opposite of
this picture is, for example, the influenza virus, the distinc-
tive feature and basis of survival of which is high variability
due to the mechanisms of antigenic drift and antigenic shift
(Kim et al., 2018).

We evaluate the modeling of the evolution of SARS-CoV-2
as possible, because despite the large number of variants that
should have already been realized and which could have been
realized from the point of view of mathematics (probability
theory) and biology, in reality only a small part of them was
realized and one can observe only a small part of the possible
space of variants.

The development of the ParSeq software

To analyze the genetic sequences of SARS-CoV-2, we
developed the software called ParSeq (Parser of Sequences) —
parser and analyzer of SARS-CoV-2 nucleotide sequences
in FASTA format, which we already used while working
on analysis of the SARS-CoV-2 epidemic in regions of
Siberia (Palyanova et al., 2023). Its main abilities already
implemented at the moment are described below:
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* Loading and parsing one or many FASTA files (using
the list of file names) for further analysis, including the
following data fields: full-genome nucleotide sequence,
“Accession ID”, “Length”, “Pango lineage”, “Nuc.
completeness”, “Collection date”, “Geo location” and
“Country”.

» Primary analysis of the nucleotide sequence, including
calculation of its length and nucleotide content (A, U(T),
G, C and non-identified nucleotides represented by the
letter “N”). Also, in some sequences, the following
letters of the extended alphabet are found sometimes:
(https://www.bioinformatics.org/sms/iupac.html):

R Y S W K

A“G .............. c| | L c .|.|..(.:. ............. . .|.|.;|; .............. c .|.|.;|.' .............
M B D H Y

AllC cllcllt  AllcllT  AllcliT  Allcllc

» Determination of the positions of the beginning and end of
the coding part of the sequence. In the case of a reference
sequence, its total length is 29903 nt, the length of non-
coding 5" UTR — 265 nt, non-coding 3' UTR — 229 nt. To do
this, the following simple algorithm is used: in the case of
a5'UTR, we move along the sequence from its beginning to
the 500th nucleotide (for convenience, a “round” value was
chosen, for which 265 is approximately in the middle) with
a window of length 17 and count the number of nucleotide
matches in this window with a fragment of the reference
sequence of the same length, corresponding to the interval
266-282 (where 266 is the position of the translation start
in the reference genome). If 14 or more out of 17 positions
match, then the position is determined correctly (numerical
parameters are defined as sufficient for correct operation in
the vast majority of cases using a small window length —to
avoid unnecessary calculations). In the case of a 3' UTR,
everything is similar — with a 17 nt long window we move
along the last 500 nucleotides of the analyzed sequence,
comparing its contents with the 17 nucleotides that end
the coding region of the reference sequence. The criterion
of the correct position is the same — 14 or more matches
within the 17 nt long window.

* Calculation of the lengths of the non-coding 5" UTR and
3" UTR, as well as the coding region located between
them, which makes up the vast majority of the genome of
the viral sequence (98.35 % of its length in the case of the
reference sequence).

* Calculation of distributions of these values for any selection
of SARS-CoV-2 genome sequences (e. g., within a specified
time interval for the collection date, or for sequences
containing no more than a specified number of “N’’s, etc.;
combinations of various filters are also supported).

* Calculation of distribution of sequences by number of their
lengths.
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Fig. 3. Distributions of 5’ UTR and 3’ UTR lengths for sequences from the
Genbank database for the period from the emergence of SARS-CoV-2
(at the end of 2019) to the end of 2020.

The lengths of 5' UTR and 3’ UTR in the reference genome of SARS-CoV-2
are 265 and 229 nt, respectively. The peak values of both curves correspond
precisely to these lengths.

The results obtained using ParSeq software

Using the software we developed, we analyzed the nucleo-
tide sequences of SARS-CoV-2, available to users around
the world thanks to the Genbank and GISAID projects. As a
result, the following facts were established.

1. The calculation of the distribution of genetic sequences
by their full lengths (5" UTR + coding sequence + 3’ UTR)
among sequences with a length > 28000 revealed that for data
from Genbank (for the period from 01.12.2019 t0 31.12.2022)

On the space of SARS-CoV-2
genetic sequence variants

the minimum length of the complete sequence was 28784,
and the maximum was 29985. The vast majority of the
distribution corresponds to lengths less than or equal to the
reference sequence length, 29903. The difference between the
reference and the minimum length was 1119. This does not
match well with the data from the Table, according to which
the maximum difference between the length reference and any
other sequence is about 159 (103 mutations + 56 deletions).
Moreover, with such a difference, this sequence would most
likely belong to a different type of virus, since the reference
sequence of SARS-CoV-2 and the bat coronavirus RaTG13
have a similar difference (GenBank MN996532.2, collec-
tion_date=24-Jul-2013). According to (Li et al., 2023), they
differ by 96.2 %, i. e. by 1136 single mutations (distributed
throughout the sequence). Calculation of the distance between
the same sequences, made using the Nextstrain web service,
showed a difference of 1135 single mutations, as well as
20 deletions (in the coding part of RaTG13 relative to the
reference sequence of SARS-CoV-2). The total genome length
of RaTG13 is 28855, i. e. the number of deletions relative
to SARS-CoV-2 is 48. Most probably, such too short or too
long sequences correspond to low-quality data with errors in
genome assembly.

Because the difference between the full length of the
SARS-CoV-2 reference genome and the rest of the sequences
stored in the database for some of them significantly exceeds
the number of differences (point mutations, deletions and
insertions) between the SARS-CoV-2 reference genome and
the most different variant of “Omicron” (see the last row in
the Table), we decided to study the distribution not only of

A 1000000 B
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Full genome sequences (Genbank) 29409+3
100000 Genome sequences without UTR (Genbank) 29409
29409-3
0 29409-6
@ 10000
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Fig. 4. A, Distribution of lengths of full genomes (GISAID, Genbank) and their lengths without UTRs (Genbank) during a period from the emergence of
SARS-CoV-2 in 2019 until the end of 2020. The full length of the SARS-CoV-2 reference genome is 29903 nt, and the length of its coding part (without
UTRs) is 29409. Peak (maximal) values for all three curves correspond to these values. B, Change of the lengths of the SARS-CoV-2 genomes coding part
(Genbank) during 12.2019-12.2020 by months. Horizontal signatures are numerical representations of the year and the month, vertical represent the
lengths of the genome coding part; colors correspond to the frequency of genome sequences with a specified length (logarithmic scale).

846

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 7



ManbAHOB

Al0.
H.B. ManbsiHoBa

1000000
1000000
100000
100000
10000
1000
o 10000 100
v
c
g 10
o
3
2 1000 1
o
9]
e}
£
=]
z 100
10
1
0 2000

O npocTpaHCTBE BapnaHTOB reHeTUYeCKnx 2023

nocneposatenbHocten SARS-CoV-2 27.7
0 200 400 600 800 1000
4000 6000 8000 10000 12000 14000

Number of unidentified nucleotides (“N”s)

Fig. 5. Distribution of SARS-CoV-2 sequences by the number of non-identified or partially identified nucleotides
in the translatable part of their genomes (from Genbank, collection date within the interval from 12.2019 until

12.2020).

The inset contains part of the same graph as in the main picture, but for the area from 0 to 1000 horizontally.

full lengths of genomes, but of their coding and non-coding
regions as well (Fig. 3, 4). As seen in Figure 3, the 5" UTR
and 3" UTR regions found in the databases have lengths from
0 to reference values, and in a small number of cases they are
slightly longer. Sequences, the 5" UTR and 3" UTR lengths
of which coincide with the reference ones, account for 49.7
and 51.2 % of'their total number, respectively. Sequences, the
5"UTR and 3’ UTR lengths of which differ from the reference
ones by no more than 10 nt, constitute 55.9 and 55.7 % of
their total number, respectively.

Also, Figure 4, A shows that the main source of the
observed scatter in the distribution of full lengths of the
SARS-CoV-2 genomes was indeed due to the scatter in
lengths of the untranslated regions — 5’ and 3’ UTRs. If we
consider only the coding part, the scatter is significantly
reduced: 84.9 % of all sequences have the length of the
coding part equal to the length of the reference genome, and
90.7 % have a length of the coding part that differs from it
by no more than 10 nt. In addition, Figure 4, B shows that
among the genomes, the length of the coding part of which
differs from that of the reference sequence (29409), prevail
those in which this difference is a multiple of 3 — to prevent
a shift in the reading frame during translation, which usually
leads to non-viability. Thus, most of the processed viral
sequences appear to be biologically meaningful.

It can be seen that the distributions obtained based on
complete genomes data from GISAID (obtained using the
access through API) and Genbank (through analysis of

3BOJIIOLUMOHHAA KOMIMbIOTEPHAA BUOJIOTUA / EVOLUTIONARY COMPUTATIONAL BIOLOGY

downloaded sequences using ParSeq software) have a fairly
high similarity — probably due to the fact that most sequences
are stored in both databases (see Fig. 4). The question about
how many sequences that differ in length from the reference
one actually have deletions or insertions, and how many of
them have these differences due to errors in sequencing and
genome assembly, remains open.

2. When studying genetic sequences representing the
genomes of different variants of a virus that change over
time, there is often a need to compare them with each other.
Even if a pair of sequences have identical coding region
lengths, the ability to calculate the amount of difference
between them (the number of point mutations) will depend
on whether the sequences contain undefined nucleotides,
usually denoted “N”, or letters other than the standard A,
T(U), G and C. Using the ParSeq software and the genomes
of SARS-CoV-2 sequences collected in 2019-2020 (from
the Genbank database), we calculated the distribution of
sequences by the number of unidentified or partially identi-
fied nucleotides in them (Fig. 5).

Throughout most of the graph, the number of sequences
decreases exponentially with the number of unidenti-
fied nucleotides, although there are areas with some peculia-
rities. The number of sequences for which all nucleotides are
identified is 47.8 %, the number of sequences where less than
10 nucleotides are uncertain is 58.9 %. Thus, for the analysis
of evolutionary changes occurring in the SARS-CoV-2 virus,
a significant part of the total number of sequences is suitable.
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Discussion

We carried out a number of estimates, calculations and
computational analyses (using software developed by us),
to improve our understanding of the space of SARS-CoV-2
genetic sequences variants, find out what are its main
properties and features associated with a quite long genomic
sequence (for RNA viruses) and a low frequency of mutations
occurring in the process of its replication.

There are viruses the genome of which is significantly
smaller than that of SARS-CoV-2. Because of its relatively
large length, the number of viable variants exceeds that of
small viruses. Let’s try to determine some other landmarks
in the space of viral genetic sequence variants. SARS-CoV-2
belongs to single-stranded RNA(+) viruses (Modrow et al.,
2013). One on the smallest ssSRNA(+) human viruses is the
Astrovirus type 1 (genome length = 6771 nt) (Lewis et al.,
1994). An even smaller ssRNA(+) genome (4294 nt) belongs
to the shrimp nodavirus (Penaeus vannamei nodavirus)
(Chen et al., 2019). The total number of variants of different
sequences of these two lengths is equal to 3.533-10%976 and
1.760-102%85, correspondingly.

If in our search for the smallest viral genome we consider
DNA viruses as well, then among the record holders we will
find pig circovirus type 1, Porcine circovirus 1 (PCV-1) (Cao et
al., 2018), with genome size equal to 17571759 bp (17 times
less than that of SARS-CoV-2). The number of possible vari-
ants of genetic sequences of such length is 6.597-101957. This is
still a far cry from the number of variants that were potentially
available to SARS-CoV-2 during the period of its existence
(3.5 years), 7.985-10°!1. And a genome with a length of 850 nt
would have a very close number of possible sequence variants,
5.636-10°11, However, there are single-stranded circular RNA
infectious agents with even shorter sequence lengths (from 246
to 467 nt), named viroids (Katsarou et al., 2015). Their RNA
is not protected by any envelope and does not encode proteins.

So, SARS-CoV-2, like all other viruses, potentially has
a very large number of possible variants, compared both to
the number of collected and sequenced specimens, and to the
number of variants that have been “tested” during evolution,
but turned out to be non-viable.

And finally let’s get back to the bat coronavirus RaTG13
(L = 29855) — the nearest neighbor of SARS-CoV-2 in the
space of genetic sequences variants, which differ from it
by 1135 single mutations. The total number of variants of
sequences generated by the reference SARS-CoV-2 genome
modified by a number of mutations (from 1 to 1135), may be
estimated as = 2.943-10562! which exceeds by many orders of
magnitude the total number of possible variants of sequences
as long as 4294 nt (1.76-10%585) and 6771 nt (3.53-10%076), i, e,
it can contain in itself the amount of information enough for
a huge number of different small viruses.

The global phylogenetic tree of the SARS-CoV-2 shows that
the virus cannot remain unchanged over time; it is forced to
alter, apparently due to the fact that natural selection pressure
acts on it. Another reason for changes is intraspecific compe-
tition — for example, variants with faster RNA polymerases
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displace variants with slower ones (since their number grows
faster) and thereby reduce the incubation period of the virus
over time; less lethal strains allow the virus to spread longer
and wider (the carrier remains alive and spreads the virus
throughout almost the entire period of the disease; an infected
person with mild symptoms or their absence remains socially
active and infects more people in their environment). Unlike
the viroids mentioned above, changes in the genome of real
viruses, including SARS-CoV-2, can have different effects on
intraspecific competition depending on the functions of the
proteins encoded in the genome. This issue remained outside
the scope of this work, but in subsequent publications we plan
to pay due attention to it.

In addition, the formation of immunity to this virus in
humanity also has an impact on further virus evolution, and
there are probably other mechanisms too. Moreover, all these
changes should occur without compromising the functionality
of the virus. Thus, it turns out that the space of variants avail-
able to the SARS-CoV-2 coronavirus is quite narrow, and the
trajectories of its development may be determined to some
extent. Indeed, the SARS-CoV-2 genome has been shown
to have a much lower mutation rate and genetic diversity
compared to the SARS-CoV virus that caused the atypical
pneumonia outbreak in 2002-2003 (Jia et al., 2020; Zhou et
al., 2020; Nikonova et al., 2021). Thus, for example, for the
SARS-CoV-2 S-protein, the dy and dq values appeared to be
approximately 12 and 7 times lower than those for SARS-CoV
(where dy is the fraction of sequences in a sample of genomes
that contain non-synonymous mutations in a particular gene;
dg is a similar value, but for synonymous mutations). For
more conservative genes, ORFla and ORF1b, the ratios of
mutation frequencies

SARS-CoV-2 , ;SARS-CoV _; SARS-CoV-2 , 4 SARS-CoV
(ASARSCOV2 g SARSCOV | SARS-COV-2 )y SARS-CoV'y

are less than those for S-protein, but values for SARS-CoV-2
are also lower than the corresponding values for SARS-CoV

(belonging to the interval from ﬁ to %). The hypothesis

about the partial determinism of coronavirus evolutionary
trajectories is that if the development of the SARS-CoV-2
pandemic, from its very beginning in December 2019, due to
random factors, would have gone somewhat differently, then,
despite this, sooner or later, in the same order or in a different
one, the space of viable variants “visited” by the virus would
still be approximately the same. The above allows to suggest
that creating an evolutionary simulator based on an analysis
of the trajectories of virus change over time might be quite
possible, which is part of our future plans.

Conclusion

Investigation of the space of genetic sequence variants is an
important step in developing approaches for modeling the
evolution of viruses and other organisms. To build a new,
significantly more realistic model of virus evolution, capable
of calculating potentially possible viral genome sequences
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variants, which are not yet realized in nature, in order to
proactively prevent their emergence, it is necessary to answer
questions such as: What is the probability of recombination
and are there preferred positions in which it usually occurs?
Can we guess or calculate which variant will be realized
and which will not be viable? Could “Delta” or “Omicron”
genetic sequences have been predicted (calculated before
their emergence)? And finally, if it were possible to create
a realistic model of the evolution of SARS-CoV-2 and
calculate the process several times from the very beginning,
from the initial reference sequence, would it proceed
differently each time and lead to significantly different
results, or would everything happen approximately the same
with minor variations?
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Convolutional neural networks for classifying healthy individuals
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Abstract. The development of objective methods for assessing stress levels is an important task of applied neuro-
science. Analysis of EEG recorded as part of a behavioral self-control program can serve as the basis for the develop-
ment of test methods that allow classifying people by stress level. It is well known that participation in meditation
practices leads to the development of skills of voluntary self-control over the individual’s mental state due to an in-
creased concentration of attention to themselves. As a consequence of meditation practices, participants can reduce
overall anxiety and stress levels. The aim of our study was to develop, train and test a convolutional neural network
capable of classifying individuals into groups of practitioners and non-practitioners of meditation by analysis of event-
related brain potentials recorded during stop-signal paradigm. Four non-deep convolutional network architectures
were developed, trained and tested on samples of 100 people (51 meditators and 49 non-meditators). Subsequently,
all structures were additionally tested on an independent sample of 25 people. It was found that a structure using a
one-dimensional convolutional layer combining the layer and a two-layer fully connected network showed the best
performance in simulation tests. However, this model was often subject to overfitting due to the limitation of the
display size of the data set. The phenomenon of overfitting was mitigated by changing the structure and scale of
the model, initialization network parameters, regularization, random deactivation (dropout) and hyperparameters of
cross-validation screening. The resulting model showed 82 % accuracy in classifying people into subgroups. The use
of such models can be expected to be effective in assessing stress levels and inclination to anxiety and depression
disorders in other groups of subjects.

Key words: convolutional neural networks; EEG; event-related brain potentials; meditation; stop-signal paradigm.
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AHHOTauuA. B HacToALlee BpeMA pa3paboTka 06beKTMBHbIX METOAVK AJIA OLEHKM YPOBHA CTpecca ABNAETCA Ypes-
BblYaliHO aKTyanbHOW 3ajayein NPUKNagHoON HelpoHayKu. AHanu3 snekTposHuedanorpammbl (33r), 3anncaHHon B
YCIIOBUAX BbIMOSIHEHNA 3aaHNIA Ha CAMOKOHTPOb MOBEfEHNIS, MOXKET CITY>KITb OCHOBOW AnA pa3paboTKy TeCTOBbIX
METOAMK, NO3BONAOLMX KNaccuduLumpoBaThb 0N MO YPOBHIO CTpecca. XOPOLLO N3BECTHO, YTO OAHMM U3 CNeacTBUi
Me[MTaLMOHHON NPAKTVKM ABAAETCA BbIPabOTKa Y y4aCTHNKOB HaBbIKOB MPOV3BOJIbHOTO KOHTPOJA Hafi COGCTBEHHBIM
MEHTaJIbHbIM COCTOAHMEM 3@ CYET MOBbILLEHHOW KOHLEHTPaLMN BHUMaHUA Ha camom cebe. Ha poHe meanTaLMoHHOM
NPaKTVKM YacTo NMPOUCXOANT CHUXKEHME 06LLEro ypoBHA TPEBOXKHOCTM 1 cTpecca. Lienbio Halero nccnefosaHus 6bi1o
paspaboTatb, 06yUMTb 1 NPOTECTMPOBATL CBEPTOUHYIO HEMPOHHYIO CETb, CMOCOOHYI0 KnaccnduumpoBaTb nogel Ha
rpynMbl y4acTBYIOWYMX WM He YYacTBYIOLWMX B MeANTaLMOHHON MpaKT/Ke Ha OCHOBE aHan3a Bbl3BaHHbIX NOTEHLMa-
NIOB rOJIOBHOIO MO3ra, 3anvCaHHbIX NPY BbINOAHEHW 3aaHnii MapagurMbl CToN-cuMrHan. boinv paspaboTaHbl yeTbipe
APXUTEKTYPbl HEFNYOOKUX CBEPTOYUHBIX CETEl, KOTopble Gbiny 06yYeHbl 1 MPOTECTUPOBaHBI Ha BbibopKe 13 100 ye-
nosek (51 megutatop u 49 He-meguTaTop). B fanbHelwem Bce CTPYKTYpbl ObINN LOMOMAHUTENBHO NPOTECTUPOBAHbI
Ha He3aBNCUMOW BblbOpKe B 25 yenioBeK. YCTaHOBNEHO, YTO CTPYKTYpa, UCMOMb3yloLwas O4HOMEPHbIA CBEPTOYHbIN
C/I01, KOTOPbIN 06BEAUHAET CNION 1 ABYC/IONHYIO MOTHOCTbIO NOAKIIIOUYEHHYIO CETb, MOKa3asna Haunyuylumne pesynbTaTbl

© Fu X, Tamozhnikov S.S., Saprygin A.E., Istomina N.A., Klemeshova D.I,, Savostyanov A.N., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

X. Fu, S.S. Tamozhnikov, A.E. Saprygin
N.A. Istomina, D.l. Klemeshova, A.N. Savostyanov

Neural networks to classify people
by their participation in meditation according to EEG

paboTbl B UMUTALMOHHbBIX TecTax. OfHaKo 3Ta Mofenb Obina YacTo NoABepPKeHa NepeobyyeHuto 13-3a OrpaHnyeHrs
pa3mepa oTobpaxeHUs Habopa AaHHbIX. ABneHne nepeobyuyeHrs BbIN0 CMArYEHO NPY MOMOLLM N3MEHEHUA CTPYKTY-
pbl 1 MacwTaba Moaenu, mapameTpoB CETU MHULMANM3aLMW, Perynapusaumu, ciydanHon geaktmsauyuy (dropout) v
runepnapameTpoB CKPpUHUHIA NEePEKPEeCcTHOWM NPOBepKU. B ntore Hamm nonydyeHa Moaenb, KoTopas rnokasana 82 %
TOYHOCTb B Knaccudukauyum nopein Ha noarpynnbl. MOXXHO OXUAATb, UTO UCMOMb30BaHUE TaKUX MOAENe OKaXeTcs
3bEKTMBHBIM METOLOM AJ1si OLIEHKU YPOBHSA CTPECca 1 NpefpacronoXeHHOCTU K TPEBOXHbIM 1 AeNPecCBHbIM pac-

CTPOICTBaM B APYr1X rpynmnax NCrblTyembiX.

KnioueBble crnoBa: CBEPTOUHbIE HeI7IpOHHbIe ceTu; I3[; BbI3BaHHbIE noTeHUwnanbl MO3ra; MeanTaumnaA; napagnrma cton-

CuUrHan.

Introduction

Stress is one of the most common problems in modern so-
ciety, and the search for effective methods to assess stress
levels is important for early detection of the risk of mental
and psychosomatic disorders (Kuh et al., 2003; Kuznetsova
etal., 2016). Most psychological methods of assessing stress
levels are based on the use of questionnaires, in which the
respondent answers questions about their subjective mental
condition. The weak point of this approach is the high pro-
bability of incorrect self-assessments, arising either from a
person’s unwillingness to report their problems, or as a result
of a low ability to recognize changes in their own condition
(Iwata, Higuchi, 2000; McCrae et al., 2000). A possible solu-
tion to this problem is to develop objective approaches to the
diagnosis of mental traits or conditions based on the analysis
of brain signals, such as fMRI or EEG.

Meditation is a system of special mental practices aimed
at establishing voluntary self-control over one’s mental state.
Although meditation initially appears as part of religious
practices, especially common in oriental religions, at present
this phenomenon is a popular topic of interest among scientific
researchers. Meditation is considered as a basis for the creation
of non-invasive, non-drug techniques that reduce the risk of
a wide range of mental or psychosomatic diseases. A number
of studies have shown that meditation has many positive
effects on mental health, including a general reduction in
stress and the level of propensity to depression (Chiesa et al.,
2011; Saeed et al., 2019). The analysis of the EEG recorded
during recognition of emotional stimuli revealed significant
effects of meditation on the state of the human brain (Aftanas,
Golosheykin, 2005; Atchley et al., 2016; Savostyanov et al.,
2020). Therefore, the comparison of EEG in practitioners
and non-practitioners of meditation can be considered as an
experimental model that allows the development of methods
for assessing stress levels.

Stop-signal paradigm (SSP) is an experimental method for
evaluating an individual’s ability for voluntary self-control
of their own movements in a changing external environment
(Logan, Cowan, 1984; Band et al., 2003). The SSP allows us to
assess the balance of two processes — activation and inhibition
of behavior under conditions of insufficient time for making
a decision. A number of studies have shown that SSP is an
effective method for diagnosing the level of personal anxiety
and propensity to depression (Hsich et al., 2021; Zelenskih et
al., 2022). It can be assumed that the dynamics of brain activity
during SSP will serve as a marker distinguishing practitioners
and non-practitioners of meditation from each other.
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Artificial neural network is a developing technology based
on machine learning, which is widely used in various fields.
Compared to other traditional methods of machine classifi-
cation, such as linear discriminant analysis and the k-nearest
neighbor algorithm, artificial neural networks provide more
accurate results of classifying individuals according to their
behavioral and neurophysiological characteristics (Khosla et
al., 2020). Therefore, in comparison with the support vector
machine, an artificial neural network is better suited for the
tasks of multiple classification, providing convenience for
further research, as well as more efficient fitting of complex
nonlinear relationships.

The purpose of our research is to develop, train and test
an artificial neural network that allows, based on the analysis
of event-related brain potentials in the stop-signal paradigm,
to classify individuals according to the criterion of whether
they practice meditation. We assume that afterwards the
neural network created in this way will be able to assess in-
dividual level of stress and propensity to anxiety-depressive
disorders.

Methods of experimental research

Participants. A group of people practicing samadhi medita-
tion (also called “mindfulness meditation”) was examined in
July—August 2018 on the premises of the Baikal Retreat Center
(http://www.geshe.ru/). The experimental group included
51 healthy, right-handed participants from 25 to 66 years old
(32 men; average age =41.0, SD = 8.3), practicing meditation
for a period of 5 to 15 years. The control group was examined
in October—November 2019 on the premises of the medical
college of the village of Khandyga, Tomponsky district of
the Republic of Sakha (Yakutia). The control group included
49 healthy, right-handed participants from 22 to 58 years
old (22 men; average age = 38.0, SD = 8.3) who had never
participated in meditation or yoga practices.

The protocol of the study was approved by the local Ethics
Committee of the Research Institute of Neurosciences and
Medicine in accordance with the Helsinki Declaration of Bio-
medical Examinations. All the participants signed informed
consent to participate in the surveys.

Experimental procedure. The experiment was organized
on the basis of the stop-signal paradigm proposed in 1984
(Logan, Cowan, 1984) and modified by A.N. Savostyanov
and co-authors (Savostyanov et al., 2009). The experiment
was organized in the form of the computer interactive game
“Hunt”. One of two images appeared on the computer screen:
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a deer, or a tank. The participant had to press the keyboard
button corresponding to the picture. The response time was
limited to 0.75 seconds. If the participant pressed the button
correctly and faster than 0.75 seconds, their game score in-
creased. If the participant pressed the buttons incorrectly or
reached a time out, then their game score decreased.

In total, 135 stimuli were presented to each participant. In
35 cases, after the onset of the target signal, a stop-signal was
presented (a red square with the inscription “Stop”), which
meant that the participant had to interrupt the movement that
had already begun. If the participant did not press the button af-
ter the stop-signal, their score did not change. If the participant
pressed the button after the stop-signal, their score decreased.
The order of activation and stopping trials was randomized.
The sequence of “deer” and “tank™ stimuli was also rando-
mized. The interval between the end of the previous task and
the start of a new task varied from 3 to 7 seconds. The total
duration of the experiment was approximately 12 minutes.

Preprocessing of experimental data. EEG rejection of
artifacts was done by the ICA method (Delorme, Makeig,
2004). The initial EEG signal was filtered at 1-40 Hz and
referenced to average of all channels. The data was epoched
relative to the onset trigger of the target stimulus (deer or tank)
at a time interval from —1 to +3 seconds. The baseline EEG
level was set in the range from —1000 to —250 ms. In total, 80
to 90 EEG epochs were obtained for each participant, after
exclusion of all the trials containing the stop-signal or artifacts.
After excluding artifacts, event-related potentials (ERPs) were
calculated separately for each EEG channel, averaged over
all trials and all participants.

The ERP calculation was conducted in the ERPLAB toolbox
for MATLAB. Amplitude-time ERP graphs were made for
each EEG channel. Then a visual preview of the ERP graph
for the C3 channel was performed. In this lead, the ERP mo-
tor peaks stand out the most. In particular, two peaks were
selected for this lead — an early premotor peak, the amplitude
of which precedes pressing the button (the so-called readi-
ness potential) and a late motor peak, the amplitude of which
reaches a maximum when the button is pressed. From viewing
this visual, the time limits of both the early and late peak were
established. After that, the amplitude in each of these time

Time series of EEG measurements
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windows was calculated separately for each person and each
EEG channel, but averaged over all trials of the activation
condition of the task for each participant. The calculation of
the averaged amplitude was made using the ERPLAB tool-
box (https://erpinfo.org/erplab). The amplitude values were
surveyed to the baseline level for each participant separately.
The obtained values were used as training and test data for
artificial neural networks.

EEG data acquisition. The general structure of the input
data is shown in Figure 1. For each participant, EEG was
analyzed for 64 channels located at different points of the head
surface. According to the international scheme of 10-20 %,
the name of the electrode reflects its spatial position. The ini-
tial EEG signal for each channel is presented as a continuous
series of measurements of the potential difference between
the surface electrode and the referent with a time resolution
of 1,000 measurements per second.

ERP extraction. When calculating the ERP (event-related
potential) amplitude, the researcher selects several time
windows, in each of which all amplitude values are summed
over all time points and averaged over all tests. The amplitude
values in different windows reflect the temporal dynamics
of the neurophysiological process. We selected two time
windows (250-350 and 550-900 ms after the target signal),
which reflect, respectively, the physiological processes asso-
ciated with the preparation and execution of the movement.
A numerical value of the ERP amplitude was obtained for
each participant separately for each time window and for each
EEG channel. Since ERP in different parts of the head can
deviate from the zero value of the potential both up (positive
peak) and down (negative peak), then the numerical values
of the amplitude can be both positive and negative. Thus, our
data takes into account both spatial (the name of the channel,
i. e. its position on the head) and temporal (the first or second
ERP window) characteristics of the brain response to the task
in the stop-signal paradigm, as well as the electrical direction
of the reaction (positive or negative peak amplitude values).

For each examined individual, the data dimension was 2x64
values. Since 50 participants were included in each group of
people, the data size for each of our samples is approximately
50x2x64, and the total size of the data set is 100x2x64.

: Time, ms
i 1-premotor peak, 2 - postmotor peak
[

N

V

Fig. 1. The scheme of obtaining input data for the neural network.
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Designing the structure and framework

of a neural network

Since the input set of ERP data is small, a non-deep neural
network was designed to predict whether an individual
participated in long-term meditations or not. However, the
initial EEG recording also has time series characteristics, so
a convolutional neural network was additionally used for its
analysis as a deep neural network for training and prediction.
The main components of the convolutional neural network
include convolutional layers, pooling layers, and fully con-
nected layers.

In our case, the input layer of the convolutional network
receives EEG data transformed into a two-dimensional ma-
trix with a sample size of 2x64, where each row represents
an individual ERP peak and each column represents an
EEG recording channel. The hidden layer of the convolu-
tional neural network includes three common architectures:
a convolutional layer, a pooling layer, and a fully connected
layer. We used the Conv1d() tool in PyTorch as the convo-
lutional kernel, which prevented overfitting caused by using
more complex convolutional kernels with more parameters
(https://pytorch.org/docs/stable/generated/torch.nn.Convld.
html#torch.nn.Convld, 21.02.2023).

The parameters of the convolutional layer include the kernel
size, stride size, and padding, which collectively determine
the size of the output feature map of the convolutional layer
and are hyperparameters of the convolutional neural network.
Due to the characteristics of EEG data, there are both spatial
and temporal relationships, so we developed two schemes.
The first scheme involves using a total of two one-dimensional
convolutions. One extracts spatial features, which represent
connections between ERP peaks in different electrode chan-
nels, and the other extracts temporal features. In this scheme,
the PyTorch Conv1d() function wrapper was used to complete
the corresponding function. The second approach involves
applying only one one-dimensional convolution, but this
convolution can extract both temporal and spatial features,
for which the PyTorch Conv1d() function wrapper was also
chosen.

The convolutional layers contain activation functions that
help represent complex objects. In our study, three activation
functions were used: sigmoid(), relu(), and softmax() from
PyTorch (https://pytorch.org/docs/stable/generated/torch.
nn.BCELoss.html, 15.04.2023). After extracting objects in the
convolutional layer, the output feature map was passed to the
pooling layer for object selection and information filtering.
The pooling layer selects the pooling region in the same way
as the kernel scanning stage of the convolutional layer, which
is controlled by the pooling size, stride size, and padding.
The convolutional and pooling layers in the convolutional
neural network can extract features from the input data. The
role of the fully connected layer is to nonlinearly combine
the extracted features to obtain output data. In our case, two
fully connected layers were created to prevent overfitting due
to the small size of the dataset, for which the Linear() tool
in PyTorch was applied. A fully connected layer is typically
located before the output layer in a convolutional neural net-
work. We used different loss and activation functions during
training based on these two scenarios to improve the accuracy
and performance of the model.
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According to the above-described scheme, four network
structures were designed and used for classifying surveyed
individuals (Fig. 2). The only difference between these four
architectures lies in the number of convolutional layers and
the number of output neurons at the end.

In the first structure, a convolutional layer is used to extract
both temporal and spatial objects. Then, two fully connected
layers are used, and two values are output after normaliza-
tion using the softmax activation function. Cross-entropy is
used as the loss function, and Adam is used as the gradient
descent algorithm.

The second structure also uses a convolutional layer to
extract both temporal and spatial objects. Then, two fully
connected layers are used, and the value is output after ac-
tivation with the sigmoid function. Binary cross-entropy is
used as the loss function, and Adam is used as the gradient
descent algorithm.

The third structure uses two types of convolutions to extract
spatial and temporal characteristics of the data, respectively.
Then, two fully connected layers are used, and two values are
output after normalization using the softmax activation func-
tion. Cross-entropy is used as the loss function, and Adam is
used as the gradient descent algorithm.

Finally, the fourth structure uses two types of convolutions
to extract spatial and temporal characteristics of the data,
respectively. Then, two fully connected layers are used, and
the value is output after activation with the sigmoid function.
Binary cross-entropy is used as the loss function, and Adam
is used as the gradient descent algorithm.

Optimal hyperparameters were found for each structure and
are described in the model evaluation section.

Neural network training

The process of training an artificial neural network can be
divided into four stages: initialization, forward propagation,
backward propagation, and weight update.

During initialization, we assigned random initial values to
each parameter (weights and biases) of the neural network
to break symmetry and allow each neuron to have a different
gradient and learn different functions. Later, during hyper-
parameter search, we determined the optimal initialization
function for each architecture. During forward propagation,
the training data (input and output) were fed into the neural
network, and the activation value of each neuron was calcu-
lated sequentially from the input layer to the hidden layer, and
then to the output layer according to the structure of the neural
network. The activation values were obtained from the linear
combination of the input data and weights plus bias, followed
by a non-linear function such as sigmoid or ReLU. The goal
of forward propagation was to obtain the predicted result of
the neural network and compare it with the true result. The
goal of backward propagation was to obtain the gradient of
each parameter, which can be used to update the parameters.
In our case, we used cross-entropy loss function and binary
cross-entropy loss function for this purpose (https://pytorch.
org/docs/stable/generated/torch.nn.CrossEntropyLoss.html,
20.03.2023). The cross-entropy loss function was used to
measure the distance between the probability distribution
predicted by the model and the true probability distribution.
Using this, we evaluated the performance of the model and
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Structure 1 Structure 2

input input
1x2x64 1x2x64
W (8x2x5) W (4x2x3)
B (8) B (4)
shape (2) shape (2)
B (32x240) B (128x124)
c(32) C(128)
B(2x32) B(1x128)
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1x2 1x1
output output
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Structure 3 Structure 4
input input
1x2x64 1X2x64 1x2x64 1x2x64
W (8x1x7) W (1x2x1) W (6x1x7) W (1x2x1)
B (8) B (1) B (6 B (1)
shape (2) shape (2) shape (2) shape (2)
B (128x264) B (128x206)
c(128) c(128)
B (2x128) B(1x128)
(2 c(n
1x2 1x1
output output

Fig. 2. Flowcharts of four models (structures) for the neural network architecture.

selected the optimal model and parameter by comparing the
loss values of different models or different parameters.

Each parameter is updated with a certain learning rate
(step size) according to its gradient, so that the loss func-
tion decreases. The goal of weight update is to optimize the
parameters of the neural network so that it can better fit the
training data. For this task, we applied the Adam optimiza-
tion method. Adam is an algorithm for stochastic gradient
descent with adaptive momentum, which was proposed at
the ICLR conference in 2015 and has become one of the
most popular and effective optimizers in deep learning. Adam
combines two classical optimization algorithms, Adagrad and
RMSProp, which are capable of handling sparse gradients
and non-stationary objective functions, and uses the idea of
momentum to accelerate convergence. Adam is equivalent to
having a separate learning rate for each parameter, and this
learning rate is adaptively adjusted according to the change in
gradient. Specifically, when the gradient is large, the estimate
of the second moment increases, which reduces the learning
rate. When the gradient is small or sparse, the estimate of the
first moment increases, which increases the learning rate. This
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effectively avoids oscillations caused by a too large learning
rate, or increased complexity of convergence caused by a too
small learning rate, or even getting trapped in a local minimum
or saddle point.

To reduce overfitting and better train the model, we used
batch normalization. Batch normalization is an approach that
solves the problem of vanishing gradients by improving the
smoothing of losses, speeding up network convergence, and
increasing accuracy (Loffe, Szegedy, 2015). This method
normalizes the data in mini-batches so that the mean value
is 0 and the standard deviation is 1. At the same time, two
trainable parameters, scale and shift, are introduced so that
the model can learn its corresponding distribution during
backward propagation. To implement this function, we used
the BatchNorm1d() tool from PyTorch.

Overfitting is a common problem in the process of train-
ing an artificial neural network, where the model performs
well on the training set but poorly on the test set or new data,
indicating poor generalization. In our case, the problem was
in overfitting due to a small dataset. To solve this problem,
we applied initialization, L2 regularization, and dropout, as
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well as cross-validation to evaluate the model and select hy-
perparameters that best train the model, reducing overfitting
to some extent. We used L2 regularization (weight decay),
which involves adding a penalty term to the loss function
proportional to the sum of squares of the model’s parameters.
L2 regularization can cause the model’s parameters to tend
towards smaller values, thereby reducing the model’s sensitiv-
ity to noise or outliers. Random deactivation (dropout) means
the random zeroing of certain neurons or connection layers
with a certain probability during training, which reduces the
number of model parameters, thereby increasing the reliability
and generalization ability of the model.

Cross-validation is the reuse of data, splitting the resulting
dataset, combination into various training and test sets, a train-
ing set for training the model and a test set for evaluating the
quality of model prediction. We used the K-fold multiplication
method as a cross-validation method to reduce overfitting.

Evaluation of model performance on training data
In accordance with the characteristics of the EEG data
sample and the indicators of the benchmark classification
model, we used the metrics “F1-score”, “AUC” (area under
curve), and “accuracy’ as evaluation indicators for the model
(https://keras.io/api/models/model_training_apis). The higher
these indicators, the better the model’s performance. F1-score
and AUC are comprehensive evaluation indicators for clas-
sification models, but they have different inaccuracies. AUC
is less affected by the ratio of positive and negative samples
in the dataset. For the purposes of this development, it became
clear that predicting a person with a high level of stress as a
person with a low level of stress would mean fundamentally
incorrect results. Therefore, we chose F1-score as the most
prioritized indicator for evaluating the model’s effectiveness.
We evaluated the model’s hyperparameters using five-fold
cross-validation to select the most suitable hyperparameters
to prevent overfitting and improve model performance.

The results of evaluating the model on the training dataset
are presented in Figure 3. Looking at each of the selected
indicators, we can see that model 2 showed the most effec-
tive classification. Its effectiveness exceeded 80 % for all
selected indicators. Models 1 and 4 also show good classifi-
cation results, while model 3 performs the worst. Therefore,
we assume that the output of one neuron surpasses the use
of two neurons in the EEG binary classification task. Binary
cross-entropy loss is obviously more suitable for our classi-
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Fig. 3. Results of testing four different neural network models on the
training sample.
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fication task based on the available dataset. When evaluating
the model’s effectiveness, the number of samples was 100,
with 51 individuals practicing meditation (low stress level)
and 49 individuals not practicing meditation. The number of
samples is balanced, so it does not significantly affect the train-
ing and performance of the model. Moreover, for data with
only two ERP peaks in 64 electrode channels, one convolution
extracting both temporal and spatial characteristics worked
better than two convolutions extracting temporal and spatial
characteristics separately.

Evaluation of model performance on independent data.
To evaluate the performance of the model on independent data,
we prepared EEG data obtained from 25 individuals who were
not included in the training set. Out of these 25 individuals,
12 practiced meditation, while 13 did not. The equipment,
experimental design, and preprocessing of the EEG data
were the same as in the training set. In this part of the study,
all previously trained models were tested on new data that
was not included in the training set. Accuracy, reliability,
responsiveness, F1-score, ROC-AUC, specificity, and sensi-
tivity were used as performance indicators for evaluating the
models. Despite using parameter initialization functions, the
weights were still randomly initialized within a certain range.
Therefore, we adjusted the initial value of the random number
to ensure the stability of the model’s performance.

The performance metrics for different models on the inde-
pendent test set are shown in Figure 4. According to the test
results, structure 4 showed the best results for most selected
parameters. Structure 2 also achieved good results. This struc-
ture exhibited the lowest sensitivity to overfitting, indicating
its higher reliability compared to structure 4.

Conclusion
In our study, a neural network was successfully developed
that classifies individuals into groups practicing or not practi-
cing meditation based on the analysis of their EEG data with
an accuracy of approximately 80-85 %. We used an EEG
dataset collected and collated during our own experiments,
selecting the amplitude of the ERP peak before button press at
250-350 ms and the amplitude value of the peak after button
press at 550-900 ms for 64 recording channels. The sample
size was 1x2x64.

Four architectures of non-deep convolutional networks
were developed, among which structures 2 and 4 performed
best in tests on independent data samples. Structure 2, which

B Model 1 Model 2 B Model 3 Model 4

Average evaluation
of model’s effectiveness

Accuracy

Reliability Responsi- F1-score  ROC-AUC Specificity
veness

Fig. 4. Results of testing four different neural network models on the
independent sample.
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used a one-dimensional convolutional layer, pooling layer,
and a two-layer fully connected network, showed the highest
reliability. During the development of this model, it was noted
that it was often prone to overfitting due to the limitation of
the dataset size. This was mitigated by modifying the struc-
ture and scale of the model, specific network initialization
parameters, regularization, random deactivation (dropout),
and hyperparameter screening of cross-validation.

Overall, the approach proposed by us was tested on two
relatively small samples of non-clinical subjects. A similar
method on experimental data from the stop-signal paradigm
had been previously tested by us in classifying samples of
clinical patients with depressive disorders and healthy indi-
viduals (Zelenskih et al., 2022). The results of the research
presented in this article complement the previous work, as they
demonstrate that despite the small sample sizes, the convolu-
tional neural network method allows to achieve a high level of
accuracy in classifying different independent groups of people
differing in stress levels. Taken together, the results of both
studies show that applying neural networks to data obtained
from individuals during the stop-signal paradigm is a promis-
ing method for assessing their stress levels and the severity
of anxiety-depressive symptoms. It should be noted that the
results of M.O. Zelenskih and colleagues’ study are based
solely on the application of behavioral data obtained in the
stop-signal paradigm. The results of our new publication are
based on the analysis of brain electrical responses obtained in
the same experiment. The continuation of our research should
involve the application of convolutional neural networks for
the simultaneous analysis of behavioral and neurobiological
data in order to more accurately classify participants based
on their stress levels.

It is important to note that most standard methods for as-
sessing stress levels or predisposition to anxiety-depressive
disorders are based on the use of psychological questionnaires
or interviews with a psychiatrist (e. g., Beck et al., 1988).
However, such methods have a disadvantage: patients may not
want to inform the interviewer about their condition or may
inaccurately assess themselves. Inaccurate self-assessment by
the patient is often the cause of incorrect conclusions regard-
ing their susceptibility to illness (Nock et al., 2010). Another
approach is based on the analysis of behavioral or neurophysi-
ological reactions to emotional stimuli. Such stimuli can be
either photographs of faces expressing the patient’s or other
people’s emotional states (Quevedo et al., 2016), or emotional
messages (Bocharov et al., 2020). This method allows for an
objective assessment of the degree of impairment of the brain’s
affective functions but is less sensitive to changes in a person’s
overall ability to self-control behavior. Our proposed method,
on the other hand, is based on the use of non-emotional stimuli
to induce a complex sensorimotor reaction that requires either
activation or inhibition of movement. Our approach allows for
the assessment of the overall level of self-control of behavior
but does not provide an opportunity to assess the patient’s
affective state. It is obvious that these three approaches
(i. e., testing using questionnaires, analysis of reactions to af-
fective stimulation, and analysis of reactions in motor control
tasks) are mutually complementary, i. e., they should all be
used together for a more detailed assessment of the same
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patient. Although our proposed approach currently requires
further testing, it may yield significant results in the future
in the development of diagnostic tools for stress-induced
diseases.
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Determination of the melanin and anthocyanin content
in barley grains by digital image analysis
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Abstract. The pigment composition of plant seed coat affects important properties such as resistance to patho-
gens, pre-harvest sprouting, and mechanical hardness. The dark color of barley (Hordeum vulgare L.) grain can be
attributed to the synthesis and accumulation of two groups of pigments. Blue and purple grain color is associated
with the biosynthesis of anthocyanins. Gray and black grain color is caused by melanin. These pigments may ac-
cumulate in the grain shells both individually and together. Therefore, it is difficult to visually distinguish which pig-
ments are responsible for the dark color of the grain. Chemical methods are used to accurately determine the pre-
sence/absence of pigments; however, they are expensive and labor-intensive. Therefore, the development of a new
method for quickly assessing the presence of pigments in the grain would help in investigating the mechanisms
of genetic control of the pigment composition of barley grains. In this work, we developed a method for assess-
ing the presence or absence of anthocyanins and melanin in the barley grain shell based on digital image analysis
using computer vision and machine learning algorithms. A protocol was developed to obtain digital RGB images
of barley grains. Using this protocol, a total of 972 images were acquired for 108 barley accessions. Seed coat from
these accessions may contain anthocyanins, melanins, or pigments of both types. Chemical methods were used to
accurately determine the pigment content of the grains. Four models based on computer vision techniques and
convolutional neural networks of different architectures were developed to predict grain pigment composition
from images. The U-Net network model based on the EfficientNetBO topology showed the best performance in the
holdout set (the value of the “accuracy” parameter was 0.821).

Key words: digital image analysis; machine learning; barley grains; pigment composition.
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T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTATYT LIMTONOTUM 1 reHeTIKi CUBUPCKOTo oTAeNeHUs Poccuiickoi akaaemun Hayk, HoBocu6npck, Poccua
2 KypuaToBckuii reHomHbI LeHTp Lul CO PAH, HoBocnbupck, Poccusa
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AHHoTauuA. [TUrMeHTHbI cOCTaB 060/104eK CEMAH PACcTEHUI BAIMSET Ha TaKre BaXKHbIe UX CBOWCTBA, Kak yCTonuu-
BOCTb K 1EMCTBUIO MAaTOreHOB, NPOPACTaHVE Ha KOPHIO, a TaKXKe MexaHUYecKas NpoYHoCTb. Y sumeHs (Hordeum vul-
gare L.) TeMHasi OKpacKa 3epeH MOXeT 6blTb 00yCNOBIeHa CHTE30M W HAaKOM/IeHWEeM ABYX Fpyrn NMrMeHToB. fony-
6an 1 proneToBas OKpacKa 3epHa CBA3aHa C CUHTE30M aHTOLMAHOB. Cepyto 1 YepPHYI0 OKPACKy NPYAAT MUrMEHTbI
MeslaHVHbl. JaHHble MUIMEeHTbI MOTYT HaKamnIMBaTbCsA B 060/10UKaxX 3epHa HE3aBUCKHMO TG0 COBMECTHO, MO3TOMY
BU3yanibHO ONpefennTb, HAKOMIeHNe KaKiX UMEHHO MUITMEHTOB NPYAAET TeMHbIN LBET 3epHa, 3aTPYAHUTENbHO.
[lnsA TouHoro onpefeneHns HaNMUNA/OTCYTCTBUA MUTMEHTOB UCMOMb3YIOTCA XMMUUECKME U TeHETUYECKE METOADI,
KOTOpble JopOr 1 TpyAoemMKu. Mo3ToMy co3faHne HOBOrO MeToAa A1 GbICTPOI OLIEHKIN Hannumns onpegeneHHbIX
NMMrMeHTOB B 3ePHOBKE ABMAETCA aKTyarlbHOW 3afjauel, peLueHre KoTopoi MOMOXET NpY NCCIef0BaHUN MeXaHM3-
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Determination of melanin and anthocyanin content
in barley grains by digital image analysis

MOB FeHeTUYeCKOro KOHTPOJIA MMIMEHTHOIO COCTaBa 3epHa. HacTtosAwan paboTta nocealleHa pa3paboTke meToaa
OLEHKM NMUIMEHTHOIO COCTaBa 3epeH AUMEHs Ha OCHOBE aHann3a LnppoBbIX N306paXKeHNn C MOMOLLbIO aNropuT-
MOB KOMIMbIOTEPHOTO 3PEHMA N MaLMHHOTO 00yYyeHuA. Pa3paboTaH NPOTOKON CbeMKM Af1A NONYyYeHUA ABYMEPHbIX
UndpPOoBbLIX LBETHBIX N306paxeHnin 3epeH. C NCNonb3oBaHNeM AaHHOTO NMPOTOKOMA NoslyYeHo 972 n3obpakeHns
ana 108 obpasuoB aumeHs. Kaxzablii obpaseL, Mor cofiepkaTb MUIMEHTbl aHTOLMaHbl /U MenaHuHbl. na Tou-
HOro onpepeneHna cogepKaHna NUrMeHTHOro CocTaBa 06Pa3LOB NPUMEHSNNCL XMMUYeCKe meToabl. Ana npea-
CKa3aHWA NUIMEHTHOrO COCTaBa 3ePHa Ha OCHOBE M306paXkeHun 6b1no pa3paboTaHo YeTblipe MoAeNY, OCHOBaHHbIX
Ha MeTofax KOMMbIOTEPHOO 3PEHUA 1 CBEPTOUHBIX HEMPOHHbBIX CETAX Pa3IMYHON apXMTEKTYpbI. Jlyyluyio npous-
BOANTENBbHOCTb Ha OT/IOXKEHHOW BbIbOpKe nokasana mogesnb cetn U-Net, ocHoBaHHas Ha Tononorum EfficientNetBO

(3HayeHMe NnapameTpa «TOYHOCTb» cocTaBuso 0.821).

KntoueBble croBa: aHanm3 Ll,Vld)pOBbIX VI306pa)KeHVIl7I,' MallHHOE o6yquV|e; 3€pPHa AYMEHSA; NMUrMEHTHBIN COCTaB.

Introduction

The color of cereal grain shell is an important trait charac-
terizing the pigments and metabolites contained in it. The
presence of pigments in the shell affects various technological
properties of the grain (Souza, Marcos-Filho, 2001; Flintham
etal., 2002). Grains with dark grain coloration are more cold-
and drought-tolerant and also have increased resistance to
pathogens (Ceccarelli et al., 1987; Choo et al., 2005). Such
properties of colored grains are associated with high anti-
oxidant content as well as additional mechanical hardness
of grain shells (Ferdinando et al., 2012; Jana, Mukherjee,
2014). The dark color of barley grains occurs due to the
synthesis and accumulation of two groups of pigments. Blue
and purple coloration of the grain shell is associated with
the biosynthesis of anthocyanins. Gray and black color of
barley grains is caused by melanin pigment. These two types
of pigments can accumulate in the grain shell depending on
the genotype both individually and together. Therefore, it
is difficult to determine which pigments cause dark grain
color by eye.

A number of regulatory genes and genes encoding enzymes
involved in pigment biosynthesis control grain shell color-
ation. Currently, the pathway of anthocyanin biosynthesis has
been investigated quite well, but the molecular mechanisms of
melanin biosynthesis are still poorly understood (Shoeva et al.,
2018; Glagoleva et al., 2020). When studying the mechanisms
of genetic control of grain coloration, breeders and geneticists
need to assess the pigment content of grain shells. Chemical
methods for estimating pigment content allowed to accurately
determine the presence/absence of pigments; however, they
are expensive and labor-intensive. Other approaches to solving
this problem include spectrophotometers, spectrometers, and
hyperspectral cameras. However, these cameras are expensive,
especially those with high resolution, both spatial and spectral.
An alternative is the use of digital RGB cameras that produce
high-quality images with high spatial and color resolution
(Afonnikov etal., 2016; Li et al., 2020; Kolhar, Jagtap, 2023).
In this regard, methods for estimating color and textural
characteristics of cereal grains based on the analysis of two-
dimensional images acquired by digital cameras or scanners
have recently been intensively developed in the field of grain
phenotyping (Komyshev et al., 2020; Sharma et al., 2021;
Afonnikov et al., 2022; Arif et al., 2022; Khojastehnazhand,
Roostaei, 2022; Wang, Su, 2022).
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The aim of this work is to develop a method for estimating
the pigment composition of barley grain based on the analysis
of digital images using computer vision and machine learning
algorithms.

Materials and methods

Plant material. Grains of 39 barley accessions with dark
colored grain and 40 accessions with light grains were selected
for the study. The material was obtained from the barley col-
lection of the All-Russian Institute of Plant Genetic Resources
named after N.I. Vavilov (VIR, https://www.vir.nw.ru), the
barley collection of the Institute of Cytology and Genetics
of the Siberian Branch of the Russian Academy of Sciences
(ICG, https://www.icgbio.ru) and the material from the Oregon
Wolfe Barleys population (OWB, https://barleyworld.org/
owb). The material description is summarized in Supplemen-
tary Material 1'. Twenty-nine barley accessions from the VIR
collection with different combinations of pigments in the grain
were also separately selected (Supplementary Material 2).
The material included hulled and hulless barley accessions.
58 hulled and 21 hulless accessions were chosen to create
training and test datasets. 22 hulled and 7 hulless accessions
were used in the holdout dataset.

Chemical methods for determining the pigment compo-
sition of grains. To determine the presence of anthocyanins
in the grain shell, extraction in 1 % HCI solution in metha-
nol, followed by detection of pink coloration of the solution,
was performed (Abdel-Aal, Hucl, 1999). The presence of
melanin was determined using 2 % NaOH, in which melanin
extraction occurs and stains the solution dark (Downie et al.,
2003). Based on this method, each of the accessions was as-
signed a type of pigmentation based on the presence of these
pigments (“anthocyanins”, “melanins”) or “no pigments” if
both pigments were absent in the grain shell. The presence of
pigments of a particular type in the accession seed shells is
summarized in Supplementary Materials 1 and 2.

Image acquisition. Color images of grains were obtained
using a Canon EOS 600D digital camera, Canon EF 100mm
/2.8 Macro USM lens with a resolution of 18 MP. A 55 mm
diameter plastic Petri dish filled with grains without gaps was
placed on a white A3 sheet of matte paper. Diffusing light was
placed on the sides, and the camera was fixed on a tripod from
above, with the lens vertically downward (Supplementary

L Supplementary Materials 1-8 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Komyshev_Engl_27_7.pdf

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 7


https://vavilov.elpub.ru/jour/manager/files/Suppl_Komyshev_Engl_27_7.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Komyshev_Engl_27_7.pdf

E.I. Kombiwes, M.A. TeHaes, V.[1. Bycos ...
A.l0. Tnaronesa, B.C. Kosanb, .A. AboHHVKOB

Fig. 1. A typical image obtained by the protocol for barley grain phe-
notyping.

Material 3). Images were saved in JPEG format. Figure 1
shows an example of an image resulting from the protocol.

The Petri dish contained about 100—160 grains. For each
accession, 9 images of its replicas were obtained by randomly
mixing grains in a Petri dish.

Data markup. In order to develop a segmentation algorithm
for 212 images of 59 randomly selected accessions, manual
marking of grains and Petri dish boundaries was performed
using the LabelMe program (https://github.com/wkentaro/
labelme). An example of a labeled image fragment is shown
in Supplementary Material 4. In addition, each image was la-
beled according to the pigmentation type of the corresponding
accession based on experimentally obtained data.

Prediction of grain pigmentation based on machine
learning methods. The general scheme for pigmentation
type prediction involved segmenting the image into the back-
ground and the area occupied by grains and predicting the
presence of pigments of a particular type using three methods:
(1) a Random Forest algorithm using image color descrip-
tors; (2) a convolutional neural network of the ResNet-18
architecture; and (3) a convolutional neural network of the
EfficientNetBO0 architecture.

Data partitioning scheme for validation and testing. For
machine learning methods, the images were divided into three
datasets: training (60 % of data: 423 images, 47 accessions);
validation (20 % of data: 144 images, 16 accessions); and test
(20 % of data: 144 images, 16 accessions). A holdout dataset
of 29 accessions including 261 images was used for the final
accuracy evaluation. Stratification was used to partition the
acquired images (see Supplementary Material 5). Data on the
partitioning of the accessions into subsamples are presented
in Supplementary Material 5.

Evaluating the accuracy of grain image classification.
The output of the trained classification models for each
image was represented by two binary numbers, each of which
characterized the presence or absence of anthocyanins and
melanin. To evaluate the accuracy of the method on the test
dataset for each image, the predicted set of such numbers
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and the true set were compared. The following metrics were
calculated based on these comparisons: true positive class
predictions (TP), true negative class predictions (TN), total
number of positive (P) and negative (N) class representatives.
Based on these values, the ACC (accuracy) was calculated
according to the formula:
- TP+TN
ACC = TN

A model for identifying the grain region in an image.
To distinguish grains in Petri dishes from the background,
the U-Net neural network model with a ResNet-18 encoder
was used. The U-Net model was chosen as this architecture
had been developed specifically for biomedical image seg-
mentation (Ronneberger et al., 2015). The model is based on
the use of convolution and consists of two parts: an encoder
and a decoder (Fig. 2). The full-size image at the input of the
network is transformed by the encoder through several steps
including two consecutive convolution layers of size 3x3
followed by a ReLU transform (labeled as ‘conv 3x3, ReLU’
layers in Fig. 2) and pooling with a maximum 2x2 function
with a step size of 2 (labeled as ‘max pool 2x2° layers). The
encoder performs downsampling of the image. The decoder,
on the other hand, performs upsampling of the image using
a series of inverse pooling operations that expand the feature
map. This is followed by 2x2 convolution, which reduces the
number of feature channels (labeled as “up-conv 2x2” layers).
This is followed by a concatenation with an appropriately
edge-cropped feature map from the compressive path and two
3%3 convolutions (labeled as ‘copy and crop’ layers in Fig. 2),
after each of which a ReLU operation is applied.

Segmentation allowed us to select a region of the Petri dish
with grains in the image, which was used to calculate their
color descriptors. For each image, 2,380 numerical parameters
characterizing the pixel color of the grains were extracted.
These are average values of channel intensities for 4 color
spaces (RGB, HSV, Lab, YCrCb), values of histograms of
color component intensity distributions, etc. Detailed descrip-
tion of the obtained characteristics is given in Supplementary
Material 6.

Data filtering. We removed from the prediction input data
features, the values of which were identical for all images or
did not exceed the value 0of 0.01 for more than 20 % of images.
Additionally, we selected features with pairwise Spearman
correlation coefficient less than 0.97 in the image dataset to
eliminate redundancy. As a result, 345 color features out of
2,380 remained for our analysis.

Data analysis. In order to estimate the distribution of acces-
sions in the feature space under study, the principal component
method (Jolliffe, 2002) and t-SNE algorithm for the nonlinear
dimensionality reduction (van der Maaten, Hinton, 2008) were
used. These methods allow visualization of multidimensional
data by mapping objects from a multidimensional space to
a lower dimensional space.

A model for classification

of pigment composition of grains based

on color descriptors by the Random Forest method

The classification of grain images into four classes was
considered: (1) no pigmentation, (2) presence of anthocyanins
only, (3) presence of melanin only, (4) presence of both
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Fig. 2. U-Net network architecture used for image segmentation into grain and background regions, from (Ronneberger

etal., 2015).
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Fig. 3. Scheme of the barley grain classification model based on the Random Forest algorithm using color descriptors (the RF13 model).

anthocyanins and melanins. The first classification model was
built using the Random Forest algorithm implemented in the
Scikit-learn package (Pedregosa et al., 2011). The values of
345 color descriptors described above were used as input. The
data processing scheme for this model is shown in Figure 3.
Additionally, using the principal component method, the
number of features was reduced to 13, which explain 81.2 % of
the variance in the data and give the maximum accuracy on the
test dataset. We have termed this classification model RF13.

Grain pigment composition classification
models based on deep machine learning
ResNet-18 architecture network-based classification
model. In addition to the above described RF13 model,
three models based on deep machine learning methods were

862

implemented to predict the grain shell pigmentation type.
These methods are now widely used to analyze plant images
and have been shown to be highly accurate.

One of the models is the ResNet-18 neural network archi-
tecture (He et al., 2016). ResNet is a family of convolutional
neural networks (CNNs) of similar architecture differing in
the number of layers (18, 34, 50, 101, and 152). In this work,
we used a model with 18 layers as the simplest and fastest
one. It consists of 17 layers in series including convolution
transform, connected by an alternate path for the signal and
one full-link layer (Fig. 4). Every four layers, a subsampling
operation takes place, where the length and width of the layer
becomes 2 times smaller and the number of channels doubles.
In Figure 4, these are the layers labeled as “3x3 convolu-
tion, N, where N is the number of channels.
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Fig. 6. Schematic of the U-Net+ClassHead model based on U-Net segmentation with a head for simultaneous segmentation and
classification of barley grain images by the presence/absence of anthocyanins or melanin.

The input of the network was rectangular images,
which included regions of Petri dishes (Fig. 5). The output
layer included two numbers between 0 and 1 predicting the
presence (1) of melanin or anthocyanins. In case the number
value was greater than 0.5, the corresponding pigment was
considered to be present in the grain shell. This method
allowed us to classify images based on the presence of the
two pigments in the grains both individually and jointly,
and to identify their absence in case both numbers were less
than 0.5. This classification model was termed ResNet-18
in our work.
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A segmentation-based model with a head for classifica-
tion. The neural network parameters that were obtained during
image segmentation using the U-Net algorithm can be used
to classify grains by the presence of pigments. This allows to
improve the prediction accuracy for algorithms and to solve
two problems simultaneously (segmentation and classifica-
tion). To this end, an additional output classification layer
(“classification head”’) was added to the existing segmentation-
based model with U-Net architecture (Fig. 6). The output of
this layer, as in the ResNet-18 model, contains two numbers
to determine the presence of anthocyanins and/or melanin in
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Fig. 8. General scheme of barley grain image analysis by the models proposed in this paper.

the grains (see Fig. 6). For this network, the coder topology
of the EfficientNetB0 architecture was used (Tan, Le, 2019).
This network topology allowed not only to segment the image
by selecting a region of grains in a Petri dish on the image,
but also to simultaneously perform classification of the whole
image based on the presence or absence of the two pigments.
This classification model was termed U-Net+ClassHead in
the paper.

2-channel segmentation model. For image classification,
a modified U-Net can be used to segment each pixel in the
image based on the presence of a particular pigmentation. This
network outputs a two-channel mask, in which each channel
segments the image region if the grain shells contain a particu-
lar pigment (Fig. 7). This model, U-Net+ClassSegment, was
based on the U-Net architecture with the ResNet-34 encoder.
To determine the class of the whole image, we considered that
if a single pixel was classified as containing a pigment after
segmentation, the whole sample was considered to contain
that pigment.
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Other technical parameters of training models such as the
number of training epochs, batched size, loss function used and
optimizer parameters are given in Supplementary Material 7.

Thus, two classification models based on U-Net seg-
mentation of the original image (U-Net+ClassHead and U-
Net+ClassSegment) and two classification models for which
the grain region in the original images was separately extracted
using the U-Net segmentation model (RF13 and ResNet-18)
were considered in this paper. The general scheme of image
analysis by the proposed segmentation and classification
models is shown in Figure 8.

Results

Color characteristics of grains

PCA and t-SNE methods were applied to map grain images
for accessions into a generalized feature space of dimension 2
using 345 informative features (see Materials and methods).
The feature values were subjected to normalization before this
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Fig. 9. Scattering diagram of the grain images for barley accessions in the space of the first two components
derived from PCA for the color characteristics of grains.

The X axis is the PC1 component, the Y axis is the PC2 component. Fractions of dispersion for the components are
given in parentheses. Grain type designations for pigments and hull presence are shown on the right (A, AM, M, NP -
anthocyanins, anthocyanins and melanin, melanin, and no pigments, respectively; H — hulled grains).
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Fig. 10. Scatter diagram of the grain images for barley accessions in the space of the first two components
resulting from the t-SNE algorithm for the color characteristics of grains.

The X axis is the C1 component, the Y axis is the C2 component. Fractions of dispersion for the components are
given in parentheses. Grain type designations for pigments and hull presence are shown on the right (A, AM, M,
NP - anthocyanins, anthocyanins and melanin, melanin, and no pigments, respectively; H - hulled grains).

analysis (to obtain mean equal to 0 and standard deviation
equal to 1). Each point in PCA (Fig. 9) and t-SNE (Fig. 10)
diagrams corresponds to a particular image.

These diagrams show that pigmented (filled markers) and
non-pigmented (empty markers) grains are well separated in
both diagrams (see Fig. 9 and 10). This separation is more
pronounced in the t-SNE diagram (see Fig. 10). Images of
grains with the presence of anthocyanins in the shell (purple
icons) and those containing both pigments (red icons) are well
separated. The areas occupied by these images in the diagrams
do not overlap. At the same time, it is noticeable that the
regions occupied by the images of grains with anthocya-
nins (filled purple markers) and melanin (filled black markers)

METO/bI [MTYBOKOIO MALLMHHOIO OBYYEHUA /19 BUOUHOOPMATUKM U CUCTEMHOW BUONOTUN /

overlapped. It is also clear from the diagrams that regions for
the images of grains containing both anthocyanins and mela-
nin and those containing only melanin have considerable
overlap (the right part of the plots close to 0 values for the
Y axis). Separating these two types of grains seems most
problematic.

The influence the presence of the grain hull has on their color
characteristics is also noticeable in the two graphs. First of all,
the presence of the grain hull does not affect the separation of
areas for different classes of grains by pigmentation except
for the pair containing anthocyanins or melanin: hulled and
hulless grains with the same type of pigmentation are closer
to each other than grains with another type of pigmentation.
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Table 1. Assessment of classification accuracy (ACC) of barley grain images
based on anthocyanins and melanin presence in grain coat for four models on validation, test and holdout datasets

Classification Validation

model
RF13 .................................................................... 0896 .................................
ReSNeHS ........................................................... 0 93 8 .................................
UNeHCIaSSHead .............................................. 0 90 6 .................................
UNEHCIassse g men t ....................................... 0 91 7 ..................................

Note. The best value for the holdout dataset is shown in bold.

Test Holdout
0.903 0.652
0.934 0.817
0.962 0.821
0.903 0.819

Table 2. Parameters for evaluation of classification performance of barley grain images
by anthocyanins and melanin presence in the grain coat for the U-Net+ClassHead model on test and holdout datasets

Parameter Test
Melnin
Fmeasure ................................................................................. 1 0 ...............
SenSItIVIty ................................................................................. 1 O ...............
Posm Ve predl ctable value ....................................................... 1 0 ...............

This is particularly evident for grains without pigmentation
(empty markers). For grains with melanin, one of the groups
of hulled grains has color characteristics very similar to those
of grains with anthocyanins presence (on the graphs, this
group is located inside the area occupied by samples with
anthocyanins and is far away from other grains containing
melanin). At the same time, it is clearly visible that for
grains of the same pigment class, hulled and hulless grains
occupy different regions and are well separated (characteristic
examples in Fig. 10: images of grains without pigmentation,
images of grains with anthocyanins, and images of grains with
anthocyanins and melanins). These results show that, in most
cases, the presence of the hull does not affect separation by
the type of grain pigmentation, but significantly affects the
variation of shell color characteristics.

Classification of grains by pigment content
As a result of training the models to classify grain images by
pigment content, accuracy estimates on validation, test and
holdout datasets were obtained. They are presented in Table 1.
The best accuracy on the holdout dataset is achieved
by the segmentation model with “classification head”
(U-Net+ClassHead). The data on the parameters of perfor-
mance estimates of this model are given in Table 2.
The prediction error matrix of the grain pigmentation type
(Supplementary Material 8) allows us to determine that most
of the model errors are in predicting the anthocyanin content
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Holdout
............... AnthocyanmsmelamnAnthocyanms
................ 093709830488
................ 0881100389
10 ............................... 0966 .......................... 0656 ........................

of hulled grains, which is consistent with the PCA and t-SNE
plots (see Fig. 9 and 10), where regions for hulled grain images
containing melanin and anthocyanins overlap significantly
with those containing only melanin. Moreover, the number of
images with grain containing anthocyanins (A) predicted as
not containing pigments (NP) is significantly larger than the
number of images of grains without pigments (NP) predicted
as anthocyanins (A). Errors are also observed for hulless
grains, for which the presence of anthocyanins was errone-
ously not predicted. A small number of images of grains with
melanins were predicted as “no pigments”, some images of
grains containing anthocyanins were identified as containing
melanins.

The results of the non-parametric Mann—Whitney test
showed that the accuracy of anthocyanins presence prediction
differs significantly (p-value = 0.004) for hulless and hulled
grains. For melanin presence, the hull does not significantly
affect the prediction performance.

The U-Net+ClassSegment method showed slightly lower
accuracy. It can be concluded that models that simulta-
neously solve several different tasks (multi-task learning)
have better generalization ability. Both models based on this
approach significantly outperform both the method based
on Random Forest and color descriptors (lowest accuracy)
and the ResNet-18 classification. It is worth noting that the
accuracy results on the holdout dataset are lower than on
the test dataset.
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Discussion

Methods for analyzing digital RGB images to study the
physiological properties of grains have been widely applied
to cereals (Neuman et al., 1989; Huang et al., 2015; Sabanci
et al., 2017; Koztowski et al., 2019; Komyshev et al., 2020;
Zykin et al., 2020). In particular, they are used to classify
grains both by pigment composition and by variety.

In our work, we analyzed methods for classifying grains
by color characteristics into classes based on the presence
of two types of pigments. We showed that deep machine
learning methods yield higher accuracy in grain classifica-
tion than using color descriptors. Similar findings were ob-
tained when classifying barley grains into species (Koztowski
et al., 2019). Our results also show that using a multi-task
learning approach produces more accurate classification
results.

The results on the holdout image dataset showed lower ac-
curacy compared to the test dataset. Presumably, one of the
reasons for this could be that the balance of labels of different
classes in the training, validation, and test datasets was the
same and was not close to the ratio in the holdout dataset. In
particular, the number of images with grains without pigments
in the holdout dataset was 1.5 times lower than in the training
sample. For classification, such an image set appears to be the
easiest case. Also, based on the extracted color descriptors,
a binary classifier was trained that distinguished grains from
the holdout dataset from other grains with ACC = 1. This
implies that there are significant differences between these
image series, which can be explained by the fact that grains
from other collections were selected in the holdout dataset or
the protocol for capturing these images was slightly different.
This can explain the slight decrease in accuracy in the clas-
sification quality of the Random Forest model.

Our analysis also demonstrated that the presence of the
hull affects grain color characteristics and, thus, the classi-
fication performance with respect to the pigment presence
in the shell.

Conclusion

The proposed methods based on the analysis of digital
images using computer vision and machine learning algo-
rithms showed acceptable classification ability in the task of
determining melanin and anthocyanins presence or absence
in the barley grain shell. The results of this work showed
that the application of the Random Forest algorithm based
on color features is inferior to convolutional neural network
approaches in the classification performance. This method
proves to be sensitive to small changes in protocol or imag-
ing conditions, losing generalization ability compared to
convolutional neural networks. Possible ways to improve
the model based on this algorithm are careful selection of
features and preliminary normalization of the images fed to
the input. The classical classification model architecture is
inferior in accuracy to the 2-channel whole image segmen-
tation model. Segmentation by U-Net neural network with
“classification head”, showed the best results (ACC = 0.821)
and is the preferred choice in the task of determining the pig-
ment content of barley.
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Abstract. At the beginning of the paper, the level of necessary phenomenology of complex models is discussed. When
working with complex systems, which of course include living organisms and ecological systems, it is necessary to use
a phenomenological description. An illustration of the phenomenological approach is given, which captures the most
significant general principles or patterns of interactions; the specific values of the parameters cannot be calculated
from the first principles, but are determined empirically. An appropriate interpretation is also chosen empirically and
pragmatically. However, in order to simulate a wider range of situations, it becomes necessary to lower the level of phe-
nomenology, switch to a more detailed description of the system, introducing interaction between selected elements
of the system. The requirements for a system model combining ecological, metabolic and genetic levels of cell culture
description are formulated. A mathematical model of quorum sensing dynamics during the growth of batch culture of
luminescent bacteria at different concentrations of the nutrient substrate has been developed. The model contains four
blocks describing ecological, energy, quorum and luminescent aspects of bacterial culture growth. The model demon-
strated good agreement with the experimental data obtained. When analyzing the model, three oddities in the behavior
of the culture were noted, which presumably can change the idea of some processes taking place during the develop-
ment of a culture of luminescent bacteria. The results obtained suggest the presence of some additional control system
for the luminescent reaction via the synthesis pathways of FMN-H, or aliphatic aldehyde. In this case, the generalized
description of the contribution of energy metabolism to luminescence only through ATP is too strong a simplification.
As a result of comparing the model dynamics with the experiment, a discrepancy arose between the concentration of
the substrate (peptone) measured in the experiment and its effective influence on the bacterial population growth. This
discrepancy seems to indicate peptone is not the leading substrate, and growth is limited by nutrients contained in the
yeast extract, the concentration of which did not change in these experiments. The discrepancies noted between the
expectations and the results of experimental data processing, together with the assumptions about the causes of these
discrepancies, set the direction for further experimental and theoretical studies of quorum sensing mechanisms in a
culture of luminescent bacteria
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AHHOTaLuA. B Hauane ctatbn 06CYy)KAaAeTca YypoBeHb HEOOXOAUMON HEHOMEHONOMMYHOCTY CNOXHbIX Mogenei. Mpu
paboTe co CNOXKHbIMY CUCTEMaMU, K KOTOPbIM, 6€3yCNOBHO, OTHOCATCA XMBble OPraH3Mbl U SKONOrMYeckne CUCTeMbl, C
HEeo6X0ANMOCTbIO MPUXOAUTCA NCNOJIb30BaTb GeHOMeHoNornyeckoe onucanve. NMpueegeHa nnnoctpaumns GeHoMeHo-
NOrMYECKOro NOAX0Aa, KOTOPbIN YXBaTbiBaeT Hanbonee CyLecTBEHHbIE Jaxe He 3aKOHOMEPHOCTH, a 0bLme NPUHLMMbI
WJIN NaTTEPHbI B3aMMOAENCTBUIA, NPUYEM KOHKPETHbIE 3HAaUEHUA MAPAMETPOB He MOTYT ObiTb BbIUMC/IEHbI U3 NMEPBbIX
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Mathematical modeling of quorum sensing dynamics
in batch culture of luminescent bacterium

NPVHLMMOB, @ ONPeAensaoTcA SMNMPUYEcKI. Tak»Ke SMIMPUYECKN U NparMaTyeckn BbibrpaeTcs COOTBETCTBYIOLLAsA H-
Tepnpetaums. OfHaKo 41A MOAENUPOoBaHMs 6onee WIPOKOro Kpyra CMTyaumii BO3HUKAeT He06XOAMMOCTb MOHMXKATb
ypoBeHb GpEeHOMEHOMOMK, NePeXoanTb Ha Gonee aeTanbHOE OMNMUcaHre CUCTEMbl, BBOAS B3aUMOLENCTBME MEXAY Bbl-
JeNeHHbIMY 3N1IeMeHTamMu crctembl. DopmynupytoTcsa TpeboBaHUA K MOAENU CUCTEMbI, COBMELLAOLLEl SKOMOTMYECKMiA,
MeTaboNMUecKnii U reHeTUYECKN YPOBHU OMUCAHKA KINEeTOUHOW KynbTypbl. PaspaboTaHa MaTemaTuyeckas MoAenb
OVHaMVKU KBOPYM-3bdeKTa B NpoLecce pocTa HakoMUTENbHOW KynbTypbl JIIOMUHECLEHTHBIX GAaKTePUA NMPU PasHbIX
KOHLIEHTpaLMAX nuTaTenbHoro cybctpata. Mofenb coaepXuUT YeTbipe 6/10Ka, ONMUCbIBatoLLME SKOSTOMMYECKNI, SHepre-
TUYECKUIA, KBOPYMHbI 11 JIIOMUHECLLEHTHDBIN acneKTbl Pa3BuUTUA KynbTypbl. Mogesib NpoaeMOoHCTPrpOBasa xopoLuee Co-
OTBETCTBUE SKCMEPUMEHTASIbHBIM AAHHbIM, MOJTYUYEHHBIM B XOA€e BbIMONHEeHUsA paboTbl. [1py aHanvse Moaenu otmeyeHbl
TPY CTPAHHOCTU B MOBEAEHNM KYNbTYPbl, KOTOPbIE, MPEANONOKUTENBHO, MOTYT U3MEHUTb NPeCTaB/IEHNE O HEKOTOPbIX
npoueccax, MMeLLX MecTo Npu pasBUTAM KyJbTYpbl IIOMUHECLIEHTHbIX 6aKkTepuii. [lonyyeHHble pe3ynbTaTbl NO3BOMsA-
10T NPEANONOXUTb HaNNUVe HEKOTOPOII JOMOMHUTENIbHON CUCTEMbI KOHTPOSA JIIOMHECLIEHTHOW peakuun Yyepes nyTu
cunTesa ®MH-H, nnu anudatnyeckoro anbperuga. B atom cnyyae 0606LeHHoe onvicaHne BKNaAa SHepreTmyeckoro
MeTabonNn3Ma B SIIOMUHECLEHLMIO TOSbKO yepe3 ATD ABIAETCA CAMLLKOM CUIbHBIM YNpoLleHneM. B pesynbrate aHannsa
pe3ynbTaToB COMOCTABMIEHNSA MOAESIbHON AVHAMUKI C SKCNEPVIMEHTOM BO3HUKIIO PACXOXKAEHNE MEXAY N3MEPAEMON B
3KCneprMeHTe KOHLeHTpauvel cybcTparta (MentoHa) n ero s¢pbeKTMBHbIM AeiiCTBMEM Ha POCT Nonynsauun 6aktepuii.
3T0 pacxoKaeHune, No-BUAMMOMY, YKa3bIBAaeT Ha TO, UTO NENTOH He ABNAETCA BeAyLM CybcTpaToM U pOCT IMMUTUPYIOT
6rioreHbl, colepXKalymecs B APOXKEBOM IKCTPAKTe, KOHLEHTPALMA KOTOPOro B 3TWX SKCMEPUMEHTaX He N3MeHsAnach.
OTMeYEeHHbIe PACXOXKAEHWA MeXay OXKUAAHUAMM U pe3ynbTaTamMmn 06paboTKN SKCMEePUMEHTaNbHBIX JaHHbIX BMeCTe C
NPEeAnoIOKEHNAMU O NPUYMHAX STUX PACXOXKAEHMI 334al0T HAMNPaBeHe AaNbHeNWNX SKCNepYIMEHTaIbHbIX 1 Teope-

TNYecKnx I/ICCJ'Ie,D,OBaHI/IIZ mMexaHn3mMoB KBOpyM-Bd)d)eKTa B KyNnbType NIOMUHECLEHTHbIX 6aKTep|/||7|.
KntoueBble cnoBa: KBOpyM-3¢¢eKT; MaTeMaTmnvyeckaa moesib; NIOMUHECLEHTHbIe 6aKTepmm.

Introduction
When working with complex systems, which of course include
living organisms and ecological systems, it is necessary to
use a phenomenological description. One of the widely used
examples of a phenomenological description of a population
is the Verhulst equation. Despite the fact that formally the
population equations can be used only near the threshold of
population survival (Gorban et al., 1982), this equation de-
scribes the dynamics of various processes quite well: the batch
culture of microorganisms, the spread of an epidemic under
constant conditions, population growth after invasion and the
dynamics of sales under conditions of limited market capacity.
Apparently this is due to the fact that at the final stage of the
process, when the value of the variable approaches the carry-
ing capacity, the specific growth rate approaches 0, which, in
fact, corresponds to the approach to the threshold of survival.

Several versions of the Verhulst equation can be written,
corresponding to different interpretations. Consider, for
example, two of them:

N = po(Nmax = NN, (1a)
N =poN—aN2 (1b)

In the first version, N, is called the carrying capacity, un-
derstood as the maximum population size that can exist under
given conditions, and the product of [1yNmay is the specific rate
of population growth at a population size close to zero. The
carrying capacity phenomenologically includes all kinds of
factors limiting the growth of the population: substrate inhi-
bition, inhibition by metabolites, limited plant growth area.
This option corresponds well to the interpretation of plant or
microbial population growth.

In the second version, L is the specific growth rate, a is
a coefficient describing intraspecific competition, which can
be realized by different mechanisms — competition for food
and/or displacement from the hunting territory and direct col-
lisions of individuals. This interpretation seems to be more
appropriate for animals.

870

These examples are given to illustrate the phenomenologi-
cal approach, which captures the most significant, not even
regularities, but general principles or patterns of interactions,
and the specific values of the parameters cannot be calculated
from the first principles, but are determined empirically. The
appropriate interpretation is also chosen empirically and
pragmatically.

However, to model a wider range of situations, there is a
need to lower the level of phenomenology, move to a more
detailed description of the system, introducing interaction
between selected elements of a system. For example, there
are cases when the Verhulst equation does not describe the
dynamics of a batch culture accurately enough. In this case,
it is necessary, for example, to take into account substrate
dynamics and introduce substrate inhibition of culture growth.
At the same time, we still remain at a very high level of phe-
nomenology, continuing to describe the dependence of culture
growth using the Monod formula and its various modifications
and complications, reducing the entire metabolism of a cell or
multicellular organism to one key enzymatic reaction.

The need to lower the level of phenomenology arises
when the researcher encounters phenomena that do not fit
into the existing model. In this case, it is often necessary to
move to the level of genetic and/or metabolic regulation of
cellular processes. One such example that requires reducing
the phenomenological nature of the models used is quorum
sensing (QS) (Miller, Bassler, 2001). It is noteworthy and
symbolic that QS, which is a manifestation of molecular-level
events at the population level, was discovered in luminescent
bacteria, the luminescence of which is a natural indicator of
the current state of cellular metabolism (Nealson et al., 1970).

The quorum sensing is the expression of certain genes
being triggered when a certain threshold population density
is reached. At the bacterial level, this effect is based on the
synthesis and release into the external environment of signal
molecules (autoinducers), the concentration of which varies
depending on the number of surrounding cells, and, when a
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certain threshold concentration is exceeded, the expression of
certain genes is triggered. Since QS occurs in a fairly wide
range of organisms (for example, insects (Anstey et al., 2009)
and fish (Makris et al., 2009)), its study seems quite important
in itself. In addition, identifying the patterns of manifestation
of QS and its prediction is important for the microbiological
synthesis of products triggered by this effect. An example
of such a product is bacterial luciferase, which is used for
laboratory and rapid toxicological biotests. At the same time,
luminescent bacteria are a convenient tool for studying QS,
since luminescence is a natural function of cells, which makes
it possible to study the process on native cells without the in-
troduction of special fluorescent dyes and without stimulating
fluorescence. The evolutionary meaning of QS in luminescent
bacteria is explained within the framework of the hypothesis
that the selection mechanism is associated with spread and
reproduction of bacteria (Nealson, Hastings, 1979). As marine
enterobacteria, luminescent bacteria growing on a substrate
(the surface of dead organisms or fecal pellets), if the culture
density is sufficient, can produce enough light to attract or-
ganisms to consume them, thereby ensuring the circulation of
bacteria through the intestinal tracts of sea animals.

The purpose of this work is to develop a mathematical
model and its software implementation for the analysis of
experimental data on QS in batch culture of luminescent
bacteria. To specify the requirements for the model, we
will formulate a kind of technical specification (TS) for the
model being developed. Firstly, the model must describe the
dynamics of bacterial growth in batch culture; secondly, it
must describe the dynamics of the luminescence of a bacterial
culture, which is regulated by QS, i.e. events at the molecu-
lar level; thirdly, the model should be as simple as possible
for the simple reason that a complex model contains a large
number of parameters with unknown values, i.e. we follow
the paradigm that the fewer fitting parameters there are in a
model describing complex processes, the more it reflects the
essence of the processes being modeled.

The third point of our conditional TS mentions the complex-
ity of the model, and since this point demands the simplicity
of the model being created, at least a brief discussion of this
term is required. Unfortunately, there is no universal definition
of complexity; this is evidenced by the huge (>40) number
of existing definitions of complexity (Edmonds, 1999). The
peculiarities of applying this term to the description of evolv-
ing living systems make it possible to narrow down the set of
possible definitions (Bartsev, Bartseva, 2010). In the case of
mathematical models constructed as systems of ordinary dif-
ferential equations (ODEs), often used to describe the chemical
(biochemical) kinetics and dynamics of ecological systems,
anatural (or at least widely used) indicator of complexity is the
number of differential equations in the system. Apparently, it
is not for nothing that methods that make it possible to reduce
the dimension of an ODE system, for example, by selecting
a subsystem of fast motions and applying Tikhonov’s theorem
(Romanovsky etal., 1984), are called methods for simplifying
systems of kinetic equations.

True, the question remains about the complexity of the
equations themselves, or rather, their right-hand sides. It is ob-
vious that functions including a larger number (so to speak)
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of nonlinearities, for example, terms with large powers in
a fractional rational function, can provide more diverse be-
havior. A possible quantitative approach to assessing the com-
plexity of ODE systems, taking into account the degree of
nonlinearity of the right-hand sides, can be based on Korzu-
khin’s theorem (Jabotinsky, 1974). It states that for a system
with nonlinear right-hand sides, a system of chemical kinetics
equations (containing terms that describe reactions no higher
than second order) can be constructed so that the behavior of
some of the variables of the new system will coincide with
the behavior of the variables of the original one. The number
of equations of the second, expanded system could serve as a
measure of the complexity of the model, taking into account
the degree of nonlinearity of the right-hand sides used. Since
our task is not to obtain an accurate estimate of the model
complexity, but only to construct the simplest possible model
that provides an adequate description of the real system, we
will simply minimize the number of differential equations of
the model and simultaneously use the minimum degrees of
variables in there right-hand sides.

Methods and materials

Experimental part. The object of the study are luminous
bacteria Photobacterium phosphoreum 1889, from the collec-
tion of the Institute of Biophysics SB RAS. Bacterial growth
was assessed by measuring optical density at 660 nm on an
Agilent Cary 60 spectrophotometer. To measure the biolu-
minescence of the reaction mixture Promega GloMax 20/20
Luminometer (USA) was used. The bacteria were grown in
a liquid medium for marine bacteria (g/l): NaCl —28.5, KCI -
0.5, CaCl,— 0.5, MgCl, —4.5, yeast extract— 1, peptone — 10;
pH 7.6.

Mathematical model. The bioluminescent system of
bacteria has been very well studied (Brodl et al., 2018), the
enzymes expressed jointly when QS is triggered are known,
and the pathways for the synthesis of substrates for the lumi-
nescent reaction are quite well studied. For us, in order not
to dive into the details of the kinetics of the multienzyme
system, the following is important: the direct substrates of
the luminescent reaction are reduced flavin mononucleotide
(FMN-H,), long-chain aliphatic aldehyde — tetradecanal
and molecular oxygen. The flavin is reduced by the enzyme
NADH:FMN oxidoreductase, and the aldehyde is synthesized
by the ATP-consuming fatty acid reductase enzyme complex.
Thus, the luminescent reaction is directly related to the energy
metabolism of the cell, and its luminescence depends not only
on the amount of luciferase in the cell, but also on the state of
its energy metabolism.

Consequently, already at the level of describing crop growth,
an assessment of the state of its energy metabolism must be in-
cluded in the model. The properties of the multienzyme system
of energy metabolism were studied in detail in the almost for-
gotten (judging by the citation statistics from ResearchGate)
work of E.E. Selkov, which is part of a collective monograph
(Ivanitsky et al., 1978). One of the most important properties
of energy metabolism is maintaining a constant intracellular
ATP concentration within a wide range of consumer load to
ensure decoupling (relative independence) of intracellular
energy consumers. In his work, the case of a constant rate of
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substrate supply with varying load (activity of generalized
ATPase) was considered. In this model, it is necessary to take
into account both the change in the rate of substrate supply (in
our case, we will consider its concentration in the medium)
and changes in ATPase activity associated with different
phases of culture growth. Here the entire Selkov’s model, in
accordance with TS-3, will not be reproduced, but some of
his ideas will be applied.

When writing a model that, on the one hand, describes the
variables characterizing a bacterial culture — substrate con-
centration and biomass density in the flask, and, on the other
hand, should describe the average intracellular ATP concen-
tration, it is necessary to coordinate the rates of the processes.
If we designate the volume of the flask as V., and the total
volume of bacterial cells as V,, then between the rates of
processes expressed in concentrations per unit of time — v,
and vy, respectively, due to the conservation law, the follow-
ing relation must be satisfied: v¢-V, = vy-V,, where the right
and left sides of the equality describe the rate of change in the
mass of the reagent. It follows that the rates of intracellular
processes must exceed the (concentration) rates of the same
processes by V./V, times and we will have a system with
different characteristic times of change in variables. Let us
denote the ratio V,/V, as a small parameter g,

Taking into account the above, the “ecological part” of the
model can be written as follows:

$ =—[f5(S.a) + (S, a)]N,
N = [f5(S,a) - My @)]N, v

N kqya
ga =f(S a)- TN f5(S,a) - qul-a’

where S is the concentration of the nutrient substrate; N is the
bacterial biomass; a is the average intracellular concentration
of ATP in the cells of a bacterial culture.

VgS a
Ks+S Kc+a
cribes the ATP-dependent synthesis of biomass, the function

VES
Ke+S Ke+a?

In this case, the function f;(S,a) = des-

fz(S,a) = describes the production of ATP,

. kga . . .
the expression gd—+a describes the activity of the generalized
2

m . .
T+Aya describes the in-

tensity of bacterial death, depending on the intracellular ATP
concentration.

As one can see, in this model the generalized activities of
anabolic and catabolic pathways are described by separate
functions, so there is no need to specifically introduce the
so-called economic coefficient; moreover, the ratio of the
rates of biomass synthesis and organic oxidation may change
during crop growth. The type of function fg(S, a), or more
precisely its part, describing the dependence of the activity of
ATP synthesis on its concentration, was chosen in accordance
with Selkov’s model (Ivanitsky et al., 1978). The last term in
the equation describing the ATP concentration represents the
contribution of the generalized ATPase, i.e. the totality of all
basic processes in a cell. At small values of the coefficient €,
ATPase activity will change little over a wide range of ATP

ATPase, and the function My (a) =
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concentrations, and only at low values a drop in ATPase activ-
ity will be observed, which seems natural.

The presence of a small parameter in the third equation
makes the ATP concentration a fast variable and allows
us to study the properties of this equation separately from
other variables, assuming the remaining (ecological) vari-
ables are constants (Romanovsky et al., 1984). We will not
do a complete analysis of the stability of this equation due to
its cumbersomeness; it is enough for us, in accordance with
the technical specifications, to check the possibility of the
existence of a stable quasi-stationary state of a given dynamic
system and evaluate the dependence of its stability on the
values of environmental variables.

From Figure 1 we can see that depending on the set of
parameters the system can have: (A) one stable zero station-
ary state, or three stationary states depending on the substrate
concentration S; (B) one unstable zero and one stable statio-
nary state for any values of concentration S. Since at this
stage we are not concerned with the exact correspondence of
the parameters of the cell energy system model to real data,
we will follow Selkov’s approach and the stated technical
specifications. It means we will choose an option, on the one
hand, providing the cell with stable satisfaction of its energy
needs, and on the other, doing this in the simplest way. From
Figure 1 it is clear that this requirement is met by a set of
parameters that generates the dependencies presented in the
sub-figure (B).

It can be seen from the figure that at certain parameter
values there is a range of changes in the ATP concentration,
in which the rate of ATP synthesis is positive, which leads to
an increase in its concentration until the concentration falls
into the region with a negative rate value, which ensures the
existence of a stable stationary state.

Having ensured, relatively speaking, the vital activity of
the cell, we can move to constructing a model of QS. Let us
consider the QS model (Williams et al., 2008), which was
subsequently used in a number of works by other authors
(Melke et al., 2010; Djezzar et al., 2019). According to this
model, the autoinducer AHL (A) and the receptor LuxR (R)
form a dimerized complex that regulates the production of
both R and A. In addition, there is a nonzero, basal, inducer
concentration-independent synthesis of LuxR. The model
looks like this:

. VgD
R=Cq+ KRR+D —kyR — k;RA + k,C,

C = k,RA - k,C — 2k,C2 + 2k.D, ©)
D =k,C2~kD.

In this system, the first equation describes the rate of change
in the LuxR concentration, which positively depends on the
sum of the basal (Cg) and autoinduced synthesis rates. The
latter is proportional to the probability of transcription initia-
tion controlled by binding the (LuxR-A), (D) complex to the
corresponding binding site in the regulatory sequence of the
operon. The second and third equations describe the formation
of the LuxR-A complex (C) followed by the formation of the
dimeric complex (LuxR-A), (D).

Following (Williams et al., 2008) and TS-3, we will as-
sume the existence of a quasi-stationary state for variables C
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Fig. 1. Dependence of the rate of ATP concentration on its concentration at different substrate concentrations (shown on the right) at different sets of

parameter values.

Case A:inasystematS>S i

there may be three stationary states, of which one is unstable, and one corresponds to a zero concentration of ATP. The dashed oval

highlights a group of indistinguishable stationary states at different values of S. Case B: there is one stable and one unstable zero stationary state in the system.
The red circles show stable stationary states at different substrate concentrations. Appropriate parameter sets for cases A: V; = 1.22, K; = 1.94, K; = 0.01, V, = 2,
Ke=1,Kge=0.2,kg=0.5, 8, =0.05and B: V; = 2.18, K, = 4, K, = 0.004, V, = 3.299, K, = 4, K, = 0.008, ks = 0.026, &, = 0.85.

and D. Then, the equation describing the behavior of LuxR at
the concentration of the autoinducer considered as an external
parameter has the form:

. VyYR2A?
R_CR+m_k3R’ 4
kyk?
where y = k4_k12'
5h2

To analyze the properties of this equation, one can apply
the technique used for the third equation of system (2), that
is, consider it in coordinates (R, dR/dt) at different concen-
trations of the autoinducer, which is a simple matter (Fig. 2).
It can be seen from the figure that at zero and low substrate
concentrations, only one stable stationary state can exist, cor-
responding to a low LuxR concentration. As the concentration
of the autoinducer increases, two more stationary states ap-
pear — stable and unstable, but the system cannot voluntarily
switch to a state with a high level of LuxR expression. With
a further increase in the concentration of the autoindicator,
the left knee of the curve leaves the negative half-plane,
which leads to the disappearance of the unstable and stable
states and the system quickly transitions to a state with a high
concentration of LuxR.

The switching process can be shown more clearly if we
assume that a quasi-stationary state of the system described
by equation (4) is realized. In this case, one can either apply
plotting implicitly defined functions in computer algebra
systems like Maxima, or, by setting the right side equal to 0,
obtain an expression for the explicit function

_1 ] oR-o

RY(a+p)-R’
where 6 = Kgy; a = Cgr/Ks; B = Vr/ks. In this case, the condition
a<R<o+p must be satisfied.

For clarity, one can tabulate (5) as a regular function in
Excel, and then flip the coordinates — make (A, R) (Fig. 3).
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Fig. 2. Dependence of the rate of change in the concentration of LuxR on
its concentration at different concentrations of the auto-inductor shown
on the right.

The red circles show stable stationary states at different concentrations of the
auto-inductor, the black ones show unstable states. The curved dashed arrow
indicates the direction of change in the concentration of the auto-inductor.
The straight dashed arrow shows the direction of switching to the new state.

The figure clearly shows that when a certain threshold con-
centration of 4(B) is exceeded, a sharp transition to a state
of high level of LuxR expression occurs, and hysteresis can
be observed in the system, which under natural conditions
can be observed when bacterial growth is inhibited and the
autoinducer is gradually destroyed.

After running the QS model and tentatively estimating
the values of the parameters that are necessary to implement
QS, we will return to building the total model. Using the
well-known model discussed above, we will slightly modify
it to ensure its conceptual unity, namely, we will make the
intensive synthesis of LuxR energy-dependent. In this case,
we will leave the background synthesis of the autoinducer
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Fig. 3. Stationary curves showing the dependence of the stationary LuxR
concentration on the concentration of the auto-inductorat . =0.1,6 =1
and different values of the parameter 3 (right).

and LuxR conditionally energy-independent, considering that
the costs of their synthesis are included in the activity of the
generalized ATPase (2):

A=Ch— koA,
. VRYR2A2 3 (6)

Looking ahead, we can say that the use of a more complex
equation, assuming that simultaneously with the synthesis of
LuxR, the synthesis of the autoinducer is intensified, as was
done in the model (Melke et al., 2010), turned out to be un-
necessary to describe the experimental data. In addition, for
simplicity, it is assumed that the concentration of the autoin-
ducer in the medium and in the cell coincide, which makes it
possible to avoid selecting a small parameter. As a result, our
model, combining environmental and intracellular molecular
processes, looks like this:

$ =—[f5(S,a) + (S, a)]N,
N =[fe(S,a) - My (@]N,
goa =f.(Sa) —N_ _f_(5,a) - a2
0 E\M 81+N G\> 82+a’ (7)
A=C,—kA,
. VRyR2A2 4
(7T Ryryrome e

Let’s start constructing the final luminescent block of the
model. First, let us assume that the synthesis of luciferase oc-
curs in parallel with the synthesis of LuxR and is also energy
dependent. In addition, we will take into account the energy-
independent process of luciferase inactivation. However, in
this experiment we record not the amount of luciferase in
the culture, but the intensity of luminescence. As mentioned
above, to ensure luminescence, NADH and ATP must come
from the cell. It is possible to take these flows into account
separately, but it hardly makes sense, since the activity of the
cytochrome chain that produces ATP depends on the presence
of NADH. Thus, since these processes are closely related and
the presence of ATP means the presence of NADH, in the
model (following TS-3) we will consider the dependence of

874

Mathematical modeling of quorum sensing dynamics
in batch culture of luminescent bacterium

luminescence only on ATP. As a result, we obtain a general
model of the system under consideration:

S= —[fG(S,a) + fE(S,a)]N,
N = f,(S, )N,

_ . N _ _ kda
w2 =fe(8.2) g -5 - 24
A=C,-keA, (8)
. VRYRZAZ g
R —CR+W'83_+a—k3R,

_ ViR a
K. +R gta Kk
Light(t) = L(t) - 20
S4+a(t).

The difference between the ecological part of this model
and (2) is that since the experiment considers batch culture
from inoculation to the logarithmic growth phase inclusively,
without considering the stationary phase and the death phase,
the mortality of bacteria cannot be taken into account in this
experiment.

The mathematical model was implemented in the open
source environment SciLab 6.1. To determine the param-
eters of the mathematical model from experimental data, the
Nelder—Mead method was used, the code of which is included
in the accompanying software examples.

Results

Test experiments carried out on the prescribed rich (10 g/l
peptone) and poor media (0.1 g/l peptone) showed the presence
of QS in both cases. The biomass and luminescence dynamics
curves are shown in Figure 4.

Simply examining the obtained curves, without any model,
one can see (see Fig. 4, a) that before the start of QS (within
6 hours of cultivation) there is a gradual decrease in the in-
tensity of luminescence produced by luciferase brought with
the inoculum. At the same time, after reaching the maximum
of the glow (~11 hours), a sharp decrease in the intensity of
the glow is observed. It is almost obvious that such a decline
cannot be associated with inactivation of luciferase, which
would require the assumption of the existence of a special
system that destroys luciferase immediately after synthesis,
and even under conditions of energy starvation. Apparently,
it was the drop in the concentrations of NADH and ATP at
the final stage of the logarithmic phase of culture growth that
caused this drop in luminescence. At the same time, the slow
decrease in luminescence intensity, which took place under
conditions of excess substrate and intensive energy metabo-
lism, demonstrates the process of inactivation of luciferase,
or more precisely the complex of enzymes that serve the
luminescence of bacteria.

At the same time, the dynamics of cultural luminescence in
a poor environment (see Fig. 4, b) raises interesting questions.
It can be seen that after 7 hours of cultivation, the biomass
of bacteria reached approximately more than a third of the
biomass achieved by bacteria during the same time in the
rich medium. At the same time, the growth rate of the culture,
although not very high, was approximately constant through-
out the entire period under consideration, which cannot be
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Circles indicate experimental data.

said about the other experiment. The obvious acceleration of
culture growth in a rich medium after 4 hours of growth may
indicate substrate inhibition at given substrate concentrations.

Itis interesting that in the poor medium QS began 2 hours
earlier than in the rich medium. It is possible that substrate
inhibition has this effect, but this issue requires further research
and more experimental material. At this stage, our objective
is to develop an adequate model that satisfies the technical
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Fig. 6. Model and real dynamics of variables in the culture of fluorescent
bacteria in a poor environment.

Circles indicate experimental data.

specifications stated at the beginning of the article, and to
preliminarily test the adequacy of this model using the avail-
able experimental data.

The results of computational modeling are shown in Figu-
res 5 and 6. The adjustment of the model parameters took
place in two stages — first, the ecological part was adjusted,
describing the dynamics of the biomass of the bacterial cul-
ture, substrate concentration and the average intracellular ATP
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concentration. The results are shown in the top three graphs
of the presented figures. It should be noted that there is fairly
good agreement between the model curve describing the dy-
namics of biomass and the experimental points. As additional
calculations have shown, neither the Verhulst model nor the
introduction of the substrate inhibition factor into the model
provides an improved description. Two options are possible:
either the observed discrepancy is of a statistical nature, or
there is a mechanism in the system that accelerates growth
after reaching a certain threshold. Further analysis will require
additional experiments, which are planned.

It should be noted the expected behavior of the ATP concen-
tration, which, as can be seen from Figure 1, should undergo
minor changes when the substrate concentration varies in
a certain interval and change quite sharply when leaving this
interval.

At the second stage, the part of the model describing QS
and luminescence was adjusted, and data on luminescence
dynamics were used as reference data. At the same time, the
“ecological and energy” parameters of the model did not
change.

Figure 5 shows the model dynamics of the autoinducer and
LuxR, as well as the dynamics of the amount of luciferase,
which follows the dynamics of LuxR expression. It is impor-
tant to note that the model clearly describes the slow decrease
in luminescence at the initial stage of culture growth and its
rapid decrease at the final stage, which differs in rate from
the decrease in the amount of luciferase, which represents the
energy state of the cells.

In the case of modeling the behavior of a culture in a poor
environment (see Fig. 6), the following point can be noted.
It is important that a model containing a large number of ad-
justable parameters is capable of describing various variants
of dynamics, and the question is how well these parameters
correspond to biological ideas about the system under study.
Looking at the graphs in Figure 6, one can note good agree-
ment between the model curves and the experimental data.
Let us compare in the “Discussion” section the changes in
the constants that were made by the system for adjusting
parameters when describing the growth of a culture in a poor
environment. In this case, the values of the model parameters
common for the two cases are as follows: V; = 2.18, K, =3.99,
Ka = 0.0033, V, = 3.30, K, = 4.02, K¢ = 0.008, a, = 1.40,
kg = 0.0315, k, = 0.082, Vg = 1.50, C, = 0.14, Cg = 0.011,
k;=0.057,y=0.331,Kr=0.06,K =0.17,£,=0.01,¢,=0.001,
g, = 1.54,6,=0.39,¢,=3.34.

Discussion

From the Table it can be seen that it was not necessary to
change a very large number of parameters in order to obtain
a good description of the dynamics of culture in both experi-
ments. Note that the change in S is expected; another thing
is that the almost twofold decrease in S in the model is in
poor agreement with a hundredfold decrease in the peptone
concentration in the medium. This discrepancy can be tenta-
tively explained by the fact that, apparently, peptone is not the
leading substrate and growth is limited by nutrients contained
in the yeast extract, the concentration of which did not change
in these experiments.
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Comparison of model parameters
for two types of nutrient medium

Medium So ka 4
Rich 1.84 0.75 9.02
Poor 1.06 0.41 0.15

Questions arise regarding changes in the other two para-
meters. Such a significant (60 times!) drop in the V_constant
can only be explained by the presence of some additional
system for controlling the luminescent reaction through the
synthesis pathways of FMN - H, or aliphatic aldehyde. In this
case, a generalized description of the contribution of energy
metabolism only through ATP is too strong a simplification.

The almost twofold decrease in the ky constant during
growth in a poor medium is also difficult to explain. It is pre-
mature to build hypotheses on this matter; we can return to
the issue after obtaining additional experimental data.

The noted discrepancies between expectations and the
results of processing experimental data, together with as-
sumptions about the courses of these discrepancies, set the
direction for further experimental and theoretical studies of
the mechanisms of QS in the culture of luminescent bacteria.

Conclusion

The results of a comparison of the model built within the
framework of the presented logic and experimental data show
that the proposed model generally satisfies the conditional
technical specifications that were formulated in the Introduc-
tion. Indeed, (1) the model quite satisfactorily describes the
dynamics of bacterial biomass in batch culture, (2) the model
clearly describes the dynamics of the luminescence of a bacte-
rial culture, which is regulated by QS.

But regarding the third requirement of the technical
specifications about the maximum simplicity of the model,
it is difficult to give a final assessment. On the one hand, it
is possible that this model can be simplified to describe the
behavior of bacterial cultures under conditions close to the
conditions of the experiments considered. On the other hand,
working with the model (selection of parameters) made us
feel that this model is not robust enough with respect to the
variation of parameters. This was manifested, in particular, in
the fact that the Nelder—-Mead method, like any local search
method, quite often finds the nearest minimum of the goal
function, which corresponds to the values of parameters that
are distantly related to biological meaning (the tendency of
the Monod constant to 0). It is possible that a model, in which
the semantic blocks (ecological, energy, quorum, luminescent)
will be more articulated, more autonomous, in line with the
ideas of E.E. Selkov, will be resistant to external and internal
disturbances, almost like a living being.
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Abstract. The purpose of the study was to compare quantitative analysis methods used in the early stages of closed-loop
system prototyping with modern data analysis approaches. As an example, a mathematical model of the stable coexistence
of two microalgae in a mixed flow culture, proposed by Bolsunovsky and Degermendzhi in 1982, is considered. The model
is built on the basis of a detailed theoretical description of the interaction between species and substrate (in this case,
illumination). The ability to control the species ratio allows you to adjust the assimilation quotient (AQ), that is, the ratio
of carbon dioxide absorbed to oxygen released. The problem of controlling the assimilation coefficient of a life support
system is still relevant; in modern works, microalgae are considered as promising oxygen generators. At the same time,
modern works place emphasis on empirical modeling methods, in particular, on the analysis of big data, and the work does
not go beyond the task of managing a monoculture of microalgae. In our work, we pay attention to three results that, in
our opinion, successfully complement modern methods. Firstly, the model allows the use of results from experiments with
monocultures. Secondly, the model predicts the transformation of data into a form convenient for further analysis, includ-
ing for calculating AQ. Thirdly, the model allows us to guarantee the stability of the resulting approximation and further
refine the solution by small corrections using empirical methods.
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MaTeMaTuueckasi MOJie/Ib CICTEMBI XXKI3HeoOecIIeueHs
Ha OCHOBE BOAOPOCJIei, 3aMKHYTasI 110 KMCI0OPOAY
U YIJIEKUCIIOMY Ta3y

A.A. CeméHnoB ®, AL AerepmeHAXU

MHcTnTyT 6rodusnkn Cnbmpckoro otaeneHns Poccuiickon akapgemm Hayk, DefepanbHblii UICCNEA0BATENbCKUIN LEeHTP «KpacHOAPCKMIA HayuHbIN LeHTp CO PAH»,
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AnHoTayuma. Llenblo nccnefoBaHma 6bi10 CpaBHUTb METOAbI KOIMYECTBEHHOIO aHanM3a, NPYMEHABLLNECA Ha PaHHUX 3Ta-
nax co3fjaHuA NPOTOTUMOB 3aMKHYTbIX CUCTEM, C COBPEMEHHbIMU NOAXO0AaMM aHanM3a JaHHbIX. B KauecTBe npumepa pac-
CMOTpeHa maTemaTnyeckasa MOAeNb YyCTONYMBOro COCYLLEeCTBOBaHMA ABYX MUKPOBOLOPOCNEN B CMeLIaHHOWM MPOTOYHON
KynbType, npegnoxeHHas boncyHosckum n lerepmengxn 8 1982 r. Mogenb nocTpoeHa Ha OCHOBE feTasibHOro TeopeTtu-
YeCcKoro onmcaHna B3aMMOLEeNCTBUA BULOB U cybcTpaTa (B JaHHOM Cllyyae OCBELLEHHOCTM). BO3MOXHOCTb ynpasneHus
COOTHOLLUEHVEM BIAOB NO3BONIAET PEryinpoBaTbh acCUMUNALMOHHBIN KoaddurumneHT (AQ), T.€. OTHOLIEHVE NOFOLWEHHOIO
YIMEKNCOro ra3a K BblaenieHHOMY Kuciopoay. 3aada yrnpaBneHus acCCUMUIALMOHHBIM KO3GOULMEHTOM CUCTEMbI KU3HE-
obecrneyeHns fo CMX NOP aKTyanbHa, MUKPOBOLOPOCV PacCMaTPUBAIOTCA Kak MePCreKTUBHbIE FeHepaTopbl KUCIopoaa U
B COBPEMEHHbIX paboTax. [py 3TOM aKLeHT B HUX CeNnaH Ha SMNUPUYECKX MeTOaxX MOLENMPOBAHMSA, B YaCTHOCTM Ha aHa-
nun3e 60MbLIMX AAHHbIX; TaKXKe PaboTbl He BbIXOAAT 3a Npefenbl 3ajaum ynpasieHns MOHOKYbTYPO MUKPOBOAOPOCHEN.
B HacToAwem nccnenoBaHMM Mbl obpallaeM BHMMaHWE Ha TPU pe3ynbTaTa, Mo Halemy MHEHUIO, YAAuHO AOMOSHALWMNX
coBpeMeHHble MeToAbl. Bo-nepBbiX, MoAenb NO3BONAET NCMNOJb30BaTh Pe3y/bTaTbl SKCNEPMMEHTOB C MOHOKYbTYpamu,
BO-BTOPbIX, NpefcKasbiBaeT NpeobpaszoBaHve AaHHbIX K BUAY, YAOOHOMY ANA AanbHeWLWwero aHanmsa, B ToM Ynicie ais Bbl-
yncnermns AQ. B-TpeTbux, MoLenb NO3BOMAET FAPaHTMPOBATh YCTONYMBOCTb NOMYYEHHOIO MPUOAMKEHUA 1 B AaNTbHENLWEeM
MICKaTb peLleHne Kak Maslyto MonpaBKy SMNMPUYeCKUMN MeETOLaMU.

KnioueBble crioBa: cuctema xmsHeobecneyeHus (CKO); maTemaTnyeckasn Mofenb; CMeLaHHas KynbTypa AByX BOAOPOCEN.
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Introduction

Nowadays, complex systems are predominantly viewed
as a “black box” generating large amounts of data. The
development of relevant methods for big data analysis has
been facilitated by a significant increase in the availability of
data recording methods and a decrease in the cost of computing
power. When designing closed life support systems, data
continue to be scarce and expensive. Theoretical approaches
based on detailed descriptions of the components of complex
systems can predict useful approaches to data preprocessing.
Mathematical models, seeking to describe a complex system in
aminimally complex way, transform an array of experimental
data into a form convenient not only for analysis, but also for
perception by a human operator. In addition, mathematical
models help solve problems that are still relevant today. We
illustrate these points using the example of controlling the
assimilation quotient (AQ) of a mixed culture of two algae.

Can we learn anything from the early experience of proto-
typing closed circuit life support systems (CLSS)? The history
of creating closed life support systems goes back more than
half a century. Due to the revival of interest in creating bases
on the Moon and Mars in the last decade, the relevance of this
area of work has increased markedly (Keller et al., 2021; Liu
etal., 2021). Since at the initial stages some prototypes were
created and studied in detail, later rejected for various reasons,
there is a desire to study the experience of these works for
possible use in modern projects. Most modern publications
persistently propose universal approaches to creating indi-
vidual life support modules and testing the system (Heinicke,
Verseux, 2023; Metelli et al., 2023). Can old approaches be
useful for new projects? Also, there is a temptation to com-
pare the approaches used then with those common now, in
particular with big data analysis methods.

It is convenient to conduct a similar mental experiment
at a preliminary stage for a system that has a fairly detailed
theoretical description. In our case, this is a system for
co-cultivating two algae (Chlorella vulgaris and Spirulina
platensis) used as an oxygen generator for life support sys-
tems (LSS). The idea of using algae to create life support
systems is still relevant (Hader, 2020; Fahrion et al., 2021;
Matulaetal., 2021; Keller et al., 2023). In particular, Chlorella
vulgaris and Spirulina platensis are still actively considered
as promising species for this task (Helisch et al., 2020; Cycil
et al., 2021; Matula, Nabity, 2021; Matula et al., 2021). We
cannot confidently say that all the authors of these works are
sincerely convinced of the future role of microalgae in LSS.
We believe that higher plants are more promising for solv-
ing the problem of providing humans with oxygen and food.
However, we, like perhaps many of the authors listed, consider
microalgae to be a successful teaching aid. Due to a number
of advantages, the cultivation of microalgae is a good model
object. For example, in relatively recent literature one can
find works devoted to the management of microalgae mono-
cultures (Hu et al., 2008, 2012, 2014), which demonstrate
the effectiveness of various management methods. That is,
the theoretical work on managing microalgae cultivation in a
series of three articles is methodological in nature. We see an
opportunity to complement this series of articles by turning
to the analysis of the model of forty years ago. As part of the
work to create closed life support systems, in 1982, a model
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for managing a mixed flow-through culture of two algae was
created (Bolsunovskiy, Degermendzhi, 1982).

The use of algae as the only autotrophs in the life support
system allows us to apply a convenient simplification to rea-
soning about the stoichiometry of oxygen reduction and carbon
dioxide sequestration in an algal cultivator. To a first approxi-
mation, we can assume that all carbon dioxide is released by
the human body in the oxidation reactions of carbohydrates
and fats. This assumption is based on the fact that the use of
amino acids by the human body as a significant source of
energy is possible with an unbalanced diet, excessive physi-
cal activity, or with certain chronic diseases. Having ruled
out these three possibilities, we will assume that amino acids
make a negligible contribution to respiration. Carbohydrates
and fats are the main sources of energy for the human body
and the main products of algae biosynthesis.

Another convenient simplification would be to ignore the
synthesis of amino acids by algae. Unfortunately, the biomass
composition of both algae indicates that proteins are present in
large quantities. However, we can allow a first approximation,
which should be followed by adjustments to the model if it
is necessary to close the nitrogen exchange. That is, to a first
approximation, as much as a person oxidizes carbohydrates
and fats, the same amount of carbohydrates and fats should
be synthesized by algae to bind excess carbon dioxide and
regenerate the oxygen used by the person. The use of higher
plants would not allow us to resort to such a simple first
approximation, since in addition to carbohydrates, fats and
proteins, the composition of higher plants contains lignin in
noticeable quantities, which differs significantly in stoichio-
metry from both carbohydrates and fats.

Depending on the diet and level of physical activity, the
human body can use different substrates to obtain energy. With
sufficient oxygen availability, the main source of energy is the
oxidation of fatty acids in mitochondria. When there is a lack
of oxygen, the human body prefers carbohydrates as the main
source of energy. Thus, the ratio of carbon dioxide emitted
by a person and oxygen absorbed can vary from almost 0.7
(oxidation of fats) to 1.0 (oxidation of carbohydrates). For a
person, there is even a possibility of a short-term excess of the
respiratory index of 1.0 as a result of intense physical activ-
ity (acidosis with loss of bicarbonates) and even a long-term
excess under the condition of carbohydrate nutrition and an
increase in body weight with the accumulation of fat. Unlike
humans, algae, on average, maintain a relatively constant
composition during their life cycle. Since no synchronization
or fluctuations in abundance were observed in the analyzed
flow culture, it is possible to use average values of assimila-
tion indices for each of the two algae species.

Assimilation indices reflect the stoichiometric proportion
in which the bound carbon dioxide molecules relate to the
produced oxygen molecules. Since we agreed to describe the
entire metabolism as a first approximation by the balance of
fats and carbohydrates, we will leave outside the scope of this
article the study of the possibility of shifting the assimilation
index of algae by variations in nitrogen nutrition (Belyanin
et al., 1980, p. 114-117). We will consider the situation with
nitrogen nutrition to be stable and assume that the assimilation
index of a system of two algae can vary within the limits indi-
cated in the literature. The metabolic constancy of autotrophs
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and human metabolic plasticity must somehow be reconciled
within the framework of the work of the CLSS. The range
of possible total assimilation index of two algae limits the
diet and metabolic activity of a person settled in the CLSS.
An important assumption will be that we can adhere to the
average specified range by rationally managing a person’s
diet and physical activity. Then, for example, depending on
along-term increase in the level of physical activity, a person’s
respiratory coefficient may shift, which will require a shift
in the assimilation quotient of the life support system. The
design of the life support system should allow for the ability
to adapt to the needs of human metabolism. In the analyzed
model, we will be interested in the possibility of controlling
the composition of a mixed algae culture and controlling the
total assimilation quotient.

Materials and methods

Assessment of assimilation indices of a mixed culture
of two algae. In order to imagine in more detail the
processes of gas exchange in the system under study, we
will use the gross formulas of the biomass of chlorella
(C6.0H9.702.635N0.937) (Belyanin et al., 1980, p. 111) and
spirulina (Cg gH10 840, 0sNo.g7) (Belyaninetal., 1980, p. 116).
Since the system is considered not closed in nitrogen at the first
stage, it is possible to simplify the formulas by considering
that the main form of nitrogen absorption by algae is urea or
ammonium ions, and also by removing oxygen in the form
of water from the formulas. We obtain the residue in the form
(Cg0H1 ) for chlorellaand (Cg oH, 1) for spirulina. So, it turns
out that the synthesis of chlorella and spirulina biomass allows
one absorbed liter of carbon dioxide to release 1.13 liters
and 1.3425 liters of oxygen, respectively, which corresponds
to the assimilation quotients AQ = 0.885 for chlorella and
AQ = 0.745 for spirulina.

The assimilation index of a mixed culture can be easily

obtained from the mass ratios of algae in the culture:

AQ =X-0.885+ (1 - X)-0.745,

where X is the proportion of spirulina in the culture. So,
for the initially obtained stable mixed culture X = 0.6 and
AQ=0.6-0.885+0.4 - 0.745 = 0.829. Controlling the com-
position of a mixed culture makes it possible to obtain an AQ
value ranging from 0.745 (Spirulina monoculture) to 0.885
(Chlorella monoculture).

Mathematical model. In order to predict the stationary
state of algae populations in a flow cultivator, a mathemati-
cal model that summarizes information about the influence
of control factors on a system of two species is needed. It
is precisely this model of a flow cultivator with two algae
that was built in (Bolsunovskiy, Degermendzhi, 1982). The
model describes the coexistence of two species competing
for a limiting substrate. The limiting substrate in this case
is the luminous flux. In the model, there is a region of illu-
mination parameters in which two species stably coexist; in
addition, there are areas of dominance for each species, when
the competing species is forced out. Of course, there is also
a range of parameters that does not allow any of the species
to reproduce; they are simply washed out of the cultivator
with a given flow and insufficient lighting. The flow of the
substance in the cultivator was stabilized by recording the ab-
sorption of chlorophyll at a wavelength of 680 nm, that is, the
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system maintained a constant optical density of the medium.
The system can be controlled by adjusting the flow rate (that
is, the optical density of the medium in the cultivator) and
the light intensity. The model does not take into account the
photoinhibition of spirulina growth at high light intensity, as
well as the effects of metabolic inhibition at high population
densities. The mathematical part of the model was obtained
as a result of a quantitative description of experiments (Be-
lyanin, Bolsunovskiy, 1980) using differential equations
with the subsequent linearization procedure (Bolsunovskiy,
Degermendzhi, 1982).

The model is a system of two differential equations, each
of which reflects the population dynamics of one alga. The
equations look like:

X1 = (4, - D)Xy 1y =a, E/(b, +E),

X, = (4, - D)X, s W, = a, E/(b, + E),

E=Ey(1 -7, X;—71X),

D= My Xy + Hp X
E is average illumination, taking into account the absorption
of light by algae cultures. E was obtained after expansion
into a Taylor series and discarding nonlinear terms, taking
into account the low optical density of the mixed culture.
D; is the flow rate, which in further analysis is replaced
by the optical density of the culture as an experimentally
measured value. The equations reflect competition for light
as a substrate. This substrate, as is known from experimental
data on monocultures, is absorbed according to the Michaelis—
Menten equation. Specific growth curves in monocultures
demonstrate that Spirulina is more efficient at light uptake
at low light levels, while Chlorella is more efficient at high
light levels (Fig. 1).

In the parameter ranges characteristic of a stable joint cul-
ture of two algae (low population density and low light flux),
the model should give the smallest discrepancy with experi-
mental data. To change the ratio of species in the cultivator
under these conditions, a small change in the lighting regime
or a corresponding change in the flow is sufficient. Long-term
increases and decreases in oxygen demand in the CLSS can be
compensated by appropriately scaling the cultivator.

Results

The first impression is that the culture of two practically non-
interacting species, when competing for a single common
substrate, should lead to a stable state when one species
dominates and the other species is displaced. It turns out
that it is possible to understand why coexistence occurs by
carefully analyzing the interaction of species with the substrate
in amonoculture. Chlorella not only does better in high light,
but it also creates some advantage for Spirulina in a mixed
culture compared to a monoculture. In fact, in the presence of
chlorella, spirulina can exist in areas of higher light. Chlorella
“shadows” spirulina, creating more comfortable conditions
for it. Amore detailed analysis of the biology of these species
made it possible to identify adaptations to high and low
light levels, as well as adaptation to different spectral ranges
(Bolsunovskiy, Degermendzhi, 1982). But even without
taking into account this adaptability to different parts of the
spectrum and, in fact, using the material of experiments with
monocultures, it is possible to obtain non-trivial dynamics in
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Fig. 1. Specific growth rate depending on illumination of monocultures of chlorella and spirulina (a). Representing the same data
in inverse coordinates (b) shows good agreement with the Michaelis—-Menten equation.

the mixed culture model. A mathematical model helps move
from qualitative explanation to quantitative predictions.

The model allows us to obtain an area of sustainable co-
existence of two species in a continuous culture. Graphically,
the area is presented on a plane in the coordinates of illumina-
tion (E,) and the optical density of the crop at a wavelength of
680 nm (C), reflecting the flow rate in the cultivator (Fig. 2).

It is necessary to note that extrapolation of the model results
to the area of high illumination and high density of culture is
undesirable, since in this area the effect of factors not taken
into account in the modeling has been experimentally shown
(Belyanin et al., 1980, p. 32-48).

The model allows you to calculate stationary concentrations
of components, that is, the population density of individual
species:

o, X; = 2K, K, (E/Ey, - 1 + C/2K,)/(K, - K)),
a,X, = 2K, K,(-E/E; +1 - C/2K))/(K, = K,).

The steady-state concentrations of each algae species are
designated in the model as X; and X,. Since we assume that
each alga is characterized by a strictly defined composi-
tion and AQ values, the total AQ is a simple superposition:
AQ = (X;-AQ; *+ X,-AQ,)/(X, + X,). That is, the X,/X, = const
curves will simultaneously be curves with a constant value of
the total AQ. It seems paradoxical that all these curves intersect
at one point, but the paradox is resolved simply because at this
point X; = X, = 0. That is, it does not matter what the ratio of
oxygen produced to carbon dioxide absorbed is if the rate of
photosynthesis drops to zero.

For the task of controlling the gas composition in a gas-
processing facility, it is important to determine where the rela-
tion X,/X, = const is satisfied. The mathematical model was
intended to qualitatively explain the observed phenomenon,
namely the stable coexistence of two species. One cannot
expect an accurate prediction of equilibrium positions over
the entire region of existence of the system, but the model
can provide a good first approximation for solving such a
problem in practice.

Such an approximate algorithm for searching for the
equilibrium state of the system will serve as a “rough tuning
knob.” Amore accurate selection of parameters can be carried
out experimentally.

In order to understand how a model can be used to analyze
experimental data, let’s imagine that there are data, but there
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Fig. 2. The area of existence of a stable culture of two algae is limited by
two curves on the lllumination/Flow Speed plane.

are no theoretical ideas about how the system functions.
A pragmatic approach would be to search for the transforma-
tion of curves that limit the region of existence into straight
lines in new coordinates. Then all straight lines on this plane
passing through the intersection point and lying in the area of
existence of a mixed culture could be taken as X,/X, = const.
For example, for a given type of curve, an approximation
could be a transformation of the form
C(E) =K-In(E) - const,

where K and const would be selected using the least squares
method.

Figure 3 shows the results of the inverse transformation of
the E = exp(C/K + const) graphs. It can be noted that after
the transformation the points are well approximated by a
straight line.

All possible stable equilibrium positions of the system
that allow the coexistence of two species can, after such
a transformation, be represented by a bunch of straight lines
passing through one point. For each such line we can take
AQ = const. Since AQ is obtained by a simple superposition
of the assimilation indices of two algae, it is natural to assume
that on a plane where data on monocultures are represented by
straight lines, data on a mixed culture will also be represented
by straight lines.
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Fig. 3. The result of the empirical selection of a transformation that
“straightens” the data graphs in new coordinates.

It is worth paying attention to two obvious facts: (1) the
chosen approximation is sensitive to the area in which the
experimental data are collected; (2) the approximation pro-
duces a systematic error, underestimating the results at average
illumination and overestimating them in the areas of low and
high illumination.

Now let’s compare this approach with the one that follows
from knowing the exact solution of the model. An exact
approximation of the model solution will be given by trans-
formation to coordinates (1/E,; C). Exact solutions are then
converted to straight lines (Fig. 4). All points that obey the
relations X,/X, = const will also lie on straight lines passing
through the common intersection point. It is this approxima-
tion that can be recommended for further use in processing
experimental data as a first approximation.

Let’s imagine a situation where we have experimental data
obtained under modern conditions. Let’s say a stationary
state has been established in the cultivator. In the experi-
ment, you can control the flow rate and illumination. Using
gas analysis, you can obtain the AQ value for a stationary
case, and then calculate the ratio of species in the culture.
One can also imagine a direct measurement of the species
ratio. Using modern methods, for example, flow cytometry,
it is possible to automatically obtain data on the steady-state
X,/X, ratio. All this data can be used to restore the parameters
of calibration graphs of the form X,/X, = const. That is, the
theory helps to choose a data preprocessing procedure for
further analysis, for example, using methods of mathematical
statistics, or artificial neural networks, or even in the form of
graphical constructions. Moreover, the theory was obtained
based primarily on data on the specific growth rate of algae
in monocultures. Based on data on monocultures, empirical
methods simply cannot predict the relationships in a mixed
culture, so empirical methods, which include all modern
“methods of big data analysis,” will require not only large,
but also rather hard-to-access data.

How can we now determine the position of a straight line
with a given ratio X,/X,? The bottom graph is the optical den-
sity of the spirulina monoculture, the top graph is the optical
density of the chlorella monoculture. In order to find a position
with a given ratio X,/X, at a given level of illumination, it is
necessary to divide the vertical segment connecting the lower
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Fig. 4. As follows from the model, to search for equilibrium positions in
a mixed culture, it is convenient to present data in coordinates (Inverse
Illumination/Flow).

and upper straight lines in the ratio X,/X,. The stability of the
solution of the mathematical model guarantees that subsequent
experimental refinement of the equilibrium position will be
small. Empirical methods currently do not provide insight
into the stability of the predictions obtained with their help.

Conclusion

When creating complex biotechnological systems, fairly
simple and visual mathematical models can be a good addition
to modern methods of data analysis. If experimental data
are difficult to access, the only way to predict the behavior
of the system is to create an adequate mathematical model.
In addition, in the case of closed life support systems, the
ability to understand the structure of the system on the part
of the human operator, as a rule, the occupant of this system,
is important. The simpler and more obvious the mechanisms
incorporated into the design of the life support system, the
higher its reliability will be.
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Abstract. The light emitted by a luminescent bacterium serves as a unique native channel of information regarding
the intracellular processes within the individual cell. In the presence of highly sensitive equipment, it is possible to
obtain the distribution of bacterial culture cells by the intensity of light emission, which correlates with the amount of
luciferase in the cells. When growing on rich media, the luminescence intensity of individual cells of brightly luminous
strains of the luminescent bacteria Photobacterium leiognathi and Ph. phosporeum reaches 104-105 quanta/s. The sig-
nal of such intensity can be registered using sensitive photometric equipment. All experiments were carried out with
bacterial clones (genetically homogeneous populations). A typical dynamics of luminous bacterial cells distributions
with respect to intensity of light emission at various stages of batch culture growth in a liquid medium was obtained.
To describe experimental distributions, a phenomenological model that links the light of a bacterial cell with the history
of events at the molecular level was constructed. The proposed phenomenological model with a minimum number of
fitting parameters (1.5) provides a satisfactory description of the complex process of formation of cell distributions by
luminescence intensity at different stages of bacterial culture growth. This may be an indication that the structure of
the model describes some essential processes of the real system. Since in the process of division all cells go through the
stage of release of all requlatory molecules from the DNA molecule, the resulting distributions can be attributed not
only to luciferase, but also to other proteins of constitutive (and not only) synthesis.

Key words: non-genomic variability; phenomenological model; luminescent bacteria.
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AHHoTayusa. CBeT, NCNYCKaeMbIA JIIOMUHECLEHTHBIMI GaKTEPUAMM, MOXKET CITYKUTb YHUKANIbHBIM NMPUPOLHbIM KaHa-
NoM nepefaumn nHGOpMaLMK O NpoLieccax BHYTPYW OTAeNbHON KNeTKU. [py Hanmuum BbICOKOUYBCTBUTENBHOTO 060pYy-
LOBaHNA MOXHO MONYUUTb pacrnpefeneHne KNeTok 6akTepuranbHoOM KynbTypbl MO MHTEHCUBHOCTM CBEUEHUA, KOTOpast
KoppenupyeT C KoNmyecTBOM Nilourdpepasbl B KNeTKax. Mpu BbipalynBaHim Ha 6oraTbix NMTaTeNbHbIX CPeAax MHTEHCKB-
HOCTb CBEUYEHWA OTAENbHbIX KNETOK APKO CBETALLMXCA LUTaMMOB JIIOMUHECLIEHTHbIX 6akTepuii Photobacterium leiognathi
n Ph. phosporeum pocturaet 104-105 kBaHTOB/C. CUrHaN Takon MHTEHCUBHOCTU MOXET OblTb 3apermcTpupoBaH ¢ no-
MOLLbO YyBCTBUTENILHOTO GOTOMETPMYECKOrO 060pyA0BaHUA. Bce sKCnepuMeHTbl MPOBOAMANCH C GaKTepUanbHbIMU
KJIOHaMV — FeHeTUYEeCKN OfHOPOAHbBIMM NonynAuuaAMu. MNonyyeHa TUNUYHAA AMHaMUKa pacnpefeneHns CBETALLMUXCA
6GaKTepMaNbHbIX KIIETOK MO MHTEHCMBHOCTM CBEYEHVA HA PA3fIMYHbIX CTagusAX NEPUOANYECKOrO BblpallBaHWA Kyfb-
Typbl B XuUgKoi cpeae. ns onmcaHus SKCnepuMeHTasbHbIX pacrnpeaeneHmnin bbi1a NocTpoeHa peHoMeHonormyeckas
MoZenb, KOTOpasa CBA3bIBAET U3MyyYeHre GaKTepurasbHON KNeTKN C NCTOpUei COBbITUI Ha MOMEKYNSPHOM YPOBHeE.
MpeanoxeHHaa GpeHoMeHonornyeckas Mogesb C MUHUMANbHbIM YCIIOM MOACTPOEYHbIX NapameTpoB (1.5) obecneun-
BaeT yOBNIETBOPUTENIHOE OMMCaHVE CIIOXKHOIO npoLecca GoOpMUPOBaHMSA pacnpefeneHmns KNeToK Mo UHTEHCUBHOCTY
CBEUEHUA Ha PasHbIX CTaAUAX PocTa BakTepuanbHOM KynbTypbl. DTO MOXET CBUAETENbCTBOBATb O TOM, UTO CTPYKTYpa
MOZENM OMUCbIBAET HEKOTOPbIE CYLLECTBEHHbIE NPOLIECCHI PeasibHOW crucTeMbl. [TOCKONbKY B NpoLecce AeneHnsa Bce
KNETKN NPOXOAAT CTaAWio OTCOeAUHEHNSA BCEX PETYNATOPHbIX MoNieKyn oT monekynbl JHK, pe3ynstupytowme pacnpe-
LeneHna MOXKHO OTHECTU He TONbKO K NiloLmdepase, HO 1 K ApYrim 6enkam KOHCTUTYTUBHOTO (M He TONIbKO) CUHTE3a.
KnioueBble C/I0Ba: HEr€HOMHas N3MEHUMBOCTb; GEHOMEHOMOTYECKas MOAENb; TOMUHECLIEHTHbIE GaKTEPUN.
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Introduction

The heterogeneity of isogenic bacterial populations, or, in
other words, non-genomic variability of cells, is increasingly
attracting the attention of researchers. This is partly due to
the development of methods for tracking individual cell para-
meters, down to the dynamics of protein synthesis during the
cell cycle (Taheri-Araghi etal., 2015; Andryukov et al., 2021).
On the other hand, understanding the mechanisms or causes
of phenotypic differences of cells from an isogenic population
is important both for the formation of fundamental concepts
of intracellular processes organization and for increasing
the efficiency of solving practical problems in medicine and
biotechnology.

The cell cycle is a potentially significant source of non-
genomic variability. During the cell cycle, the protein abun-
dance in the cell undergoes two-fold changes. In the case of
an asynchronous population, these changes can contribute
significantly to phenotypic variability. However, another
possible source of heterogeneity is related to the cell cycle.
It has been shown quite a long time ago (Shkolnik, 1989)
that the widely used allometric dependences (when different
variables N; are related by relations of the form N; = q; Nf‘),
when describing growth curves, lead to a contradiction with
observations. So in the case of an allometric growth model,
a cell dies after a small number of generations due to the fact
that certain substances abundance approaches zero. Then
a phenomenological trigger model combining allometric
growth with switches was proposed. According to the model,
the passage of a cell through various phases of the cell cycle
is accompanied by sharp changes in the allometric ratios of
growth variables. There are certain combinations of parame-
ters that can be conditionally associated with multidimensional
switching surfaces — the boundaries of cellular phases — from
cell birth to division. When passing the next boundary, the
rates of change in cellular variables switch. This model was
further developed (Zinovyev et al., 2022) and demonstrated
strong agreement with experimental data.

According to this model, switching should occur in a cer-
tain sequence and in a fairly uniform manner, but for a non-
synchronous culture such switching can make a significant
contribution to the variability of phenotypic traits. However,
it should be noted that this model was compared with data on
the dynamics of variable eukaryotic cells and it is possible
that in bacterial cells the limitations of allometric growth are
overcome in another way.

Thus, experimental observations of protein synthesis inside
bacterial cells (Kiviet et al., 2014) show that the activation of
particular protein synthesis occurs without pronounced pat-
terns. Another paper on the topic (Walker et al., 2016) notes
that the contribution of the bacterial cell cycle to expression
noise consists of two parts: a deterministic fluctuation synchro-
nous with the cell cycle and a stochastic component caused
by variable timing of gene replication. It was shown earlier
(Taniguchi et al., 2010) that proteins with strong expression
have a coefficient of variation of ~30 %, which indicates an
“external” factor not associated with fluctuations in the abun-
dance of a small number of molecules.

Fluorescence microscopy is primarily used to monitor pro-
tein synthesis at the single-cell scale, which is essential for
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studying non-genomic variation. However, it is noted that
with the current level of device sensitivity stimulating light
has a negative effect on the physiological state of cells (Taheri-
Araghi et al., 2015).

A unique alternative to fluorescence microscopy is the use
of luminescence of luminescent bacteria (Deryabin, 2009) as
a channel of information about the state of intracellular pro-
cesses (Berzhanskaya et al., 1975; Bartsev, Gitelzon, 1985).
The uniqueness of luminescence lies in the fact that the cell
emits light while in its native state, which significantly reduces
the probability of artifacts. Moreover, since the intensity of
cell luminescence depends both on the abundance of luciferase
and on the presence of substrates for the luciferase reaction,
the luminescence of a bacterium is a kind of multiplexer —
information from different input channels can be transmitted
through one output channel — about the expression of the
luciferase operon, on the one hand, and the state of the cell’s
energy metabolism, on the other.

The goal of the work is to assess the degree of variability
of individual bacterial cells regarding luminescence intensity
at different stages of development of batch culture of bacteria,
and to test the simplest possible approach to the mathematical
description of this variability.

Experiment description

When growing on rich media, the luminescence intensity of
individual cells of brightly luminous strains of luminescent
bacteria Photobacterium leiognathi and Ph. phosporeum
reaches 10%-10° quanta/s. Such signal can be registered using
sensitive photometric equipment. The strains used did not
demonstrate the typical quorum effect (Brodl et al., 2018)
and an increase in their luminescence was observed from the
beginning of culture growth.

Without delving into the details of the experimental setup,
which operates in the photon counting mode, and the routine
for measuring the distribution of bacterial cells according to
luminescence intensity (Bartsev, Shenderov, 1985), let us
proceed to the description of the results. It should be noted
that all experiments were carried out with bacterial clones
(genetically homogeneous populations).

During the registration of distributions, the bacteria were in
amedium containing only glucose as an energy substrate, i.e.
bacterial growth was stopped and the luciferase abundance
during the measurement can be considered unchanged. At
least, control experiments showed that over a typical period
of time the luminescence intensity of individual bacterial cells
did not undergo noticeable changes.

Atypical view of luminous bacteria distribution at various
stages of batch culture growth in a liquid medium is shown
in Figure 1.

An immediate question arises regarding the potential me-
chanism behind the observed variation in the phenotypic trait.
The simplest explanation for the observed variability can
be suggested immediately — the intensity of the emission is
determined by the variability of the bacterial cell volumes.
However, direct measurements of cell volume variation in
B. subtilis and E. coli showed that the coefficient of varia-
tion (CV) of cell volume is ~23 % (van Heerden et al., 2017),
while the average CV of bacterial luminescence intensity
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Fig. 1. Dynamics of luminescent bacteria culture parameters (a) and cell distributions by luminescence intensity (b).

Curves of culture parameters are given in relative units: 7 - optical density; 2 - culture luminescence intensity; 3 - the average intensity of a single cell. The dashed
lines indicate sampling times, and their numbers correspond to the numbers of distributions.

is ~50 % and can exceed 70 %. Therefore, there is an ad-
ditional factor that provides a significant variability in cell
luminescence.

On possible causes of non-genomic variability
Under normal growth conditions, the luminescence intensity
of a bacterial cell is determined by the abundance of lucife-
rase, the enzyme responsible for catalyzing the luminescent
reaction, as well as a set of enzymes that supply the necessary
substrates for this reaction (Brodl et al., 2018). Proteins in-
volved in bacterial bioluminescence, notably, LuXCDABEG,
are encoded by the lux operon and are highly conserved among
different bacterial strains. The luxA and luxB genes encode
a heterodimeric luciferase; the luxCs, luxDs, and IuxE gene
products are components of the fatty acid reductase complex;
and luxG encodes flavin reductase.

It is natural to assume that in the presence of an energy
substrate, as was the case in the experiments performed, the
intensity of bacterial luminescence is determined primarily by
the expression of the luciferase operon. Other factors, such
as the contribution of uneven distribution of protein, mMRNA
and ribosomes during division, variability in the amount of
MRNA due to the small number of molecules, the transition
of genes from active to passive state due to reversible binding
of a transcription factor, conformation of the DNA molecule
that prevents binding RNA polymerases show less variability
(Paulsson, 2004; Schwabe, Bruggeman, 2014; Kuwahara et
al., 2015; van Heerden et al., 2017; Dessalles et al., 2020)
than observed in the experiment. In addition, the resulting
cell distributions by protein amount give a distribution close
to normal, while asymmetric distributions were observed in
the experiment. In addition to this, these distributions demon-
strated characteristic dynamics during the development of the
enrichment culture, and an adequate model for the formation
of distributions of luminescent bacteria by luminescence
intensity should, at least qualitatively, reproduce the experi-
mental dynamics.

With a large number of molecules, which is the case for
luciferase, fluctuations in its amount between daughter cells
are determined by fluctuations in the uneven volumes of

886

daughter cells, which cannot explain the observed CV value.
At the same time, it was shown (Taniguchi et al., 2010) that
proteins with strong expression have a coefficient of variation
of ~30 %, which indicates an “external” factor not associated
with fluctuations in a small number of molecules.

Mathematical model derivation

Without delving into the details of the processes of transcrip-
tion and translation, let us consider a possible phenomenologi-
cal stochastic mechanism for generating significant variability
in the amount of luciferase in cells. The amount of luciferase
in a cell of age T — z(7) is the sum of the amount of luciferase
received by the cell after division (x) and the amount of lu-
ciferase accumulated by age © — y(1):

2(1) = x + y(1). (H

Immediately after division, when t = 0, the cell contains
only the luciferase produced in the previous cell cycle. Let
f(x) be the distribution of cells of a narrow age interval ac-
cording to the amount of luciferase obtained during division,
which does not change throughout the entire cell cycle. The
form of this distribution is not known and must be obtained
by solving the model equation.

Type of cells distribution from a narrow age interval ac-
cording to the amount of luciferase synthesized and accumu-
lated by age © — P(Y, 1) can be obtained from the following
considerations. For the sake of simplicity, let’s assume that
luciferase synthesis begins immediately after cell division,
closely associated with the release of DNA from all transcrip-
tion factors (in our case, the luciferase gene repressor), pro-
ceeds at a constant rate, and stops after binding the repressor
to the operator.

Let’s assume that t’ is the moment when the repressor binds
to the operator. Then the amount of luciferase synthesized by
time 7 is described by the following expression:

y(@) = “{ 0(x'~n)dn, )
where o is the rate of enzyme synthesis; 0 is the Heaviside
step function.
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Since y(t) is also a function of the random variable T/,
distribution P(y, 1) is described by the following expression:

P(y, )= { 9(t)3(y — ar)dt' + 8(y — am) [g(x)dT,  (3)

where g(t') is the distribution describing the proportion of the
cell population in which the binding of the repressor to the
operator occurred in the interval [, T'+dt']; 8(X) is the Dirac
delta function.

This integral is split into two integrals with integration
limits [0, t) and [t, ), and the cells in which the binding of
the repressor to the operator occurred by the age T (t'<7) fall
into the first integral, the rest (t'>1) fall into in the second.
Let’s do some calculations:

P(y, 1) = gg(r')s(yfai dn)dr’ + | g(r’)ﬁ(yfagdn)dr',
P(y,1)= { 9(t)d[y — age(r’fn)dn] dr’,

Py, =3 0[Z|o(en-y) + 8(y-an) g dr

Since the total amount of luciferase inacell (z(1)) is the sum
of independent random variables x and y, then the distribution
of cells in a narrow time interval of age t by the total amount
of luciferase has the following form:

L@z 1= Mf(X)P(y, 1) 8(z-x—y) dxdy,
Le. )= [1a-y)P(y. 0,
Lo = [ 1=y o[Z]ofr- Loy +
0
+ gf(Z—y) 8(y—or) [g(x)dv'dy.

By changing the variables t" = y/a we get:

L(z, 1) = £ fz—at)g()dt' +f(z—ar) [g(x)dr. (4

As a result, an expression for the distribution of cells by
the amount of luciferase for a narrow age range of age t was
obtained. In order to obtain the equations for the distribution
function f(x) and the expression for ®(z) — the distribution
function of the cell population by the amount of luciferase,
it is necessary to know the age structure of the population.

The form of cells distribution by age W(t) is obtained from
the equation (Romanovsky et al., 1984):

R+ Do,
where n(t, t)dt is the number of cells of age in the interval
[T, T+d1] at the moment t; o(t) is the rate of cell loss from a
given age interval due to division.

Let us consider the case of a stationary age distribution
of bacteria, i.e. n(t, t)/N(t), is fixed, but the total number of
cells N(t) increases. In the case of a stationary distribution, the
specific growth rate of cells number in a given age interval is
equal to the specific population growth rate:

% = un(t, 7). (5)

SKOJIOTMYECKAA KOMIMbIOTEPHAA BUONOINA / ECOLOGICAL COMPUTATIONAL BIOLOGY

2023
277

(MeHomeHonornyeckas Mofenb HEreHOMHON N3MEHUYNBOCTA
JIIOMUHECLEHTHbIX 6aKTep|/|aanb|x KNeTok

Dividing this equation by N(t) we get the equation for fre-
guencies:
L4 n(,
& o, W= %
For simplicity, we set the division rate as a step function
(Romanovsky et al., 1984, p. 88):

0, 1<t
1
Ct>1

o(t)=CO(t—14) = {

then the distribution density of dividing cells looks like:

— 0 ,T<Ty
Q1) = {Ce_c(rrl)’ — ,

where C is the intensity of cell division events. And as a result:

_ l}’oe_ut ,T< T1
LP(":) - {TO e—me—C(tfn)’ > Tl.

It remains to determine the form of the function g(t). As-
sumptions about the constant amount of the repressor in the
cell and the irreversibility of its binding to the operator allow
us to represent the distribution of cells over the time that
elapsed from replication (division) to the moment of binding
the repressor to the operator in the form of an exponential
distribution:

g(t) = Ae™r,
where 4 is the intensity of events.

As a result of all substitutions, we obtain a model for the
distribution of luciferase over the cells of the bacterial culture:

f [%]: ZTQ(‘E) dt {if(z_(l'f’) AeAtdt + 2f(Z—(xr)e—AT} ’
0 0

D(z) = T‘P(T) dt |;T[f(z—(xt’) AeAvdr’ +f(Z—(xr’)e—AT} ,
0 0

where
_ 0 "[<’[,'l _ \Poe_m ,T<T1
Q) = {Ce—cun)’ >t o= {‘Po e e Cr ) g >

and where f(z) is the density of distribution of cells from a
narrow age interval according to the amount of luciferase
obtained during division; ®(z) is the density of cell distribu-
tion according to the intracellular amount of luciferase; V(1)
is distribution density of culture cells by age; Q(7) is distribu-
tion density of dividing cells; A is the intensity of binding the
repressor to the operator; a is the rate of luciferase synthesis;
C is the intensity of cell division events; t; is the minimum
age of the beginning of cell division t.

Computer simulation

If the resulting equations cannot be solved analytically, then
successive approximations are used. But first the values of the
model parameters need to be chosen. Note that if the intensity
of the repressor binding the activator (parameter A) is equal to
zero, then constitutive protein synthesis throughout the entire
cell cycle takes place. It is natural to compare this synthesis
with the growth of cell volume.

That is, the parameters C and t; can be determined from
other independent distributions (van Heerden et al., 2017),
assuming that the coefficients of variation of distributions by
volume in luminescent bacteria and other gram-negative bacte-
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ria are close. The coefficient of variation of the model distri-
bution is close to the value of 24 % at C =4 and t; = 3/4 1,
where 1, is the average generation time in the population.
These values were used for further simulation. When modeling
the dynamics of light intensity distributions during popula-
tion growth, at the next iteration step the value of the specific
growth rate pu was substituted from population growth simula-
tion describing the growth of a real culture.

Thus, as a result, there are only two adjustable parameters,
or rather, one and a half — the parameter a (the rate of lucife-
rase synthesis) is, in fact, a scale factor. It shows the relative
value of the luminescence intensity, mediated in the experi-
ment by the quantum efficiency of the luciferase itself, the
geometry of the recording system that determines the amount
of light from a bacterium that hits the photocathode of the
photomultiplier, the quantum yield of the photocathode, and
the fraction of single-electron pulses cut off by the discrimi-
nator at the PMT output.

So to describe the dynamics of distributions obtained in
the experiment, the model has one adjustable parameter, A,
the intensity of repressor-operator binding events. The results
of calculations for the most suitable value for describing real
distributions, which is A = 2, are shown in Figure 2.

When comparing Figures 2 and 1, one can see a quite satis-
factory correspondence between them. It is worth noting that
this correspondence was obtained with one fitting parameter,
which apparently indicates that the proposed model describes
something significant in the simulated real system.

It should be noted that luciferase inactivation was not taken
into account when deriving the model, which was done to sim-
plify the model; however, it is a common practice (Schwabe,
Bruggeman, 2014, p. 306). Palliative inactivation of luciferase
can be introduced externally — simply by shifting the distribu-
tion points to 0 in proportion to their distance from the origin.
In this case, the visual representation of the model would be
closer to the experimental data.

However, one property of the model is of interest, which
manifested itself in the shift of distributions to 0 at the last
stages of population development. By distribution No. 4,
the model has almost reached a stationary state and should
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have remained in it. But since the model takes into account
the increase in the duration of the generation time due to the
slowdown in culture growth, the established balance between
the rate of luciferase synthesis and its distribution between
two daughter cells is disturbed.

Since the rate of synthesis of a particular protein is related
to the state of basic metabolism, a slowdown in the cell growth
rate and accordingly an increase in the generation time leads
to a decrease in the rate of luciferase synthesis (decreasing
a coefficient). But the intensity of repressor-operator binding
events (a physical, energy-independent process) remains the
same. However, on the time scale of the cell itself (the unit
of measurement is generation time), the rate of luciferase
synthesis remained the same, while the intensity of switching
events of the luciferase operon increased. Therefore, according
to the model, there is a close relationship between the rate of
cell growth and the content of luciferase in it, and the higher
the rate, the more luciferase is synthesized per cell cycle and
vice versa.

The proposed model based on switching off the operon
some time after the birth corresponds to the results on the
dependence of fluorescent protein expression on cell age (van
Heerden et al., 2017, Fig. 4, B, C). It should be noted that the
imposition of the age distribution on the expression level curve
(Fig. 4, C) was not done entirely correctly by the authors —
they have expression even at negative ages (beyond the left
border of the age distribution). When bringing the expression
level to the age distribution, it would be even more clearly
visible, as can be judged by the saturation of the blue area in
Fig. 4, B, that the expression level is maximum immediately
after the birth of the cell and then decreases with age, which
corresponds to the proposed model.

Conclusion

In conclusion, it can be noted that the proposed phenomeno-
logical model with a minimum number of adjustable para-
meters (1.5) satisfactorily describes a rather complex process
that takes place during the growth of a bacterial culture.
This may be an indication that the structure of the model
describes some essential processes of the real system. Since
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in the process of division all cells go through the stage of
release of all regulatory molecules from the DNA molecule,
the resulting distributions can be realized not only in relation
to luciferase, but also to other proteins of constitutive (and
not only) synthesis.
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DyCeModel: a tool for 1D simulation for distribution
of plant hormones controlling tissue patterning
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Abstract. To study the mechanisms of growth and development, it is necessary to analyze the dynamics of the tis-
sue patterning regulators in time and space and to take into account their effect on the cellular dynamics within a
tissue. Plant hormones are the main regulators of the cell dynamics in plant tissues; they form gradients and maxima
and control molecular processes in a concentration-dependent manner. Here, we present DyCeModel, a software
tool implemented in MATLAB for one-dimensional simulation of tissue with a dynamic cellular ensemble, where
changes in hormone (or other active substance) concentration in the cells are described by ordinary differential
equations (ODEs). We applied DyCeModel to simulate cell dynamics in plant meristems with different cellular struc-
tures and demonstrated that DyCeModel helps to identify the relationships between hormone concentration and
cellular behaviors. The tool visualizes the simulation progress and presents a video obtained during the calculation.
Importantly, the tool is capable of automatically adjusting the parameters by fitting the distribution of the sub-
stance concentrations predicted in the model to experimental data taken from the microscopic images. Noteworthy,
DyCeModel makes it possible to build models for distinct types of plant meristems with the same ODEs, recruiting
specific input characteristics for each meristem. We demonstrate the tool’s efficiency by simulation of the effect of
auxin and cytokinin distributions on tissue patterning in two types of Arabidopsis thaliana stem cell niches: the root
and shoot apical meristems. The resulting models represent a promising framework for further study of the role of
hormone-controlled gene regulatory networks in cell dynamics.

Key words: computer modeling; developmental trajectory; input data; genetic algorithm; phytohormones.
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DyCeModel: mporpaMMHOe CpeiCTBO AJIsI OMHOMEPHOI'O
MOJePOBaHMs pacipeaeseHlss TOPMOHOB pacTeHUI,
KOHTPOJIMPVIONINX 06pa3oBaHMe CTPYKTYPbI TKaHU
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1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonorun u reHetnkun Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbupck, Poccus
2 YnusepcnteT HeiimereHa, HeitmereH, Hugepnangpi

3 HoBocrbrpcKmii HaLMoHaNbHbI NCCe[oBaTeNbCKINIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCMOMpPCK, Poccmsa
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AHHOTauuA. [1na U3yyeHns MexaHM3MOB POCTa 1 Pa3BUTMA HEOOXOAUMO aHaNM3MPOBaTb AMHAMUKY pacnpeaese-
HUA PerynATopoB Mo TKaHU BO BPEMEHUN U NPOCTPAHCTBE N yUMTbIBaTb UX BIVAHME Ha KNETOYHYIO AUHAMUKY BHYTPY
TKaHW. PacTrTenbHble FOPMOHbI ABATCA OCHOBHBIMY PETYAATOPAaMU AUHAMUKIN KNETOK B TKAHAX PAaCTEHUIA; OHN 06-
pasyioT rpagneHTbl Y MaKCUMYMbl N KOHTPONMPYIOT MOSIeKYIAPHbIe MPOLEeCChl B 3aBUCUMOCTM OT KOHLLeHTpauun. Mbl
npeactasnsem DyCeModel, nporpaMmHbIf MHCTPYMEHT, pean3oBaHHbI B cpene MATLAB ans ofHOMEPHOro MoAe-
NNPOBAHMNA TKaHW C JUHAMUYECKUM KJTIETOYHbIM aHcambneMm, rae N3MeHeHUA KOHLEeHTPpauuy ropMmoHa (nv gpyroro
AKTUBHOIO BELLECTBA) B K/IeTKaX OMMCbIBAOTCA 0ObIKHOBEHHBIMU AnddepeHLnanbHbIMK ypaBHEHUAMN. Mbl nprmMe-
Hunn DyCeModel gna mofennpoBaHnA AMHAMUKK KNETOK B MeprcTeMax PacTeHU C Pa3fIYHON KNETOUHON CTPYK-
TypoWi 1 npogemoHcTpuposany, yto DyCeModel nomoraeT BbisiBUTb B3aUMOCBA3b MEXAY KOHLEHTpaLmen ropmo-
HOB 1 NOBeAeHneM KeToK. IHCTpyMeHT B13yanu3npyeT Xof MOAeIMPOBaHWA 1 NPefoCcTaBNAeT BUAEO, NONyYeHHoe
B X0 pacyeTa. BaXKHO OTMETUTb, YTO MHCTPYMEHT CMOCO6EH aBTOMAaTUYECKM NogbMpaTh NapameTpbl, NOAIOHAA pac-
npeaeneHne KOHLEHTPaLMI BelecTs, Npefcka3aHHoe B MOAENN, K SKCMepyMeHTabHbIM AaHHbIM, MOJTyYEHHbIM MO
1306paxxeHnam ¢ M1Kpockona. MpumeuatenbHo, yto DyCeModel no3sonsaeT cTponTb Mogeny Ans pasfanyHbIX TUMOB
MepUCTEM PaCTEHUI Ha OCHOBE OfHUX U TeX e 0ObIKHOBEHHbIX AnddepeHLnanbHbIX ypaBHEHUIA, UCNONb3ya ANA
Kaxkaoln mepurctembl crneurduyeckre BXoLHbIE XapaKTeprucTuKn. DGHeKTUBHOCTb MHCTPYMEHTa NMPOLEMOHCTPUPO-
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DyCeModel: nporpammHoe cpeacTso Afid OAHOMEPHOro
MOZAENMPOBaHUA pacrpeaeneHrs ropMOHOB PacTEHUIA

BaHa NyTeM MOAENMPOBaHUA BVSAHNA pacnpeaeneHns aykcMHa 1 LMTOKMHMHA Ha GOpMUpOBaHMe NaTTepHa TKaHu
B ABYX TUMax HWL CTBOMOBbIX KNeTok Arabidopsis thaliana: anukanbHbix MepucTeMax KOpHa 1 no6era. MonyyeHHble
MOAENN NpeAcTaBnAlT COO60M NepcneKTVBHbIA GPeiMBOPK A faSibHeLLero N3yYeHUs pony KOHTPOIUPYeMbIX
rOPMOHAMU FeHHbIX PErYNATOPHbIX CETel B AUHAMUKE KIETOK.

KntoueBble cnoBa: KOMMbIOTEPHOE MOAENMPOBAHNE; TPAEKTOPUA Pa3BUTUA; BXOLHbIE AAHHbIE; FTEHETUYECKUIA anro-

pUTM; GUTOrOPMOHDI.

Introduction

Understanding the control of cell division and differentiation
in stem cell niches is among the major issues in plant deve-
lopmental biology (Hayashi et al., 2023). Although many com-
ponents of the molecular regulatory networks, which underlie
these processes, have been identified, complex interactions and
numerous players hinder detailed study on the mechanisms
of their functioning. For example, it is still largely unknown
how the formation of plant hormone concentration gradients
results in particular alterations in the cellular dynamics of
developing tissues and organs (Rutten et al., 2022). Dissec-
tion of these issues requires application of computer modeling
to predict the output in cellular dynamics and to determine
whether various developmental pathways exist under certain
conditions (Fisher et al., 2023).

Nowadays, developmental biology has recruited experts in
mathematical modeling and computer sciences to create ap-
propriate tools. Numerical simulations were successfully used
to study the influence of phytohormone concentration distribu-
tion on the functioning of plant stem cell niches in 1D and 2D
models describing cell divisions, growth, and differentiation
under control of signaling molecules (Kitano et al., 2005;
Nikolaev et al., 2006; Mironova et al., 2010; Muraro et al.,
2013; Band et al., 2014; De Rybel et al., 2014; Lavrekha et
al., 2014; Dubreuil etal., 2018; Savina et al., 2020; Hartmann
et al., 2021). At the same time, these models stay within the
limits of a certain meristem, and are not applicable to a wider
range of plant stem cell niches. A general description of the
basic set of processes related to the redistribution of hormone
gradients and cellular response to this may serve as a basis
for the investigation of the common and specific features of
various plant meristems.

To solve this kind of problem, professional tools have
started to be developed, helping researchers to create ex-
tensible computer models, which enable applying the same
mathematical model equations to various plant systems (Hay
Mele et al., 2015; Scholzel et al., 2021). For example, Cell
Designer is a tool for simulating biochemical networks (Ki-
tano et al., 2005) without reference to the tissue topology.
A similar tool, PySB, has ample opportunity to create, extend
and combine models based on genetic networks with high
complexity (Lopez et al., 2013). This Python-based software
is highly flexible because it provides the possibility of direct
manipulation of equations. BioNetGen allows to create models
both using a graphic editor and describing models manually
inside the program code that simplifies reconstruction of mo-
lecular networks (Harris et al., 2016). BioNetGen has a con-
venient graphical representation for the solution of equations.
SBMLToolbox provides the possibility to create, validate and
calculate models with ODEs using SBML in MATLAB and
Octave (Keating et al., 2006). DBSolve features abundances
of certain molecules in a system, displaying it dynamically as
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a bar graph (Gizzatkulov et al., 2010). MGSmaodeller is a Java
application, which enables hierarchical data presentation and
editing, and implements dynamic calculation tools in recon-
structing molecular genetic networks and solving inverse
problems (Kazantsev et al., 2008). The COPASI software is
able to describe models of biological processes, such as meta-
bolic networks, cellular signaling pathways, regulatory net-
works, infectious diseases and many others, simulate and ana-
lyze these models, create analysis reports and import/export
models (reviewed in Bergmann et al., 2017). In COPASI,
models are defined as chemical reactions between molecules.
The model analyzer includes steady-state analysis, stoichio-
metric analysis, time history modeling using deterministic and
stochastic modeling algorithms, metabolic control analysis,
optimization and parameter estimation. VCell is a computing
system for modeling physicochemical and electrophysiologi-
cal processes in living cells (Loew, Schaff, 2001; Moraru et
al., 2008). The tool allows the user to enter a description of
cell physiology, biochemical reactions, and automatically
or manually input mathematical equations. The resulting
simulations are displayed on dynamic spatial regions of vari-
ous shapes, including irregular 3D geometries derived from
experimental images. VCell can also implement rule-based
models, which allows the representation of species as struc-
tured objects consisting of molecules and uses reaction rules
to define molecular interactions. SpringSalaD is a software
platform based on spatial stochastic modeling of biochemi-
cal systems (Michalski, Loew, 2016). SpringSaLaD models
molecules as a group of connected spherical regions with ex-
cluded volume. This allows establishing a connection between
molecular dynamics modeling and processes at the cellular
level. SpringSaLaD is a standalone tool that supports model
building, simulation, visualization, and data analysis through
a graphical user interface.

The tools listed above develop models for metabolic and
signal transduction pathways, and gene regulation networks.
Such tools do not implement embedding of the generated ma-
thematical models into cell ensembles to study the influence of
regulatory networks on cell divisions, growth and differentia-
tion (Kitano et al., 2005; Keating et al., 2006; Kazantsev et
al., 2008; Gizzatkulov et al., 2010; Lopez et al., 2013; Harris
etal., 2016).

On the other hand, there are programs that along with simu-
lation of gene networks also consider the influence of regulato-
ry circuits on cell growth or divisions. CompuCell3D is a tool
for constructing dynamic multicellular 2D and 3D models to
simulate cells that lack a cell wall (Swat et al., 2012). It is
based on the lattice-based Glazier-Graner—-Hogeweg (GGH)
Monte Carlo multi-cell modeling, which employs an energetic
approach to model growth, intercellular communication and
maintenance of cell shape. Molecular processes, namely, the
production and diffusion of substances, are described via ODE
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solvers. The VirtualLeaf program simulates the relationship
between gene expression and the biophysics of plant cell
growth (Merks et al., 2011). The model is a set of cells and
cell walls, through which chemical substances can move,
affecting gene expression and properties of the cell wall.
Cellzilla is a 2D tissue modeling platform using Cellerator,
a tool describing biochemical interactions via simplified no-
tation as reactions and converting them automatically to the
corresponding differential equations by an inner computer
algebra system (Shapiro et al., 2013). In Cellzilla, cells are
represented by a polygonal grid of well-mixed compartments.
Cell components can interact through Cellerator reactions,
which describe diffusion and transport. Dynamic simulation
consists of cell growth and division. Despite these advantages,
modern software tools for modeling usually use manual setting
of parameters, and do not support automatic parameter fitting,
which may be critical for some models.

A recent trend is further improvement of computer tools,
which can be used by biologists for in-depth study of develop-
mental processes at the multicellular level. One of the current
challenges is the creation of software that constructs numerical
models along various plant organs utilizing uniformly de-
scribed processes and provides automatic parameters setting.
Here we present a tool creating one-dimensional computer
models that provide embedding of signaling molecules into
adynamically developing cellular ensemble, where, based on
the same set of processes, it is possible to model cellular dy-
namics in various plant tissues. To build realistic computer
models, it is necessary to apply experimental data. The tool
we have developed takes experimental data into account al-
ready at the first stage of parameter fitting, which brings the
constructed models as close to reality as possible.

The model template
ODEs for synthesis,
degradation, passive
and active transport etc.

Experimental data
Microscopic image

substance_eq.m parameters_fitting.m

Parameters of ODEs
for synthesis, degradation,
passive and active transport

tool_1d_model.m

DyCeModel: a tool for 1D simulation
for plant hormones controlling tissue patterning

Materials and methods

DyCeModel overview. DyCeModel allows creating a dyna-
mic one-dimensional cell lattice, embedding it into a mathe-
matical model in ODE, and performing numerical analysis. It
contains five script files (.m files) executed in the MATLAB
software environment (Fig. 1). The substance_eg.m block
incorporates an ODE system for description of synthesis,
degradation, passive and active transport for the substances
of interest. By default, DyCeModel provides examples of
functions, which describe these processes for two substances
according to Michaelis—Menten kinetics and Generalized Hill
function method (Likhoshvai, Ratushny, 2007), Fick’s law of
diffusion and the mass action law (for describing active trans-
port). Alternatively, users can build their own functions instead
of the default ones. The parameters_fitting.m block describes
the realization of a genetic algorithm to assess the similarity
of the modeled substance distribution to the experimental
data. The model_parameters.m block contains all model pa-
rameter default values for the ODE system and describes the
model configuration of substance influxes. The grow eq.m
block describes the cell growth function, tool_1d_model.m
ensures the simulation procedure. Importantly, there are
two different strategies of applying DyCeModel: using the
parameters_fitting.m block or omitting it. In the latter case, the
user should define all parameters in the model parameters.m
file.

The input data. A pre-processed experimentally obtained
microscopic image, which visualizes the distribution profile
of the substance concentration within the modeled tissue, is an
input for the parameters_fitting.m block. DyCeModel accepts
TIFF, GIF, JPEG, PNG formats and some other graphic file
formats supported by MATLAB, and it is capable of process-

Parameters settings
- for ODE system
- model configuration
- growth and division setting
— initial conditions

model_parameters.m

The growth rules

grow_eg.m
ODEs for cell growth

Output
Calculation results table

Statistical summary on the cellular composition
Video file containing cell dynamics and substance distributions

Fig. 1. DyCeModel pipeline for creating mathematical models.

The input data are marked in red. The output data are depicted in blue. Gray circles indicate the presence of visualization modules. Five

script files are given in rhombuses.
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ing the signal localized in the cytosol or in the nucleus. The
image must be well focused. The aforementioned image pre-
processing consists in excision of a rectangular area containing
the modeled axis along the tissue, which should be parallel
to the long side of the rectangle. This area should not contain
microscope artifacts. To obtain noise-free measurements, the
user can decrease the size of the rectangular area (the minimum
size of the uploaded rectangular image is 1 pixel in width
and 90 pixels in length). There are no strict requirements for
image resolution.

The ODE system of the mathematical model is an input,
which is written in the substance eq.m file block (see Fig. 1).
The default example equations can be changed according to
the user’s request. The model configuration is defined by the
initial number of cells and position of the substance influxes
in model parameters.m file. For the model simulation, initial
concentrations of all substances, as well as growth and division
settings should be defined. The user also sets the number of
calculation steps in order to define the time of investigation.
If automatic parameter fitting is going to be omitted, the
user can optionally set the parameters for the ODE system
in the model parameters.m file. All default example model
parameters are consistent with the default ODE system and
calculation procedure.

The parameter fitting. First, the parameters_fitting.m
script quantifies the distribution of the substance concentration
along the selected axis from the microscopic image. These data
will be used as target distribution, which the algorithm should
reproduce as precisely as possible according to the model
equations and configuration. At this stage, the concentration
distribution can be manually corrected if it is distorted in the
microscopic image. Next, the genetic algorithm is used to find
a set of model parameters, which allow reproducing the input
experimental data on the distribution of the substance concen-
tration the most accurately (Fig. 2) (Dubitzky et al., 2013).

Initially, the parameters_fitting.m script generates indivi-
duals: the sets of model parameters assigned to random values.
Each individual is characterized with the fitness function value
that scores the similarity of the modeled distribution of the
substance concentration to the experimental data. The root-
mean-square deviation (RMSD) metric is used as a fitness
function. A lower fitness value corresponds to a better quality
of the solution. The genetic algorithm is implemented in the
following three steps.

Step 1 is “mutation”, which changes a randomly selected
parameter in each parameter set by the value of A (which is
also randomly selected in the interval from 0 to 1). For each
individual, we calculate the model with a new parameter
set. “Mutation” is fixed if it brings the solution closer to the
target distribution. Step 2 is “crossover”, the exchange of the
parameter values between two individuals. In the first new set
of parameters, a few (the number is defined randomly at each
step of the algorithm) are picked from individual 1, and the rest
are taken from individual 2. The second new set of parameters
incorporates the values for the corresponding few parameters
from individual 2, and the values for the rest of the parameters
are taken from individual 1. The model is calculated with two
new sets of parameters after the “crossover”, and the recom-
bination event is fixed if it brings the solution closer to the
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target. Step 3 supports biologically reasonable limitations on
parameter values, which the user can set up manually in the
“Biological limits” block of the parameters_fitting.m script
(see Fig. 2). The restrictions may apply, for example, to the
parity of the passive transport of different substances, the pa-
rity of active and passive transport of the same substance, the
parity of the substance inflow and synthesis, etc. Taking into
account reasonable biological restrictions, the algorithm “re-
wards” the realistic parameter values during selection, which
both favors identification of the local optimum corresponding
to the real processes, and speeds up the algorithm.

The fitting ends when the difference between the substan-
ce distribution calculated with the adjusted parameters and
target substance distribution from the microscopic image be-
comes less than the threshold. The selected parameters set
(the “Par” variable) is saved in a file. After executing the
parameters_fitting.m script, it is recommended to inspect the
selected parameters, since not all biological limitations could
be taken into account during the selection. The user can view
the “Par” variable and, if there are obvious inconsistencies in
parameter matching, restart the parameter fitting.

Calculation of the mathematical model. When the ODE
system and cell growth rules are defined, the user can load
the mandatory parameters of the model with the model_pa-
rameters() function, including the initial number of cells,
the initial concentrations of substances, the initial cell sizes,
the maximum number of cells to be monitored, cell division
parameters and cell growth settings according to the function
described in the grow_eq.m file. Then the user uploads the set
of parameters for the model ODE system, which are either ob-
tained during the parameter fitting procedure or defined manu-
ally in the model_parameters.m script. After that, the model
can be calculated (Fig. 3). We proceed under the assumption
that cell dynamic events such as division or differentiation
are discrete processes. Therefore, the calculation of ODEs
is periodically interrupted to check if the conditions for cell
division and differentiation specified in the tool 1d model.m
and model parameters.m files are met. Optionally, the user
decides which substances will regulate the ability to divide
and the probability of cell division. All calculation results
obtained during the simulation of the model are recorded in
a video file, which represents the redistribution of the sub-
stance concentrations on a one-dimensional dynamic cellular
ensemble.

Images used in the study. To model root apical meristem,
we used publicly available images for 9-day-old Arabidop-
sis thaliana seedlings expressing DR5::GFP auxin sensor
(Ottenschl&ger et al., 2003) or TCSn::GFP cytokinin sensor
(Zurcher et al., 2013), which were obtained using a confocal
fluorescence microscope (FV-1200, Olympus) (Sakamoto et
al., 2019). To model shoot apical meristem, we took publicly
available images for 7-day-old A. thaliana seedlings ex-
pressing TCSn::GFP cytokinin sensor obtained by a confocal
microscope (Leica) (Zurcher et al., 2016). As a visualization
of auxin distribution in the shoot apical meristem, we used
images of auxin immunolocalization in the inflorescences
of 22-day-old A. thaliana seedlings taken by a confocal
microscope (LSM, FluoView1000, Olympus) (Banasiak et
al., 2019).
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Parameters settings
- for ODE system

ODEs for synthesis,
degradation, passive
and active transport etc.

The growth rules
ODEs for cell growth

- model configuration
- growth and division setting
- initial conditions

\ﬂ

Output
Calculati - Calculation results table
alculation »| - Statistical summary on the cellular composition
ODE system of the model - Video file containing cell dynamics and
‘ substance distributions
Testing rules - ' i Testing rules
for cell dividing Visualization for cell differentiation

4

Cell division

Cell differentiation

(new cell occurs)

(cell is deleted from ensemble)

Fig. 3. The framework for calculation of the ODE system on a dynamic cell ensemble.

Input data are marked by red. Output data are depicted in blue.
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Fig. 4. DyCeModel solutions on auxin and cytokinin distribution within the root (a-c) and shoot (d-f) apical meristems along the central axis.
a, d, Obtained signal intensity of hormone distributions along the allocated area; b, e, visualization of the parameter fitting process; ¢, f, the result of

automatic parameter fitting.

Pink or burgundy indicates the signal intensity distribution obtained from the experimental data. The distributions of phytohormones during each step of para-
meter selection are indicated in green. Blue marks the distribution of the substances when calculating the model with the automatically selected set of para-

meters.

Results and discussion

A one-dimensional model of Arabidopsis thaliana

root apical meristem built with DyCeModel

To demonstrate the performance of DyCeModel, we used it to
create a 1D model of A. thaliana root apical meristem. Plant
hormones auxin and cytokinin play major roles in regulation
of maintenance of its structure (Yamoune et al., 2021). We
built an ODE system based on mathematical models of auxin
and cytokinin distribution published earlier (Mironova et al.,
2010; Lavrekha et al., 2014). To set the parameters for the
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model ODE system, we used automatic parameter fitting. To
define the target distribution of the hormone concentrations
in the root tip, we used publicly available microscopic images
described in the “Materials and methods” section. We used the
following parameter value limitations during parameter fitting:
approximately equal diffusion parameter values for auxin and
cytokinin, prevalence of active auxin transport over the passive
transport, prevalence of auxin flow into the meristem over
its biosynthesis, which is typical for the root apical meristem
(Overvoorde et al., 2010). Figure 4, a—c demonstrates auxin
and cytokinin distributions in the root apical meristem gener-
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ated using the DyCeModel tool. The equation describing the
dependence of cell growth on auxin was built on principles
similar to the Hartmann model (Hartmann et al., 2021), where
the growth rate is directly proportional to auxin concentration
in the cell and inversely proportional to the cell size. Cell divi-
sion can occur if the cell attains minimum size required for
division and possesses a certain ratio of auxin and cytokinin
concentrations. The probability of cell division is 0.1, the
values were obtained by analyzing images and 24-hour videos
with marked division events in the meristem of A. thaliana
(Marhava et al., 2019). Cell differentiation occurs if the cell
size approaches the “maximum cell size” parameter value.

Then we built a functional model of the root apical meristem
and obtained a stationary solution. Analysis of the steady-state
solution of the root apical meristem model showed that it is
consistent with experimental data (Garcia-Gomez et al., 2017;
Huetal., 2021). The distribution of auxin had the shape of an
inverted dome and reached a maximum in cells representing
the quiescent center. The concentration of cytokinin decreased
nonlinearly towards the stem cell niche and reached a mini-
mum in the initial cells, which corresponds to experimental
data. In the constructed model obtained with DyCeModel,
the correct location and size of the zone of high proliferative
activity were specified and remained stable for a long period
of calculation, corresponding to those in the root meristem
invivo. Similar zones of proliferative activity were also formed
in two other models of the root apical meristem (Mironova et
al., 2010; Lavrekha et al., 2014).

DyCeModel enables modeling distinct types

of plant meristems based on the same ODEs

We speculated that recruiting specific input characteristics
for distinct meristems could enable the modeling of distinct
types of plant meristems with DyCeModel based on the
same ODEs. Therefore, we applied DyCeModel to build
a model of A. thaliana shoot apical meristem using the same
mathematical model equations and rules as for root apical
meristem. The images used for automatic parameter fitting are
described in the “Materials and methods” section. We used the
following parameter value limitations during parameter fitting:
approximately equal diffusion parameter values for auxin and
cytokinin and a low level of auxin synthesis. In the model of
the shoot apical meristem, we obtained a hormone distribution
profile that qualitatively corresponds to experimental data
(Heisler, Jonsson, 2006). Auxin and cytokinin concentrations
decreased nonlinearly with distance from the stem cells.
One-dimensional simulations of the shoot apical meristem of
A. thaliana established a dynamic balance between dividing
and differentiated cells. In this way, zones of proliferative
activity were identified, and the number of cells within this
zone was maintained at a certain level throughout the entire
model calculation. At the same time, the identified parameters
of passive transport, degradation, and growth were the same
for the model of shoot meristem and root meristem, and the
parameters determining cell division remained similar.

Conclusion

The DyCeModel tool constructs mathematical models of
hormone distribution based on the processes of their synthesis,
degradation, diffusion and active transport in a dynamically
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developing cellular ensemble. Such models are necessary to
consider the influence of hormone distribution on cell growth
and division. The developed DyCeModel tool is quite flexible,
it provides embedding, addition, mixing of already exist-
ing mathematical models. Adding each model to the scripts
switches on machine selection of unknown parameters, which
speeds up the work with the model and makes it more stable.
In addition, DyCeModel makes a statistical summary on the
cellular composition that can be used for predictions about the
influence of hormones on proliferative cell activity.

Using DyCeModel, we built a functional model of the root
apical meristem, which was consistent with the experimental
data. Next, we applied DyCeModel to build a model of the
shoot apical meristem using the same mathematical model
equations as for the root apical meristem model and demon-
strated that the parameters of passive transport, degradation,
growth, even the parameters determining cell division remain
similar between root and shoot models. The resulting one-
dimensional models can be further used as a framework to
study the role of hormone-controlled gene networks in cell
dynamics in two types of meristem.
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Abstract. Modern investigations in biology often require the efforts of one or more groups of researchers. Often
these are groups of specialists from various scientific fields who generate and share data of different formats and
sizes. Without modern approaches to work automation and data versioning (where data from different collabora-
tors are stored at different points in time), teamwork quickly devolves into unmanageable confusion. In this review,
we present a number of information systems designed to solve these problems. Their application to the organiza-
tion of scientific activity helps to manage the flow of actions and data, allowing all participants to work with rele-
vant information and solving the issue of reproducibility of both experimental and computational results. The ar-
ticle describes methods for organizing data flows within a team, principles for organizing metadata and ontologies.
The information systems Trello, Git, Redmine, SEEK, OpenBIS and Galaxy are considered. Their functionality and
scope of use are described. Before using any tools, it is important to understand the purpose of implementation,
to define the set of tasks they should solve, and, based on this, to formulate requirements and finally to monitor
the application of recommendations in the field. The tasks of creating a framework of ontologies, metadata, data
warehousing schemas and software systems are key for a team that has decided to undertake work to automate
data circulation. It is not always possible to implement such systems in their entirety, but one should still strive to
do so through a step-by-step introduction of principles for organizing data and tasks with the mastery of individual
software tools. It is worth noting that Trello, Git, and Redmine are easier to use, customize, and support for small
research groups. At the same time, SEEK, OpenBIS, and Galaxy are more specific and their use is advisable if the
capabilities of simple systems are no longer sufficient.
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AHHoTayuna. CoBpeMeHHan nccnefoBaTenbckas paboTta B 6uonorum Hepenko TpebyeT ycunuii OfHON i He-
CKOMbKMX rpynmn nccnegoateneid. YacTo 3To rpynnbl CNeumanucToB U3 CMeXHbIX 061acTel, KoTopble reHepupyioT
1 06MEHUBAIOTCA AaHHBIMU Pa3HbIX GOPMaToB 1 pa3MepoB. be3 NpumeHeHVs COBpPeMeHHbIX MOAXOA0B aBTOMa-
T3aumm paboTbl N BEPCUOHMNPOBAHNA JaHHbIX (KOrAa AaHHbIE OT Pa3HbIX COTPYAHMKOB COXPAHAIOTCA B pa3Hble
MOMEHTbI BpEMEHM) KOJINEKTVBHAA paboTa ObICTPO NepexoanT B Heynpasisemblil xaoc. B HacTosAwem o63ope npu-
BeAeH pAf MHGOPMALIMOHHBIX CUCTEM, NpefHa3HaUYeHHbIX A PeLLeHrsa 03ByUYeHHbIX 3adau. Vx npumeHexve ans
OopraHM3aunmn Hay4yHoW JeATeNIbHOCTU NMO3BONAET YNpPaBiATb NMOTOKOM AENCTBUN W JaHHbIX, JOOMBaACL paboTbl
BCEX YUYACTHVKOB C aKTyanbHOW HbOpMaLMeli, 1 pelleHnem Bonpoca BOCMPON3BOAUMOCTY Kak SKCNepuUMeHTab-
HbIX, TaK 11 BbIUMCSIUTENbHBIX pe3ynbTaToB. OnmncaHbl METOAMKN MO OPraHn3aLymv MOTOKOB AaHHbIX B pamMKax paboTbl
KONNeKTVBa, MPUHLWIbI MO OpraHn3auun MeTafjaHHbIX ¥ OHTONOMMi. PaccMoTpeHbl nHGpOpMaLOHHbIe CUCTEMDI
Trello, Git, Redmine, SEEK, OpenBIS 1 Galaxy. OnucaHa rnx ¢pyHKLMOHaNbHOCTb 1 chepa NCnonb3oBaHus. Boibrpas
Te WM UHbIE MHCTPYMEHTbI, BaXKHO MOHMUMATb Lefb BHepeHNs, onpefennTb Habop 3afad, KOTopble OHW JOMKHbI
pewaTb, 1 ©cxoaaA 13 3Toro GopmMynnpoBaTb TPebOBaHMA 1 OTCIIEXKMBATbL MPYIMEHEHNE PEKOMEHAALNI Ha MecTax.
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JlabopaTtopHble MHPOPMALMOHHbBIE CUCTEMDI
AN yNpaBneHns nccinefosatenbckumy pabotamu B 6ronorum

3afayuv No co3faHnio CTPYKTYpPbl OHTONOTMI, MeTaaHHbIX, CXeM XPaHEeHUA AaHHbIX U NPOrpPaMMHbIX CUCTEM ABNA-
I0TCA KNIOYEBbIMU 1A KONNEKTVBA, KOTOPbIV PELUUICA Ha MpoBeAeHMe paboT No aBToMaTM3aLumy 060poTa AaHHbIX.
He Bcerpa BO3MOXHO BHEAPUTb TaK/e CUCTEMbI LIeSIMKOM, HO BCe »Ke ClielyeT CTPEMUTbCA K STOMY Yepes nosTanHoe
BHeApeHVe MPUHLMIMOB MO OpraHn3aLMmn AaHHbIX 1 3afay C OCBOEHMEM OTAENbHbIX MPOrPaMMHbIX MHCTPYMEHTOB.
CnepyeT oTMeTuTb, YTo cuctemsbl Trello, Git 1 Redmine npolye B MCNONb30BaHNKM, HACTPONKE U NofepXKKe AnA
ManblX NcceaoBaTenbCkux rpynn. B 1o xe Bpems SEEK, OpenBIS 1 Galaxy 6onee cneumdunyHbie, X NpUMeHeHne
LienlecoobpasHo B CJlyyae, ecsii BO3MOXKHOCTEN NMPOCTbIX CUCTEM YKe HE[OCTaTOYHO.

Kniouesble cnosa: ynpasneHue; LIMS; ELN; FAIR; cuctembl koHTpona Bepcuin; Trello; GitHub; Redmine; SEEK;

OpenBIS; Galaxy.

Introduction

Modern research work in biology often requires the ef-
forts of one or more groups of researchers. Often, these are
groups of specialists from related fields who generate and
exchange data of different formats and sizes. To automate
and computerize this work, various tools are used to catalog,
log the progress of experiments, and record results: paper
notebooks and laboratory journals, spreadsheet programs,
and report writing in various text editors. Without the use of
modern approaches of work automation and data versioning,
the team quickly succumbs to “uncontrollable chaos”. A criti-
cal point in the organization of interaction in the team is the
complexity of the procedure of knowledge transfer from one
team member to another, as such knowledge is not formalized
and often contains notes understandable only to the author.
All this leads to delays in the next stages of research or in
the design of publications. Sometimes employees forget to
record new facts and notes, or do not keep any records of
intermediate stages of work at all. This leads to irretrievable
loss of knowledge and waste of resources for repeated experi-
ments and observations.

When collecting primary data, researchers may also make
errors in processing values or assigning them to a particular
category. For example, transcriptome data may be erroneously
attributed to a different organism from the one from which it
was obtained; data may not be recorded in a uniform manner,
using values of different types (integer, floating point number,
string, date, etc.). Also, when working with Excel, strings may
be mistakenly converted to floating point numbers, which can
be critical to the interpretation of the study results (Zeeberg
et al., 2004), so implicit data conversions should be avoided.
In (Roche et al., 2015), Bioresource Collections (BRCs) in
Ecology and Evolution were analyzed. It was found that 56 %
of these BRCs were incomplete, 1. e. there were blank values
in the tabular data, and 64 % were collected in such a way
that it was not possible to reuse the stored data due to errors
in recording values.

Therefore, every team faces the task of properly formalizing
the processes of data management and knowledge sharing
between employees. In the following article, we will look
at specific data organization methodologies and information
systems and software tools that implement them, which are
used by scientific organizations to distribute tasks and auto-
mate the flow of work data.

TEXHUYECKAA BUOUNHOOPMATUKA / INDUSTRIAL BIOINFORMATICS

Data and process organization methodologies
There are several ways to address the challenge of organizing
scientific data flows, but all require the research team to
create systems of arrangements for managing, processing, and
communicating scientific information. Automation systems
with managed access help preserve knowledge, regulations
and other “substances” of laboratory work, and do not require
constant coordination. The following issues arise at the outset
of these activities: (1) use of existing data design standards
developed by the professional community; (2) formalization
or creation of a common “working language” within the
team; (3) deployment, implementation and maintenance of
the information system and setting up access rights for user
groups.

Transition to the use of existing standards and formats for
data representation or the creation of one’s own formats with
comprehensive documentation sufficient for unambiguous
interpretation of values allows to overcome the problem of
knowledge transfer between employees inside and outside
the team. Supporting documentation will be used to automate
work with the information system, for example, to build mod-
ules for generating summary diagrams and reports. Formal
schemes for describing the results of scientific activity have
recently become widely used for fast information retrieval
and interpretation of these files not only by machines but also
by people. Examples include mathematical models in SBML
(Hucka et al., 2019), SBGN (Novere et al., 2009) formats sup-
ported by the CO.MBINE community (Schreiber et al., 2015).
We also note the MIRIAM approach for describing holistic
biochemical systems (Novere et al., 2005) and the MIAME
format (Brazma et al., 2001) for describing sequencing results
on microarrays or RNA sequences.

When data representation standards are defined, the stage
comes to formalize or create a common working language
and exchange protocols within the team to streamline the
transfer of subject matter knowledge. If we leave the “as it is
convenient/as it was before” approach to data presentation,
the issue of ambiguous or missing knowledge in the database
will not be solved, which will lead to additional resource costs
for correcting data at later stages of work. Ontology tools
(Guizzardi, 2020) can help in solving the problem of formal-
ization and creating a common working language. Ontologies
are a broader class of knowledge organization systems for
describing results in comparison to the aforementioned for-
mal schemas. In ontology systems, it is possible to establish
“concepts” and “relations” between concepts, rather than
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strictly follow a ready-made schema proposed by someone
earlier. Ontologies are created in order to describe meaning-
ful information and to unambiguously interpret a system of
concepts and processes within and outside the team. Teams
use both simple methods to describe ontologies, such as
first-order logic language, and more complex tree structures,
such as OntoUML (Guizzardi et al., 2018) or RDF schemas
(Gutierrez et al., 2007). Also, mathematical category theory
(Kus, Skowron, 2019) is gaining popularity for composing
ontological relationships of a subject domain, which is de-
signed to connect different areas of mathematics and subject
domains with each other. A graphical language of “ontology
logs” (English “ologs”, essentially descriptions of a subject
area in the form of graphs, where nodes describe objects with
certain properties and edges describe functions of transforming
one object into another) has also been implemented using the
foundations of this theory (Spivak, Kent, 2012). Currently, the
tools and language of category theory are not widely used in
scientific publications and systems, but there are works on the
use of this language in neurobiology (Brown, Porter, 2008)
and on the mathematical description of an evolving model of
memory (Ehresmann, Vanbremeersch, 2007).

One way to formalize the stages of laboratory work is to
create metadata — information describing the data themselves
(Roche et al., 2015). The format of their description is rather
free. Metadata can be described/represented in the form of
a structured file (XML or JSON) or database tables of both
relational (Postgrespro.ru) and document-oriented structure
(MongoDB.com). The description can contain any informa-
tion, such as what the columns in the tables mean, what units
of measurement are used, from which organism the materials
were collected, how these results were obtained. Metadata
can be used in conjunction with ontology systems and formal
schemes for representing scientific results for quick retrieval
of relevant information and unambiguous interpretation of
results.

The FAIR research community (Wilkinson et al., 2016) pro-
posed their set of principles for describing data and metadata in

Laboratory information systems
for research management in biology

the task of storing and transferring information both between

teams of researchers and between different data analysis

programs. They formulated the following four principles that

a laboratory information system should possess:

1. Findable — (meta)data are unique and uniquely identifiable.
The system should have a basic mechanism for reading a
detailed description, and should be able to search for these
data by key fields.

2. Accessible — the data are readable by both humans and
computers for further work. This is achieved using standard
formats and protocols.

3. Interoperable — (meta)data are described in a machine-
readable form, in a usable format and are annotated using
ontologies.

4. Reusable — (meta)data are sufficiently well described so
that they can be shared with other people and systems for
further analysis. This item is a logical consequence of the
above items.

Next, let’s look at software tools that are worth consider-
ing for solving data management challenges on the path to
research automation.

Software tools

Two concepts, LIMS and ELN (Barillari et al., 2016), which
are implemented in software packages for research control
tasks, are shown in the Figure.

LIMS (Laboratory Information Management System) is
a laboratory information management system. Its tasks include
the management and control of laboratory materials and meth-
ods. With the help of this system, researchers can carry out
document management with administration, and companies,
create schedules for the use of instruments, record reagents,
research objects, etc.

ELN (Electronic Laboratory Notebook) is an electronic
laboratory journal. The tasks of such systems include man-
agement of projects, experiments, users, research groups,
as well as logging (journaling) and control of experiments.
In essence, these systems replace the functions of paper

Research
/ work \
LIMS ELN
Materials Methods Researcher 1 Researcher 2
Plasmids Chemicals Protocols
i Antbod :
Yeast plasmids Western blot
YP-1 YP-2  YP-3 Ab-AJ Ab-B § YP-3 WB-1 WB-2 YP-3 = X
— | : paee 2
ammal plasmids Ch-A chs  chc |l PCR
MP-1 MP-2 MP-3 PCR-1 PCR-2 PCR-3 Protein localization of x
[Buffers |
ES-3 -_Pro'ect 3
BufA BufB  BufC )

Description of the data structure stored in LIMS and ELN systems.
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notebooks for entering and transmitting notes as experi-
ments progress.

Trello

Trello (https://trello.com/) is a conditionally free web-based
workflow and communication service. In this system, users
set up a virtual whiteboard on which “cards” with “tasks”
are placed. The board itself is divided into sections, between
which the cards are moved, showing the movement through the
work stages. Most often, the board sections are marked with
the statuses of work execution, for example, “tasks in queue”,
“in progress”, “waiting for feedback”, “task completed”. It is
possible to independently create sections according to your
own scenario, which best reflects the workflow of the team.
In this way, employees and managers can: (1) monitor the
progress of work in real time; (2) change the statuses of tasks,
add comments to tasks; (3) link tasks to each other; (4) react
at early stages in cases of suspended work.

The disadvantages of Trello include the inability to
modify the functionality of the system with its own modules
and limited functionality in the free version. The analogs
include Yandex.Tracker (https://cloud.yandex.ru/services/
tracker), GutHub Projects (https://docs.github.com/en/issues/
planning-and-tracking-with-projects/learning-about-projects/
quickstart-for-projects) and Kanboard (https://kanboard.org/).
The proposed tools are focused on the implementation of
ELN requirements, but users can adapt them to LIMS tasks.
They are aimed at managing team processes — other tools
should be used to organize the storage and movement of the
data themselves.

GitHub

When a team works together on program codes, documents
and reports, there is an important task of change control. Mail
clients and person-to-person networking do not cope well
with this task, as the users themselves need to control the
relevance of the versions of these documents. Also, the task
of versioning data and text is not solved due to the lack of
a system for centralizing the storage of files and fixing their
changes. It is these tasks that can be solved by using the Git
program (Chacon, Straub, 2014).

The Git program creates repository files in a local folder,
allowing you to navigate between changes to the files. This
system is most often used by programmers to work on a project
simultaneously, comparing and merging code changes from
different developers. Open source projects are most often
stored publicly on the GitHub project servers (https://github.
com). Some research groups use the Git version control
system to produce articles and dissertations. For example,
it was used to write a mathematical book on homotopy type
theory (The Univalent Foundations Program, 2013). About
20 people worked on the book, and the cloud storage service
Dropbox could not cope with the task of synchronizing the
text. As a result, the team produced a 600-page book in
less than six months (https://math.andrej.com/2013/06/20/
the-hott-book/).

GitHub itself cannot be installed on a local computer,
but there are similar solutions that can be installed on
a local system, such as GitLab (https://gitlab.com), Gogs
(https://gogs.io), Gitea (https://gitea.com), and GitWeb
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(https://git-scm.com/docs/gitweb). Within these systems, it
is possible to solve ELN and LIMS tasks, but users will have
to understand Git in detail.

Redmine

Redmine (https://redmine.org/) is widely used as a project
control and task assignment system. Most often, the main
project manager (administrator, head of laboratory, etc.)
creates a set of tasks and assigns responsible executors. The
executors change the status of task readiness as they complete
the task. The system automatically monitors the status of
project tasks and builds summary diagrams that show the time
discrepancy between the plan and the actual execution. Also,
the main functions of this system include:

* Role creation and restriction — the administrator can create
several additional user roles and set rules for them to work
in the system (reading and/or writing “tasks”, wiki pages
and so on).

* Flexible error control system — the function is widely used
in software development, when testers or users add a “task”
of the “error” type to the system to notify developers.

* Calendar and Gantt Chart. They are used to keep track of
task due dates.

* Adding project news with notification of participants.
* Adding documents and files to the system.
* Notifying users by e-mail or RSS feed.

* Formalization of knowledge for each project in the format
of Wikipedia — an electronic encyclopedia/reference book
in the form of Internet pages.

» Forum system for each project — the ability to publicly
discuss in one place the solution of problems; the ability
to quickly run your eyes over the chains of messages on
the topic.

* Time accounting of work on tasks and the project as a whole.

* Creation of user forms and fields for additional description
of “tasks”, users” and other entities within this
system.

The system can be deployed in a local information environ-
ment (up to a personal computer). It is possible to add new
functionality through the implementation of submodules
(plug-ins). The disadvantages of Redmine include the absence
of a task board like Trello, which is clear and easy to use,
as well as the limited functionality of the standard version.
Therefore, for full-fledged work, it is necessary to install
third-party submodules.

Many teams in the IT sector have built their workflows
on the basis of the Redmine software system. In 2019, the
ENVRI-FAIR project (Petzold et al., 2019) was launched
to connect resources and data between the European Envi-
ronmental Research Infrastructure (ENVRI) cluster and the
European Open Science Computing Cloud (EOSC) using
Redmine (this information was obtained from the technical
documentation of this project). Based on Redmine, it is pos-
sible to realize the solution of both ELN and LIMS tasks.

projects”,
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SEEK system

The SEEK system (Wolstencroft et al., 2015) is designed
to manage, disseminate, and explore mathematical models
and associated systems biology data. SEEK organizes
research project information including experimental data
and bioinformatics results within a structure of three entities:
Investigation, Stage, Assay (ISA) (Rocca-Serra et al., 2010).
Investigation reveals the essence of a particular project (who
is doing the work, which institute, the time of the study). Stage
describes a specific stage in the course of the study (excretion
of DNA or protein from the tissue of the organism under
study, mapping of RNA reads to a reference genome, etc.).
Assay is the unit of the result of the work performed. Also, in
the system, it is possible to establish associative connection
between samples.

The advantage of this system is the linking of data with
each other within the above structure with the description
of the research team, as well as the reformatting of metadata
into an RDF knowledge graph (Gutierrez et al., 2007) using
Virtuoso server (Software, 2022). Metadata are described
mainly in tabular form (ISA-Tab), there is also a possibility
to use JSON schema. For manual annotation of data, SEEK
developers suggest using FightField software. Search of RDF
graph data using SPARQL query language is flexible in use —in
comparison to SQL, where, in addition to writing data selec-
tion rules, the user is required to manually describe the list
of tables and the way they are joined. Another problem with
SQL is that the user has to optimize their queries to perform
searches quickly.

The main focus of SEEK is the storage and transfer of
mathematical models of biological processes, the resource also
allows working with SBML models and opening them in JWS
Online (Olivier, Snoep, 2004) and in COPASI (Hoops et al.,
2006). This system mainly implements the ELN requirements
for bioinformatics projects and LIMS is not implemented in it.

OpenBIS system

As part of the laboratory work, researchers are tasked with cre-
ating protocols of experiments, following these protocols and
fixing the results of work, fixing events, etc. There is a need
to align the results of a series of works within a single project,
for example, linking experiments to different organisms, their
phenotypes, genotypes, developmental environment and other
data. OpenBIS (Bauch et al., 2011) provides functionality to
store and align metadata under detailed descriptions of ex-
periments, their results, parameters, etc. The OpenBIS system
consists of three modules: application server, data server and
metadata database.

* The application server is the access point for users. The
module provides access to the program complex through
a graphical user interface, as well as via HTTP protocol
(OpenBIS provides libraries in the Python, Java and
Matlab programming languages for interaction over the
network). To add new functions (e. g., mass spectrometry
data storage), OpenBIS provides a system of modules, each
of which must be implemented in the Jython programming
language. This module divides authorization among users
(read data, read/write data).
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* The data server performs the work of organizing primary
data storage on disk drives.

* The metadata database is a PostgreSQL database manage-
ment system (DBMS). This module links data in projects,
stores metadata, points to data from the data server, provides
data search tasks.

* The ability to link to data on external resources (BigDataLink
module). Metadata are stored in the metadata base, while
the original information is not stored on the data server, but
remains on external resources. This function is used when
working with large files.

* Extension of functionality using libraries in Java, Python,
JavaScript, Matlab for interaction with the OpenBIS system
(data retrieval/downloading, metadata search). These
libraries use hardware interface REST API of OpenBIS
service, so it is possible to realize modules for interaction
with the system in other programming languages. It can
be used for realization of automated calculations with
attraction of stored data from the OpenBIS system.

* The structure of data storage is hierarchical and organized
as follows: space, project, experiment/collection, Object/
Sample, Data Set.

* To link objects and data with each other, there is a method
to establish ancestor—descendant relationships, i. e. the
system can create a graph of objects and data.

* Import/export of data in tabular form.

* Realization of additional functionality of the system itself
by means of a system of modules.

* The system performs audit of each change in its databases.

» Semantic annotation of data — description of results in
a convenient and interpretable format. An RDF schema
(Gutierrez et al., 2007) is used to describe the semantics.

* Integration with the SEEK system.

This system has proven itself for primary storage of bio-
logical information obtained during experiments. In (Friedrich
et al., 2015), a system was implemented to add and record
experimental data on different tissues of organisms when
different drugs were administered. At the first level of the
storage system, the object of study is described (e. g., a par-
ticular mouse in the laboratory that has been injected with
a particular drug). The second level describes the particular
biological tissue that was extracted from the subject. The third
level describes the sequences (nucleotide or protein sequences)
extracted from the object tissue under study. The system is
based on LIMS and ELN requirements and is an exemplary
implementation of them.

Galaxy

The systems described above are mainly systems for control-
ling laboratory data, but the challenges for bioinformatics
laboratories are exactly the same: control of data flow, repro-
ducibility of calculations, access to data and their storage in
the server. The Galaxy system (Galaxy Community, 2022) has
been implemented to solve such problems. Galaxy consists of
the following modules: (1) a server with a software and GUI
interface and (2) workflows, which run analytic pipelines at
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the request of users. Users can either independently run the
programs installed in the server and store their data (sequences,
annotations, protein lists, etc.) there.

Computational pipelines can be implemented in the form of
a graph, where the vertices denote programs with configured
parameters, and they are connected by edges that denote the
direction of data movement from the output of one program
to the input of another. These processes can also run programs
on a remote server or cluster, and exchange files through
a common file system. Reproducibility of computational
programs is achieved using the Conda environment system
(Yan Y., Yan J., 2018), where an independent environment
(a set of libraries, programs, and modules in Python\R of
strictly defined versions) is created for each program. The
lightweight virtualization system Docker (Rad et al., 2017)
can also be used, where the program runs in a “virtual” and
“lightweight” operating system of the Linux family. Galaxy
is a FAIR-like system (Hiltemann et al., 2023). In essence,
Galaxy implements an ELN requirements system but in the
domain of bioinformatics pipelines, i. ., it is not a full ELN.
LIMS is not fully implemented, there is only multi-user input
and a limitation on the storage of computational results.

Comparison of software solutions
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Conclusion

In this paper, a limited number of information solutions in
the field of organization of project activities of laboratories
working in the field of biology were considered. The Table
describes brief characteristics of the reviewed systems.
Such solutions as OpenBIS, SEEK and Galaxy were created
specifically for scientific work, while Trello and Redmine
are project management systems of more general categories,
although they can be used in the work of scientific groups.
The Git software suite can be considered by large teams as
a tool for sharing and versioning program code, data, article
texts, monographs, and other scientific texts. It should be noted
that Git is not intended for storing binary files (in particular,
files in DOCX, PDF, etc.), as it only considers changes to text
files. Markdown and LaTeX are more appropriate formats for
this use of Git.

Before implementing these or those tools, it is important
to understand the goals of their implementation; based on the
goals, it is important to formulate requirements, define a set
of tasks to be solved by the system, and monitor the applica-
tion of recommendations by specific implementers. Taking
into account the complexity of the above processes, it can be

System Main field Hierarchy Metadata LIMS ELN Development Deployments
name of work levels usage tools
used
Trello Organizing tasks as Project -+ + Cannot be Does not need to be deployed,
notes on the board Stages installed other tools (e. g. Kanboard) are
(Kanban style) Task inalocal required for local deployment
environment
Git Versioning text data Free Change files -/+ +/- Thegit Effective operation requires
and commit application, git skills and either using
tree GitHub cannot  a third-party GitHub service
be installed or deploying a local server
locally (GitLab, Gitea)
Redmine  Organization Project PostgreSQL +/- + Ruby, System and database
of work on projects Tasks server PostgreSQL deployment required
(usedinIT) You can add
custom fields
for description
OpenBIS  Laboratory Projects PostgreSQL + + Java, System and database
management (LIMS) and Experiments server PostgreSQL deployment required
Project management Samples Custom
(ELN) Dataset fields
SEEK Systems biology ISA standard: RDF schemas - + Ruby, MySQL,  System and database
data and model Investigation Custom fields Virtuoso deployment required
management (ELN) Stage at the Assay
Assay level
Galaxy Reproducibility Absent, thereis  PostgreSQL - + Python, System and database
of computational a relationship metadata PostgreSQL deployment is required, cluster
experiments/protocols  between the database setup is also required

data
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recommended to start with implementation from open formats
and standards for presentation and transmission of biological
data proposed and developed by the scientific community. The
use of general-purpose workflow systems in the laboratory
will allow obtaining operational experience, which, in turn,
will help to determine the data formats, work protocols, and
software products required for the laboratory, and, based on
this, to make a decision on scaling the automation of work
with data, including the creation of ontology structures,
metadata, storage schemes, and scenarios for the operation
of software systems.
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Abstract. CHO cells are most commonly used for the synthesis of recombinant proteins in biopharmaceutical pro-
duction. When stable producer cell lines are obtained, the locus of transgene integration into the genome has a
great influence on the level of its expression. Therefore, the identification of genomic loci ensuring a high level of
protein production is very important. Here, we used the TRIP assay to study the influence of the local chromatin en-
vironment on the activity of transgenes in CHO cells. For this purpose, reporter constructs encoding eGFP under the
control of four promoters were stably integrated into the genome of CHO cells using the piggyBac transposon. Each
individual transgene contained a unique tag, a DNA barcode, and the resulting polyclonal cell population was cul-
tured for almost a month without any selection. Next, using the high-throughput sequencing, genomic localizations
of barcodes, as well as their abundances in the population and transcriptional activities were identified. In total,
~640 transgenes more or less evenly distributed across all chromosomes of CHO cells were characterized. More than
half of the transgenes were completely silent. The most active transgenes were identified to be inserted in gene
promoters and 5’ UTRs. Transgenes carrying Chinese hamster full-length promoter of the EF-Ta gene showed the
highest activity. Transgenes with a truncated version of the same promoter and with the mouse PGK gene promoter
were on average 10 and 19 times less active, respectively. In total, combinations of genomic loci of CHO cells and
transgene promoters that together provide different levels of transcriptional activity of the model reporter con-
struct were described.
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AHanms TPaHCKPUMIIMOHHOI aKTMBHOCTY MOJI€IbHbIX
piggyBac-TpaHCTreHOB, CTaOM/JIbHO MHTErPUPOBAHHbBIX

B pa3Hble JIOKYChI 'eHOMa Ky/IbTUBUPYEMbIX KiaeToKk CHO
IIPY OTCYTCTBUM CEJIEKIIMMOHHOIO JaB/l1eHNs
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AHHOTauua. KynbTrBrpyemble KNeTKM ANYHMKA KuTalckoro xomadka (CHO) Hambonee yacto mcnonb3yotca and
CUHTE3a PeKOMOMHaHTHbIX 6eNKoB B 6rodapmaLieBTYeckoM Npon3BoacTae. Mpn NoyyeHnn CTabubHbIX KNeTou-
HbIX JIMHW-NPOAYLIEHTOB JIOKYC MHTErpaLmm TpaHCreHa B reHOM OKa3blBaeT 60JIbLUOe BNNAHUE HA YPOBEHb €ro 3KC-
npeccun (ABneHne, N3BeCTHoe Kak 3GdeKT nonoxeHus reHa). COOTBETCTBEHHO, MOWCK JIOKYCOB reHoMa, obecneyu-
BalOLLMX BbICOKMI YPOBEHb NPOAYKLMM 6ENKOB, ABMAETCA aKTyallbHOWN NpaKTMYecKo 3apayeit. B gaHHoOM paboTe mbl
ncnonb3oBanu metog TRIP gna nccnepgoBaHUA BAVAHNA JIOKANIbHOTO OKPYXEHMWA XpOMaTUHA Ha aKTUBHOCTb TPaHC-
reHOB, BCTPOEHHbIX B Pa3Hble TOKYCbl reHoMa KynbTuBrpyembix knetok CHO. C 3Toi Lenbio penopTepHble KOHCTPYK-
uuu, Koaupytowre 6enok eGFP nof KOHTponem YeTbipex pasHbiX MPOMOTOPOB, Obinv CTabUIIbHO BCTPOEHbI B FEHOM
knetok CHO npw nomowm TpaHcno3oHa piggyBac. Mpun 3ToM KaXkabll OTAENbHbIN TPAHCreH CoAep»Kan YHUKaNbHY0
MeTKy — JHK-wrpuxkop. MNMonyyeHHaa TpaHCreHHaa NOMKOHaNbHaA NOMYNALMA KNeTOK Oblia KynbTMBMPOBaHa B
TeueHne mecaua 6e3 Kakon-nnbo cenekumn. [lanee npy NOMOLUM NPUCYTCTBYIOLNX B KOHCTPYKLMAX LUITPUXKOAOB 1
BbICOKOMPOW3BOANTENBHOrO CEKBEHNPOBaHUA OblIN onpefeneHbl CainTbl IOKanM3auun TPaHCreHOoB B reHoMe, M3-
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AHanM3 akTMBHOCTU TPAHCTEHOB, MHTErPYPOBAHHbIX
B pa3Hble NOKyCbl reHoMa knetok CHO

MepeHa UX NpeAcTaBNeHHOCTb B NOMYNAALMUNY, @ TakxKe TPaHCKPUMLUMOHHAA akTUBHOCTb. Bcero yaanocb NonHOCTbIO
oxapakTepr3oBaTb 0KoJ10 640 TpaHCreHOB, 60/ee-MeHee PaBHOMEPHO pacnpefAeneHHbIX Mo BCEM XPOMOCOMaM Kile-
Tok CHO. bonee nNosoBrHbI TPaHCrEHOB OKa3anucb NOIHOCTbIO MonYaLyMU. Hanbonee akTUBHbIe TPaHCreHbI BbisiB-
NEHbl B OKPECTHOCTAX FEHOMHbIX CATOB MHMLMALMMN TPAHCKPUMLMK — B MPOMOTOPHBIX U 5'-HEKOAMPYOLLNX palioHax
reHoB. Hanbonbluein akTMBHOCTbIO 06n1afany TpaHCreHbl, HecyLuye NosHOpPa3MepHbIi MPOMOTOP reHa EF-1a KuTai-
CKOro XoMAYKa. TpaHCreHbl C YKOPOUYEHHbIM BapMaHTOM 3TOFO e NPOMOTOpPa, @ TakXKe TpaHCreHbl C MPOMOTOPOM
MbILWVHOTO reHa PGK (mPGK) 6bin COOTBETCTBEHHO B cpefHeM B 10 1 19 pa3 MeHee aKTVBHbI. B Lefiom B pesynbTaTe
[aHHOI pPaboTbl BbIABJIEHbI COYETaHNA TOKYCOB reHOMa KynbTuBUpyembix Knetok CHO 1 MpOMOTOPHbIX 311eMeHTOB,
KOTOpble 06eCcneyrBaloT pasHble YPOBHY TPAHCKPUMLNOHHON aKTUBHOCTY MOLENbHOI PENOPTEPHON KOHCTPYKLMM.
Kniouesble cnosa: TRIP; wtpuxkord; 3bdeKT NonoxeHWs reHa; TpaHCreH; XpOMaTUH; TPaHCKpUNLUUA.

Introduction

The TRIP (thousands of reporters integrated in parallel) assay
enables large-scale studies of the influence of the chromatin
position effects on the transgene activity. It is based on DNA
barcodes (hereafter, barcodes) and was originally performed
on the mouse embryonic stem cells using the piggyBac trans-
poson system to deliver reporter transgenes into the genome
(Akhtar et al., 2013). A barcode is a short DNA sequence
(1620 bp) that is unique to each individual transgene in the
study. It should be noticed that the barcode is located within
the transcribed region of the transgenes ensuring its presence
not only in DNA, but also in mRNA molecules. Therefore,
the barcode can be used for quantitative measurements of the
level of transcriptional activity of transgenes.

The piggyBac transposon system has been previously used
to effectively modify various cell lines and organisms (Wilson
et al., 2007) even with large transgenic constructs (Ding et
al., 2005). In addition, the piggyBac transposon is characte-
rized by a relatively uniform distribution of insertions across
chromosomes (Huang et al., 2010). In TRIP experiments, the
system for transgenesis consists of two plasmid constructs:
a construct for the expression of piggyBac transposase, which
catalyzes the insertion of a transgene into a random genome
locus, and the transgene itself — a target construct (consisting
of a promoter, a reporter gene, a barcode, and a polyadeny-
lation signal) located between the inverted terminal repeats of
the piggyBac transposon (Akhtar et al., 2014; Lebedev et al.,
2019). Co-transfection of cells with such plasmid constructs
enables obtaining a polyclonal population of transgenic cells,
in which each individual transgene insertion in the genome is
marked with a unique barcode sequence. After cultivation of
transfected cells, genomic DNA and total RNA are isolated
from them. Using the genomic DNA sample, the genomic
localization of each transgene is identified and the abundance
of each barcode in the cell population is measured. Based
on the total RNA sample, the abundance of each barcode in
the total pool of transcripts synthesized from transgenes is
measured. Finally, the ratio of the abundance of each barcode
in mRNA molecules to its abundance in the cell population
allows quantitative estimation of transcriptional activity of all
transgenes (Akhtar et al., 2014).

In this study, we used the TRIP assay to investigate the
chromatin position effects on the transcriptional activity of
stably integrated transgenes in the Chinese hamster ovary cells
(CHO). The CHO line is the most commonly used cell line
to produce a variety of proteins (Xu et al., 2023). Despite the
availability of other mammalian cells, such as baby hamster
kidney cells, murine myeloma NSO cells, human embryonic
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kidney cells (HEK293), human embryonic retinal PerC6 cells,
more than 70 % of all recombinant therapeutic proteins are
produced in CHO cells (Kim et al., 2012; Ritacco et al., 2018;
Gupta et al., 2021). The popularity of CHO cells is explained
by the following reasons. First, the use of CHO cells for the
production of recombinant proteins is safe, since CHO cells are
insensitive to infection by human viruses (Lalonde, Durocher,
2017). Second, CHO cells have the ability for efficient post-
translational modification and produce recombinant proteins
in human-compatible glycoforms (Stache et al., 2019). Third,
CHO cells have a high growth rate and are relatively easily
adapted to growth in suspension, which is a preferred charac-
teristic for large-scale cultivation in bioreactors (Ritacco et
al., 2018; Dahodwala, Lee, 2019). Currently, bioreactors with
a volume of more than 10 thousand liters are used for suspen-
sion cultures of recombinant CHO cells producing therapeutic
antibodies (Kim et al., 2012).

Localization in the genome has a great influence on the
expression level of the recombinant gene (a phenomenon
known as the chromatin position effect) (Gierman et al., 2007;
Babenko et al., 2010; Ruf et al., 2011; Chen M. et al., 2013;
Elgin, Reuter, 2013). Integration into inactive heterochromatin
results in low or no transgene expression, whereas integration
into active euchromatin often allows moderate to high trans-
gene expression. However, simple integration into euchroma-
tin may not be sufficient to ensure long-term expression of the
recombinant gene. The phenomenon of transgene expression
silencing is well known in mammalian cells, it occurs in part
likely due to the influence of adjacent condensed chromatin.

Thus, integration of transgenes into transcriptionally highly
active regions of the genome is a reasonable strategy to avoid
position effects. This study was aimed at analyzing the tran-
scriptional activity of the piggyBac transgenes integrated into
different loci of the genome of CHO cells in the absence of
selection pressure.

Materials and methods

Generation of the pPB-mPGK-Puro-IRES-eGFP-PI.11-
TR.242 construct. Plasmid pPB-mPGK-Puro-IRES-eGFP-
PI.11-TR.242 was made based on a previously described
“universal” construct (Lebedev et al., 2019). The insertion
was amplified using the primers mPGK-EcoRI-F and eGFP-
Xbal-R (Table 1) and the plasmid pPTK-Gal4-mPGK-Puro-
IRES-eGFP-sNRP-pA as a template (Akhtar et al., 2013).
Fifty pl of the reaction mixture contained 1 ng of plasmid
template, 10 ul of 5x Phusion HF buffer (Thermo Fisher Scien-
tific), 1 pl of each 10 uM primer, 0.2 mM dNTPs, and 2.5 U
of Phusion polymerase (Thermo Fisher Scientific). The PCR
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Table 1. Primers used in the study

Analysis of the activity of transgenes integrated
at different genomic loci of CHO cells

Primer name

Primer sequence (5'—3’)

mPGK-EcoRI-F aaagaattctcgacaattctaccgggtagg
eGFPXbAR aaatctagacectecggattactg
hamPgkiEcRF aaagaattcaggtecctggggateca
hamPgkiBgliR aacagatctcggtaggatcaagaggctcag
CHEF-1vIEORFE aaagaattccacgtigtgeatagaaacagatgc
CHEF-IvIBAR aaatgatcatggttttcacaacaccttaaaaaaaaagticg
CHEF-1v2EoRE aaagaattcaagctictotggatagasaatgattag
CHEF-1N2BAR aastgatcactgegtictgacggcaaac
Plasmid1 cegettaattaatceagettttgttc
oPBeGFPPLGR ctegagtctcgatctctagacc
pPB-eGFPPLIIR crcactagetcgatctctagace
OPBeGPPLIGR cieugtactcgatctctagace
OPBeGFPPI28R crecteggetcgatctctagace

Note. N;g - random 18-nt barcode sequence.

thermal cycle conditions were as follows: 98 °C for 30 sec,
35 cycles of 98 °C for 10 sec, 62 °C for 10 sec, 72 °C for
1 min, and a final incubation for 10 min at 72 °C.

Cloning of constructs with various Chinese hamster
gene promoters. The plasmid pPB-mPGK-Puro-IRES-
eGFP-PI.11-TR.242 was digested with EcoRI, BgllI, and
Agel restriction enzymes. To obtain inserts, the sequences
of the Chinese hamster PGK gene promoter and the long
and short variants of the EF-/a gene promoter were ampli-
fied using the primers hamPgkl-EcoRI-F and hamPgkl-
Bglll-R, CHEF-1-v1-EcoRI-F and CHEF-1-v1-BclI-R, and
CHEF-1-v2-EcoRI-F and CHEF-1-v2-Bc¢lI-R (see Table 1),
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respectively. Fifty ul of the reaction mixture contained 50 ng
of genomic DNA template isolated from CHO cells, 10 ul
of 5% Phusion HF buffer (Thermo Fisher Scientific), 1 pl of
each 10 uM primer, 0.2 mM dNTPs, and 2.5 U of Phusion
polymerase (Thermo Fisher Scientific). The PCR thermal
cycle conditions were as follows: 98 °C for 30 sec, 35 cycles
of 98 °C for 10 sec, 62 °C for 10 sec, 72 °C for 1 min, and
a final incubation for 10 min at 72 °C.

Generation of barcoded plasmid libraries. Barcoded
plasmid libraries were made according to a previously de-
scribed protocol (Lebedev et al., 2019) using the Gibson clon-
ing method. For this purpose, vectors and inserts containing an
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18-nt DNA barcode and a promoter index were prepared using
PCR. For vector amplification, the primers Plasmid-1 and
pPB-eGFP-PI-6-R/pPB-eGFP-PI-11-R/pPB-eGFP-PI-16-R/
pPB-eGFP-PI-28-R were used (see Table 1) for the constructs
with the Chinese hamster PGK gene promoter/ mPGK gene
promoter/short variant of the EF-/a gene promoter/long
variant of the EF-/a gene promoter, respectively. The primers
PB-Barcode-PI-6-Gibson-F / PB-Barcode-PI-11-Gibson-F /
PB-Barcode-PI-16-Gibson-F/PB-Barcode-PI-28-Gibson-F
and PB-Gibson-R1 (see Table 1) were used to amplify the
barcoded inserts for constructs with the Chinese hamster
PGK gene promoter/the mMPGK gene promoter/short variant
of the EF-1a gene promoter/long variant of the EF-/o gene
promoter, respectively. Fifty pl of the reaction mixture con-
tained 1 ng of template, 10 pl of 5x Phusion HF buffer
(Thermo Fisher Scientific), 1 pl of each 10 uM primer, 0.2 mM
dNTPs, and 2.5 U of Phusion polymerase (Thermo Fisher
Scientific). The PCR thermal cycle conditions were as fol-
lows: 98 °C for 30 sec, 35 cycles of 98 °C for 10 sec, 62 °C
for 10 sec, 72 °C for 1 min, and a final incubation for 10 min
at 72 °C. After purification, 200 ng of “vector” and 135 ng of
“inserts” were mixed with 10 pl of 2x NEBuilder HiFi DNA
Assembly Master in a total volume of 20 pl. DNA ligation
and bacterial transformation were performed as described
previously (Lebedev etal., 2019). Barcoded plasmid libraries
were isolated using the Mega Plasmid Kit (Qiagen).

Generation of polyclonal transgenic population of
CHO cells. Twenty-four h before transfection, CHO-S cells
(hereafter CHO cells; kindly provided by Dr. A.V. Taranin,
Institute of Molecular and Cellular Biology, Novosibirsk,
Russia) were seeded into a 12-well culture plate at a concen-
tration of 1.5x 103 cells per ml in IMDM medium supple-
mented with 10 % bovine serum. Cells were co-transfected
with a mixture of barcoded plasmid libraries (3 pg) and the
pRP[Exp]-mCherry-CAG>hyPBase plasmid (VectorBuilder
#VB160216-10057; kindly provided by Prof. V.V. Verkhu-
sha, Albert Einstein College of Medicine, Bronx, NY, USA)
(0.3 ng) using the X-tremeGENE HP DNA transfection re-
agent (Roche). The transfected cells were cultured for a month
in the absence of selection pressure.

Isolation of genomic DNA. Genomic DNA was isolated
from 5 - 107 cells of the resulting polyclonal transgenic popu-
lation using the PureLink® Genomic DNA Kit (Invitrogen)
according to the manufacturer’s recommendations.

Isolation of total RNA, reverse transcription. Total
RNA was isolated from 5- 107 cells of the resulting poly-
clonal transgenic population using RNAzol RT (Molecular
Research Center) according to the manufacturer’s recom-
mendations. The isolated RNA was incubated with 20 U of
Dpnl restriction endonuclease (New England Biolabs) and 3 U
of DNase I (Thermo Fisher Scientific) for 30 min at 37 °C.
The Clean RNA Standard kit (Evrogen) was used to purify
RNA. Two pg of purified total RNA was mixed with 1 pl of
the 50 mM oligo(dT) primer in a total volume of 13.5 pl, and
the mixture was incubated for 5 min at 65 °C. The subsequent
reverse transcription reaction was carried out in a volume of
20 pl with the following components: 13.5 pl of RNA with
annealed primer, 4 pl of 5x RT buffer (Thermo Fisher Sci-
entific), 1 ul of 10 mM dNTPs, 1 pl of RNaseOUT (Thermo
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Fisher Scientific), 100 U of RevertAid reverse transcriptase
(Thermo Fisher Scientific). The mixture was incubated for
60 min at 42 °C, and the enzyme was inactivated for 10 min
at 70 °C.

Preparation of the normalization and expression sam-
ples. To prepare each sample, two rounds of PCR were per-
formed. For the first round of amplification, we used 600 ng of
genomic DNA template (for the normalization sample) or 3 pl
of cDNA (for the expression sample), 0.5 pl of 10 uM primers
Libr-cDNA-for and Libr-cDNA-A16-rev/Libr-cDNA-A23-
rev (see Table 1) for the normalization/expression sample,
respectively, 5 ul of 5x Phusion HF buffer (Thermo Fisher
Scientific), 2 ul of 2.5 mM dNTPs, and 1.25 U of Phusion
HS II DNA polymerase (Thermo Fisher Scientific) in a total
volume of 25 ul. The thermal cycle conditions of the first
round of PCR were as follows: 98 °C for 1 min, 15 cycles
of 98 °C for 30 sec, 70 °C for 30 sec, 72 °C for 30 sec, and
a final incubation for 5 min at 72 °C. The second round of
amplification was carried out in a volume of 25 pl with the
following components: 0.5 pl of the PCR products of the first
round, 0.25 pl of 10 uM primers Libr-P5-for and Libr-P7-rev
(see Table 1), 5 pl of 5x Phusion HF buffer (Thermo Fisher
Scientific), 2 pl of 2.5 mM dNTPs, and 1.25 U of Phusion
HotStart Il DNA polymerase (Thermo Fisher Scientific). The
thermal cycle conditions of the second round of PCR were
as follows: 98 °C for 1 min, 23 cycles of 98 °C for 30 sec,
61 °C for 30 sec, 72 °C for 30 sec, and a final incubation for
5 min at 72 °C.

Preparation of the mapping sample. Two pg of genomic
DNA was incubated with 10 U of DpnllI restriction endonuc-
lease (New England Biolabs) at 37 °C for 16 h, then purified
using the GeneJET PCR Purification Kit (Thermo Fisher
Scientific). 600 ng of the digested genomic DNA was mixed
with 4 pl of 100 mM ATP, 2.5 U of T4 DNA ligase (Evrogen)
in a total volume of 400 pul. The ligase mixture was incubated
for 2 h at room temperature and then for 16 h at 4 °C, fol-
lowed by enzyme inactivation at 65 °C for 10 min. 100 pl
of double-distilled water and 500 pl of a phenol:chloroform
solution (1:1 ratio) were added to the ligation reaction, mixed,
centrifuged at room temperature for 5 min at 10,000xg, and
the upper phase was transferred to a new tube. One-tenth vo-
lume of 3M NaOAc (pH 5.5) and 2.5 volumes of 96 % ethyl
alcohol were added to the resulting solution, the mixture was
incubated for 2 h at —70 °C, then centrifuged for 30 min at
4 °C, 14,000 rpm. The supernatant was removed, the pellet
was washed with 750 ul of chilled 70 % ethyl alcohol, and
centrifuged for 10 min at 4 °C, 14,000 rpm. The supernatant
was removed, the pellet was dried for 15 min at 37 °C and
then dissolved in 30 pl of double-distilled water.

Three rounds of PCR were used to prepare the mapping
sample. For the first round of amplification, we used 5 pl of
purified ligase mixture, 0.5 pl of 10 uM primers PB-outer-
F-2 and cDNA-ampl-R (see Table 1), 5 pl of 5x Phusion HF
buffer (Thermo Fisher Scientific), 2 ul of 2.5 mM dNTPs, and
1.25 U of Phusion HS II DNA polymerase (Thermo Fisher
Scientific) in a total volume of 25 pul. The subsequent rounds
of amplification were carried out similarly using (i) primers
PB-cDNA-fwd-A7 and InvPCR-F-Nextera2 (see Table 1) and
1 pl of the PCR products of the first round for the second round
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of amplification and (ii) primers Libr-P5-for and Libr-P7-rev
(see Table 1) and 1 ul of the PCR products of the second
round for the third round of amplification. The thermal cycle
conditions for the first round of PCR were as follows: 98 °C
for 1 min, 12 cycles of 98 °C for 30 sec, 65 °C for 30 sec,
72 °C for 2 min, and a final incubation for 5 min at 72 °C. The
thermal cycle conditions for the second round of PCR were as
follows: 98 °C for 1 min, 12 cycles of 98 °C for 30 sec, 62 °C
for 30 sec, 72 °C for 2 min, and a final incubation for 5 min
at 72 °C. The thermal cycle conditions for the third round of
PCR were as follows: 98 °C for 1 min, 16 cycles of 98 °C for
30 sec, 61 °C for 30 sec, 72 °C for 2 min, and a final incuba-
tion for 5 min at 72 °C. Finally, 5 pg of the mapping sample
was treated with 10 U of Notl restriction endonuclease (New
England Biolabs) in a total volume of 100 pl at 37 °C for 2 h
to remove byproducts.

High-throughput sequencing and data analysis. Se-
quencing of the samples was performed on the Genolab
2 x75 bp platform (https://genomed.ru/). Demultiplexing of
the obtained fastq files using the sabre tool (https://github.com/
najoshi/sabre) resulted in ~4.5, ~1.6 and ~1 million reads for
the mapping, normalization, and expression samples, respec-
tively. The quality analysis of the raw data was carried out
using the FastQC tool (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Next, using the TASK tool (The TRIP
Analysis Software Kit, https://trip.nki.nl/), the sequences of
reliably identified barcodes, as well as their normalized ex-
pression levels and genomic locations in the Chinese hamster
genome assemblies CriGri-PICRH-1.0 (GCA_003668045.2)
and Cgrl.0 (GCA_000448345.1) were identified. The genome
assembly CriGri-PICRH-1.0 is characterized by the presence
of extremely long sequences corresponding to all expected
chromosomes, and therefore it was used as the “default”
genome of CHO cells, whereas the genome assembly Cgrl.0
was previously used to map chromatin types in CHO-K1 cells
(Feichtinger et al., 2016). Then, to determine the most reli-
able (hereafter referred to as filtered) transgenes, the follow-
ing additional parameters were applied to the TASK output:
norm >=5, reads_r>= 10, freql r>0.60. Data on chromatin
types were taken for the Tp0 time point corresponding to the
culturing of CHO-K1 cells for 4 h (https://cho-epigenome.
boku.ac.at/JB/). A positional weight matrix for genomic
sequences overlapping transgene insertion sites was gener-
ated using the pLogo application (https://plogo.uconn.edu/)
(O’Shea et al., 2013).

Results and discussion

To study the activity of several promoters in different local
chromatin environments in CHO cells in parallel, barcoded
model transgenes were constructed based on the piggyBac
transposon. The transgenes contained the puromycin-N-ace-
tyltransferase (pac) resistance gene (hereafter PuroR) and the
improved green fluorescent protein (eGFP) gene (separated
by an IRES element) under the control of the following four
promoters: (1) the promoter of the mouse PGK (mPGK) gene,
previously used for a similar study on mouse embryonic stem
cells (Akhtar et al., 2013), (2) the promoter of the Chinese
hamster PGK gene, homologous to the mPGK promoter,
(3) full-length (“long”) and (4) truncated (“short™) variants of
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the Chinese hamster £F-/a gene promoter (Running Deer, Al-
lison, 2004; Orlova et al., 2014; Wang et al., 2017) (Fig. 1, A).
Constructs with each individual promoter also contained a spe-
cific 5-bp motif (promoter index) immediately before the 18-bp
barcode located in the 3'UTR region. The presence of promoter
indexes allowed the simultaneous use of all 4 barcoded model
transgenes in a single experiment (Gisler et al., 2019) (see
Fig. 1, A). Thus, the resulting barcoded plasmid libraries of
the constructs with the long EF-1a, short EF-1a, mPGK and
PGK promoters were mixed in a molar ratio of 7:7:7:1. The
smaller proportion of the latter construct was due to its use in
this experiment as a control; we also used the PGK promoter-
containing construct to obtain stable transgenic populations
of CHO cells upon puromycin selection (the results of that
study will be reported elsewhere) and it seemed useful to us
to have the technical ability to correctly compare data for such
different transgenic populations in the future.

CHO cells (CHO-S subline) were co-transfected with the
above-described mixture of model transgenes, as well as a
plasmid encoding the piggyBac transposase. Seventy-two h
after transfection, the eGFP protein expression was observed
in approximately 40 % of the cells (see Fig. 1, B). After that,
the cells were cultivated in the absence of any selection for
additional 25 days in order to multiply the transgenic cells and
to get rid of plasmid DNA molecules that could ultimately
contaminate the data. As a result, multiple clones of transgenic
cells were observed in the population (see Fig. 1, B).

From the resulting polyclonal population of cells, genomic
DNA and total RNA were isolated, on the basis of which the
genomic localizations and normalized expression levels of
barcoded transgenes were determined. A total of 641 uniquely
barcoded and genome-mapped transgenes were identified in
the transgenic population. These transgenes were present
in more or less expected numbers on all chromosomes of
CHO cells (see Fig. 1, C). Analysis of genomic sequences
overlapping transgene insertion sites revealed their at-richness,
as well as the presence of a central ttaa motif (see Fig. 1, D)
specific for the piggyBac transposon (Frase et al., 1996; Li et
al., 2013; Chen Q. et al., 2020).

Among the identified transgenes, 38.8 % were with the
tacaa promoter index (corresponding to the short EF-/a pro-
moter), 24.3 %, with the ccgag promoter index (corresponding
to the long EF-10 promoter), 32.2 %, with the ctagt promoter
index (corresponding to the mPGK promoter), and 4.7 %,
with the promoter index agctc (corresponding to the Chinese
hamster PGK promoter) (Fig. 2, A).

Analysis of the activity of reporter constructs under the
control of four different promoters revealed the presence
of a large number of silent (i.e., transcriptionally inactive)
transgenes with each promoter (Table 2), which is most likely
due to the lack of antibiotic selection during generation of the
population of transgenic cells.

Comparison of promoter activities among the filtered ex-
pressed transgenes (144 cases) showed that the main part of
highly active reporter constructs is under the control of the
full-length variant of the £F-/a gene promoter (see Fig. 2, B,
Table 2). Particularly, among 10 % of the most active filtered
transgenes, the promoters were distributed as follows: long
EF-10—70 %, mPGK —20 %, short EF-10.— 10 %, PGK -0 %.
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Fig. 1. Stable integration of model piggyBac transgenes into the genome of cultured CHO cells.

A, Schematic of the barcoded reporter constructs with four different promoters used in the study. 5-TR and 3'-TR are inverse terminal repeats of the piggyBac
transposon; IRES - internal ribosome entry site, Pl - promoter index, BC — barcode, PAS - polyadenylation signal. B, CHO cells 3 and 28 days after transfection.
C, Distribution of all uniquely mapped transgenes across Chinese hamster chromosomes. Red and blue vertical lines indicate transgene insertions on the plus and
minus strand of the genome, respectively. D, Analysis of the genomic motifs, at which integration of all uniquely mapped transgenes occurred. Positions +1...+4
correspond to the sequence that is duplicated upon the piggyBac transposon insertion and flanks the integrated transgene.

It is worth noting that due to the small number of transgenes
with the PGK promoter, the results on its activity are rather
preliminary.

Two thirds of all transgenes were inserted into the genome
of CHO cells within genes (which were defined as —1000 bp
from the distal transcription initiation site to the transcription
termination site), predominantly in introns (42.3 %), promo-
ters (8.5 %) and 5'UTRs (9.4 %) (see Fig. 2, C). It should
be noted that promoters were defined as —1000...+100 bp
from the transcription start site. Similar patterns of transgene
integration based on the piggyBac transposon have been des-
cribed previously for cell cultures of other species (Ding et
al., 2005; Wilson et al., 2007; Galvan et al., 2009; Li et al.,
2013). Analysis of 10 % of the most active filtered reporter
constructs (21 cases) revealed a ~1.6-fold, ~1.4-fold and
~1.1-fold increase in the proportion of transgenes in 5'UTRs,
promoters and introns, respectively (see Fig. 2, D). In addi-
tion, it is interesting to note that transgenes were more often
located closer to the gene starts than to the gene ends. The

median distances from the transgene localization position in
the genome to the nearest transcription initiation and termina-
tion sites were 11.4 and 20.2 kb, respectively, for the complete
set of reporter genes (641 cases). At the same time, for 10 %
of the most active filtered transgenes (21 cases), these values
were equal to 6.6 and 17.8 kb, respectively.

To study the influence of the local chromatin environment
on the activity of reporter genes, previously published data
on the distribution of 11 chromatin types in the genome of
CHO-K1 cells were used (Feichtinger et al., 2016). Because
these data were originally associated with a version of the
Chinese hamster genome that is different from that used for
the analysis described above (see Materials and methods for
details), it was possible to extract chromatin types overlap-
ping positions of transgenes in the genome only for 595 out
of 641 transgenes. Among these 595 transgenes, only 39.5 %
were localized in inactive chromatin types “Quiescent/low”,
“Repressed heterochromatin (H3K9me3)” and “Polycomb
repressed regions (H3K27me3)”, which together cover more
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Fig. 2. Features of studied transgenes.

A, Distribution of all identified transgenes across the studied promoters. B, Comparison of promoter activities for the filtered 144 expressed transgenes (see Ma-
terials and methods). Dashed vertical lines indicate median normalized expression values. C, D, Distribution of all identified transgenes (C) and 10 % of the most
active filtered transgenes (D) in gene elements (promoters, 5’UTRs, exons, introns, 3'UTRs) as well as intergenic regions. E, F, Distribution of all transgenes (E) and
10 % of the most active filtered transgenes (F) in chromatin types of CHO-K1 cells described previously (Feichtinger et al., 2016).
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Table 2. Comparative activity of the studied promoters

Promoter Transgene Proportion Proportion Median promoter
number of silent transgenes, % of active transgenes, % activity value, a.u.*
long EF-Ta 156 42.31 57.69 18.93
short EF-Ta 249 60.24 39.76 1.84
mPGK 206 53.88 46.12 1
PGK 30 66.67 33.33 1.42
Total 641 54.13 45.87
* a.u. - arbitrary units.
A Insertion at NC_048596.1:100411955
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Fig. 3. Examples of genomic localization of transgenes with high (A) and medium (B) transcriptional activity.

The transgenes are not shown in scale. The activities of the transgenes and the genes nearest to them are indicated relative to the average
expression levels of all reporter genes (641 cases) and all endogenous genes, respectively.

than 88 % of the genome of Chinese hamster cells (Feichtin-
ger et al., 2016). The remaining 60.5 % of transgenes were
localized in various active chromatin types (see Fig. 2, F).
The most active transgenes were more often localized in
regions of the genome associated with the active chromatin
types “Enhancer (H3K27ac high)”, “Strong transcription
(H3K36me3)” and “Flanking active TSS” as well as with

MOJIEKYNAPHAA

the inactive chromatin type “Repressed heterochromatin
(H3K9me3)” (see Fig. 2, F). The latter rather unexpected
observation may be due to the fact that the chromatin types
were determined for a different subline of CHO cells.

Since, as noted above, two thirds of all transgenes were
localized within genes (see Fig. 2, C), it is worth noting that
the insertion of a transgene even into an important gene most
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likely has only a minor effect on cell viability. This is supported
by the following two considerations. First, not every insertion
of a foreign sequence within a gene significantly disrupts its
function. Second, typically, there is another native copy(ies)
of the gene in the genome of cultured cells. Together, this en-
sures the successful survival of transgenic cells in a polyclonal
population among non-modified (wild-type) cells. The chances
of damaging both alleles of a gene in the experimental setup
used are negligible: to achieve that, two transgenes must be
integrated into both alleles of the same gene in the same cell.
Accordingly, the genomic positions of active transgenes identi-
fied in this study may qualify for consideration as promising
sites for targeted integration of biotechnological transgenes,
even if they are located inside active genes (Fig. 3).

Conclusion

In a polyclonal population of transgenic CHO cells cultured
in the absence of selection pressure, more than half of the
model reporter constructs stably integrated into the genome
were transcriptionally inactive. Compared to the complete set
of transgenes, the most active transgenes were about 1.6 and
1.4 times more frequently localized in promoters and 5'UTRs
of genes, respectively. Also, compared to the complete set of
transgenes, the most active transgenes were about 2.3 and
1.4 times more frequently localized in the transcriptionally
active chromatin types “Strong transcription (H3K36me3)”
and “Enhancer (H3K27ac high)”, respectively. Transgenes
containing the full-length promoter of the Chinese hamster
EF-1o gene were on average the most active ones. At the same
time, the median activity of the short variant of the EF-/a
gene promoter was about 10 times lower than the median
activity of the full-length promoter of this gene. This can
be explained by the presence of important binding sites for
transcription factors in the full-length version of the EF-/a
gene promoter. Genomic sites of the most active insertions of
model transgenes may be of interest for further experiments
as promising positions for targeted integration of biotechno-
logical constructs.
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